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Abstract

Cannabidiol is a major non-intoxicating Cannabis compound that is prescribed for the
treatment of seizures in children with rare treatment-resistant epilepsy, and has been
suggested to have extensive therapeutic potential including in the cardiovascular
system. However, the mechanisms underlying the cardiovascular effects of cannabidiol
remain elusive. Therefore the goal of this project was to further the understanding of
the cardiovascular effects of cannabidiol and the interaction of cannabidiol with the
cannabinoid receptors. More specifically, the project aimed to examine the local
vascular and haemodynamic effects of cannabidiol, and the potential mechanisms
involved in cannabidiol-specific cardiovascular effects. This study also aimed to
pharmacologically characterise the cannabinoid receptor type 1 (CBi) activity of
cannabidiol using the rat vas deferens bioassay. As previous studies using the isolated
vas deferens bioassay have been performed in modified physiological salt solution (PSS)
without Mg, this study sought to standardise the assay by examining the effect of
varying Mg>* concentrations on neurotransmitter-induced contractions in the vas

deferens.

To examine the vascular effects of cannabidiol, wire myography was used to quantify
clinically used concentrations of cannabidiol (0.3-3 pM) on the effects of various
contractile agents in rat isolated small resistance arteries. The effects of cannabidiol in
small resistance arteries were compared with larger conduit arteries, given the
morphological and functional differences between different artery types. The potential
vascular mechanisms of action of cannabidiol in small resistance arteries were further
investigated by pretreating arteries with various inhibitors prior to the treatment with
cannabidiol and subsequent contractions. The vascular actions of cannabidiol were
further compared with its actions on the contraction of various isolated non-vascular
tissues — bronchial, urogenital, cardiac and skeletal muscles, using organ baths. To study
the haemodynamic actions of cannabidiol, rats were anaesthetised and intravenously
administered with cannabidiol. Evaluation of the acute cardiovascular actions of
cannabidiol included measurements of heart rate and mean arterial pressure. Carotid

and mesenteric vascular conductance and hindpaw cutaneous blood flow were
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measured to assess the effects of cannabidiol on haemodynamics. The potential
haemodynamic mechanisms of action of cannabidiol were investigated by intravenously
pretreating rats with various inhibitors prior to cannabidiol administration.
Experiments on the vas deferens bioassay were performed in organ baths. The vas
deferens bioassay was standardised by evaluating the influence of varying Mg**
concentrations (0-3 mM) in the PSS on neurotransmitter-induced contractions. The CB;
receptor activity of cannabidiol was pharmacologically characterised by evaluating the
ability of cannabidiol to alter CB; receptor agonist-induced modulation of electrically

evoked contractions in the standardised vas deferens bioassay.

Cannabidiol, at clinically relevant concentrations, potently inhibited the contractions
of small resistance arteries to multiple agents while being devoid of activity in large
conduit arteries. The sensitivity of the small resistance arteries to cannabidiol involves
CGRP and voltage-operated calcium channels. Non-vascular smooth muscles were
generally unaffected by cannabidiol even at 10-100 times the therapeutic plasma level.
Intravenously administered cannabidiol 10-30 mg/kg caused acute bradycardia and
hypotension. Furthermore, cannabidiol modulated vascular tone by increasing vascular
conductance and cutaneous blood flow. Electrically-induced contractions of vas
deferens tissues were altered under non-physiological conditions (Mg** 0 mM in PSS).
Cannabidiol antagonised CBj receptor-mediated inhibition of contraction of the rat vas
deferens in a manner consistent with simple competitive antagonism. The resulting
potency of cannabidiol as a competitive antagonist of CB; agonists was consistent with

its binding affinity at the CB; receptor.

In conclusion, this project has broadened the understanding of the cardiovascular
effects of cannabidiol by demonstrating that cannabidiol has potent vascular effects that
are selective for small resistance arteries, which are the main contributors to peripheral
vascular resistance and subsequent blood pressure regulation. The sensitivity of the
small resistance arteries to cannabidiol involves CGRP and voltage-operated calcium
channels. The vascular effects were confirmed in vivo, as cannabidiol transiently
increased carotid vascular conductance and hindpaw cutaneous blood flow. This project

has also contributed to the understanding of the pharmacological interactions of
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cannabidiol and CB; receptors. Given that altering Mg>* concentration in the PSS altered
vas deferens responses, the vas deferens should be studied under physiological
conditions (Mg** 1.2 mM). The CB: antagonist activity of cannabidiol may have
implications for neurotransmission modulation when plasma concentrations are raised

above 1 uM.
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Chapter 1

General introduction






1.1 Human medicinal Cannabis use — From the 3rd millennium BCE to

today

Humans have used the Cannabis plant as a source for textiles, clothing, food and
medicine for thousands of years (reviewed in Andre et al., 2016; Kendall & Alexander,
2017; Pertwee, 2014; Pisanti & Bifulco, 2017; Pisanti & Bifulco, 2019; Russo, 2007).
According to archaeological records, humans first exploited Cannabis at the end of the
Ice Age, ten thousand years ago. However, Cannabis likely originated millions of years
ago during the Pleistocene epoch (reviewed in Pisanti & Bifulco, 2019). Written
evidence shows that early human use of Cannabis for medicinal purposes originated in
China (ca 2700 Before the Common Era; BCE) under the rule of the emperor Shen Nung
(Figure 1-1). Legend has it that he had the incredible ability of the direct observation of
the therapeutic effects of ingested plants, through his transparent abdomen, awarding
him the title of the father of Chinese medicine. Two thousand years after the reign of
the emperor Shen Nung, Cannabis was listed in the Chinese pharmacopeia (Shen Nung
Pen Ts’ao Ching). The Pen Ts’ao Ching describes Cannabis’ ability to stimulate appetite
and relieve pain and cramps (Mechoulam, 2005; Pisanti & Bifulco, 2017). The
psychotropic effects of Cannabis are rarely depicted in ancient Chinese writings, with
the exception for a text in the Pen Ts’ao Ching describing that the overuse of Cannabis
causes the user to “see demons” and “communicate with spirits” (Pisanti & Bifulco,
2019). In the Pen Ts'ao Ching, the female Cannabis flower is referred to as MaFén, M4
meaning hemp. According to linguistic analysis, various Chinese compound words that
share the properties of Cannabis are made up by the word M3, including the compound
words for “numb” (mdmu) and “anaesthetics and narcotics” (mdazui; reviewed in Li,

1974).
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Figure 1-1. Shen Nung the divine farmer.

A painting by Guo Xu (1503) depicting the Chinese emperor Shen Nung chewing on a branch.
Emperor Shen Nung had great influence in teaching the practice of agriculture, acupuncture
and the use of plant-based medicine, including Cannabis. Picture source: Shen Yun Performing
Arts (2020).

Early human medicinal Cannabis use has also been established in Egypt. More
specifically, the hieroglyphics word for Cannabis has been discovered on pyramid stones
(ca 2350 BCE) and subsequent papyrus, e.g. Ebers papyrus (ca 1550 BCE; Pisanti &
Bifulco, 2019). The scriptures suggest that the Egyptians used Cannabis to treat eye
ailments, possibly as an antiglaucoma or anti-inflammatory treatment. They also
explored various Cannabis routes of administration including vaginal suppositories to
cool the uterus and eliminate heat and rectal suppositories for analgesic and anti-
inflammatory purposes, also through the mouth, fumigation and skin. The ancient
Egyptian word for Cannabis is shemshemet which is represented by the hieroglyphic
symbols of a basin/pool (‘sh’ sound) and an owl (‘m’ sound); repeated twice, a loaf of
bread (‘t' sound) and two ideographic determinative symbols of a grain and a plant
(Figure 1-2). In addition to the scriptures, physical evidence supports the use of
medicinal Cannabis in ancient Egypt as Cannabis pollen was found inside the mummy

of Rameses II who died ca 1213 BCE (Russo, 2007). Evidence of human medicinal



Cannabis use has also been observed in Japan, India, Europe, Arab countries, North and

South Africa and America.
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Figure 1-2. Hieroglyph symbols for the ancient Egyptian word for Cannabis: Shemshemet.
Shemshemet is made up by the hieroglyphs for a basin and an owl; repeated twice, followed by
a loaf of bread and two ideographic determinative symbols of a grain and a plant, indicating
that the word refers to a plant. Hieroglyphs were reproduced from an image found in Russo
(2007).

