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Abstract

Introduction: Drug addiction is a chronic and relapsing disorder that has widespread
socioeconomic and health consequences. Globally, there are over 29.5 million people who
are drug dependent, and New Zealand has one of the highest rates of drug use rates in the
developed world. Currently, there are no Food and Drug Administration (FDA) approved
pharmacotherapies that target psychostimulant addiction. Kappa opioid receptor (KOPr)
agonists are being studied as a potential pharmacotherapy as it utilizes the brain’s own
mechanism for controlling reward, however, KOPr agonists have unwanted side effects such
as dysphoria and sedation. This thesis explores the KOPr agonists Salvinorin A (Sal A), a
naturally-occurring, highly potent and short-acting non-nitrogenous KOPr agonist and a
structural analogue, 16-Ethynyl Salvinorin A (16-Ethy). KOPr agonists, such as Sal A have
known preclinical anti-addictive and anti-reward effects, therefore, this thesis focuses on

evaluating Sal A and 16-Ethy in preclinical tests of reward and side effects

Methods: Male Sprague-Dawley rats were used in preclinical tests to evaluate common KOPr-
mediated side-effects including anxiety (elevated plus maze), depression (forced swim test)
sedation (locomotor activity) and aversion (conditioned place aversion). The anti-cocaine
effects were also examined using self-administration, dose-response and drug-behavioural

sensitisation tests. 16-Ethy was tested at 2 mg/kg in all experiments.

Results: Acute pre-treatment of 16-Ethy induced sedative effects in non-habituated
locomotor activity but when rats were habituated prior to administration, no sedation was
observed. In contrast, Sal A (2 mg/kg) had sedative effects in habituated, but not in non-
habituated locomotor activity (p = 0.0037). Compared to vehicle-treated rats, 16-Ethy and
Sal A did not display pro-depressive effects in the forced swim test, show anxiogenic or
aversive properties or modulate behavioural sensitisation to cocaine. Cocaine self-

administration and dose-response tests were not successfully completed.

Conclusion: At 2 mg/kg, 16-Ethy was found to display sedative effects in non-habituated
locomotor activity but not in a habituated paradigm. Compared to vehicle-treated rats, 16-
Ethy did not display pro-depressive effects in the forced swim test, or display anxiogenic or

aversive properties and did not show significant cocaine sensitisation. Cocaine self-



administration and dose-response tests were not successfully completed and will need to be
repeated to ascertain the effects of 16-Ethy on them. However, 16-Ethy has shown glimpses

of promise as a potential pharmacotherapy against addiction.
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1. Introduction

1.1 Drug addiction

Drug addiction is considered a chronic and relapsing disease where an individual seeks and
uses drugs despite adverse consequences, leading to long-lasting effects on the brain (Rinaldi
et al., 1988). The use of drugs does not necessarily mean an individual will become addicted.
However, over 29.5 million people worldwide that use drugs are thought to be in the caught

in the vicious cycle of drug abuse and addiction (UNODC., 2016).

The United States of America (USA) is currently in the grips of an opioid epidemic that has
claimed 72,000 lives due to overdose in 2017 alone; nearly 30,000 of which were as a result
of synthetic opioids such as fentanyl (NIDA., 2018). The opioid crisis in the USA has shone a
spotlight on healthcare practices globally, New Zealand (NZ) being no exception. In 10 years
the number of prescription opioids (daily doses) dispensed had a dramatic 4-fold increase
from 2 million units per annum during 2001-03 to 8 million in 2011-13 (Berterame et al.,
2016). Unfortunately, information regarding drug use in NZ has been limited over the last
decade. In 2010, it was estimated that there were 9,142 chronic opioid drug users in NZ, half
of whom were not receiving opioid substitution therapy (Adamson et al., 2012). There were
an estimated 29,200 people who used opioid or sedative drugs in NZ (Morrow., 2018). Drug
overdose statistics have not been released officially to the NZ public through the coroner’s
court, however, under the Official Information Act 1982, the coroner revealed, that between
1 July 2007 to 30 January 2018 there were 18 Fentanyl related mortalities, 6 cases were still
under active investigation (Powell J, personal communication., 13 August 2018). Although this
emerging information is concerning, the NZ drug use landscape is distinctly different from
that seen in the USA. Perhaps due to the geographical isolation of NZ, drugs such as cocaine
have a much greater barrier of entry, therefore pricing alone limits its use. NZ is the most
expensive country in the world to purchase cocaine with a price tag over €211.7 per gram
(S370 NZD) compared to €55.3 per gram in the USA (S97 NZD) (Global Drug Survey., 2018).
According to the Global Drug Survey (2018), in the last year, 4.3% of NZ respondents used
cocaine, 3.1% used methamphetamine and 38.6% of NZ respondents used cannabis. NZ has

largely avoided the opioid epidemic sweeping the rest of the world, however substance abuse



and drug addiction itself has still left an indelible mark on our country, decimating the lives of

those in its grips and generating substantial national socioeconomic costs.

1.1.1 Socioeconomic cost of drug addiction

There is a large socioeconomic cost of drug addiction. Unsurprisingly, there is a strong
interrelationship between drug use and crime. Alcohol and drug use have been implicated in
approximately 80% of offences that lead to incarceration in the USA such as intoxicated
driving, domestic violence and other drug-related crimes (NCADD., 2015). A large majority of
inmates are in prison due to substance abuse, of which nearly 50% of the prison population
are believed to be clinically addicted (Karberg & James., 2005). Over the last 10 years, the
number of inmates incarcerated for violent, sexual or serious drug-related offences greatly
increased from 65% to 74% (Department of Corrections., 2018). An older survey conducted
on the three major NZ cities, Auckland, Wellington and Christchurch, to identify an association
with drug use and criminal activity found that 38% of those who regularly used illicit drugs
were themselves drug dealers, 16% had engaged in theft and 6% had committed violent

crimes (Wilkins et al., 2008).

In 2016, the total social cost of drug abuse in New Zealand was estimated to be $1.8 billion,
this accounted for personal and community harm as well as the cost of intervention
(McFadden Consultancy., 2016). On average, the cost of intervention alone, including the
price associated with healthcare, police, customs, courts and corrections, had a total sum of
$351.4 million NZD per annum (McFadden Consultancy., 2016). The overall social cost of drug
abuse in the USA is considerably greater, with over $740 billion USD annually spent on crime
and health care costs, as well accounting for the loss of workplace productivity due to drug

abuse (NIDA., 2017).

The cost of drug abuse is substantial and devastating, not only in NZ but on a global scale. In
the past year, 247 million people have been estimated to use illegal drugs. As previously
stated 29.5 million of which suffer drug use disorders, of these only 1 in 6 people are
undergoing treatment (UNODC., 2017). Cannabis is the most widely used drug in the world
(183 million users as of 2014) followed by amphetamines (UNODC., 2016). There are 33

million users of opiates and prescription opiates globally (UNODC., 2016). However, opioids



were found overall, to be the most harmful type of drug with 70% of the global burden of

disease that’s attributed to drug use disorders associated with opioids (UNODC., 2017).



1.2 The natural reward pathway

All drugs of abuse activate the brain’s natural reward pathway, which encompasses the
mesolimbic and mesocortical dopaminergic pathways (Figure 1A). The structures making up
these pathways are the ventral tagmental area (VTA) the nucleus accumbens (NAc) and the
prefrontal cortex (Phillips & Fibiger, 1978). The cornerstone of the reward pathway is the
neurotransmitter dopamine (DA). DA is synthesized in the VTA by dopaminergic neurons,
these extend out to the NAc and the prefrontal cortex, thus forming the mesolimbic and
mesocortical pathways respectively (Swanson, 1982; Wood & Rao, 1991). Dopaminergic
neurons also extend from the VTA to the striatum, those that extend to the ventral striatum
belong to the mesolimbic pathway and those that project from the substantia nigra compacta

to the dorsal striatum are part of the nigrostriatal pathway (Hull & Dominguez., 2015).

When an individual partakes in an activity that provides them pleasure, the VTA is stimulated,
releasing DA from presynaptic terminals located in the NAc and the prefrontal cortex. The DA
that is in the synapse binds to its receptors on the postsynaptic terminal, activating the
postsynaptic neuron to transmit the action potential. The release of DA and its subsequent
transmission throughout dopaminergic pathways provides the experience of euphoria
(Figure 2). The source of such events can be as a result of varied stimuli from the ingestion of
food and drink to sex and is a natural survival mechanism (Yoshida et al., 1992; Pfaus et al.,

1990).

When DA is released into the synapse, it migrates across the synapse and binds onto DA
receptors. These DA receptors (D1-D5) are part of a large rhodopsin-like, seven
transmembrane superfamily of G-protein coupled receptors (GPCRs). The five different

mammalian receptor subtypes are classified into either being part of the D1-like receptors
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Figure 1: The reward pathway and the expression of kappa opioid receptor (KOPr) and
dopamine transporter (DAT)

A) The reward pathway in the human brain is composed of three main regions, the ventral
tagmental area (VTA) the nucleus accumbens (NAc) and the prefrontal cortex (pFC).
Dopaminergic neurons that project from the VTA to the NAc make up the mesolimbic
pathway. Dopaminergic neurons that project form the VTA to the pFC make up the
mesocortical pathway. The nigrostriatal pathway is composed of dopaminergic neurons that
extend from the substantia nigra (SN) to the dorsal striatum.

B) It was discovered that the reward regions of the brain co-expressed both the dopamine
transporter (DAT) and the kappa opioid receptor (KOPr) through the characterisation of brain
tissue in immunoblot, immunoprecipitation and immunocytochemistry assays (Ciliax et al.,
1995,1999). This suggested that the regulation of DAT by KOPr may play an important
function in regulating both mood and reward states in the brain.



(D1 and D5) or part of the D2-like receptors (D2, D3 and D4). The two subfamilies represent
opposing downstream effects upon activation (Kebabian., 1978; Self et al., 1996). Those that
belong to the D1 receptor family, stimulate neuronal signalling by activating adenylyl cyclase
and thereby increasing cyclic adenosine monophosphate levels (cCAMP) levels (Graham et al.,

2007; Surmeier et al., 2010).

Dopamine receptors that belong to the D2-like subfamily exert inhibitory effects (Durieux et
al., 2009). When activated, they couple to Gay, to inhibit adenylyl cyclase and inhibit calcium
channels whilst also activating the inhibitory G-protein inwardly rectifying potassium
channels. Following its release into the synapse, clearance of DA is primarily undertaken by
the dopamine transporter (DAT) (Figure 2A). The activation of D2-like receptors facilitates the
inhibition of reward by increasing the cell surface expression of DAT (Mayfield and Zahniser,
2001) and through changes in voltage-dependent uptake of DAT (Sonders et al., 1997). An
increase in DAT activity via D2-like receptors results in increased levels of DA uptake (Cass and
Gerhardt, 1994, Dickinson et al., 1999, Mayfield and Zahniser, 2001, Schmitz et al., 2003, Wu
et al., 2002, Benoit-Marand et al., 2011), therefore, inhibiting the pro-rewarding effects.
Therefore, DAT is one of the major regulators of DA in the synapse. They are highly abundant
in brain regions where kappa opioid receptors (KOPr) are expressed (Ciliax et al. 1995,1999)
(Figure 1B). Following reuptake, DA is repackaged and recycled for future release or is

degraded by monoamine oxidases.
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Figure 2: Comparison of a normal synapse and a synapse in the presence of cocaine

A) An activated synapse — A stimulated neuron releases dopamine (DA) from the presynaptic
terminal into the synapse. DA binds to its receptor and activates the postsynaptic neuron to
transmit the action potential. When activated, the kappa opioid receptor (KOPr) acts on the
dopamine transporter (DAT) so that it takes up excess DA in the synapse. There are 5 types of
DA receptor types (D1-D5), those that belong to D1-like receptor subfamily (D1 & D5)
stimulate neuronal signalling. Those that belong to the D2-like subfamily (D2-4) exert
inhibitory effects on reward by increasing the expression of DAT. DA is transported back into
the presynaptic terminal by DAT where it is packaged into vesicles for reuse or is degraded by
monoamine oxidases (MAO).

B) The effect of cocaine on the synapse — when an individual takes cocaine, their
dopaminergic neurons are highly stimulated resulting in the release of DA as seen in (A).
However, cocaine molecules also enter the synapse and blocks the functioning of DAT. With
DAT being physically blocked, the reuptake of DA is hindered and leads to excessive DA in the
synapse, this results in the hyperpolarization of postsynaptic neurons and an intense
experience of euphoria.



1.3 Changes in the reward pathway following drug abuse

Drugs of abuse are characterised by their ability to hyperactivate the reward pathway
resulting in an increase in extracellular DA (Di Chiara & Imperato, 1988). Depending on what
type of drug is being used, the mechanisms by which they exert their effects are varied and
numerous. Cocaine is the best-characterised drug of abuse. It operates in a two-step process,
functioning first to increase DA release in the synapse, whilst simultaneously inhibiting DAT
(Figure 2B). The net result is a prolonged and extended period of dopaminergic stimulation,
where the DA is not cleared from the synapse efficiently (Cass et al., 1992; Ritz et al., 1987).
This extended period of stimulation is felt by the user as a potent euphoric experience

(Volkow et al., 1997).

Addiction operates as an ongoing cycle of repeated patterns of behaviour (Figure 3; Table 1).
The longer an individual uses and abuses a drug the more likely they are to become
dependent or addicted to that drug. It is a self-fulfilling negative cycle (Figure 3) where a user
has a period of drug use (also known as intoxication) providing them with a euphoric
experience followed by the negative effects of withdrawal which leads to a drug
preoccupation or anticipation phase where they are craving and seeking euphoric effects,
thus, leading back once more to intoxication (Koob & Bloom, 1988; Koob & Moal, 1997). DA
plays an essential role in the development and facilitation of drug addiction throughout the
cycle. The ‘dopamine-depletion’ hypothesis aimed to explain the centralised role of dopamine
and postulates that chronic hyperstimulation of the reward pathway results in the depletion
of DA stores thus the individual experiences increased craving for the drug (Dackis & Gold,
1985). Alternatively, the ‘incentive-sensitization’ theory states that chronic abusers develop
neurophysiological adaptations that result in dopaminergic systems that are highly sensitized
to their drug of choice (Robinson & Berridge, 1993). The underlying consequence of both
rationales is that drug addiction is a result of attempts to try and mitigate the negative
symptoms of withdrawal. Tolerance occurs when there is a decrease in the effectiveness of a
drug despite repeated administration, thus it requires them to administer greater

concentrations of a drug to maintain a baseline (Stewart & Badiani, 1993).

Long-term neurophysiological changes occur following drug use. For example, when cocaine

is used chronically, D1 receptors are activated in favour of D2 receptors (Navarro et al., 2013;
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Park et al., 2013). Furthermore, as a result of chronic cocaine use, it was found that there was
a reduction in vesicular monoamine transporter-2 which functions to regulate DA storage.
The downstream effects of this lead to reduced mesolimbic DA (Little et al., 2003; Narendran
et al., 2012; Taylor & Ho, 1977). An updated systematic review by Volkow & Morales. (2015)
investigated dopaminergic activity in those addicted to methamphetamine and cocaine, using
positron emission tomography (PET) imaging and a specific D2 receptor radioligand. The
authors found that following cocaine, heroin, alcohol, or methamphetamine use, drug users
exhibited a significant loss of dopaminergic activity in the striatum in comparison to non-drug

users.



Drug
Addiction
Therapy

Drug Drug
Withdrawal Preoccupation

Drug Binge

Figure 3: The three stages of addiction

There are three primary stages of addiction. The preoccupation for the drug (anticipation)
leads to drug use (binge/intoxication) after which users will feel the negative effects
associated with withdrawal (anhedonia) thus perpetuating the cycle again with
preoccupation for the drug. The aim of traditional drug addiction therapies is to target
individuals at the withdrawal stage to break the cycle of addiction. However, if the therapy
is ineffective or fails then the individual will likely relapse back into the cycle. KOPr
pharmacotherapies have the potential to target addiction at various stages of cycle, with this
thesis looking into of 16-Ethynyl Salvinorin A and its potential to mitigate drug taking during
the drug binge phase. Modified from Koob and Moal (1997).
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Conditioned positive Drug/cue/stress-induced
reinforcement reinforcement

Conditioned place
Positive preference, self-
administration

Negative Conditioned place aversion

Table 1: Behavioural models for the three stages of addiction

The stages of addiction described by Koob and Moal (1997) explore three distinct patterns of
behaviour. The preoccupation/anticipation stage describes the craving phase of an addict for
a drug, animal models can mimic this behaviour of craving through conditioned positive
reinforcement. The binge/intoxication phase is where an individual pursues drug-taking
behaviour, the positive reinforcement of self-administration is the most common method of
mimicking this in a laboratory setting. Finally, when a drug is no longer available to a user,
they experience withdrawal. This is a negative experience and the aversive effects of
compounds can be tested using the conditioned place aversion paradigm.
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1.4 The kappa opioid system

1.4.1 Kappa opioid receptor physiology

The kappa opioid system is an essential component regulating mood within the central
nervous system. The kappa opioid receptor (KOPr) is a seven transmembrane inhibitory GPCR.
KOPrs are a part of a family of opioid receptors that include mu (MOPr), delta (DOPr) and the
nociception receptor (Feng et al., 2012). The opioid receptors are found widely distributed
throughout the brain, as well as the spinal cord, digestive tract and pain neurons (Knoll &
Carlezon, 2010). Activation of the different opioid receptor subfamilies has demonstrated
different physiological effects; for example, DOPr activation has been shown to promote
neural differentiation (Narita et al.,, 2006) and has an endogenous neuroprotective
mechanism that functions prior to ischemia or severe hypoxia to protect spinal motor,
cortical, cerebellar and hippocampal networks (Johnson & Freiberg., 2010). Activation of
MOPr induced potent analgesic effects. Morphine, a MOPr agonist, is perhaps the most well-
known and widely prescribed pain medication available for the treatment of severe acute and

chronic pain (Jordan, Cvejic & Devi., 2000).

1.4.2 Dynorphin

Dynorphin is the primary endogenous ligand that binds the KOPr. Dynorphin acts as a natural
suppressor of the reward pathway in the brain by reducing dopamine release in the NAc and
prefrontal cortex, as well as increasing the dopamine reuptake via DAT (Maisonneuve et al.,
1994; Margolis et al., 2006; Shippenberg et al., 2007; Thompson et al., 2000). Dynorphin is
distributed throughout the central nervous system but is found at the highest concentration
within the hypothalamus, substantia nigra, pallidum and the dorsal striatum. Dynorphin has
antinociceptive effects and operates as a natural suppressor of the reward pathway (Knoll &
Carlezon., 2010). However, when dynorphin is chronically released, it is thought that it
contributes the negative side effects of anhedonia, withdrawal, depression and dysphoria, by
inhibiting DA release and increasing DAT function (Chartoff et al., 2012). Dynorphin mRNA
expression is upregulated in the striatum of humans following cocaine use (Hurd &
Herkenham, 1993). This was also observed in animal models following cocaine exposure

(Carlezon et al., 1998) which suggests that long-term drug abuse can lead to the up-regulation
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of the kappa opioid system. The implication, therefore, in respects to addiction, is that
increased dynorphin could potentially relate to the motivational aspects of psychostimulant
withdrawal, where the user experiences intense dysphoria, anhedonia and ultimately drug

craving (Cole et al., 1995).
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Drug Drug prime N2 J N2 N2 1 Schenk et al., (1999)
seeking reinstatement 30, i.p? 0.32, s.c12 0.3, 1.0, i.p? Oll'p ?(;3' 10, i.p? él'\l'/le(;;r: :tt :II..,’ ((228339))
4 Chefer et al., (2013)
N J 5 Mague et al., (2003)
6 Privette & Terrian, (1995)
0.3, 1.0, i.p™ 20, i.pY 7 Mucha & Herz, (1985)
8 Suzuki et al., (1992)
T 0N 160 ug/kg, i.p* 9 Valdez & Harshberger, (2012)
i 7 10 Paris et al., (2011)
Aversion CPA 1.0, 2.0 s.c 0.32, s.c (rats 1P 11 Sufka et al., (2014)
10, i.p? and mice)*>* 1.0,3.2, i.p%3 12 Braida et al., (2008)
13 Zhang et al., (2005)
\Z 14 Morani et al., (2012)
0.1-40 ug/kg, 1.p2 15 Carlezon et al., (2006)
16 Braida et al., (2009)
17 Kelsey et al., (2015)
T 18 Kivell lab, unpublished data
0.25-2.0, i,p115 n.e 19 Mague et al., (2003)
Depression ot T N2 20 Riley et al., (2014)
0.3-10, i.p® v |op31; 1.25-20 ug/kg®® 21 Knoll et al., (2007)
10'120316”3/ ke 22Polter et al., (2014)
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N2

N2
10, 100 ug/kg,
_ EPM 6 \Z 0.1-160 ug/ke, \Z
Anxiety -P .
" 100 ug/kg, i.p® HE 3.0-30, i.p%
10, i.p?
T
1.0,3.2,i.p
(mice)™3
n.e
U T n.e
Sedation Locomotor activity 0.3-10, i.p 0.3
e 10, i.p° 0.125-2.0, i.p41s "
(mice)t® P S i.p2
n.e

0.001-1.0 ug/kg,
s.c (mice)?®

Table 2: Behavioural effects of acute KOPr agonist and antagonist treatment

Effects: = side effect present, | = attenuation of side effect, n.e = no effect/change. Doses provided under effects are given in mg/kg and
unless stated otherwise all behavioural tests were conducted on rats.
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1.4.3 Kappa opioid receptor signalling

When the KOPr system is activated through agonist treatment, it stimulates the receptor to
interact and exert their effects on various intracellular effectors and pathways (Figure 4).
Since the KOPr is a GPCR, the activation of the receptor exerts its effects through the
dissociation of its associated G-protein (Dogra & Yadav., 2015). When an agonist binds to the
receptor, the receptor changes shape leading to the dissociation of the Gg, subunit from the
Gai subunit. The active Ggy subunit causes an increase in membrane potential and modulates
voltage-gated potassium (K*) and calcium (Ca?*) channels, inhibiting Ca?* influx and
stimulating K* efflux (Rusin et al., 1997). The Gq; subunit inhibits adenylyl cyclase which in turn
leads to an inhibition of cyclic adenosine monophosphate (cAMP) being produced by adenylyl
cyclase (Taussig et al.,, 1993). The Gq subunit leads to phosphorylation of the second
messenger extracellular signal-regulated kinase 1 and 2 (ERK1/2) (McLennan et al., 2008). The
phosphorylation of ERK1/2 is thought to occur in two time phases, early phase ERK1/2
activation is thought to take place between 5-15 min after agonist treatment (Belcheva et al.,
2005). This early phase ERK activation is facilitated through phosphoinositide 3 kinase and
protein kinase C zeta, which in turn mobilises Ca?* for signalling (Belcheva et al., 2005). The
early phase signalling pathway is known as the G-protein coupled cascade and has been found
to be correlated with the anti-cocaine effects following treatment with KOPr agonists
(Simonson et al., 2015). This occurs by increasing the number of dopamine transporters, thus
increasing the level of dopamine reuptake (Moron et al., 2003). See Bruchas & Chavkin (2010)

for a full review of KOPr signalling pathways.

When an agonist binds to the KOPr, the intracellular domain is phosphorylated by G-coupled
protein kinase 3 (GRK3) and this in turn recruits B-arrestin (Dogra & Yadav., 2015; Liu-Chen.,
2004), leading to the internalisation and degradation of the KOPr (Liu-Chen., 2004).
Downstream, p38 mitogen-activated protein kinase (p38 MAPK) and ERK1/2 are
phosphorylated. This phosphorylation of ERK1/2 occurs after early phase activation and is
therefore known as late-phase phosphorylation, which can take up to 2 hours after agonist
treatment (McLennan et al., 2008). This results in the phosphorylation of cCAMP response
element binding protein (CREB) (Dogra & Yadav., 2015), which signals the activation of various

transcription factors for the transcription of target genes (Bruchas & Chavkin., 2010).
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As a result, in the late phase pathway, ERK1/2, as well as p38 MAPK are activated. The
phosphorylation of these two effectors, however, corresponds to the negative side effect
profile of KOPr agonists expressed through the activation of this pathway. For example, in
animal models, aversive and other negative stress-induced behaviours have been shown to
correspond with the activation of p38 MAPK (Bruchas et al., 2011). Through the
internalization of the receptor, the B-arrestin pathway induces human KOPr desensitization
(Li et al., 1999). It is therefore important to evaluate novel KOPr compounds for their ability

to modulate B-arrestin recruitment and correlate this to behavioural side-effects.

KOPr is also known to regulate DAT function via the ERK1/2-dependent signalling pathways
(Kivell et al., 2014). In vitro experiments have shown that cells that express KOPr had
increased DA uptake when Salvinorin A, a KOPr agonist was applied (Kivell et al., 2014). This
finding is important, as the role of DAT is a vital mechanism by which we can combat the
addiction. Not only would modulating DAT prove beneficial for addiction, but it would have
far-reaching implications for the medical field as its activity has been associated with several
different disorders including clinical depression, Parkinson’s disease, Angelman syndrome,
Attention Deficit Hyperactivity Disorder (ADHD) and bipolar disorders (Roxanne & James.,
2014; Wiers et al., 2015). It was found that both DAT and KOPr were co-expressed within
dopaminergic cells found in a rats NAc (Svingos et al., 2001). Furthermore, the co-expression
of KOPr and DAT has been seen in different areas of the rat and human brain (Ciliax et al.,
1999; Ciliax et al., 1995; Mansour et al., 1987; Tempel & Zukin., 1987). Evidence indicates that
there may be direct regulation of DAT through physical interactions with KOPr as seen in cells
that were co-transfected with KOPr and DAT where the formation of KOPr-DAT was expressed
(Kivell et al., 2014). Thus the regulatory interaction of the KOPr on DAT could be vital in
understanding the negative regulation of the reward pathway and other KOPr-mediated

behavioural effects.

KOPr is highly expressed in the NAc, the effects, however, are different based on its location
and how it operates in subregions of the NAc. Al-Hasani R et al. (2015) found using
optogenetic techniques, that specific brain regions could be stimulated to release dynorphin
through photo-stimulation. They generated a dynorphin-tdTomato-reporter mouse which
allowed them to visualise, track and determine the key regions of the brain influenced by
dynorphin. The authors found that dynorphogenic neurons in the ventral subregion of the
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NAc caused KOPr mediated aversive behaviour whilst those in the dorsal subregion of the NAc
when stimulated caused the animal to display preference. This study highlighted the
complexity of KOPr activation and how they can drive opposite behavioural responses
depending on where it was located. Their research had unveiled that the kappa opioid system
played a more intricate role than its conventionally designated role as the mediator of

aversive and dysphoric emotional states.

Early Phase Late Phase

> KOPr agonist K+ Ca* > KOPr agonist
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Figure 4: Kappa opioid receptor signalling pathways

When an agonist binds to the KOPr it can lead to the activation of multiple second messenger
cascades including the G-protein coupled (left) or the B-arrestin pathway (right). With this
knowledge, it is possible that drugs can be produced that have functional selectivity to be able
to recruit the desired pathways (G-coupled pathway) and avoid ones that could potentiate
undesirable side effects (B-arrestin pathway). cAMP = cyclic adenosine monophosphate, CREB
= cAMP response element binding protein, CRF = corticotrophin-releasing factor, ERK 1/2 =
extracellular signal-regulated kinases 1 and 2, GRK3 = G-protein coupled receptor kinase 3,
KOPr = Kappa opioid receptor, p38 MAPK = p38 mitogen-activated protein kinase, PI3K =
phosphoinositide 3-kinase, PKC T = protein kinase C zeta.
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1.5 Kappa opioid receptor agonists in addiction research

Preclinical trials are currently investigating the use of KOPr agonists as possible therapeutics
in combating addiction as compounds that target the KOPr have been identified to be able to
decrease the rewarding effects exerted from drugs of abuse. However, their behaviour in
modulating addiction is complex.

1.5.1 Acute administration of kappa opioid receptor agonists

A single dose of the selective KOPr agonist trans-(t)-3,4-Dichloro-N-methyl-N-[2-(1-
pyrrolidinyl)cyclohexyl]benzeneacetamide (U50,488H; for structure see Figure 5) at a dose of
5 mg/kg, i.p was found to elicit a long-term reduction in cocaine relapse (Heinsbroek et al.,
2018). U50,488H has previously been found to block conditioned place preference (CPP) for
cocaine at 5 mg/kg, as well as attenuate cocaine-induced hyperactivity in rats (Crawford et
al., 1995) and has shown itself to be able to attenuate cocaine self-administration in rhesus

monkeys (Negus et al., 1997).