The Irish scientist and physician William Brooke O'Shaughnessy provided the first
modern descriptions of the therapeutic properties of Cannabis through
pharmacological and toxicological studies (MacGillivray, 2017; Pisanti & Bifulco, 2017).
In the early- to mid-19™ century, O’Shaughnessy tested the safety of Cannabis in mice,
rabbits, cats and dogs. He further ascertained the safety and effects of Cannabis in
patients with epilepsy, cholera, rheumatism and tetanus, concluding that Cannabis was
analgesic and myorelaxant. He was early to suggest that Cannabis could potentially treat
epilepsy and consequently treated an infant suffering from convulsions with Cannabis.
The work of O’Shaughnessy influenced other researchers around Europe to generate
reports on Cannabis’ positive therapeutic effects in migraine, insomnia, hysteria,
asthma and neuralgia. The French psychiatrist Jacques-Joseph Moreau experimented
with Cannabis on himself and his students in 1840 to describe the acute psychoactive
effects of Cannabis. While treating his patients with mental disorders he observed that
Cannabis calmed them, improved their sleep quality and increased their appetite. The

findings made by O’Shaughnessy and Moreau on Cannabis’ medicinal potential spread



throughout Europe during the mid-19™ century to the early-20™ century, which came
to be referred to as the Golden Age of Cannabis (Pertwee, 2014). In fact, during this
period Cannabis was increasingly commercialised as a medical product, resulting in the
production of various Cannabis preparations by pharmaceutical companies including
Bristol-Meyers in the United States and Merck in Germany. The pharmaceutical
companies manufactured Cannabis pills, tinctures and extracts. Nonetheless, the
western use of medicinal Cannabis declined in the first decades of the 20" century. This
was partly due to the highly variable efficacy profile of Cannabis between patients and
preparations. During this time, drugs with better pharmacological profiles were
discovered like aspirin which improved the treatment of pain and inflammation,
without inducing psychotropic effects. Legal restrictions further limited the use of
Cannabis, as a result of anti-Cannabis campaigns by the US Federal Bureau of Narcotics.
This eventually resulted in Cannabis being heavily taxed under the “Marihuana Tax Act”
in 1937, limiting its recreational and medicinal use. This marked the start of the
Cannabis prohibitionist era. While Cannabis was still legal, high taxation negatively
impacted the progression of medicinal Cannabis research. Cannabis was eventually also
removed from the US Pharmacopoeia in 1941. In the 1960s there was a surge in drug
recreational use, including Cannabis, which resulted in the classification of Cannabis as
a substance of abuse under the United Nations’ 1961 Single Convention on Narcotic
Drugs (section 1.4). The regulation of Cannabis did not prevent the new era of Cannabis
research, which started in 1963 and 1964 when the structure and stereochemistry of the
main phytochemicals cannabidiol and A’-tetrahydrocannabinol (A’-THC or THC) were
elucidated (Gaoni & Mechoulam, 1964; Mechoulam & Shvo, 1963), 23 years after the first
isolation of cannabidiol (Adams et al., 1940). Cannabidiol and THC share the same
biosynthetic pathway (section 1.3.2) and therefore have similar chemical structures
(Figure 1-3) while generally possessing opposing effects in vivo, including in the
cardiovascular system (section 1.7). It took 26 years before the first cannabinoid
receptor was cloned, followed by the isolation of the first endogenous cannabinoid,
marking the beginning of the research into the ever-expanding endocannabinoid
system (section 1.6.1). We know today that the Cannabis plant is the production site for
over 500 different phytochemicals (section 1.3), many of which have rich medicinal

benefits. Cannabidiol, the focus of my thesis, is a promising therapeutic candidate for a



wide range of diseases and conditions (section 1.5), including in the cardiovascular

system (section 1.7.1)

Cannabidiol A°-Tetrahydrocannabinol (A°~-THC)

Figure 1-3. The chemical structures of the main phytocannabinoids in Cannabis: cannabidiol
and A’-THC.

Cannabidiol and THC are abundant phytocannabinoids in Cannabis with bi-and tricyclic
structures, respectively, with the same molecular formula (C2Hz300>).



1.2 The discovery of the endocannabinoid System

After decades of medicinal research on Cannabis and the psychotropic compound THC,
the first endogenous cannabinoid receptor was discovered in 1988 (Howlett, 2005). The
discovery that the effects of Cannabis compounds were mediated by endogenous Gi/o-
protein-coupled cannabinoid receptors were aided by the development of potent THC-
like synthetic cannabinoids and the new technique of radiolabelling of ligands. The
radiolabelling of Pfizer’s synthetic cannabinoid CP 55,940 provided evidence of a high-
affinity binding site in rat brain membrane for the ligand. Furthermore, unlabelled
cannabinoids, like THC, were capable of displacing [’H]-CP 55,940, providing further
evidence that they are competing for the same site (Devane et al., 1988). The cloning of
the human and rat cannabinoid type 1 receptor (CBi) provided the final evidence of the
existence of an endogenous Gi/o-protein-coupled (Gi,oPC) cannabinoid receptor (Gerard
et al., 1990; Matsuda et al., 1990). Shortly after, a second Gi/,,PC cannabinoid receptor
(CB2) was isolated from a human promyelocytic leukemia cell line HL60, which shared
44% amino acid homology with the CB; receptor (Munro et al., 1993). The discovery of
cannabinoid receptors has been followed by much research on their signalling and
physiological roles. CB; receptors are predominantly found in central and peripheral
nerve terminals where they negatively modulate neurotransmitter release (Chapter 3;
reviewed in Howlett et al., 2002). CB: receptors are mainly expressed in immune cells

to modulate cytokine release and immune cell migration (Appendix 1).

The discovery of the cannabinoid receptors prompted the search for endogenous
cannabinoid receptor agonists. The screening for a potential endogenous candidate
focused on lipophilic compounds as THC was known to be a lipophilic cannabinoid
receptor ligand. The search was successful and resulted in the discovery of N-
arachidonoyl-ethanolamine in pig brain membranes (Devane et al, 1992). The
endogenous cannabinoid (endocannabinoid) was named anandamide, coined after the
Sanskrit word for bliss: ananda. Further evidence that anandamide was acting through
the CB; receptor was established by utilising the vas deferens bioassay, in which a CB;
receptor agonist negatively modulates neurotransmitter induced contractions of the

tissue (Chapter 3; Devane et al., 1992). Shortly after the discovery of anandamide, it was



reported that several mammalian tissues contained other fatty acid derivatives with
similar behaviour and structure to anandamide. The second endocannabinoid, 2-
arachidonoyl-glycerol (2-AG), was isolated from canine gut (Mechoulam et al., 1995).
The endocannabinoids share similar chemical structures, with an arachidonate acyl
chain on one end and a polar alcohol functional group on the other (Figure 1.4; Kendall
& Alexander, 2017). The endocannabinoids appear to be synthesised “on-demand” upon
neuronal activation and they act as retrograde synaptic messengers throughout the
nervous system (reviewed in Fowler et al., 2017). The endocannabinoids are metabolised
intracellularly, anandamide by fatty acid amide hydrolase (FAAH) and 2-AG by
monoacylglycerol lipase (MAGL; Fowler et al, 2017). According to the IUPHAR
Receptor Nomenclature and Drug Classification System, the endocannabinoid system
consists of nine endocannabinoids, two cannabinoid receptors and a group of enzymes
involved in the synthesis and breakdown of the endocannabinoid system (reviewed in
Witkamp, 2016). There is a growing consensus that the endocannabinoid system should
be expanded to include a larger group of chemicals, receptors and enzymes referred to
as the ‘endocannabinoidome’ (section 1.6.2; reviewed in Cristino et al., 2020; Di Marzo,
2018; Witkamp, 2016). The endocannabinoid system is an important regulator of
various physiological functions and processes. Abnormalities or exogenous modulation
of the endocannabinoid system can contribute to the pathogenesis of various diseases.
It is therefore important to investigate the extent to which medically important

Cannabis compounds modulate the endocannabinoid system.