The KOPr agonist (+)-(5a,7a,8B)-N-Methyl-N-[7-(1-pyrrolidinyl)-1-oxaspiro[4.5]dec-8-yl]-
benzeneacetamide (U69,593), reduced cocaine reinstatement of drug-seeking behaviour but
not with amphetamines at pretreatment doses of 0.16 and 0.32 mg/kg (Schenk et al., 1999).
This was an important finding as it showed that the interactions and effects of the KOPr
agonists were specific to cocaine since amphetamine-induced cocaine seeking was not
altered following the administration of U69,593 (Schenk et al., 1999). Additionally, it
highlighted that there were differences in effective dosing regimens as they generated a dose-
response curve and found the KOPr agonist to be effective at low cocaine doses but there was
no change to rats that were responding to higher concentrations of cocaine (Schenk et al.,
1999). Furthermore, the use of KOPr agonists has been shown to be able to attenuate cocaine
prime-induced reinstatement of drug-seeking behaviour in a dose-dependent manner in rats
that are subjected to cocaine self-administration (Morani et al.,, 2009). In rats, acute
administration of KOPr agonists attenuated alcohol self-administration and reduced alcohol-

induced CPP (Zhou & Leri, 2016).

In contrast to these positive effects, KOPr agonists are putative pharmacological stressors and

have been shown to induce stress-like states in humans and animals (Bruchas et al.,
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4677117/#bib27

2010; Van't Veer and Carlezon., 2013). Activation of the KOPr system through either foot
shock stress, forced swim stress or an acute administration of U50,488H resulted in stress-
induced reinstatement of cocaine drug-seeking behaviour in mice (Redila & Chavkin, 2008;
Valdez et al., 2007). Cocaine-seeking behaviour was also reinstated in monkeys that received
systemic administration of the KOPr agonists, spiradoline and enadoline. Systemic
administration of U50,488H resulted in the reinstatement of nicotine and alcohol seeking in
rats (Funk et al., 2014; Grella et al., 2014). Moreover, reinstatement of drug-seeking was

blocked using KOPr antagonists (Beardsley et al., 2005).

Freeman et al. (2014) identified KOPr agonists having the ability to act as ‘punishers’ of drug
seeking. They observed that Rhesus monkeys that were self-administering either cocaine or
the MOPr agonist, remifentanil, had reduced self-administration of both drugs following the

administration of the KOPr agonist Salvinorin A (Sal A).
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1.5.2 Chronic administration of kappa opioid receptor agonists

Through chronic administration of KOPr agonists, it was uncovered that U50,488H and
U69,593 could block rats from developing behavioural sensitization to cocaine (Heidbreder et
al., 1995). Paradoxically, research has shown that chronic KOPr agonist treatments can
increase drug-induced self-administration (Negus., 2004; Potter et al., 2011). Despite some of
the positive attributes of KOPr agonists, the opponent process theory of drug abuse proposed
that that brain mitigates the initial hyperactivity of the reward pathway following drug use by
inducing a reciprocal aversive or dysphoric state (Solomon & Corbit., 1974; Vargas-Perez et
al., 2007). The increase in drug-induced self-administration with chronic KOPr agonist
treatment might be explained under the theory. If the aversive effects of KOPr signalling
outweigh the rewarding effects of cocaine then the discrepancy would enhance withdrawal
symptoms, and through negative reinforcement of drug taking, intensify the dependency

upon the drug of abuse (Wee & Koob., 2010; Walker et al., 2012).

Research has supported this theory, for example, alcohol-dependent rats have reduced levels
of alcohol consumption following administration of the KOPr antagonist nor-binaltorphimine
(nor-BNI; 15 and 20 mg/kg). This suggests that the blockade of the KOPr system can reduce
drug-taking, (Walker et al., 2007, 2011, 2012).In cocaine and methamphetamine self-
administration models of, nor-BNI (15 and 30 mg/kg), reduced the escalation of drug-taking

(Wee et al., 2009; Whitfield et al., 2015).

Therefore, KOPr agonists are being investigated as potential therapies to combat the
rewarding effects of drugs of abuse following acute administration, whereas KOPr antagonists
are to attenuate stress-induced relapse. Unfortunately, there is an array of undesirable side
effects that are associated with the traditional KOPr agonists such as dysphoria, sedation,
depression and nausea, preventing the viability of the clinical applications of these

compounds. Therefore, the side effect profile of novel KOPr agonists needs investigating.
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1.5.3 KOPr agonists clinical potential

Nalfurafine is the only clinically available KOPr agonist, approved in Japan for the treatment
of Uremic pruritis (chronic kidney disease) that can arise in haemodialysis patients and is often
characterised by bouts of itching. In 2009, nalfurafine was tested as an anti-pruritic agent for
itch in Japan (Nagase et al., 2010). The compound was developed from a KOPr antagonist,
naltrexone (Nakao & Mochizuki., 2009). Pre-clinical trials indicated that nalfurafine induced
no aversion or preference behaviour in rats using the conditioned place preference test, or
dependence in monkeys who were subject to the self-administration paradigm (Nagase et al.,
2010). Clinical trials demonstrated the compound’s efficacy and ability to be safely used on
haemodialysis patients and was used as a therapeutic agent thereafter (Nakao & Mochizuki.,
2009; Nagase et al., 2010). Follow up trials were undertaken and found nalfurafine to cause
no difference in dependence liability compared to those patients given vehicle treatment, or
cause any adverse effects on body temperature, blood pressure, pupil diameter or respiratory
rates (Ueno, Mori, & Yanagita., 2013). Most recently, a prospective trial showed high
recurrence rates of pruritus in patients who stopped using nalfurafine (Akuta et al., 2018).
Nalfurafine was the first and currently the only selective KOPr agonist approved for clinical

use but it demonstrated the powerful potential of KOPr agonists as clinical therapeutics.
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1.6 Salvinorin A and analogues

Sal A is a highly potent and selective KOPr agonist (Roth et al., 2002). It is the active
component found in Salvia divinorum, a hallucinogenic plant that was used by the Mazatec
Indians of Oaxaca, Mexico as part of their traditional religious practices (Valdes., 1983). More
recently, Sal A has gained rapid popularity as a recreational drug. Unlike other hallucinogens
such as lysergic acid diethylamide (LSD), Sal A can selectively activate KOPr without interacting
with 5-HT receptors (Butelman et al., 2007; Roth et al., 2002). The point of difference from
Sal A and traditional KOPr agonists is that within its structure, there is no charged nitrogen
group which was one of the hallmarks of a traditional opioid agonist (Bera & Ghoshal., 2014)
(for chemical structure see Figure 5). As with other KOPr agonists, the anti-addictive
mechanism by which Sal A operates is through increasing DAT activity (Kivell., 2014) as well
as by attenuating DA release in the NAc (Ebner et al., 2010). Acute administration of Sal A at
0.3 mg/kg attenuated cocaine prime-induced drug-seeking behaviour in rats (Morani et al.,
2009). Moreover, in contrast to traditional KOPr agonists such as U50,488H, it does not exert
sedative effects in the spontaneous locomotor activity paradigm or elicit any taste aversion
(Morani et al., 2012). With this knowledge, Sal A is being looked at as a primary compound
for novel anti-addictive (Prisinzano et al., 2008) and antinociceptive (McCurdy et al., 2006)
drug therapies. One of the issues with Sal A, however, is that it is rapidly metabolised and has
a short half-life in vivo (~50 min) (Butelman et al., 2009; Hooker et al., 2008; Schmidt et al.,
2005; Teskin et al., 2009). This is likely due to clearance from the central nervous system by
P-glycoprotein (Butelman et al., 2012) and metabolism occurring at the C-2 position which
coverts it to an inactive metabolite, Salvinorin B (Beguin et al., 2005; Chavkin et al., 2004). Sal
A’s short duration of action is not ideal for therapeutic use (Hooker et al., 2008), therefore,
longer acting structural analogues are being investigated in developing more effective

treatments.

23



BORRG

u50, 488H
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Figure 5: Molecular Structures of KOPr Compounds

Molecular structures of the synthetic KOPr agonist analogues. Of interest are the structures
of Salvinorin A (Sal A) and 16-Ethynyl Sal A (16-Ethy) in relation to traditional kappa opioid
receptor compounds such as U50,488H. Sal A has no nitrogenous group in its structure and
its derivative, 16-Ethy, has a C16 ethynyl addition.
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Sal A exhibited some differences in KOPr internalization when it caused approximately a 40-
fold decrease in KOPr internalization through the B-arrestin pathway as compared to the
traditional KOPr agonist U50,488 (Wang et al., 2008). In tests of depression such as the forced
swim test (FST), rats administered with Sal A at 0.03 mg/kg have been shown to cause
depressive-like effects (Carlezon et al., 2006; Morani et al., 2012). However, administered at
very low doses (0.001-1000 pg/kg), Sal A appears to induce anti-addictive effects both in mice
and rats (Braida et al., 2009) as well as generating rewarding effects at 5 and 10 pg/kg when

administered in zebrafish (Braida et al., 2007).

Sal A has beneficial anti-addictive characteristics but due to adverse side effects such as
sedation and depression, its use may be limited for clinical development. However, the
laboratory of Professor Thomas Prisinzano (University of Kansas) has synthesized novel KOPr
agonists, analogues of Sal A with the intention of producing a compound that will be able to
retain the functional capability of Sal A to regulate/inhibit the mechanisms underlying
addiction (Harding et al., 2006). One such alteration that has been synthesised is that of 16-
Ethynyl Salvinorin A (16-Ethy). 16-Ethy is structurally similar to its parent compound Sal A,
however, there has been an addition of an ethynyl functional group to the 16-carbon position
on the furan ring of Sal A (Figure 5). Screen testing of the compound on KOPr has shown that

16-Ethy is a KOPr agonist and has no activity on the MOPr (Riley et al., 2014).
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Compound U50,488H Salvinorin A 16-Ethynyl Salvinorin A
Cl Cl
Structure
(o] >
N—CH, B éHa
O/\O
ole 7
+10°
ECs0 + SD 0.8 + 0.40* [2] 40+ 10 [1] 0.019 + 0.004* [2]
0.030 0.004* [2]
Emax £ SD - 120 + 2% [1] -
Ki + SD 0.42 +0.22 [5] 1.9+0.2 [3] -
Minimum effective
dose = 0.3 mg/kg [4] 0.1 mg/kg [2]
(cocaine reinstatement)

Table 3: Pharmacokinetic properties of U50,488H, Sal A and 16-Ethy

[1]: Harding et al. (2005),

[2]: Riley et al. (2014),

[3]: Simonson et al. (2015),
[4]: Morani et al. (2013),

[5]: Beguin et al. (2008)

ECso + SD = the effective concentration of agonist required to achieve 50% of the maximum
possible response, this was measured using the 2[3sS]GTPyS assay or through *testing for
inhibition of forskolin-induced cAMP accumulation in CHO cells that express human KOPr.

Emax £ SD = the percentage in which the agonist stimulates the KOPr in comparison to the classical
KOPr agonist, U50,488 (500 nM).

Ki £ SD = the binding affinity of KOPr agonists on the receptor using [**°1]IOXY as a radioligand.

Minimum effective dose = The minimum effective dose is that which has a significant effect
on cocaine reinstatement paradigm.
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Previous research in our laboratory has demonstrated that a single treatment of 16-Ethy is
more potent at attenuating drug-seeking behaviours seen through cocaine self-
administration tests as compared to Sal A. 16-Ethy (0.1 and 0.3 mg/kg) effectively attenuated
cocaine-primed reinstatement, a test of drug-seeking behaviour, compared to Sal A which
also attenuated the behaviour at 0.3 mg/kg (Riley et al., 2014). It was also found that 16-Ethy
was the only Sal A derivative to be able to effectively attenuate the behavioural motivation
to continue drug seeking as seen in the progressive ratio self-administration model at 2 mg/kg
which was not seen in Sal A at the same dose (Young., 2015). 16-Ethy also proved to hold a
lot of promise as a therapeutic as it did not show many of the classical adverse side effects as
traditional KOPr agonists. Unlike Sal A, 16-Ethy at 0.3 mg/kg did not show any sedative,
anxiogenic, pro-depressive or aversive effects and did not display long-term memory
impairment (Young., 2015; Culverhouse., 2016; Welsh., 2017). However, the side effect
profile of 16-Ethy had not been explored at the higher dose (2 mg/kg) which attenuated
progressive ratio. Therefore, this thesis aimed to explore the side effect profile of 16-Ethy at

the higher 2 mg/kg dose.
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1.7 Animal models of kappa opioid receptor-mediated side effects

1.7.1 Depression

The Forced Swim Test (FST) is one of the most widely tested models of depression. The test
was originally devised as a screening assay to test the antidepressant effects of novel
compounds (Porsolt.,, 1977) but has been modified more recently to investigate pro-
depressive effects (Porsolt., 1977; Carlezon et al., 2006). The basis of the test is to expose a
naive rat or mouse to water and observe their activity. This stressor causes the rodent to
exhibit a powerful initial reaction indicating an escape-directed behaviour, as time continues
the behaviours are observed, with a decrease in intensity of swimming and finally to
immobility. Immobility is considered as a depressive-like behaviour as the immobility is
believed to display the failure of the rat to continue persisting in trying to escape. The aim of
this experiment is to test for any depressive side effects of drug treatments, in this case, Sal

A and 16-Ethy.

1.7.2 Sedation

The basis of the locomotor test is simple in that a treatment is tested to see if it has any
sedative effects. After administration, if the animal is found to have a high ambulatory count
then this is indicative of increased exploration of the animal in the testing space thus little
sedation is observed. Conversely, if the ambulatory count is low then this is indicative of
sedative-like effects. The purpose of this experiment is to screen for any sedative side effects

of 16-Ethy and Sal A.
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1.7.3 Anxiety

It is largely acknowledged that the activation of KOPr system produces anxiety and stress-
associated behaviours (Van’t Veer & Carlezon Jr., 2013). The elevator plus maze (EPM) is
commonly used to test for anxiety. EPM investigates the conflict of a rodent’s intrinsic
exploratory behaviour compared to its instinct for safety by avoiding elevated and brightly lit
open platform arms. KOPr agonists are anxiogenic compounds, therefore they result in the
animal spending more time in the closed arm compared to animals that are treated with an

anxiolytic compound which would promote exploratory behaviour (Pellow et al., 1985).

1.7.4 Aversion

One of the most prominent paradigms to examine the aversive effects of compounds (drugs
or otherwise) is through the conditioned place aversion test (CPA). This test aims to establish
an association between an unconditioned stimulus (the characteristics of a drug) with a
neutral environmental stimulus such as the colour, texture or pattern within the discrete test
chamber. Through conditioning, the response of the animal to the stimuli demonstrates if a
drug has preferential or aversive effects. This paradigm is useful then, to determine within
the same system, diametrically opposed side effects, reward or aversion (Bals-Kubik et al.,
1993). The benefits of this test are that it is cost-effective, fast and unlike self-administration,

no surgery is required (Prus, James, & Rosecrans., 2009).
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1.8 Self administration - a preclinical behavioural model of addiction

Drug self-administration in animals is used to characterise possible abuse liability of novel
compounds (Balster., 1991, Panlilio & Goldberg., 2007). Self-administration was first
proposed by Weeks (1962), and the test operated by conditioning an animal to associate a
lever press with an administration of a rewarding stimulus such as a drug. The premise of the
experiment is that the more lever press responses an animal triggers, are indicative of drug-
seeking behaviour as they have associated they will be rewarded for that behaviour (Panlilio

& Goldberg., 2007).

The most widely used method of self-administration is conducted on rats, which are
administered with a drug via a catheter that runs into their jugular vein, thus upon a lever
press of the operant box the rat is in, the drug is administered intravenously using a delivery
system (de Wit & Stewart., 1981; Weeks, 1962). The administration of the drug, in our case
cocaine, as a result of pressing the lever acts as such a powerful positive reinforcer that even
when rats are required to press the lever multiple times to receive a single infusion, as in
reinforcement models such as progressive ratio, they will still self-administer continuously
(Griffiths et al., 1975), thus providing a robust model demonstrating the power of drug-taking
behaviour in addicted individuals. This model is also versatile in demonstrating other phases
of the addiction cycle. For example, the drug-primed reinstatement model (de Wit & Stewart,
1981) is used as a behavioural representative of relapse in affected humans (Bossert et al.,
2013; Shaham & Miczek., 2003). In this model, a rat will display restored drug-seeking
behaviours when it is exposed to a drug, or even an environmental cue that is associated with

that drug, after a period of abstinence (de Wit., 1996).
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2. Aims and Hypotheses

Of all of the Sal A derivatives that have been researched in the Kivell laboratory thus far, 16-
Ethy was found not only to be the most potent, but also the only one to effectively attenuate
the progressive ratio paradigm at 2 mg/kg. Previous research into 16-Ethy at 0.3 mg/kg has
shown a favourable side effect profile, however, little work has been conducted to determine
what the side effect profile of 16-Ethy at the higher dose of 2 mg/kg. This thesis aimed to
evaluate the side effects at the 2 mg/kg dose to determine the potential of 16-Ethy as a

pharmacotherapy to attenuate the rewarding effects of cocaine.

The side effect profile included tests for anxiety (elevated plus maze), depression (forced
swim test) sedation (habituated and non-habituated locomotor activity), as well as aversion
(conditioned place aversion). An evaluation was also conducted to expand on the known anti-
cocaine effects through self-administration, dose-response and drug-behavioural
sensitisation tests. Sal A has been shown to shown to have the ability to reduce the rewarding
effects of drugs. We hypothesised that at 2mg/kg, 16-Ethy would show similar or more potent

anti-cocaine effects and have reduced side effects as compared to Salvinorin A.
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3. Methods

3.1 Animals and housing

All behavioural tests were conducted on male Sprague-Dawley rats. Rats were bred and
housed within a secure facility in the School of Biological Sciences at Victoria University of
Wellington. The facility operated within a 12-hour light/dark cycle (light on at 0700 hours).
Rats were housed in white plastic cages in a shelved Scantainer Ventilated Cabinet (Scanbur
Technology, Karlslunde, Denmark) with controlled humidity levels (55%) and set temperature
(19-20 °C). All rats were housed in groups of 3-4 rats per cage except those used in cocaine
self-administration which were housed individually. Rats were provided food (Diet 86,
Sharpes Stock Feed) and water ad libitum. In 2018, animal housing was updated to a new
caging system (Optirat Gen I, Animal Care Systems) with one-pass, low-velocity airflow (82

cubic feet per min).

All behavioural experiments were conducted in the presence of white noise (67 decibels)
and/or within sound-attenuating boxes. Rats used for self-administration and behavioural
sensitization were cocaine naive prior to surgery. All KOPr agonist and vehicle treatments
were administered via intraperitoneal (i.p.) injections, self-administration animals received
cocaine intravenously (i.v.). For behavioural assays in the absence of cocaine, rats were
reused over multiple experiments after a minimum rest period of one week, using a Latin
Square design (see appendix 6) in accordance to the recommendation by the National Centre
for the Replacement, Refinement and Reduction of Animals in Research (UK) (Russell & Burch,
1959). The Latin square was designed so that each rat received different treatments, the

weeks rest period was employed to minimise carry-over effects between treatments.

All experiments were approved by the Victoria University of Wellington Animal Ethics

Committee (Ethics Approval AEC- 2015- 22334).

32



3.2 Drug and chemical solution preparation

3.2.1 Kappa opioid receptor agonists

Sal A and the 16-Ethy were provided by Prof. Thomas Prisinzano (University of Kansas). The
powdered compounds were stored at 4°C, protected from light and moisture. All compounds
were determined to be >95% pure using analytical High-Performance Liquid Chromatography
(HPLC) (Riley et al., 2014). The KOPr agonists were dissolved in a 2:1:7 ratio of vehicle
composed of dimethyl sulfoxide (DMSO), polysorbate 80 (Tween 80) and sterile 0.9% saline
solution respectively. The compounds were weighed and dissolved in DMSO prior to adding
Tween 80, then mixed by vortexing after saline was added, and inverting the Eppendorf tube.

This process prevented the KOPr agonist precipitating out of solution.

3.3 Behavioural assays

3.3.1 Spontaneous locomotor activity

Male Sprague Dawley rats (300-400 g) were placed in an open top activity chamber (Med
Associates, ENV-520) to habituate for 30 min. The chambers were housed within cubicles that
were both light and sound attenuating. Following habituation, rats were taken out of the box
and administered Sal A (2 mg/kg), 16-Ethy (2 mg/kg) or vehicle via intraperitoneal (i.p.)
injection. The rats were then placed back in the chambers and allowed to explore the open
space for a further 60 min. Spontaneous locomotor activity was detected by horizontal
infrared photobeams generated by transmitters and receivers positioned on all four sides of
the box and recorded by Med Associates Activity Monitor Software (SOF-81). Stereotypic and
ambulatory counts were recorded during habituation and test days. An ambulatory count was
recognised by the software as three consecutive horizontal beam breaks made by the rat, a
stereotypic count was determined as any horizontal movement detected below this

threshold.

3.3.2 Locomotor activity without habituation

Rats (300-400g) were injected (i.p) with the KOPr agonist Sal A (2 mg/kg), 16-Ethy (2 mg/kg)
or vehicle, 10 min prior to behavioural evaluation. Following drug pre-treatment, the rat was
placed in the open top activity chamber (Med Associates, ENV-520) and allowed to explore
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the open space for 60 min. Locomotor activity (stereotypic and ambulatory counts) were

recorded as described above (see 3.3.1).

3.3.3 Forced swim test

Habituation to FST was carried out 24 hr prior to testing. During habituation, rats (300-400 g)
were placed into a water-filled (water temperature: 23-25°C) cylinder (40 cm x19 cm), the
water was filled up to 30 cm from the bottom of the cylinder. To habituate, rats were put in
the cylinder for 15 min, removed then towel and blow dried. On testing day, rats were pre-
treated with either vehicle, 16-Ethy (2 mg/kg,) and Sal A (2 mg/kg), pre-treatment times were
10 min for vehicle and 16-Ethy and 5 min prior for Sal A. The rat was then placed in the cylinder
for the testing time of 5 min. and filmed using a video camera. Following the swim test, the
rats were taken out and dried. Any rats that climbed out of the cylinder either during the
habituation or testing period were excluded from results. Video recordings were then
analysed using SMART software (Panlab, Harvard Apparatus, USA) which detected immobility,
swimming and climbing behaviour. See (Appendix 1: Setup and use of SMART software for

FST video analysis) for details of SMART software configurations for FST video analysis.

3.3.4 Elevated plus maze

EPM was performed according to the procedure described by Walf and Frye (2007). The maze
was constructed from black plastic with four arms (50 cm x 10 cm each) which are elevated
55 cm off the ground. The two open arms of the maze had 3 cm ledges made from clear
plastic whilst the closed arms have 40 cm high black plastic walls. All the lighting was provided
from the overhead ceiling lamps of the room. Rats were administered Sal A (2 mg/kg), 16-
Ethy (2 mg/kg) or vehicle. Pre-treatment times were 10 min for vehicle and 16-Ethy and 5 min
prior for Sal A. The rats are placed in the middle of the maze facing an open arm and were
filmed for 5 min (Panasonic HC-V160 High Definition Video Camera). An arm entry was
characterized as having all four paws on the arm (Walf and Frye., 2007). The video recording
was used to determine the number of entries and time spent on each arm. Any rats that fell

off the maze were excluded from analysis.
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Figure 6: Schematic of elevated plus maze

Rats were injected with KOPr agonist and placed in the middle of the apparatus facing an
open arm. A video camera was used to record the animal’s activity on the maze for 5 min.
Anxiolytic behaviours were measured using total time spent on the open arm, whilst total
time spent in the closed arm represents more anxiogenic-like properties.
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3.3.5 Conditioned place aversion

The CPA paradigm was conducted according to the procedure described by Tejeda et al.
(2013). The CPA apparatus was made up of two large chambers (30 x 30 x 34 cm) connected
by a corridor (8 x 10 x 34 cm) with sliding doors, allowing the animal to be restricted to either
chamber as needed (PanLab, Harvard Apparatus, USA). One chamber had white walls with a
black polka dot pattern and black textured flooring whilst the other chamber had white
smooth flooring and black and white striped walls. The corridor had grey walls and smooth
grey flooring. Cameras were mounted directly above the chambers and the animal’s
movements were tracked and analysed using SMART 3.0 software. During the experiments,
the main overhead lights of the room were turned off. Two free-standing LED lamps provided
light with one facing the ceiling to provide enough ambient light for filming and another that
was positioned over the corridor to deter the animal from lingering there. Each chamber was

illuminated to approximately 20 lux, with the corridor at 60 lux.

Prior to the first experimental day, the rats were allowed to freely roam the apparatus for 15
min to habituate (day 0). On day one, they were allowed to freely roam for 15 min. The total
time the rat spent in each chamber was recorded. The preferred chamber was noted. Animals
that exhibited a preference for one chamber over the other (>80%) or preference for the

corridor (>40%) were excluded from the experiment.

On days two to seven, using a biased procedure, the rats were conditioned to the chambers
so that the compound of interest was administered and placed within the preferred chamber.
On days two, four and six, either vehicle or 16-Ethy (2mg/kg) was paired with placement into
the preferred chamber for 45 min. On the alternate days (3, 5, 7) the rats were injected with
vehicle and were placed in the opposite chamber (the non-preferred chamber). To minimise
any experimental differences, the conditioning days were counterbalanced. On test day, the
animal was placed in the corridor and allowed to freely roam through the apparatus for 15

min, with the time spent in each chamber recorded.
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Figure 7: Conditioned place aversion apparatus and schedule

Schematic of the 3 chambered CPA apparatus. Rats were habituated to the entire apparatus
for 15 min (day 0) prior to being electronically tracked for their chamber of preference, for 15
min (day 1). On days 2,4,6 rats were administered with KOPr agonist and placed in their
preferred chamber for 45 min. On days 3,5,7 rats were administered vehicle and placed in
their least preferred chamber for 45 min. On day 8, rats were allowed to freely roam the
entire apparatus for 15 min, and their movements were electronically tracked.
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3.4 Behavioural anti-cocaine effects of KOPr agonists

3.4.1 Cocaine Sensitization

The cocaine sensitisation paradigm was used to determine if an acute 16-Ethy pre-treatment
(2 mg/kg) could suppress behavioural sensitization of locomotor effects on rats receiving daily
cocaine injections (20 mg/kg, i.p). Drug naive rats (300-400g, n=8) were handled for a week
before testing and were assigned to cocaine- or saline-treatment groups. On day 1, rats were
habituated to the locomotor activity chamber (as in 3.3.1 Spontaneous Locomotor Activity)
for 30 minutes and then injected with either cocaine (20 mg/kg) or saline-treatment groups
(i.p), their locomotor activity was recorded using Med Associates Activity Monitor Software
for 60 minutes. On days 2-5, rats were injected with their assigned treatments and placed
back in their home cage. On days 6-9, no treatments were administered. On day 10, rats were
again habituated to the locomotor activity chamber for 30 min before being pre-treated with
either saline or 16-Ethy (2 mg/kg). 10 minutes following pre-treatment, all rats were injected
with cocaine (20 mg/kg) and placed back into the locomotor activity chamber for 60 minutes

and their locomotor activity was recorded using the aforementioned software.
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Figure 8: Treatment schedule for cocaine sensitization

Rats were assigned into two treatment groups: cocaine- (20 mg/kg) or saline (Days 1-5) and
then further split for testing on day 10 receiving either vehicle or 16-Ethy, no treatments were
administered on Days 5-9. The rat’s locomotor activity was recorded on Days 1 and 10.
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3.4.2 Self-administration intra-jugular surgery

For self-administration, two different systems of intravenous (i.v.) drug delivery were
employed. The details of catheter preparations and a more in-depth procedure of both
surgery methodologies and post-operative care are detailed in the supplementary
information (Appendix 2-5; pages 82-88). Succinctly, Sprague-Dawley rats weighing between
300-350 g were anaesthetised using a ketamine-xylazine mixture (90 mg/kg Ketamine, 9
mg/kg xylazine, i.p.) and surgery performed to insert a catheter into their right jugular vein.

All surgeries were kindly performed by Diana Atigari.