N-Arachidonoyl-ethanolamine (anandamide) 2-Arachidonoyl-glycerol (2-AG)

Figure 1-4. The chemical structures of the endocannabinoids: anandamide and 2-arachidonoyl-
glycerol (2-AG).
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1.3 The botany and phytochemistry of Cannabis

Cannabis is a phytochemical-rich plant and synthesises more than 545 phytochemicals
representing most chemical classes known (Elsohly & Slade, 2005; Flores-Sanchez &
Verpoorte, 2008; Pertwee, 2014). The phytochemical composition depends on the
strain and growing conditions of the plant (Di Marzo & Petrocellis, 2006) and the
secondary metabolites can be classified into three main chemical groups:
phytocannabinoids (section 1.3.2), terpenes (section 1.3.3) and phenolic compounds

(section 1.3.4; Figure 1-5; Andre et al., 2016).
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Figure 1-5. Schematic presentation of the biosynthetic pathways of Cannabis’ secondary
metabolites.

The figure illustrates the biosynthetic pathways of the main phytochemicals found in Cannabis:
cannabinoids, terpenes and the phenolic compounds flavonoids. The bold arrows show the
catalytic reaction pathways of the secondary metabolites. The dashed arrows show the
transportation of precursors. The figure was adapted from Andre et al. (2016).
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1.3.1 Cannabis botany

Cannabis is one of nine genera in the family Cannabaceae (McPartland, 2018). There are
taxonomic disagreements concerning the number of species in the genus Cannabis;
while some studies claim that Cannabis is polytypic (containing different species),
others suggest that the species sativa is monotypic and highly polymorphic (reviewed
in Chandra et al., 2017). The disagreement originates from the mid-18" century when
the Swedish taxonomist Carl von Linné described Cannabis sativa L. as a single species,
while the French naturalist Jean-Baptiste Lamarck, 32 years later, classified Indian
Cannabis (C. indica) as a different species from European Cannabis (C. sativa;
McPartland, 2018). Phytochemical and genetic research support Linné’s one-Cannabis-
species claim with an additional subspecies division of Cannabis sativa L. (sativa, indica
and possibly ruderalis; McPartland, 2018). There are morphological, phytochemical and
origin differences between sativa and indica (McPartland, 2018). Sativa is a tall, well-
branched plant with a fibrous stalk and narrow leaflets, high THC to cannabidiol
content and originates in Europe, whereas indica is a shorter, compact plant with a
woody stalk and broad leaflets, high cannabidiol to THC content, and originates in Asia
(Figure 1-6; reviewed in Chandra et al.,, 2017; McPartland, 2018). Often the formal
nomenclature of Cannabis subspecies is confused with the vernacular nomenclatures of
“Sativa”, “Indica” and “Ruderalis” (Figure 1-6) which has led to mislabelling of different
subspecies and inconsistency in Cannabis nomenclature (McPartland, 2018). Today, the
widespread hybridisation of different subspecies have rendered cultivation-based
distinction of Cannabis pointless, thus experts have suggested a modified chemovar-
based classification (McPartland, 2018).

Cannabis is an annual flowering dioecious plant, where female and male flowers are
found in different plants; however, monoecious plants are found in rare cases (Chandra
et al., 2017). Male plants are tall and skinny, while female plants are more robust. The
Cannabis phytochemicals are produced in fine hair structures called trichomes (Figure
1-7) which cover the stems, leaves and bracts and are part of the Cannabis defence
mechanism (Andre et al, 2016; Chandra et al, 2017). The trichomes are either
categorised as glandular or non-glandular, with the main synthesis occurring in

glandular trichomes.
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Figure 1-6. The vernacular Cannabis taxonomy. The figure was adapted from Anderson (1980)
and inspired by McPartland (2018).

1.3.2 Phytocannabinoids

The medicinal properties of Cannabis are generally mediated by C21 skeleton
terpenophenolic chemicals called phytocannabinoids, making them the most well-
studied phytochemical group (Andre et al., 2016; Flores-Sanchez & Verpoorte, 2008).
Currently, 112 phytocannabinoids have been isolated and are classified into 11 subclasses,
including A°-THC-, cannabidiol-, cannabinol-, cannabigerol- and cannabichromene-
type chemicals (Andre et al., 2016; Chandra et al., 2017; Elsohly & Slade, 2005).
Phytocannabinoids are relatively unique to Cannabis, with the exception of
cannabigerol-like compounds (amorfrutins) which have been identified in plants from
the genera Radula (Hanus et al., 2016) and Helichrysum (Pollastro et al., 2017). The most
abundant and well-studied phytocannabinoids are A>~THC, cannabidiol and cannabinol

(Chandra et al., 2017; Flores-Sanchez & Verpoorte, 2008). Cannabinoids exist in two
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forms either as cannabinoid acids with an attached carboxyl group or as neutral
cannabinoids. Cannabinoid acids are non-enzymatically decarboxylated into neutral
forms in the plant during storage and heating for smoking (Andre et al., 2016; Chandra
et al.,, 2017; Hanus et al., 2016). Phytocannabinoids are biosynthesised through the
polyketide and the plastidal 2-C-methyl-D-erythritol 4-phosphate (MEP) pathways,
producing the cannabinoid precursor cannabigerol (Figure 1-5; reviewed in more detail

in Andre et al., 2016).

Phytocannabinoids mediate most health benefits and adverse effects associated with
the medicinal use of Cannabis. The list of pharmacological effects of cannabinoids is
long and includes antiepileptic, antinociceptive, appetite stimulation, anti-
inflammatory, antioxidant, cardiovascular, antimicrobial and a range of positive effects
in psychiatric disorders including anxiety, sleep and depression (reviewed in Flores-
Sanchez & Verpoorte, 2008). Phytocannabinoids mediate some of their effects by
modulating the endocannabinoid system (section 1.2). THC is the phytocannabinoid
responsible for the intoxicating effects of Cannabis through the activation of CB;
receptors. Upon the discovery of the medicinal effects of THC, a synthetic THC
compound (Marinol®; Solvay Pharmaceuticals, Belgium) was designed to treat nausea
and vomiting resulting from chemotherapy, and eventually to stimulate appetite in
patients with AIDS (section 1.5; Pertwee, 2008a; Robson, 2005). Due to the adverse
effects of THC, it has fewer medicinal uses than cannabidiol (section 1.5.1). Cannabidiol,
on the other hand, has gained increased attention for its antiepileptic properties and is

currently being trialled for a wide range of diseases (section 1.5).

1.3.2.1 What defines a compound as a cannabinoid?

The adjective “cannabinoid” refers to cannabinoid receptor ligands and chemicals with
similar structures to THC, irrespective of whether they target cannabinoid receptors or
not (Pertwee et al., 2010), making the terminology confusing. Cannabinoid receptors
were defined after the phytocannabinoids with affinity for the receptors, before the
discovery of the structurally different endocannabinoids (Figure 1-4). Today, most

phytocannabinoids have a poor affinity to the cannabinoid receptors with the exception

14



of A°-THC, A-THC and cannabinol (Hanus et al, 2016), which has resulted in
suggestions of renaming the receptors after the endogenous ligands (Pertwee et al,,
2010). To make the adjective "cannabinoid” less ambiguous the prefixes “endo”, “phyto”
and “synthetic” are used throughout this thesis to emphasise the origins of the

cannabinoids.

1.3.3 Terpenes

There is great diversity between different Cannabis strains, which can be characterised
by the plant’s specific terpene fingerprint (Booth & Bohlmann, 2019). Over 200 different
terpenes have been identified in Cannabis, making it the largest group of
phytochemicals (Rice & Koziel, 2015). The composition of terpenes determines the
odour and flavour of a Cannabis strain. Terpenes are aromatic compounds which are
classified by the number of 5-carbon isoprene units, where monoterpenes consist of 2
isoprene units (10 carbons) and sesquiterpenes of 3 isoprene units (15 carbons; Figure
1-5). Terpenes are produced in the secretory glandular trichomes (Figure 1-7) in the
Cannabis roots, flower and leaves (Andre et al, 2016). Two pathways mediate the
synthesis of terpenes, the MEP pathway which is mainly responsible for the synthesis of
mono-, di- and tetraterpenes and the mevalonate (MVA) pathway which is responsible
for sesquiterpene and triterpene synthesis (Figure 1-5; Andre et al., 2016; Chandra et al.,
2017). The two main monoterpenes are conveniently named D-limonene and o-pinene
after their lemony and piney odours (Chandra et al., 2017). Other abundant terpenes
are [-myrcene, terpinolene (monoterpenes), o-humulene and pB-Caryophyllene
(sesquiterpenes; Andre et al, 2016; Chandra et al.,, 2017). The terpene content in
Cannabis flowers is 3.5% or higher and up to 10% in trichomes (reviewed in Russo &

Marcu, 2017).