The first method of drug delivery was through the headpiece system, where the metal piece
of the catheter was fixed onto the crown of the rat’s skull using jewellers screws and dental
acrylic. The open end of the metal piece was capped off using a piece of sealed Tygon tube.
The rats were given a week to recover with their overall health and weight monitored daily
prior to self-administration training. To inhibit blood clotting within the catheter, 0.2 mL of
penicillin/heparin solution was flushed through daily. Once a week, the patency of the
catheter was tested by drawing back blood, if no bloodline was observed then 0.15 mL of 50
mg/kg pentobarbital was flushed through the catheter. If the animal did not immediately
experience sedation, then it indicated the presence of a leak. If this was the case, then the rat
underwent additional surgery to insert a new catheter into its left jugular vein. If the second
catheter also failed, then the animal was euthanized. A blocked headpiece was fixed by simply

replacing the metal piece.

The second method of delivery was through the backpack system, where the catheter was
subcutaneously routed to the rats back and attached to a Vascular Access Button (VAB95BS,
Instech). This is a closed looped system, so like in the headpiece system, 0.2 mL of
penicillin/heparin solution was flushed through it daily. To test patency, 0.15 mL of 50 mg/kg
pentobarbital was flushed through to visualise sedation, however no blood was drawn. If the
catheter failed, then the animal underwent another surgery to insert a catheter into its left

jugular vein. Failure of the second catheter resulted in the animal being euthanized.
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3.4.3 Cocaine self-administration training

Cocaine self-administration training was executed as described by Bosch (2013). Self-
administration testing is conducted in operant chambers (ENV-001, Med Associates, St.
Albans, Vermont) encased within light and sound-attenuating boxes. Each chamber has an
active (right hand) and inactive (left hand) levers, paired with a light stimulus located above
the lever. Upon pressing the active lever, a dose of cocaine is administered to the rat through
their jugular cannula. The headpiece is connected to a 20 mL syringe of cocaine solution (1.65
g/L), the administration of which is conducted using a mechanical pump (PHM-100VS, Med
Associates) through Tygon tubing (Cole-Parmer C-P06418-02, Thermo-Fisher Scientific Inc.,
Melbourne, Australia). With the backpack system, the 20 mL syringe was connected to the

backpack tether which screwed onto the vascular access button (VAB95BS, Instech).

Prior to, and after every self-administration session, the rats were flushed with 0.2 mL of
saline containing heparin (30 U/mL) and penicillin G potassium (250,000 U/mL) to prevent
blood clot formation. The timetable for testing consisted of five consecutive days of self-
administration with two rest days where the patency of the catheters were tested with
heparinised saline (3 U/mL) and flushed with the heparin-penicillin solution. Rats were
initially trained using a Fixed-Ratio-1 ratio schedule (FR-1), whereby a single press of the active
lever administered an infusion of heparinized cocaine (0.1 mL of 0.5 mg/kg/infusion for 12 s)
and illumination of the paired light stimulus. When a rat consistently received 20
infusions/per day for 3 consecutive days over the 2-hour test period, with at least a 2:1 ratio
of active: inactive lever presses, they were considered to have acquired drug-seeking
behaviour. Upon achievement of this criteria, FR-1 rats progressed to an FR-2 schedule or
reinforcement, whereby two active lever presses were required to receive an infusion. When
the same criteria were met on FR-2 (20 infusions/session for 3 days) each rat moved to an FR-
5 schedule of reinforcement (five lever presses per infusion), for a minimum of 10 days. To
determine the baseline level of active cocaine response for each rat, a mean was calculated
from the number infusions over three consecutive FR-5 sessions, the variability between
means had to be less than 20%. All the lever presses and infusions were recorded using Med

Associates software (MED-PC IV, version 4.2).
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Figure 9: Self-administration schematic

Rats were placed in self-administration chambers that has two levers. Upon pressing the
right lever, a corresponding light turned on and the animal received an infusion (i.v) of
cocaine solution (0.5 mg/kg, 0.1 ml for 12 s) through its jugular cannula. The left lever was
inactive and the animals did not receive any drug infusions. All the lever presses and
infusions were recorded using Med Associates software.
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3.4.5 Cocaine dose-response

Cocaine dose-response begins as cocaine self-administration training where the rats were
trained on FR-1 and FR-2 schedules, each lever press in the corresponding schedules
administered 0.5 mg/kg cocaine solution. Once a stable baseline had been established in the
FR-2 schedule with the parameters met as per the self-administration training method, the

rat was ready for cocaine dose-response tests.

In the dose-response experiment a full range of cocaine doses (0.0, 0.03, 0.15, 0.5, 1 and 2
mg/kg) are administered in a single session. Each session consists of six sequential 20-minute
testing periods (one dose per period), followed by a 20 min timeout period where the cocaine
dose can be changed. Prior to each dosage self-administration session there is a 30-minute
extinction period (3 unit heparin/saline solution = 0 mg/kg cocaine). This testing continued
until a stable cocaine-maintained response was achieved (at least 10 mg/kg cocaine infusions
per session, with <10% variation for 3 consecutive days or 20% variation for 2 days,
additionally there must be at least a fivefold increase in maximal response rates when
compared to those during extinction). Following stable responding, the treatment trial can be
conducted. The rat was injected with the KOPr agonist (16-Ethy; 2 mg/kg) and after the pre-
treatment time (10 min) was placed in the operant chamber and the dose-response test
conducted as previously described to evaluate the effects of KOPr- agonist treatment on
cocaine self-administration. If another treatment dose was needed to be tested, the rats
underwent 5-7 days of cocaine self-administration until a baseline was re-established, after

which the next KOPr dose was administered.
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Figure 10: Cocaine Dose Response

A) The cocaine dose-response schedule with six consecutive and increasing cocaine doses, all
administered in a single session. TO = time out, no infusions are given during this period.

B) Dose-response curve with escalating cocaine concentrations infusion in each time period.

Lever presses increase as cocaine concentrations rise, however when the concentration is too
high, it is no longer desirable to consume more, therefore lever presses decrease.
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3.5 Statistical analysis

All statistical analyses were performed using GraphPad Prism 6.0 software (GraphPad
Software, La Jolla, CA, USA). One-way analysis of variance (ANOVA) tests was used to analyse
the variances of three or more means. Two-way repeated measures ANOVA tests were used
to examine time course effects of treatments for the locomotor activity experiments.
Bonferroni post-tests were used in all analyses. Results were considered significant when
p < 0.05. In-text numerical results are reported as the mean * standard error of the mean

(SEM).
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4. Results

4.1 Habituated locomotor activity

Locomotor activity is a test for sedation. A reduction in ambulatory counts, following drug

administration indicates that a drug has sedative effects.

A one-way ANOVA showed a significant effect of treatment on total ambulatory counts
[F(2,31) = 5.839, p = 0.0070] (Figure 11). Rats treated with 16-Ethy (2 mg/kg) did not show
any significant difference in ambulatory counts in comparison to vehicle treatment (p =
0.3044) during the 1-hour test phase. Rats treated with Sal A (2 mg/kg), showed a significant
increase in ambulatory counts during the test phase in comparison to vehicle treatment (p =
0.0037) (Figure 11A), indicating that 16-Ethy did not have sedative effects. For the time course
data, two-way repeated measures ANOVA showed there was no interaction of treatment and

time [F(34,544) = 1.278, p = 0.1384] (Figure 11B).

One-way ANOVA identified no significant effect of treatment on total stereotypic counts
[F(2,32) = 0.5048, p = 0.6083] (Figure 11C). Time course analyses of stereotypic counts (two-
way repeated measures ANOVA, Bonferroni post-test), however, identified a significant effect
of time upon stereotypic counts [F(34,544) = 1.511, p = 0.0340], with Sal A- treated rats
showing significantly lower ambulatory counts at the 15 min time point (p = 0.0229) and 16-
Ethy significantly lower at the 35 min time point (p = 0.0269) compared to vehicle (Figure
11D).
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Figure 11: Effects of Sal A and 16-Ethy on habituated locomotor activity

Rats treated with Sal A (2 mg/kg) after 30 min habituation to an open field activity chamber
showed an increase in post-habituation ambulatory counts (A) but not stereotypic counts (C)
compared to vehicle treatment (p < 0.05), 16-Ethy did not show any significant difference in
ambulatory or stereotypic counts. Time course analysis of ambulatory (B) and stereotypic (D)
behaviours with Sal A and 16-Ethy post-habituation identified Sal A had no significant
difference in ambulatory counts but did have a significant reduction in stereotypic counts at
the 15 min mark (two-way ANOVA with Bonferroni post-test, p < 0.05), 16-Ethy had significant
reduction in ambulatory counts at the 35 min time point for stereotypic counts. (n = 11-12).
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4.2 Non-habituated locomotor activity

In the habituated locomotor activity test, the greatest period of activity occurred during the
30 min habituation period. After the administration of KOPr agonist, Sal A and 16-Ethy at 2
mg/kg, there was little to no locomotor activity observed. This raised the question of whether
the reduction in ambulatory counts was due to sedative effects of the KOPr agonists or due
to a floor effect. This test was used to determine if without habituation to the open field
chamber, there would be a change in locomotor activity following KOPr treatment. A

reduction in ambulatory counts would indicate sedative effects.

A one-way ANOVA analysis found a significant effect of treatment on total ambulatory counts
[F(2,18) = 5.865, p = 0.0109]. Rats treated with 16-Ethy (2 mg/kg) showed a significant
reduction in ambulatory counts in comparison to vehicle treatment (p = 0.0061), however Sal

A (2 mg/kg) did not (p = 0.1241) (Figure 12A).

Two-way repeated measures ANOVA of the time course data for the ambulatory counts
identified a significant interaction of treatment and time [F(22,198) = 3.041, p < 0.0001].
Bonferroni post-test analysis identified significant differences between the treatment groups,
16-Ethy had significantly lower ambulatory counts compared to vehicle at the 5 min time
point (p < 0.0001). Sal A was also significantly lower than vehicle at the 5 min (p < 0.0001) and
the 10 min time point (p = 0.0274) (Figure 12B).

One-way ANOVA analysis on the total stereotypic counts identified a significant difference
between treatments [F(2,18) = 7.7997, p=0.0033]. Rats treated with 16-Ethy (2 mg/kg)
showed significant reduction in stereotypic counts in comparison to vehicle treatment (p =
0.0017) however Sal A did not (p = 0.0886) (Figure 12C). However, two-way repeated
measures ANOVA of the time course data of stereotypic counts identified a significant
interaction of treatment and time [F(22,198) = 1.902, p = 0.0113], Bonferroni post-tests
showed Sal A was significantly lower than vehicle at the 5 (p = 0.0136) and 10 min (p = 0.0239)
time points, 16 Ethy was significantly lower than vehicle at the 5 (p < 0.0001), 10 (p = 0.0046)
and 15 min time points (p = 0.0077) (Figure 12D).

48



>

2500

2000

1500

1000

500

Ambulatory Counts

@]

80001

Stereotypic Counts

ik

Total ambulatory counts

6000

40001

2000

Total Stereotypic counts

2000

1500

1000

2000

1500

1000

500

Vehicle
® Sal A (2 mg/kg)
2 16-Ethy (2 mg/kg)

Time (Mins)

*%

**

Vehicle
'|' . #® Sal A (2 mg/kg)
l 2+ 16-Ethy (2 mg/kg)

Time (Mins)

Figure 12: Effects of Sal A and 16-Ethy on non-habituated locomotor activity

Rats treated with 16-Ethy (2 mg/kg) showed a significant reduction in total ambulatory (A)
and stereotypic (C) counts compared to vehicle (p < 0.05), Sal A (2 mg/kg). Time-course
analysis of ambulatory (B) and stereotypic (D) behaviours found a significant effect upon time
for both treatment groups (two-way ANOVA, p < 0.0001). For time course ambulatory counts,
Sal A (5 and 10 min) and 16-Ethy (5 min) have decreased ambulatory counts (B) compared to
vehicle-treated control rats. Sal A (5 and 10 min) and 16-Ethy (5, 10 and 15 min) showed

reduced stereotypic counts (D) compared to vehicle. (n = 8).
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4.3 Elevated plus maze

The EPM measures anxiety, the longer a rat spends in the open arm the less anxiogenic a
compound is thought to be. In the EPM paradigm there was no significant effect of treatment
on time spent on the open arm [F(3,31) = 1.503, p = 0.2332] (Figure 13). Neither 16-Ethy nor
Sal A (2 mg/kg) treated rats showed any significant increase in time spent in the open arm,

indicating no anxiogenic effects.

1507

1007

Time (sec)

Treatment

Figure 13: Neither Sal A nor 16-Ethy change time open arm time in the elevated plus maze

The anxiogenic effects of the KOPr agonists were measured using the elevated plus maze.
Administration of 16-Ethy (2 mg/kg) did not result in significant differences in open arm time
when compared to vehicle, yohimbine (2.5 mg/kg) or Sal A (2 mg/kg). One-way ANOVA with
Bonferroni’s multiple comparisons. (n = 7-10).
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4.4 Forced swim test

The FST is a preclinical measure of pro-depressive effects of compounds. Three different
behaviours were observed in the FST; immobile, swimming and climbing times. If a rat spent
more time in an immobile state then the drug is thought to have a pro-depressive effect, if it
has more mobile behaviour (swimming and climbing) then the drug is thought to have less

pro-depressive effects.

Comparison of the vehicle treatment group with 16-Ethy (2 mg/kg) treatment did not identify
any significant differences in the total amount of time that a rat spent immobile [t(8) = 0.2600,
p = 0.8014], swimming [t(8) = 0.1841, p = 0.8585] or climbing [t(8) = 1.2015, p = 0.2627]. Rats
treated with Sal A (2 mg/kg) also did not show any significant differences in time spent
immobile [t(9) = 0.3224, p = 0.7545], swimming [t(9) = 0.3362, p = 0.7444] or climbing [t(9) =
1.636, p = 0.1362] compared to vehicle-treated controls. Rats treated with yohimbine (2.5
mg/kg) did not show any significant differences in total time spent swimming [t(8) = 0.7490,
p = 0.4753], however, compared to vehicle treated rats, they did show a significant reduction
in total time spent immobile [t(8) = 2.947, p = 0.0185] and a significant increase in total time
spent climbing [t(8) = 4.430, p = 0.0022] (Figure 14) indicating that yohimbine does not show
pro-depressive effects but anti-depressant effects. 16-Ethy and Sal A did not show pro-

depressive effects in this assay.
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Figure 14: Forced swim test with acute KOPr agonist treatment

The forced swim test revealed no significant differences between immobile and active
behaviours (swimming and climbing combined) between vehicle and Sal A (2 mg/kg), and 16-
Ethy (2 mg/kg). Significant differences were found between vehicle and yohimbine (2.5
mg/kg), there was a significant reduction in immobility behaviour and subsequently a
significant increase in climbing behaviour but not in swimming behaviour, indicating anti-
depressive effects (t-test, p < 0.05), (n = 9-13).
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4.5 Conditioned place aversion

CPA measures aversion, less time spent in drug-paired chambers indicates the drug has
aversive effects. In the CPA paradigm, 16-Ethy (2 mg/kg) did not cause significant a change in
time spent in the drug-paired chamber [t(6) =1.011, p = 0.3511]. Sal A (0.3 mg/kg) did produce
a significant reduction in time spent in the drug-paired chamber [t(8) = 3.742, p = 0.0057]

(Figure 15). Unlike Sal A, 16-Ethy did not show conditioned place aversion.
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Figure 15: Comparison of time spent in the preferred chamber pre- and post-conditioning

A) Time spentin drug-paired chamber pre- and post-test- 16-Ethy (2 mg/kg) did not result
in a significant reduction in time spent in the initially preferred chamber. Paired
Student’s t-test (**p < 0.001), (n = 7-11).