The extent of contribution from terpenes to Cannabis’ medicinal benefits is still under
debate (Russo & Marcu, 2017). Some of the suggested potential therapeutic effects of
terpenes include anti-inflammatory, anxiolytic, analgesic and anticancer (Andre et al.,
2016). B-Caryophyllene is a bicyclic sesquiterpene with an interesting cyclobutane

structure (Figure 1-5). It is found in large amounts in spice and food plants including
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black pepper, oregano and cinnamon (Gertsch et al., 2008). -Caryophyllene interacts
with the endocannabinoid system to induce anti-inflammatory and analgesic effects
mediated by its nanomolar affinity for the CB; receptor (Gertsch et al., 2008; Klauke et
al., 2014). While -Caryophyllene is hydrophobic (Log P 6.7), it has a wide therapeutic

index and is considered safe due to its low toxicity (Gertsch et al., 2008).

It has been suggested that terpenes modulate the effects of phytocannabinoids like
THC. For instance, it has been reported that the monoterpene limonene enhanced the
euphoric effects of THC, while myrcene enhanced the mellowness and sleepiness
caused by THC (reviewed in Russo & Marcu, 2017). Furthermore, terpenes alleviate the
adverse effects of THC in whole-plant Cannabis, compared to the adverse effects of THC
alone (Russo, 2013).

Figure 1-7. Detailed macro photograph of a Cannabis bud with visible hairs and trichomes.
Glandular trichomes are the Cannabis production site for cannabinoids and terpenes. Source:
roxxyphotos/Adobe stock.
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1.3.4 Phenolic compounds

Phenolic compounds are the most widely distributed secondary metabolites in the plant
kingdom, with over 10,000 different structures including phenolic acids, flavonoids,
stilbenes and lignans (Andre et al., 2016; Andre et al., 2010). The main role of phenolic
compounds is to protect plants from oxidative stress by acting as antioxidants (reviewed
in Andre et al., 2016). Phenolic compounds are produced via the phenylpropanoid
pathway (Figure 1-5) in the cytoplasm and are then stored in either the vacuole or cell
wall. While the flavonoid pathway has been extensively studied in other plants, there
have been no Cannabis-specific studies of this pathway (Andre et al., 2016; Flores-
Sanchez & Verpoorte, 2008).

Phenolic compounds have similar therapeutic benefits to phytocannabinoids and
terpenes, including anti-inflammation, anticancer and neuroprotective effects (Andre
et al., 2010). About 20 flavonoids have been identified in Cannabis, including apigenin,
cannflavin A and cannflavin B which are unique to Cannabis. Apigenin has
demonstrated anxiolytic and oestrogenic properties, while cannflavin has potent anti-
inflammatory effects by inhibiting prostaglandin E2 (Flores-Sanchez & Verpoorte,
2008).
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1.4 Medicinal Cannabis regulations

As discussed, humans have used medicinal Cannabis for thousands of years until a
relatively recent era of prohibition, starting in 1937 (section 1.1), which hampered the
research on Cannabis’ medicinal potential. However, in the last 20 years, medicinal
Cannabis use has resurged, resulting in a renewed scientific interest of its potential
medicinal benefits. Consequently, regulations and policies around Cannabis have eased.
This section emphasises the current regulations of medicinal Cannabis internationally

with a focus on high-income countries, including Australia.

1.4.1 International regulations

According to the United Nations’ Single Convention on Narcotic Drugs in 1961,
Cannabis, Cannabis resins and extracts were listed as schedule-1 illicit drugs (United
Nations Office on Drugs and Crime, 1961). The Single Convention prohibits the
production, distribution and possession of Cannabis among other drugs, with the
exception of medical and scientific purposes. Hence there is no international law
prohibiting the use of Cannabis products for medicinal purposes. The United Nations
have recently suggested that cannabidiol products containing 2% or less THC should
not be subject to international controls (United Nations, 2020). There are currently
four cannabinoid-based medicines available around the world, two synthetic

cannabinoid- and two Cannabis-based treatments (section 1.5).

Canada was the first G7 country to legalise Cannabis for both medical and recreational
purposes in 2018 (Pusiak et al., 2021). Other countries have since then followed by
easing Cannabis restrictions to varying degrees. The main international agencies
responsible for the regulation of Cannabis products are the European Medicines Agency
(EMA) and the US Food and Drug Administration (FDA). European countries can gain
marketing access to drugs either through a single authorisation of the product
throughout EU countries or through a non-centralised route whereby each country
applies for marketing access (Abuhasira et al., 2018). To date, the EMA has not approved
market authorisation for any Cannabis- or synthetic cannabinoid-based medications.

However, the EMA has issued an orphan designation of Cannabis products (European
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Monitoring Centre for Drugs and Drug Addiction, 2018), which should not be confused
with marketing authorisation. For a disease to be considered as an orphan disease it has
to fit a strict set of criteria including being a rare disease that only affects 5 out 0f 10,000
people in the EU. Some countries have also, through a non-centralised route, authorised
the use of some Cannabis products. No EU country has authorised the smoking of
Cannabis as a possible route of administration, due to the difficulties of controlling the
Cannabis content between different plants and the health danger associated with
inhaling smoke. Similarly to the EMA, the FDA has not approved any Cannabis
treatments until recently when a cannabidiol-based oral solution (Epidiolex®; section
1.5.2) was given market authorisation. In contrast to the EMA, the FDA has approved
two synthetic THC-like cannabinoids, namely dronabinol (Marinol® and Syndros®) and
nabilone (Cesamet®; section 1.5). Cannabis is under federal regulations in the US where
it is classified as a schedule 1 drug meaning that Cannabis use is prohibited for any
purpose (Abuhasira et al., 2018). Nonetheless, some US states have issued laws allowing
the use of medical Cannabis, hence counteracting federal laws. At the time of writing
this thesis medicinal Cannabis is approved in 33 US states and the district of Colombia
(D.C.), nine states have legalised recreational use and 15 states allow restricted use of

Cannabis.

1.4.2 Australian regulations

The Australian Narcotic Drugs Act of 1967 was a response to the Single Convention of
1961 and intended to “prevent the abuse and diversion of controlled narcotics” and to
“ensure that controlled narcotics are available for medicinal and research purposes in
Australia” (The Office of Drug Control, 2019). Up to 2016, the Narcotic Drug Act
regulated narcotic drugs principally by licensing the manufacture of narcotics, mainly
applying to morphine obtained from the opium poppy. The regulation of the import,
export and manufacture of Cannabis and cannabinoids were under other
Commonwealth laws. State and Territory laws were responsible for permitting the
cultivation of Cannabis in Australia mainly for industrial and horticultural purposes.
Outside of this, Cannabis and cannabinoids were treated as illegal narcotics by

Australian laws. In 2016, the Narcotic Drug Act 1967, was amended to permit the
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cultivation and production of Cannabis and its resin in Australia. The main objective
was to enable a sustainable supply of medicinal Cannabis products for therapeutic
purposes and to allow for the facilitation of scientific research into medicinal Cannabis,
this while ensuring that Australia remained compliant with the Single Convention.
However, patient access to Cannabis and cannabinoids is still regulated by

commonwealth, state and territory laws.

The Therapeutic Goods Act 1989 was established by the Australian Therapeutic Goods
Administration (TGA) to set the regulatory framework for medicines in Australia and
to ensure that they are safe and fit for their intended purposes (Therapeutic Goods
Administration, 2018). The Act allows for the access of unapproved therapeutic goods
including Cannabis products. A patient can access Cannabis treatments through their
prescriber would apply for the Special Access Scheme (SAS). The prescriber must have
considered all clinically appropriate treatment options before they apply for the SAS.
The TGA is unable to vouch for the quality, safety and effectiveness of unapproved drugs
accessed through the SAS, hence the prescriber and patient accept responsibility for any
adverse effects, as these drugs remain unregulated by the TGA. To date, the TGA has
approved Cannabis SAS applications for the treatment of neuropathic pain, cancer pain,
palliative care indications, refractory paediatric epilepsy, spasticity from neurological
conditions, chemotherapy-induced nausea and vomiting and anorexia and wasting
associated with chronic illness such as cancer, among other indications. By January
2020, 3151 SAS applications have been approved compared to 738 in February 2019.
Patient access to cannabidiol further improved in May 2017 when cannabidiol was
rescheduled from a schedule 8 drug (S8; Controlled Drug) to schedule 4 (S4;
Prescription Only Medicine; Therapeutic Goods Administration, 2017). This only
applies to Cannabis extracts where cannabidiol makes up at least 98% of total
cannabinoid content. Certain cannabidiol preparations including oral, oral mucosal and
sublingual formulations were recently further down scheduled to schedule 3
(Therapeutic Goods Administration, 2020). For a cannabidiol product to be a schedule
3 drug it needs to fulfil the following criteria: i) cannabidiol must be derived from
Cannabis or if synthetic only contain the (-)-cannabidiol enantiomer; ii) have a

maximum recommended dose of 60 mg or less; iii) have up to a 30 days’ supply per
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pack; iv) the cannabidiol content must be 98% or more of total cannabinoids in
preparation; v) any other cannabinoids have to make up 2% or less of total cannabinoid
content, and have to be naturally occurring cannabinoids; vi) must only apply for

treatment of adults (>18 years); and vii) the packaging must be child-safe.

Under federal law, Cannabis is illegal in all Australian states and territories. However,
the Australian Capital Territory (ACT) has added amendments to exempt individuals
from criminal punishment in certain circumstances (Australian Federal Police, 2020).
An individual adult is allowed to possess up to 50 g of dried Cannabis, or up to 150 g of
fresh Cannabis, grow up to two Cannabis plants at their home per person with a
maximum of four plants per household. However, it is an offence to use Cannabis in
public places, expose children to Cannabis, artificially cultivate Cannabis, or grow it on
publicly accessible places. Under the Narcotic Drug Act, it is still illegal for an individual
in the ACT to use Cannabis as a minor, share Cannabis with others or drive with any

traces of Cannabis in their blood system.

Similarly to the rest of the world, Australians have expressed an increased interest in
medicinal Cannabis (Therapeutic Goods Administration, 2018). This has put pressure
on prescribers to find evidence of Cannabis’ medicinal potential in treating various
conditions. In response, the Commonwealth Department of Health together with the
state and territory governments have provided clinical guidance documents. These
documents provide prescribers with guidelines on the use of medicinal Cannabis in
various conditions including nausea and vomiting, epilepsy in paediatric and young
adults, multiple sclerosis, palliative care and chronic non-cancer pain (Therapeutic
Goods Administration, 2018). The guides are intended to provide support for
prescribers and dispensers on current, non-biased evidence on the use of medicinal
Cannabis for various medical conditions in patients. They also guide health
professionals on how to prescribe medicinal Cannabis under the current access schemes
and to provide patients with an understanding of how Cannabis can be used to alleviate

symptoms of various conditions.
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1.5 Current cannabidiol treatments

Cannabidiol was discovered 80 years ago by the American chemist Roger Adams, who
stated that “It [cannabidiol] has none of the physiological activity typical of Marihuana”
(Adams et al, 1940; section 11). Early pharmacological studies of individual
cannabinoids demonstrated that THC, but not cannabidiol, induced catalepsy in mice
(Loewe, 1946). It is known today that the ability of a cannabinoid to induce catalepsy in
rodents correlates with its psychotropic abilities (reviewed in Pertwee, 2006). It was
long believed that THC was the only main “active” cannabinoid, as it demonstrated
pronounced psychomimetic effects. Thus, cannabidiol was overlooked by researchers
for many years (Burstein, 2015). However, in the last decade, there has been a dramatic
increase in research on cannabidiol, apparent by the cumulative number of publications
on the topic over the years. Publications with “cannabidiol” or “CBD” in the title from
the last 5 years (2016-2020) amount to 60% of all publications on the topic from 1963
when the structure of cannabidiol was elucidated. In comparison, while there are
substantially more publications on THC (3829 compared to 1829 cannabidiol
publications), the last 5 years only account for 17% of total publications. In contrast to
THC, cannabidiol is often claimed to be devoid of psychoactivity. This is misleading as
cannabidiol has demonstrated therapeutic potential in a wide range of psychiatric
disorders including psychosis, depression, anxiety, drug-cravings and cognitive
impairment (reviewed in Bonaccorso et al., 2019). The comparison of psychotropic
effects between THC and cannabidiol is likely referring to cannabidiol’s inability to
induce intoxications, unlike THC. Cannabidiol, while not causing intoxication on its
own, can alleviate the intoxicating effects of THC and also dampen adverse effects like
impaired spatial working memory and cognitive impairment (Di Marzo, 2014).
Cannabidiol has been suggested to be medicinally beneficial in treating inflammation,
nausea, emesis, epilepsy and as an antioxidant. As of today, there are 110 active,
recruiting or to be recruiting clinical trials involving cannabidiol, with the majority of
studies investigating its effects on mental/psychotic disorders (U.S. National Library of

Medicine, 2020).
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Until recently all cannabinoid therapeutics contained THC or THC-mimetic
compounds, including Cesamet®, Marinol®, Syndros® and Sativex® (Abuhasira et al,,
2018). Cesamet® is an oral capsule that contains nabilone, a synthetic THC-like
cannabinoid, indicated for the treatment of nausea and vomiting resulting from
chemotherapy treatments. Similarly, Marinol® (oral capsules) and Syndros® (oral
solution) contain synthetic A>-THC for the treatment of AIDS-induced anorexia. It is
also used to treat nausea and vomiting induced by chemotherapy when other
treatments are insufficient. Sativex® is an oromucosal spray that contains equal amounts
of THC and cannabidiol and is mainly used in the treatment of spasticity associated
with multiple sclerosis (discussed in more detail in section 1.5.1). Today, Epidiolex®, a
cannabidiol-only oral solution is showing promising antiseizure effects in children with

rare forms of epilepsy (section 1.5.2).

1.5.1 Sativex®

Sativex® (oromucosal spray; GW pharmaceuticals, UK) was the first Cannabis-based
therapeutic to be approved by any country. It is mainly used to treat spasticity in
patients with the chronic autoimmune disease multiple sclerosis. Sativex® is currently
approved for the treatment of spasticity in over 25 countries, including Australia, New
Zealand, Canada, US, Israel, UK and several other European countries (GW
Pharmaceuticals, 2019b). Israel and Canada have also approved Sativex® for the
treatment of pain resulting from cancer and multiple sclerosis. Sativex® consists of
Cannabis extracts in a water-ethanol solution with equivalent THC and cannabidiol
concentrations of 27 mg/ml and 25 mg/ml, respectively. GW Pharmaceuticals has
selectively bred two different chemovars of Cannabis which yield high concentrations
of either THC (>90% of total cannabinoid content) or cannabidiol (>85% of total
cannabinoid content; Barnes, 2006). Sativex® also contains other minor cannabinoids

(5-6%) and terpenes (Russo & Guy, 2006).
Current medications for mild to moderate spasticity are not completely effective and

their prolonged use is associated with numerous adverse effects. Although the

treatments for severe spasticity are effective, they are invasive, expensive and entail a
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risk of infection, which has limited their use (reviewed in Giacoppo et al., 2017). This
has prompted patients with multiple sclerosis to self-medicate with Cannabis to control
their symptoms (Baker et al., 2007; Ware et al., 2005). In a questionnaire study on
Cannabis self-medication in the UK, the majority of subjects reported that they used
Cannabis to treat chronic pain, multiple sclerosis and/or depression (Ware et al., 2005).
The use of unregulated Cannabis has several disadvantages involving its illegal status,
phytochemical content and route of administration. Self-medication with Cannabis
cannot ensure safe and consistent dosage of appropriate phytocannabinoids. Sativex®
provides a safer route of administration through the oral mucosa and application-based
dosage control. Good manufacturing practises used during the production of Sativex®
ensures high consistency of phytochemical constituents. Smoking is a common route of
administration for individuals suffering from multiple sclerosis and who choose to self-
medicate with Cannabis (Ware et al., 2005). Smoking is associated with several adverse
effects including, chronic coughs dyspnoea, sputum production, chest tightness and
hoarse voice (Ribeiro & Ind, 2016). In contrast, oromucosal administration of
cannabinoids allows direct and rapid access to the circulation, bypassing first-pass

hepatic metabolism (section 1.5.3.1).