B) Representative traces of explorative behaviour seen during pre- and post-test.
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4.6 Behavioural sensitisation to cocaine with acute KOPr treatment

Repeated exposure to drugs of abuse such as cocaine enhances the motor-stimulant response
to the drug. This experiment measured behavioural sensitisation to cocaine following KOPr
agonist administration to determine whether KOPr agonists reduce cocaine sensitisation.
Sensitisation would be seen if there is a significant increase in ambulatory counts on Day 10
compared to Day 1. This effect should be seen particularly in the cocaine-vehicle treatment
group that received cocaine for the first five days, were not administered anything between
Days 6 and 9 and then received vehicle pre-treatment prior to one final administration of

cocaine on Day 10.

One-way ANOVA analysis of ambulatory counts between treatments, indicated a significant
effect of treatments on Day 1 [F(3,28) = 3.894, p = 0.0192], however post-test Bonferroni’s
multiple comparisons revealed no significance of treatments compared to cocaine-vehicle
(Figure 16A). One-way ANOVA analysis of ambulatory counts between treatments (cocaine-
vehicle and saline-vehicle or cocaine-16-Ethy and saline-16-Ethy) identified no significance
between treatments on Day 10 [F(3, 28) = 1.69 p = 0.1918]. One-way ANOVA analysis of
stereotypic counts between treatments, indicated a significant effect of treatments on Day 1
[F(3, 28) = 10.68, p < 0.0001] (Figure 16B). Bonferroni post-test multiple comparisons
identified a significant reduction in stereotypic counts of saline-vehicle (p = 0.0012) and
saline-16-Ethy (p = 0.0057) treatment groups compared to cocaine-vehicle, but the cocaine-
16-Ethy treatment group was not different to cocaine-vehicle (p > 0.9999). One-way ANOVA
analysis of stereotypic counts between treatments did not show a significant effect [F(3, 28)

=2.884, p = 0.0534].

Paired t-tests were used to analyse differences in ambulatory and stereotypic counts within
treatment groups between Day 1 and Day 10. Analysis of ambulatory counts within
treatments (Figure 16C) identified a significant increase in ambulatory counts in the chronic
cocaine-vehicle group on Day 10 (9261 + 1170) compared to Day 1 (3633 + 499.7) [t(7) = 3.89,
p <0.05]. Saline-vehicle treated rats also showed significant increase in ambulatory counts on
Day 10 (6649 + 1887) compared to Day 1 (1281 +371.8) [t(7) 2.637, p = 0.0336). Saline-16-
Ethy treated rats also showed significant increase in ambulatory counts on Day 10 (3976 +

1079) compared to Day 1 (1201 + 302.8) [t(7) = 3.019, p = 0.0194]. Cocaine-16-Ethy did not
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have significant differences between Day 10 (5282 + 2449) and Day 1 (4130 + 1397), (p =
0.4001).

Analysis of stereotypic counts between Day 1 vs Day 10 also found significant differences in
three of the treatments (Figure 16D); Saline-vehicle Day 10 (12502 * 2062) vs Day 1 (3765 +
939.8) [t(7) = 3.429, p = 0.011], Saline-16-Ethy Day 10 (10431 + 1178) vs Day 1 (4908 + 828.5)
[t(7) = 4.614, p = 0.0024], Cocaine-vehicle Day 10 (18008 + 1462) vs Day 1 (11444 + 776.6)
[t(7) = 3.89, p = 0.0060). Cocaine-16-Ethy treated rats did not show any significant difference
in stereotypic counts between Day 10 (11576 + 2809) vs Day 1 (12359 + 2261), (p = 0.6344).
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Figure 16: Comparison of locomotor activities recorded on Days 1 and 10 of the cocaine
sensitisation experiment.

Rats received either cocaine or saline on Day 1 and pre-treated with 16-Ethy or vehicle before
being administered cocaine on Day 10. There were no significant differences in ambulatory
counts in either Day 1 or 10 between treatments (A). Cocaine-vehicle treatment group
showed a significant increase in stereotypic behaviour (B) on Day 1 compared to its control
group (Saline-vehicle, p < 0.05). Within-treatment comparisons between Day 1 vs Day 10
identified significant increases in ambulatory (C) and stereotypic counts (D) in three
treatments; Cocaine-Vehicle, Sal-Vehicle and Saline-16-Ethy but not Cocaine-16-Ethy.
*p < 0.05, **p < 0.001 (Repeated measures One-way ANOVA, Bonferroni post-test), (n = 8).
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5. Discussion

Previous research has demonstrated that Sal A and its derivatives show promise in combating
addiction. In the Kivell laboratory, 16-Ethy was found to be the most effective Sal A derivative
to effectively attenuate cocaine-primed reinstatement at 0.1 and 0.3 mg/kg. This test, a
model of drug relapse, determined the effects of a 16-Ethy in interfering with the reinforcing
and rewarding effects of cocaine. Since 16-Ethy attenuated drug taking at a lower
concentration than Sal A (0.3 mg/kg), this indicated that 16-Ethy was more potent. 16-Ethy
also attenuated the behavioural motivation to continue drug seeking as seen in the
progressive ratio self-administration model at 2 mg/kg which was not seen in Sal A at the
same dose. 16-Ethy is the only Sal A derivative to attenuate drug-seeking in this assay. To test
whether 16-Ethy is a better candidate for clinical development than Sal A, a side effect profile

needed to be assessed.

At 0.3 mg/kg, 16-Ethy was shown not to have any sedative effects in locomotor activity tests,
anxiogenic effects in EPM tests, pro-depressive effects in FST or aversive side effects in the
CPA assay (Young., 2015; Culverhouse., 2016). Additionally, 16-Ethy did not show any long-
term memory impairment at 0.3 mg/kg, as demonstrated through a novel object recognition
task (Welsh., 2017). However, a side effect profile had not been determined for the
compound at the higher 2 mg/kg dose that was able to attenuate drug-seeking in the
progressive ratio paradigm. Therefore, this thesis aimed to test the pro-depressive, aversive,

anxiogenic and sedative effects of 16-Ethy at 2 mg/kg.

58



5.1 Sedation — Locomotor activity testing

Open field locomotor tests were used to identify any sedative properties of 16-Ethy at a dose
of 2 mg/kg. The sedative properties of a 16-Ethy were identified through ambulatory counts
(photobeam breaks) generated from the animal's movements within an open field locomotor
chamber. A reduction in ambulatory counts indicates sedative effects. This test was used not
only as part of a general side effect profiling for the compound but also to determine whether
attenuation of lever responses in self-administration models was as a result of the compound
displaying anti-addictive characteristics or if the animal simply was not physically pressing the
active lever in a sedated state. Two types of locomotor testing were used in this research, one

with a 30 min habituation and one without.

For the habituated locomotor activity test, neither 16-Ethy or Sal A were found to have
sedative effects compared to vehicle-treated rats. In fact, Sal A (2 mg/kg) was found to have
significantly increased locomotor activity compared to vehicle-treated rats (Figure 11A). This
was an interesting result, as previous experiments utilising Sal A (2 mg/kg) had shown sedative
effects in male Sprague-Dawley rats (Chartoff et al., 2008). Upon looking at the time course
for ambulatory counts (Figure 11B), the greatest period of locomotor activity was seen during
the first 30 min of the rat being placed in the open field chamber for habituation. Thereafter

there was little to no movement observed.

There appeared to be a floor effect following the first 30 min in the chamber, so any sedative
effects of the compound would go undetected. Therefore, another locomotor test was
undertaken where the 30 min habituation period was removed and the rat was placed in the
chamber after KOPr agonist pre-treatment. This test showed that 16-Ethy (2 mg/kg) had
sedative effects compared to vehicle-treated rats (Figure 12A). Time course data showed that
the sedative effect was only seen in the first 5 min (Figure 12B). Time course data showed
that Sal A showed sedative effects within the first 5 & 10 min following its administration,
however, this did not contribute to an overall significant sedative effect compared to vehicle-

treated rats (Figure 12A).

These findings confirm previous research that indicated that KOPr agonist treatment elicits

dose-dependent sedative effects. They do not display significant sedative effects at low doses
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but exhibit the effect at high doses. Sal A has previously shown to have sedative effects at 1,
2, and 3.2 mg/kg in mice (Zhang et al., 2005; Chartoff., 2008) however these effects were not
seen at low doses in mice or rats (Morani et al., 2012; Carlezon et al., (2006); Braida et al.,
(2009). Other Sal A analogues such as ethoxymethyl ether Sal B (EOM Sal B), B-
tetrahydropyran Sal B (B-THP Sal B) and Mesyl Sal B have all shown to have no significant
sedative effects at low doses (0.1, 0.3, 1 mg/kg, i.p) (Ewald et al., 2017; Simonson et al., 2015).
Recently, another member of the Kivell laboratory found through rotarod motor-
coordination tests, that C57BL/6 mice, administered 16-Ethy (2 mg/kg) had motor
incoordination for 30 min following administration indicating sedative effects (unpublished

data, Paton, PhD thesis, 2018).
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5.2 Anxiety — Elevated plus maze

The EPM was used as a measure of anxiety to measure the anxiogenic properties of KOPr
agonists. The longer a rat spent exploring on the open arm of the maze, the less likely it was
that the compound was anxiogenic, however, the longer the rat spent in the closed arm, and
thereby the shorter the time spent in the open arm, the compound was thought to display
anxiogenic properties. Previous research showed that 16-Ethy at 0.3 mg/kg caused no change
in open arm time in comparison to vehicle-treated rats (Culverhouse., 2016). These
experiments show that 16-Ethy, at 2 mg/kg had no anxiogenic effects (Figure 13). Sal A was
also administered at a higher dose of 2 mg/kg no anxiogenic effects were observed. This
corroborates previous findings that highlighted that Sal A displayed anxiogenic effects at a
low dose (0.3 mg/kg) but the same effects were not seen at a higher dose (1 mg/kg)
(Culverhouse., 2016). In substantiation, Sal A (0.1 mg/kg) was shown to have anxiogenic
effects but its analogues (EOM Sal B and B-THP Sal B) at higher doses did not (Ewald et al.,
2017).

In contrast, Braida et al. (2009) found that Sal A (0.1-160 pg/kg, s.c) had anxiolytic effects in
the EPM, in male Sprague-Dawley rats. The traditional KOPr agonist U50,488H (10 mg/kg) has
also been shown to have anxiogenic effects in Wistar rats (Gillett et al., 2013). However,
previous research from the Kivell laboratory has shown U50,488H did not effectively induce
anxiogenesis in Sprague-Dawley rats (Culverhouse., 2016). The species of the animal has been
shown to be important. For example, van der Staay et al. (2009) compared three strains of
rats (Brown Norway, Lewis, Fischer 344, and Wistar Kyoto rats) and found that Fischer rats
spent the most time in the open arm of the EPM. In contrast, Wistar Kyoto rats were more
likely to display pro-depressive and anxiety-like behaviours compared to other strains (van

der Staay et al., 2009).

Since U50,488H did not effectively induce anxiogenesis, we chose to use yohimbine, an indole
alkaloid with alpha-2-adrenergic blocking activity, because it has previously been shown to
reliably induce anxiogenesis at 2.5 mg/kg behaviour (Pellow et al., 1985). It should be noted
that Pellow et al. (1985) conducted their experiments on two other rat strains, male hooded
Lister rats and Wister rats. Therefore, we utilised yohimbine as a positive control in this

experiment. Yohimbine (2.5 mg/kg), in this experiment, did not significantly reduce time
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spent in the open arm, however, there was a 43.5% reduction in time spent on the open arm
suggesting a trend towards anxiogenic effects (Figure 13). In previous research, Culverhouse
(2016) had used n = 12-29 rats per treatment in order to find significant results in the same
test. This experiment has only used an n = 7-10, mainly due to time restraints, however, the

power of this experiment would have been strengthened with a larger cohort of subjects.

5.3 Pro-depression — Forced swim test

The FST was originally developed as a preclinical assay to test for anti-depressant effects of
novel drugs (Porsolt et al., 1977), however, some studies used the methodology and
repurposed it to examine the pro-depressive effects of compounds (Carlezon et al., 2006;
Morani et al., 2012). The test measures an animals mobile (swimming and climbing) and
immobile behaviours in a chamber filled with water. An immobile state is thought to
approximate more depressive-like behaviour since the animal does not actively try to escape
the chamber. This behaviour is regarded as an indicator of behavioural despair. Pro-
depressive or anti-depressive effects were therefore gauged through the animals’ movement

within the chamber following KOPr agonist administration.

In this experiment, 16-Ethy at 2 mg/kg did not significantly increase or decrease immobility,
swimming or climbing behaviour in comparison to rats treated with vehicle, indicating that
16-Ethy does not induce pro-depressive effects at a high dose (Figure 14). Likewise, neither
EOM Sal B (0.1 and 0.3 mg/kg) or B-THP Sal B (1.0 and 2 mg/kg) induced pro-depressive effects
(Ewald et al., 2017). However, Mesyl Sal B significantly increased immobility at 0.3 mg/kg
(Kivell et al., 2018). Sal A at 2 mg/kg also did not show any significant pro-depressive effects
when compared to vehicle-treated controls (Figure 14). This was a surprise, as previous
studies have shown Sal A dose-dependently (0.125-2 mg/kg) displayed pro-depressive effects
in rats following acute multiple treatments (Carlezon et al., 2006; Chartoff et al., 2010). It was
shown that a single acute treatment at of Sal A at 0.3 mg/kg (Morani et al., 2012) had pro-
depressive effects. Therefore, it was presumed that Sal A at 2 mg/kg would show pro-
depressive effects and thereby act as a positive control in this experiment. When this didn’t

show pro-depressive effects, another positive control was required.
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Previous research has also shown the traditional KOPr agonist, U50,488H displays pro-
depressive effects in mice (Zhang et al., 2015). Another member of the Kivell laboratory
carried out FST with U50,488H (10 mg/kg) in male Sprague-Dawley rats, however, the
compound did not produce any pro-depressive effects (unpublished data., 2018). To add to
the number of subjects and as a preliminary test, | also tried measuring U50,488H in the FST,
however, it did not show any pro-depressive effects when combined with the previous
findings. Thus, | decided to not to continue using U50,488H as it would not have been an
appropriate use of animals or cost-effective. Therefore, without a dependable positive
control, the reliability of these results are questionable. A possible explanation for the
observations found may have to do with the fact that FST was always the last side effect
profile paradigms tested. Consequently, all rats used in FST underwent a previous
experimental procedure (locomotor activity or EPM) prior to FST and either received KOPr
agonist or vehicle treatments for those tests. In comparison, all the rats that underwent FST
in studies by both Carlezon et al. (2006) and Morani et al. (2012) were presumed to be
experimentally naive and were KOPr agonist naive. A point of difference between the studies,
however, was that Carlezon et al. (2016) administered 3 injections of Sal A 24 hours prior to
testing, as opposed to a single acute administration used in the current FST protocol and by

Morani et al. (2012).

The decision to use yohimbine (2.5 mg/kg) was made following the observation that it showed
promising results in EPM. | wanted to test whether yohimbine, which has previously been
shown to be anxiogenic, would show anti-depressant like effects since being placed in a water
chamber should in theory cause anxiety and therefore increased mobile behaviour.
Yohimbine at 2.5 mg/kg significantly reduced immobile behaviour and significantly increased
climbing behaviour, therefore, expressing anti-depressant effects (Figure 14). These results
confirmed previous studies which have shown yohimbine to potentiate anti-depressant

effects at 2 mg/kg (Dhir A and Kulkarni S.k., 2007; Kawaura et al., 2011).

The major variations from how data in this experiment were analysed and those done
previously in our lab was through the implementation of SMART software. In the past, the
procedure mandated that each five-minute video was blindly analysed based on three
movement types (immobile, swimming and climbing) within every five-second block of time.
The use of SMART software allowed for the automation of data analysis. As this was the first
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time this technology was used for the whole experiment, part of this process involved the
optimisation of the software to be able to accurately detect each movement (See Appendix

1: Setup and use of SMART software for FST video analysis).

Another factor that could have played a role in the results was the location where the forced
swim test took place. Initially the test was conducted in the animal facility, however, when
the room had multiple tests with various researchers in the room it became less than ideal to
all be there at the same time. Thus for some of the cohorts, the FST was conducted in another
room within the laboratory which had its own temperature climate. To allow for
acclimatisation the rats were placed in the room at least one hour prior to testing. However,
testing had returned to only being conducted within the animal facility, in a less congested
part of the room. The final few experiments were done in the new Te Toki A Rata (TTR)

building at Victoria University of Wellington.

The main advantage of the FST procedure is its easy operation and fast results. However, it
does have some inherent flaws and its validity as a measure of depression has come into
qguestion over the years. One of the main issues is the precise meaning of immobility
behaviour as an accurate measure and/or reflection of depression (Cryan & Mombereau.,
2004; Cryan, Valentino & Lucki., 2005). This is important as it’s not possible to ascertain
behaviourally, if a compound is having pro-depressive effects or whether the animal is simply
preserving energy while waiting for a possible escape, particularly if it knows it will be picked
out after a time, as was the case during its habituation phase. This was termed learned
immobility (De Pablo et al., 1989; Jefferys & Funder., 1994; West, A.P., 1990). Other tests
such as the chronic mild stress model and intracranial self-stimulation models have been
looked into as possible substitutes for screening depressive behaviour (Carlezon et al., 2006;

Harden et al., 2012).

Finally, for future endeavours in FST, | would advise that a taller cylinder be made. Initially,
when first conducting the test it was seen that larger rats were able to rest their tails on the
bottom of the water-filled cylinder. This could be a reason why vehicle, Sal A and 16-Ethy
treated rats spent more time in immobile and swimming behaviours as opposed to climbing.
Rats treated with yohimbine, however, spent more time climbing compared to KOPr agonists,

not only because of the effect of the compound but also because they underwent the test
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when they were much younger and smaller. To avoid this, simply make sure that all
experimental animals are age and size matched prior to testing. This experiment could also
be done at an earlier stage Additionally, the water level was such that smarter rats were able
to swim to the bottom and propel themselves to the top lip of the cylinder thus climb out. To
mitigate both these problems, the water level was raised five centimetres, this minimised the
number of rats that were able to escape therefore fulfilling the tests paradigm of learned
despair. However, large rats were still able to reach the bottom of the cylinder with the tips

of their tails.
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5.4 Aversion - Conditioned place aversion

The CPA paradigm is a measure of the aversive properties of a compound. If an animal spends
less time in the drug-paired chamber, then the compound is thought have aversive side
effects as the animal has associated the chamber to the compound of interest. However, if
the animal spends more time in the drug-paired chamber on test day, then the compound is
thought to be rewarding. Vehicle-treated rats show no changes in chamber preference over
time. 16-Ethy (2 mg/kg) also showed no changes in time spent in the drug-paired chamber
(Figure 15).

Previous research has shown that low doses of 16-Ethy (0.3 mg/kg), are not aversive using
the same testing regime (Culverhouse., 2016). This has also been shown with EOM Sal B (0.1
mg/kg) and Mesyl Sal B (0.3 mg/kg), but not B-THP Sal B (1.0 mg/kg) analogues of Sal A (Ewald
et al., 2017; Kivell et al., 2018). Compared to every other experimental test undertaken in this
thesis, Sal A could not be done at the 2 mg/kg dose. This was because this experiment was
the last to be conducted and was done under a strict time constraint. As such, a decision was
made to administer Sal A at a proven aversive dose (0.3 mg/kg) in a small number of rats and
collate the data with that of the previous students (Culverhouse., 2016) so that this
experiment could be completed as quickly as possible. Sal A at 0.3 mg/kg, demonstrated
aversive behaviour (Figure 15). This experiment did have a small number of subjects per
treatment group (n = 7-11), increasing the number of subjects would reduce the variance and
increase its statistical validity, however, it may not have changed the overall results of this

experiment.
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5.5 Cocaine locomotor effects — Behavioural sensitisation

The repeated administration of a psychostimulant, such as cocaine results in a progressive
amplification of locomotor responses through the process of behavioural locomotor sensitisation.
This experiment aimed to evaluate the effects of 16-Ethy on the behavioural sensitisation to cocaine.
It was hypothesised that 16-Ethy (2 mg/kg) would attenuate the behavioural locomotor sensitisation
to cocaine, since low doses (0.3 mg/kg) were shown previously to attenuate the reinforcing and
rewarding effects of cocaine in the cocaine-primed reinstatement model, and 16-Ethy attenuated
responding at 2 mg/kg in the progressive ratio paradigm, a measure of motivation to continue drug

seeking.

Previous research showed that 16-Ethy at 0.3 mg/kg did not significantly attenuate cocaine-
induced sensitisation (Young., 2015). This experiment found that rats treated with 16-Ethy at
2 mg/kg, also did not significantly attenuate cocaine sensitisation (Figure 16). There is
evidence that the experiment itself did work in that the cocaine and saline-treated rats that
received vehicle pre-treatment on test day both displayed statistically significant cocaine
sensitisation with a dramatic increase in ambulatory behaviour. However, it is evident that an
experimental error occurred during the assigning of treatment groups during Day 1.
Compared to all the other treatment groups which show similar ambulatory behaviour on Day
1, the cocaine-Ethy group displayed much larger ambulatory behaviour (Figure 16C),
therefore the validity of these results is in question. One possible reason for this error
occurring is simply an error of judgement on my part following the experiment on Day 1.
Instead of distributing the results so that all treatment groups had the same average
ambulatory behaviour, | assigned those that displayed a higher ambulatory behaviour to the
cocaine-Ethy group, thus, producing the difference between treatments on Day 1.
Experimental design, therefore, is an important factor, particularly in this experiment. If |
were to carry out this experiment again, | would recommend that following Day 1 testing, to
get the results randomised by someone else, therefore it would eliminate any bias or
accidental groupings. This experiment had an n= 8 rats per treatment group, and this did show
statistical significance, however increasing the number of rats per treatment group would be

beneficial in strengthening the statistical significance of the data.
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5.6 Reward - Self-administration

The rodent self-administration model is one of the most widely used and established
methodologies to study the rewarding properties of drugs of abuse and thought to be the
best model of drug-taking behaviour in a laboratory setting. Previous research has shown
KOPr agonists having the ability to attenuate drug-primed reinstatement of drug-seeking
(Ewald et al., 2018; Morani et al., 2009; Riley et al., 2014; Schenk et al., 1999). David Young
(2015) conducted initial research into 16-Ethy and found that the compound significantly
attenuated cocaine-reinstatement of drug-seeking behaviour (0.1 and 0.3 mg/kg). However,
16-Ethy was also the only Sal A derivative to be able to effectively attenuate the motivation
to continue drug seeking in the progressive ratio paradigm at a higher dose of 2 mg/kg.
Therefore, this experiment aimed to test the effects of 16-Ethy on rats that self-administered

cocaine. It was hypothesised that 16-Ethy at 2 mg/kg would attenuate self-administration.

However, | could not get this experimental protocol to work consistently to enable evaluation
of test drugs. There are myriad of variables and scenarios that could have led to this. This
experiment was conducted in three distinct stages. The first stage of the experiment began in
December 2016 and ended in March 2017. During this period, | followed the protocols used
in David Young’s Master's thesis for self-administration where during the training phase, rats
were given five consecutive days to self-administer cocaine followed by two rest days.
However, this did not seem to provide the same learned acquisition of self-administration

seen by previous members of the Kivell laboratory.

One reason why the trained behaviour may not have worked during this period of time, and
ultimately the subsequent times, was because of a large amount of experimenter stress. Due
to the circumstances at the time, the experiment was conducted at night, and often finished
in the early hours of the morning, however, it would have been ideal if the experiment was
conducted during daylight hours. This was corrected in the subsequent trials. Experimenter
stress could not be understated in animal behavioural work (Bolan et al., 2014) and may well
have been the greatest barrier to successful self-administration. In addition to this, it was
found that exposure to male but not female experimenters can cause rodents stress,
therefore, despite adequate handling, there still remains an inherent predisposition to stress

that could alter baseline responses (Sorge et al., 2014).
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During the first two stages of the experiments, headpieces used to tether rats onto the swivel
that administered the drug intravenously, often came off. This lead to more rats having to be
used and subsequently trained in the self-administration paradigm every time one was lost.
All surgeries were graciously done by Diana Atigari, however, since | was not able to
confidently complete surgeries independently, this did cause delays in when initial and
secondary surgeries could be undertaken if the patency of the i.v. cannula was compromised
by a leak or there was a blockage to the headpiece itself. It should be noted that in the
beginning, a couple of rats had previously been used by Diana Atigari, and they still had patent
lines for a long period, however, they were large and probably should not have been used

after a certain point.

The second stage of the experiment began in May 2017 and ended in October 2017. It was
clear that five days of self-administration with a two day rest period was not producing the
desired learned behaviour. With a recommendation from my supervisor, | tried the
experiment again, but this time adopting six days a week for self-administration training
schedule with a one-day break, therefore the animal would be more likely to retain the
behaviour by not having two consecutive rest days as before. During this time, more animals
did graduate past the self-administration training phase and underwent the cocaine dose-

response paradigm.

However, the criteria for the dose-response proved to be one of the major hurdles during this
period. The criteria included that the rats had to receive at least 10 mg/kg cocaine infusions
per session, with 10% variation for 3 consecutive days or 20% variation for 2 days.
Additionally, a fivefold increase in maximal response rates when compared to extinction
responses. Throughout this experiment, the most difficult task across all three stages was
trying to get the rats to respond to an adequate level so that the criteria would be met.
However, more often than not, at least two of the three criteria would be met but not the
third. This caused a lot of frustration as being a little lenient may have produced some results,

however, | am confident that on my part, the protocol was strictly adhered to.

The final stage began in October 2017 and ended in January 2018. Despite the failure of the
previous two attempts, with my supervisor’s recommendation, we decided to give self-

administration one last try, since daily access to cocaine should have been addictive. This time
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though, we adopted a novel approach to self-administration by using a new delivery system,
in this thesis termed as the backpack system. This methodology used because the headpiece
delivery system from the previous two attempts was not reliable. Many headpieces came off
and the process of putting them on was procedurally difficult and also highly stress-inducing,
particularly during surgeries when a nerve could be hit and the whole animal moved despite
being anaesthetised. This new delivery system avoided the head completely and involved
placing a vascular access port termed the ‘button’ just behind the shoulder blades of the rats.
This was a completely closed system loop which should have ensured that the patency of the

i.v catheter remained viable for longer.

There were some differences compared to the headpiece system in testing for the patency of
the catheter line. In the headpiece delivery system, blood would be drawn up through the
line to test for patency, if no bloodline was observed then 0.15 mL of 50 mg/kg pentobarbital
was flushed through. If the animal did not immediately experience sedation, this indicated
the presence of a leak in the system. With the backpack system, however, nothing could be
drawn back to test for the patency of the line, the pentobarbital was flushed directly in and
its sedative effects were observed. The old headpiece delivery system had problems where |
would have to replace the Tygon tubing within the tether attached to the rat when they broke.
This would occur multiple times and since the equipment was antiquated, it was difficult to
find replacements for the springs. However, when the tubing broke, it was easy to replace.
This was not the case with the backpack system. The springs on the tethers were firmly
attached to the tethered plug and the tubing, when damaged were not able to be replaced
without dismantling the whole tether and thereby damaging it. Since the springs were so taut,
when rats moved around within the chamber, in a matter of a minute, they could twist this
tether, the torque of which completely dislodge the spring from the button, damaging both
the spring and the tubing within it. Rats had to, therefore, be observed every 5 min

throughout the 4-5 hour experiment.