There is strong evidence for the use of THC and cannabidiol in treating multiple
sclerosis symptoms. Rodent studies support the involvement of CB; receptors in the
pathogenesis of spasticity (Pryce & Baker, 2007). CB: receptor agonists induce
antispastic activity, which is attenuated in CB;”’" mice (Pryce & Baker, 2007). THC in
Sativex® is likely mediating antispasticity by partially activating prejunctional CB;
receptors, hence negatively modulating neurotransmitter release (Chapter 3; Russo &
Guy, 2006). In contrast to THC, cannabidiol is a low-affinity ligand at cannabinoid
receptors (Chapter 3). The rationale of combining THC with cannabidiol to treat
symptoms of multiple sclerosis resides in the ability of cannabidiol to enhance the
beneficial effects of THC while alleviating the adverse effects (reviewed in McPartland
& Russo, 2001), commonly referred to as the “entourage” effect of cannabinoids.
Patients with multiple sclerosis who suffer from both spasticity and neuropathic pain
respond better to the combination of THC and cannabidiol than to THC alone

(reviewed in Russo & Guy, 2006). THC and cannabidiol treatments have several
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advantages to THC only treatments, including less sedation, memory impairment,
intoxication, and improved sleep and walking time (Russo & Guy, 2006). Furthermore,
the combination of THC and cannabidiol induce acceptable adverse effects without

creating tolerance over time (Russo & Guy, 2006).

1.5.2 Epidiolex®

Epidiolex® (oral solution; GW pharmaceuticals, UK) is the first cannabidiol-only
therapeutic to be approved by the FDA. It is currently used to treat severe refractory
epilepsy syndromes in children, including Dravet syndrome, Tuberous Sclerosis
Complex, Infantile Spasms and Lennox-Gastaut syndrome (GW Pharmaceuticals,
2019a). About a third of patients with epilepsy suffer from drug-resistant seizures which
increases morbidity and mortality, causing some to resort to self-medication with
Cannabis (Chen et al., 2018; reviewed in Samanta, 2019). The legalisation of Cannabis
has made over-the-counter phytocannabinoid treatments accessible for patients.
Parents of children with epilepsy have successfully decreased the seizure frequency
using cannabidiol-rich Cannabis preparations (Porter & Jacobson, 2013). However, in
an FDA analysis, 33% of over-the-counter claimed cannabidiol preparations contained
no cannabidiol (U.S. Food and Drug Administration, 2020). Thus, as a result of the lack
of regulation of Cannabis products and the numerous clinical trials which support a role
for cannabidiol in treating refractory epilepsy, in 2018 the FDA approved Epidiolex® — a
99% pure cannabidiol extract (Sekar & Pack, 2019). The anticonvulsive effects of
cannabidiol were assessed in a double-blind clinical study of 120 children and young
adults with refractory epilepsy seizures (Devinsky et al., 2017). Patients treated with
cannabidiol experienced a 39% median decrease in convulsive seizures while placebo-
treated patients experienced a 13% decrease. There was no significant comparable
decrease in non-convulsive seizures between the patients who received cannabidiol
treatment and placebo. Cannabidiol-treated patients suffered more adverse events,
including, vomiting, diarrhoea, somnolence, fatigue, pyrexia and elevated liver
aminotransferase enzymes (section 1.5.3.4) which indicates that the liver is undergoing

metabolic stress (Devinsky et al., 2017).
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The underlying antiepileptic mechanism of cannabidiol is yet to be fully elucidated; it
likely involves several pharmacological targets (section 1.6), hence producing
cumulative antiepileptic effects (reviewed in Samanta, 2019). Cannabidiol is assumed
to attenuate excitatory neurotransmission through y-aminobutyric acid (GABA)-
mediated inhibition (section 1.6.3.7) and by modulating intracellular calcium through
transient receptor potential (TRP) channels (section 1.6.2.4), the orphan G-protein
coupled receptor GPR55 (section 1.6.2.1) or the voltage-dependent anion channel 1
(reviewed in Samanta, 2019). It has also been postulated that cannabidiol induces
antiepileptic effects through anti-inflammatory actions by modulating TNF-a and
inhibiting adenosine reuptake (section 1.6.3.2). 5-HTia and 5-HTza receptor agonism
may also be responsible for some of the anti-epileptic effects of cannabidiol (section

1.6.3.1; Chen et al., 2019).

Despite the availability of Epidiolex®, many families of children with epilepsy still opt to
use cannabidiol-rich Cannabis preparations due to easier access, lower cost and the
widespread perception that whole plant extracts are more efficient than cannabidiol-
only products (reviewed in Anderson et al., 2020). These unregulated cannabidiol
preparations tend to also contain low doses of THC. Animal studies on the potential
medicinal benefits of THC against seizures are conflicting, with reports of both
anticonvulsive and pro-convulsive effects. A recent study investigated whether the
combination of cannabidiol and THC would produce greater anticonvulsive effects in a
Scnla*’” mouse model of Dravet syndrome than either phytocannabinoid administered
alone (Anderson et al.,, 2020). The study found that acute administration (i.p.) of
subthreshold cannabidiol (12 mg/kg) and THC (0.1 mg/kg) decreased hyperthermia-
induced seizures to a greater extent than either phytocannabinoid administered on its
own. The authors suggest that cooperative pharmacodynamic actions of cannabidiol
and THC are inducing anticonvulsive effects through the modulation of neuronal
excitability. THC can modulate glutamate release while cannabidiol can induce
antiepileptic effects by targeting GPR55, TRPV1 and GABA receptors (section 1.6).
Surprisingly, the cotreatment of Scnla*’” mice with phytocannabinoid-infused chow, not
only failed to decrease spontaneous convulsions but also increased the severity of the

seizures and mortality. Interestingly, higher THC doses on their own did not increase

26



spontaneous convulsions. Based on this study the authors concluded that cannabidiol

and THC comedication of children with epilepsy should be closely monitored.

1.5.3 Pharmacokinetic profile of cannabidiol

While cannabidiol has a wide range of therapeutic potential, the use of cannabidiol as
an effective treatment is hampered by its pharmacokinetic limitations (reviewed in
Millar et al,, 2020). The pharmacokinetic limitations of cannabidiol include poor
bioavailability (section 1.5.3.1), low solubility and inter-individual pharmacokinetic
variability. As a highly lipophilic molecule, cannabidiol has an alcohol to water partition
coefficient (log P) of 6.3 (Odi et al., 2020). Due to the lipophilic nature of cannabidiol,
cannabidiol therapeutics are usually formulated in oil or alcohol preparations such as
liquid solution (e.g., Epidiolex®), soft-gel capsules, oromucosal spray (e.g., Sativex®), or
sublingual sprays. A novel cannabidiol formulation to increase the delivery of
cannabidiol has been suggested (section 1.5.3.6), which would increase the
bioavailability of cannabidiol while decreasing the efficacy variability between patients

(Millar et al., 2020).

1.5.3.1 Absorption

The route of administration of cannabinoids determines their level of absorption to the
circulatory system and subsequent bioavailability. Inhaled cannabinoids reach
maximum plasma concentrations rapidly (Tmax 3 to 10 min) due to their quick
absorption, resulting in a bioavailability of 31% (Ohlsson et al., 1986). In contrast, the
absolute bioavailability of oromucosal administered cannabidiol or THC is unknown, as
these compounds have not been intravenously administered (Therapeutic Goods
Administration, 2013). Due to the high lipid solubility of cannabidiol and THC, they are
absorbed rapidly by the oral mucosa into the circulation, hence bypassing extensive
first-pass hepatic metabolism. Oromucosal phytocannabinoids reach maximum plasma
concentrations within 1-1.5 h (Tmax) which results in a maximum plasma concentration
(Cmax) that is a fraction of what is observed with inhalation. Additionally, the Cpax of
cannabidiol is generally less than half of THC during oromucosal administration

(Therapeutic Goods Administration, 2013). The coadministration of Sativex® with high-
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fat food increased the absorption of both THC and cannabidiol by 3- and 5-fold,
resulting in a subsequent Cmax increase of 1.6- and 3.3-fold, respectively. Due to the
influence of food on the pharmacokinetics of Sativex®, it is evident that significant
amounts of cannabinoids are absorbed via the gastrointestinal tract, due to drug being

swallowed rather than being absorbed by the mucosa.

Oral administration of cannabidiol (e.g., Epidiolex®) undergoes extensive first-pass
hepatic metabolism, resulting in a low bioavailability (between 6-20%; Devinsky et al.,
2014; Therapeutic Goods Administration, 2013). As expected, Epidiolex® at the
recommended dose for children with refractory epilepsy takes longer to reach a
maximum concentration (Tmax 2.5-5 h) than either inhaled or oromucosal administered
cannabidiol (Devinsky et al, 2014). The concentration-time profile of orally
administered cannabidiol is useful for patients with a chronic disorder where long-term
benefits of cannabidiol are required, e.g., patients with epilepsy. As noted above for
Sativex®, several studies have demonstrated that the administration of oral cannabidiol
in conjunction with a meal significantly enhances the absorption of cannabidiol and
hence the maximum plasma concentration (Millar et al., 2018). This effect is more
evident with high-fat food which dissolves the lipophilic cannabidiol, thus, increasing

the absorption and bioavailability of cannabidiol.

1.5.3.2 Distribution

The distribution of cannabinoids in the body is governed by their lipophilicity.
Cannabinoids therefore generally distribute to well-vascularised tissues like lung, heart,
brain and liver and subsequently to less vascularised fatty tissues (reviewed in Lucas et
al., 2018). As cannabidiol is highly lipophilic and distributes extensively to fatty tissues,
it subsequently has a high volume of distribution (~32 L/kg; calculation based on
intravenous administration; Devinsky et al., 2014). Additionally, cannabidiol binds
extensively to proteins (~90%), primarily to P-glycoproteins (section 1.5.3.4; Devinsky
et al., 2014; Therapeutic Goods Administration, 2013; Zhu et al., 2006).
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1.5.3.3 Metabolism & elimination

Cannabidiol is predominantly metabolised hepatically by cytochrome P450 (CYP 450)
isoenzymes, primarily by CYP2CI9 and CYP3A4 (Zendulka et al, 2016). During
metabolism, cannabidiol is hydroxylated to its main active metabolite 7-OH-
cannabidiol, which is subsequently metabolised to the inactive metabolite 7-COOH-
cannabidiol (Devinsky et al., 2018). There is limited knowledge on the pharmacological
activity of cannabidiol metabolites. It would therefore be interesting to investigate to
what extent they contribute to cannabidiol’s therapeutic effects. The metabolites are
mainly eliminated via the faecal route and to a lesser extent, the renal route (Devinsky
et al., 2014; Therapeutic Goods Administration, 2013). The half-life of cannabidiol is
highly dependent on the route of administration, ranging from 1.1 h to 5 days (Millar et
al., 2018). More specifically, based on 24 studies which analysed the pharmacokinetic
profile of cannabidiol in humans, the half-life was 1-11 h for oromucosal administration,
24 h for intravenous administration, 31 h for smoking and 2-5 days for chronic oral
administration (reviewed in Millar et al., 2018). The long half-life probably reflects the

storage of cannabidiol in fatty tissues and the subsequent slow redistribution.

1.5.3.4 Pharmacokinetic interactions

Little data exist on drug-drug interactions with cannabidiol. Nonetheless, concerns
have been raised over cannabidiol’s potential pharmacokinetic interactions with other
drugs (Chen et al., 2019; Devinsky et al., 2014; Lucas et al., 2018). The metabolism of
cannabidiol is highly dependent on the CYP3A4 and CYP2C19 isozymes. This was made
evident by the changes in cannabidiol maximum plasma concentration in healthy male
subjects during coadministration with the CYP3A4 inducer rifampicin (Cmax -52%) or
with the CYP3A4 inhibitor ketoconazole (Cmax: +89%; Stott et al., 2013). An in vitro
study has also demonstrated that cannabidiol is a potent CYP2C19 inhibitor (Jiang et al.,
2013). Pharmacokinetic interactions are of concern in patients using cannabidiol as an
adjunct to their epilepsy medicine, as some of the epilepsy drugs are highly metabolised
by the same CYP isozymes as cannabidiol. Clobazam and valproates are the two most
common antiepileptic drugs used by children with Dravet syndrome (Devinsky et al.,

2017). Clobazam is a benzodiazepine used for short-term treatment of anxiety
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symptoms in adults and as an adjunctive agent in children with refractory epilepsy
(Devinsky et al., 2017; NPS MedicineWise, 2020; Russell et al., 2018). It is metabolised
by CYP3A4 to the active metabolite N-desmethylclobazam, which mediates 20% of
clobazam’s activity (Russell et al, 2018). N-desmethylclobazam is subsequently
metabolised by CYP2CI9 to its inactive metabolite. In a clinical trial, cannabidiol was
investigated as a possible adjunct to clobazam in children with refractory epilepsy
(Geffrey et al., 2015). The comedication significantly increased clobazam and N-
desmethylclobazam plasma concentrations by 60 + 80% and 500 + 300% (+ standard
deviation), respectively. The adverse effects reported were similar to those commonly
seen in patients treated with high doses of clobazam and were alleviated once the dose
had been decreased. The plasma concentration of cannabidiol was not affected by the
presence of clobazam. Valproate, a commonly used anticonvulsant, in combination
with cannabidiol increases aspartate aminotransferase and alanine aminotransferase, in
patients with Dravet syndrome (Devinsky et al., 2017; Devinsky et al., 2018). High
aminotransferase concentrations are associated with hepatotoxicity. In a clinical study
on the effects of cannabidiol on treatment-resistant Dravet syndrome in children,
elevated aminotransferase levels were observed in 12 out of 120 patients, all of which
were being co-medicated with valproate (Devinsky et al., 2017). In another clinical
study, they assessed the safety and pharmacokinetic interactions with cannabidiol in 34
patients with Dravet syndrome; all patients with aminotransferase abnormalities were
taking concomitant valproate (Devinsky et al., 2018). The aminotransferase increase
was resolved while patients continued their treatment or upon the trial completion,
which indicates that the elevated aminotransferase levels were induced by transient
metabolic stress (Devinsky et al., 2017; Devinsky et al., 2018). The mechanism of the
pharmacokinetic interaction between valproate and cannabidiol is unknown as the two

drugs do not share the same metabolism pathway (Morrison et al., 2019).

Cannabidiol, compared to other cannabinoids, uniquely inhibits P-glycoprotein-
mediated drug transport in vitro (Zhu et al., 2006). P-glycoproteins are ATP-dependent
efflux transporters; hence inhibition of the transporter would increase intracellular

concentrations of P-glycoprotein-dependent compounds (Zhu et al., 2006). The
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potential role of P-glycoproteins in cannabidiol’s pharmacokinetic interactions has not

been investigated further.

Coadministration of various cannabinoids enhances the plasma concentration of
cannabinoids, as they share similar pharmacokinetic profiles. In both animal and
human studies, cannabidiol and THC treatment induced increased plasma and tissue
concentrations of phytocannabinoids (Anderson et al., 2020; Arkell et al., 2019). Due to
the increased access of unregulated cannabidiol (section 1.4.1), there is widespread
unreported self-medication that can cause severe cannabidiol-induced indirect adverse
effects of co-administered drugs. This is evident in a case study of a 13-year-old girl
suffering from metastasised cancer and pain who was being treated with the opioid
methadone (Madden et al., 2020). Unbeknown to her physicians the parents were also
treating the daughter with high oral cannabidiol doses with the hope of it having anti-
tumour effects. The girl’s physicians were contacted by the parents as the girl was
experiencing increased fatigue and sleepiness, symptoms that were worsening by the
day. Upon the discovery that the patient had been treated with cannabidiol by the
parents, methadone plasma concentrations were measured revealing that there was a

significant enhancement which could explain the adverse effects experienced by the

child.