The greatest obstacle that undermined the third attempt at self-administration was a
complete upheaval and migration of the science faculty from the New Kirk building at Victoria
University of Wellington to the newly constructed TTR building. There were large-scale
disruptions throughout the building and our previous laboratory. Disruptions included the
packing up of the surrounding laboratories, moving contractors, the removal of large
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equipment and the disassembly of structural components of the laboratory, such as walls and
doors of neighbouring rooms, using loud machinery. The self-administration was already a
sensitive paradigm, and small noise disruptions could be masked using white noise, however,
this was not enough to mask the noise beyond the door of the animal room. The relocation
of our laboratory equipment occurred during November and December 2017. On 31 January

2018, my supervisor and | determined that it was no longer feasible or practical to continue

with my experiment.
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5.7 Summary and future directions

This thesis has explored the side effect profile of 16-Ethy at 2 mg/kg. 16-Ethy was found to
display sedative effects in non-habituated locomotor activity but not in a habituated
paradigm. Compared to vehicle-treated rats, 16-Ethy (2 mg/kg) did not display pro-
depressive, anxiogenic or aversive properties, and did not attenuate cocaine sensitisation.
Despite this, 16-Ethy still has shown promise as pharmacotherapy against drug addiction in

previous research at low does.

However, the greatest missing piece of information required to further develop 16-Ethy as a
pharmacotherapy was the effects on cocaine self-administration. 16-Ethy previously had
demonstrated to be a more potent KOPr agonist at attenuating drug-seeking behaviours and
motivation to continue drug seeking through self-administration at a low dose (0.3 mg/kg)
compared to Sal A. The goal was to determine if 16-Ethy would also display similar effects at
a high dose of 2 mg/kg. The cocaine dose-response experiment would have not only
demonstrated 16-Ethy’s effect on cocaine self-administration (attenuation would move the
whole curve down), it would have also highlighted what dose of cocaine that animals best

responded to, which would have been vital in future experimentation.

This research could not get the experiment to work and so undertaking another self-
administration experiment would be the most important future direction to pursue. The
facilities in the new TTR building should make the process far easier, for example having an
overhead red light to illuminate the room whilst changing doses would be far more beneficial
to the experimenter. As a recommendation, the backpack system should be the delivery
system to use over the headpiece system as it is much easier for the animal and the
experimenter doing the surgery. | would also recommend new equipment pieces such as
swivels, as the previous ones were very old. Ultimately though, the results of a self-
administration experiment and any animal behavioural work rests on the state of the
experimenter. The animals are easily affected by the stress of the experimenter. To mitigate
stress in animals, handle them for at least three days prior to beginning each experiment.
There was good virtue in continuing to pursue the self-administration experiment, however,
during research, some things do not work out. The hypothesis still remains, that 16-Ethy at 2

mg/kg could attenuate cocaine self-administration, however, this remains to be pursued.
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6. Supplementary information

Appendix 1: Setup and use of SMART software for FST video analysis

Convert video files from camera (.AVCHD format) to .AVI files - this can be done through any
online converter

Open SMART - on the pop up choose FST experiment = click experiment info - image
source - single image source - digital video file

The following are the setting you alter on each tab in the ribbon user bar on the top of the
screen

Calibration - here you are optimising the area of video tracking - it take a screenshot of your
chose video and you use the scrollers to define area to be analysed (liek cropping the image).
- move scrollers to the sides, top and bottom of the FST cylinder

Horizontal =20 cm

Vertical =40.5 cm

Keep the above values constant for all videos - you have to do this for each video that you
analyse.

Arenas - leave as is

Zone definitions - drag red box and match it (superimpose) to the dimensions of the FST
cylinder - click save icon = save as side view - close

Do the above 3 steps for each individual video

Detection settings - don’t touch the setting on the left hand side - set threshold to 60 and
accept

Time settings - play the video in the small playback window till you have place the rat in the
FST cylinder and your hand and body is out of the video shot = then press “get from video”
this is the starting point from where you video analysis will begin

Click preset time = Aquisition to 00:05:00:00 (this is the 5 minute run time of the test for
analysis) - accept

Subjects - double click - enter details of the rat used in video e.g. type of treatment and rat
number - accept

Then you can press the tiny green cross symbol and add all the details for each subsequent
FST video that you will be analysing e.g. each rat number and their treatments

Scheduler - click appropriate experimental subject of the video (for analysis) then press the
double green arrow and add to session (to delete the subject, click it and press delete)

The settings for Subjects, Scheduler and Data Acquisition remains the same for all videos that
you analyse.
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Data Acquisition settings - this is perhaps the most important setting as you optimise each
threshold to capture low and high activity. Based on previous videos below are the best
settings but the thresholds can be changed based on sensitivity to the activities of your
subjects.

Low activity threshold = 90.6

High activity threshold = 220.3

Activity smoothing =0.0

Click apply to all videos and save as default (you can also have this window pop up as your
videos play so you can make sure the correct activities are being captured - it will show as a
percentage and also show spikes with each activity being displayed in real time

Click Start on the time control window and tick the “in real time” box

After video analysis

Close of the boxes and click Run all trials = then “analysis” box - click analyse and then reports

You can export all the data as an excel file = ultimately all you need is the duration total for
each video of subjects (measured in seconds) and the movement type (high or low activity)
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Appendix 2: Chemicals and solutions for self-administration

Reagents used for surgeries were purchased from Provet (Auckland, New Zealand).
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). Sterile and filtered 0.9% saline (0.9%

NaCl, w/v) was used to dilute all the stock solutions to appropriate working concentrations.

In order to make 30 unit/mL and 3 unit/mL, heparin solutions, the 1000 unit/mL stock

solution of heparin was diluted in sterile 0.9% saline, the solution being filtered prior to use.
The working concentration for carprofen is 5 mg/mL and pentobarbital is 50 mg/mL.

The penicillin/heparin solution used for flushing catheters was made by dissolving penicillin

powder in 30 unit/mL to produce 100,000 unit/mL solution.

Heparinized cocaine solution that is used for self-administration tests was produced by
dissolving cocaine hydrochloride (BDG Synthesis, Wellington, NZ) in 0.9% saline solution that
contains 3 unit/mL heparin to yield a final solution concentration of 1.65 g/L. To make a 20
mg/mL solution used for cocaine-primed injections, cocaine hydrochloride was dissolved in

0.9% saline solution.
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Appendix 3: Catheter preparation for surgery

Catheters used for self-administration testing are prepared in advance to the surgery (at least
two days to allow for the silicone to dry). using a handheld rotary sander (Dremel 3000) 22
gauge BD needles are (Becton Dickinson Ltd., NZ Auckland, New Zealand) are cut and blunted
to a 3 cm length after which, it is rinsed thoroughly with 70% to remove any metal particulates
due to the sanding. the metal piece is then inserted into a piece of silastic tubing (0.5 x 0.9
mm ID, C-P96115-02) so that half of the metal is covered. Another rinse of 70% ethanol is
pushed through the catheter and then left to dry. Once dry a thin smooth layer of silicone is
applied to the catheter, this is allowed to dry for at least 24 hours and then another coat of
silicone is applied. After the final coat of silicone has been allowed to dry, a small silicone ball
is added to the venous end of the catheter by rotating and pulling up some silicon from a blob
of it. This silicone ball is on the opposite end of the metal end of the catheter and will act as
an anchor for the catheter once it is inserted into the vein. The tubing is cut in an angle 4 cm

down from the silicone ball, and this angled end is what gets inserted into the vein.
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Appendix 4: Self-administration intra-jugular surgery (Headpiece system)

Prior to surgery rats weighing 300-350 g were handled for at least three days. On the day of
the surgery, the anaesthetized with a 2:1 ketamine/xylazine solution (90 and 9 mg/kg; Provet
NZ Pty. Ltd., Auckland, New Zealand) administered through intraperitoneal injection (i.p). The
indicator that the rat is adequately anaesthetized is when the animal is completely limp and
there is no kickback reflex when a strong pinching stimulus is applied to its hind foot. The rat
is the subcutaneously injected (s.c) with the painkiller, Carprofen (5mg/kg; Provet, New
Zealand). The right side of the chest (between the right arm and the neck) and the crown of
the head (midline from the ears to just above the eyes) were shaved and the skin was cleaned
using Vetadine (1.6% iodine w/v: Provet, New Zealand) and 70% ethanol. Lacrilube (Provet,
New Zealand) was swabbed onto each eye using a cotton swab to minimise the effect of the

eyes drying out during the procedure.

A small incision is made directly above the right jugular vein (identified by throbbing through
the skin) and the incision and underlying tissue is gently pulled apart to reveal the vein using
scissors. Once the vein has been located, it is securely tied off using suture wire at the top
end of the vein. A hole is cut through the skin at the back of the head and using scissors to
create a gap subcutaneously, the catheter tube is manoeuvred behind the ear and around the
neck to the exposed jugular vein. A small incision is made on the vein and after cutting the
catheter tube on an angle, the tube is fed into the vein to a depth of approximately 4cm. Using
the silicone ball as an anchor, the catheter is secured in the vein by tying it using suture wire.
The patency of the catheter was tested by flushing 3 unit/mL heparin solution from a 1mL
syringe which was attached to the metal piece of the catheter and drawing back a little blood

into the tubing, after which the metal end was capped using a closed-ended piece of tubing.

A long sagittal cut was made on the top of the head running from the midline where the ears
are to just above the eyes in one motion using the scalpel down to the bone. The exposed
skin and tissue was scraped away and the surface was rubbed with Terramycin powder to dry
the bone and stop the bleeding. The head of the rat is then secured in a stereotaxic restraining

device and four small holes were drilled into the skull in the four quadrants. Four jewellers
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screws were threaded into each hole but leaving a 2-3mm gap between the head of the screw
and the skull. The metal end of the catheter was placed sagittally in between the screws, with
a portion of the metal end bent upwards at an angle (45-90 degrees from the skull). A slurry
of Ostron liquid and Ostron (Henry Schein Shalfoon, Auckland, New Zealand) was put on top
to secure the catheter, after which a larger upturned screw was placed behind the metal
catheter end and secured with additional Ostron slurry. Once the Ostron dries it forms a hard
acrylic resin headpiece. The chest and head wounds were sealed with superglue and
Terramycin on top. To replace electrolytes lost during the surgery, 10 mL of sodium lactate
solution (Provet, New Zealand) was injected s.c. into the hind flank of the rat (5 mL each

side).
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Figure 17: The headpiece system

Schematic of the placement of the headpiece and catheter for intravenous self-
administration.
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Appendix 5: Self-administration intra-jugular surgery (Backpack system)

Prior to surgery rats weighing 300-350 g were handled for at least three days. On the day of
the surgery, the anaesthetized with a 2:1 ketamine/xylazine solution (90 and 9 mg/kg; Provet
NZ Pty. Ltd., Auckland, New Zealand) administered through intraperitoneal injection (i.p). The
indicator that the rat is adequately anaesthetized is when the animal is completely limp and
there is no kickback reflex when a strong pinching stimulus is applied to its hind foot. The rat
is the subcutaneously injected (s.c) with the painkiller, Carprofen (5mg/kg; Provet, New

Zealand).

The right side of the chest (between the right arm and the neck) and the mid-scapular region
of the back (behind the shoulder blades) were shaved and the skin was cleaned using Vetadine
(1.6% iodine w/v: Provet, New Zealand) and 70% ethanol. Lacrilube (Provet, New Zealand)
was swabbed onto each eye using a cotton swab to minimise the effect of the eyes drying out

during the procedure.

A small incision was made directly above the right jugular vein (identified by throbbing
through the skin) and the incision and underlying tissue was gently pulled apart to reveal the
vein using scissors. Once the vein has been located, it is securely tied off using suture wire at
the top end of the vein. A hole was cut through the skin behind the shoulder blades. Using
scissors, subcutaneous tissue is gently teased away to create a gap from the cut on the back
to the incision at the vein, the catheter tube is then manoeuvred from the back to the incision
above the right jugular vein. Ensure that the tubing is 4-5 cm extra-long to create a stress loop
under the skin. A small incision was made on the vein and after cutting the catheter tube on
an angle, the tube was fed into the vein to a depth of approximately 4 cm. Using the silicone
ball as an anchor, the catheter was secured in the vein by tying it using suture wire. The
patency of the catheter was tested by flushing 3 unit/mL heparin solution from a 1mL syringe
which was attached to the metal piece of the catheter and drawing back a little blood into

the tubing.

The vascular access port (VAB958S, Instech Labs) was soaked in sterile 0.9% saline to soften
the felt portion of the port. Flush a small amount of saline through the port to eliminate any

air. After the patency test, attach the tubing to the subcutaneous catheter attachment. The
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felt portion of the port was tucked under this skin of the incision on the back. Using forceps

bring both sides of the incision together so that the felt is covered, then superglue the skin

together.

Infusion

}

- Backpack
‘ . Stress loop
\\ \ . \
\\-. ] ) O ‘ Catheter
Ve \
Jugular vein

Figure 18: The backpack system

Schematic of the placement of the backpack and catheter for intravenous self-administration.
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Appendix 6: Balanced Latin square design

Rat A B C D
1 Sal A (2 mg/kg) Yohimbine 16-Ethy (2 mg/kg) Vehicle
(2.5 mg/kg)
2 (\;?:inT:/iEge) 16-Ethy (2 mg/kg) Vehicle Sal A (2 mg/kg)
3 1;2;1;)(2 Vehicle sal A (2 mg/kg) (;‘_’:ir:\n;/ilr(’ge)
4 Vehicle Sal A (\;o?mgb/llr:ge) 16-Ethy (2 mg/kg)
5 Sal A (2 mg/kg) (;c.):inr?;/ilzg) 16-Ethy (2 mg/kg) Vehicle
6 (;?Qir:]ngb/ilr::) 16-Ethy (2 mg/kg) Vehicle Sal A (2 mg/kg)
7 1?7-1;:](;)(2 Vehicle Sal A (2 mg/kg) (\;c'):imm;/ilr:ge)
8 Vehicle Sal A (;‘?::";}Ege) 16-Ethy (2 mg/kg)

Table 4: Latin Square Design

Subjects that underwent multiple experiments (Locomotor activity, FST, EPM) and received
multiple treatments were administered their treatments according to a Latin square design.
All rats received all treatments. Between experiments/treatments a rest period of one week
was provided to minimise carry over effects between treatments.
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