1.5.3.5 Plasma concentration

The relevance of nonclinical studies highly depends on the experimental conditions
used. It is of great importance that experiments are performed under physiological
conditions including using clinically relevant concentrations when evaluating the
potential medicinal benefits of a drug. Based on both clinical and nonclinical studies,
cannabidiol has extensive medicinal benefits. However, many cannabidiol studies use
supraphysiological concentrations, which are deemed to be clinically irrelevant as these
concentrations are higher than those detected in humans or what is
pharmacokinetically possible to achieve, especially with cannabidiol’s poor
pharmacokinetic profile. It is especially important to use clinically relevant

concentrations when studying the potential mechanism(s) of actions of a drug as there
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is a loss of target selectivity with increased drug concentration. This is particularly
relevant for cannabidiol, as it is a promiscuous drug with many targets over a great range
of concentrations (section 1.6; Figure 1-8). Table 1-1 summarises the plasma
concentrations of cannabidiol in patients with epilepsy who have been treated with an
oral cannabidiol solution and in mice with hyperthermia-induced seizures that were
treated with i.p. injections of cannabidiol. The plasma concentrations of cannabidiol in
humans have been important in determining what concentrations of cannabidiol to use

when exploring its effects on vascular tone ex vivo and mechanisms of action in this

thesis (Chapter 4).

1.5.3.6 How to improve cannabidiol’s pharmacokinetic profile

The main pharmacokinetic challenges with cannabidiol result from its hydrophobic
properties which limit its oral bioavailability. Cannabidiol’s bioavailability can be
increased by changing the route of administration to inhalation of vaporised
cannabidiol. In five individuals, vaporised cannabidiol resulted in a bioavailability of
31% compared to 6% during oral administration (Ohlsson et al., 1986). A more recent
study confirmed a substantial higher bioavailability of cannabidiol when vaporised
compared to orally dosed (Spindle et al., 2020). In 12 healthy females and males,
vaporised cannabidiol-induced a 10-fold higher whole-blood cannabidiol concentration
(104.6 + 76.5 ng/ml) than oral cannabidiol (I11.1 + 14.7 ng/ml) administration. The
advantage of the inhaled route compared to oral administration is the quick delivery of
cannabidiol which results in a faster (shorter Tmax) maximum plasma concentration
(Cmax) and therefore an increased overall bioavailability. However as discussed in Millar
et al. (2020), the large standard deviations indicate that there is great inter-subject
pharmacokinetic variability. In addition, the solubiliser used to create the cannabidiol

vaporiser solution may be a cause of irritation for some patients.

A recent publication explored different methods of improving the water solubility of
cannabidiol which could lead to higher absorption and therefore also a greater
bioavailability (Koch et al., 2020). This is promising, as aqueous solubility-enhanced

cannabidiol preparations would increase the therapeutic benefits of cannabidiol.
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Table 1-1. Cannabidiol plasma concentrations in animals and humans

. . Dose Plasma concentration Mean converted
Subjects Drug treatment Blood sample collection ) Reference
(mg/kg/d) (ng/ml)* concentration (pM)+
Senla™ mice 12 402 + 59 1.28
D d A . After the end of And
ravet syndrome cute i.p. injections hyperthermia-induced 55 771 + 82 5.45 nderson et
model 3 study groups i ) al. (2020)
seizures experiment
100 2826 + 242 8.99
Oral solution 5 130 £ 170 0.41
Children (4-10 y/o) 3-week treatment 3 ks of treatment Devinsky et
eeks of treatmen evinsky e
Dravet syndrome including dose week . ) 10 242 +159 0.77 vinsey
. 2.5 h post-dose time point al. (2018)
titration
3 study groups 20 380 + 370 1.21
Oral soluti
Children and ra’ sofution Measurement within the 20 82-1000 (x=388) 1.23
8-week treatment
teenagers (4-19 y/o) i ) same study group at 4 (20 Geffrey et al.
Refractory epil including dose /kg/d) weeks and 8 (2015)
efractory epilepsy titration mg/kg/d) weeks an 5 100-800 (%=450) 1.43
weeks (25 mg/kg/d)
1 study group

*Plasma concentrations are expressed as mean + S.E.M. Anderson et al. (2020) and mean + S.D. Devinsky et al. (2018). fCalculations are made on the basis of
cannabidiol’s molecular weight (M) of 314.5 g/mol.



1.6 The diverse pharmacological targets for cannabidiol

Cannabidiol is a promiscuous drug as it has multiple targets over a wide range of
concentrations. Despite extensive preclinical evidence on the medicinal benefits of
cannabidiol, the specific pharmacological targets remain unknown. Over 65 unique
pharmacological targets have been reported in the literature for cannabidiol (reviewed
in Ibeas Bih et al, 2015) across the endocannabinoid system (section 1.6.1),
endocannabinoidome (section 1.6.2) and other targets (section 1.6.3). Some of the
targets are unlikely to be relevant as the effects of cannabidiol have only been observed
at supraphysiological concentrations (=10 pM), which cannot realistically be achieved

in vivo (Ibeas Bih et al., 2015).

This section summarises the main pharmacological targets for cannabidiol in different
conditions with the exception of the cardiovascular system which is discussed in more

detail in Chapter 4 and Chapter 5.

1.6.1 Endocannabinoid system

1.6.1.1 CB; receptors

There is a clear structural overlap between cannabidiol and THC (Figure 1-3). Whereas
THC is a planar molecule, cannabidiol has an angled configuration resulting in its poor
affinity at the CB; orthosteric site (Ki: 3.3 pM) (Burstein, 2015; reviewed in McPartland
et al., 2015). Unlike THC, cannabidiol does not induce the classic CB; receptor agonist-
like tetrad of hypolocomotion, analgesia, catalepsy and hypothermia (Long et al., 2010).
Several studies have demonstrated that cannabidiol displaces exogenous CB; agonists
in various in vitro assays (pooled Kg: 88.5 nM; n=6) (reviewed in McPartland et al., 2015),
including the vas deferens bioassay (reviewed in Chapter 3). Interestingly, cannabidiol
inhibits CB; agonists with a 37-fold greater potency than its affinity at the orthosteric
site, suggesting that it has indirect CB; activity. Recent studies have confirmed this by
demonstrating that cannabidiol negatively modulates the CB; receptor by acting at an
allosteric site (Laprairie et al., 2015; Tham et al., 2018). To further complicate matters,
cannabidiol has CBi agonistic in vivo effects at higher concentrations (>10 pM) which

are antagonised by CBi-selective inverse agonists or are absent in CB; knockout mice
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(reviewed in McPartland et al., 2015), most likely due to augmented endocannabinoid

tone (section 1.6.1.3).

1.6.1.2 CB; receptors

There are limited data on the involvement of CB: receptors in the in vivo effects of
cannabidiol. Cannabidiol has a low affinity at CB> receptors (pooled Ki: 3.6 pM, n=6)
(reviewed in McPartland et al., 2015). Cannabidiol acts at the orthosteric CB> receptor
site, unlike its activity at CB; receptors (Tham et al, 2018). At high concentration,
cannabidiol (10 uM) displays inverse agonism by inhibiting [*>S]GTPYS binding in
human CB>-CHO cells (Emax: -15% below basal response, ECso: 503 nM) (Thomas et al.,
2007). Similar to the activity of cannabidiol at the CB; receptors, cannabidiol
antagonises the CBz-active agonist with higher potency (Kg) than its affinity (K;) at the
CB; orthosteric sites in human CHO (Kg: 65 nM) (Thomas et al., 2007) and HEK293A
(Kp: 641 nM) (Tham et al., 2018) cells. The discrepancy in potency is likely a result of

the differences in the cell lines used including the species origins of cells.

Cannabidiol induces CBz-dependent anti-inflammatory effects in animal models of
hypoxic-ischaemic brain injury. More specifically, in hypoxic-ischaemic immature brain
forebrain slices from newborn mice, cannabidiol (100 pM) significantly decreased
release of several proinflammatory cytokines (Castillo et al., 2010). These effects were
reversed by CBz or adenosine receptor antagonists. Given the high concentrations of
cannabidiol used, this finding may be deemed clinically irrelevant. In a hypoxic-
ischaemic brain injury model in newborn piglets cannabidiol (1 mg i.v.) decreased pro-
inflammatory IL-1levels (Pazos et al., 2013). The effects of cannabidiol were reversed by

CB2 or 5-HT1a antagonists.

1.6.1.3 Indirect CB; receptor activation

As various studies have demonstrated that the effects of cannabidiol can be reversed by
CB; antagonists, cannabidiol has been claimed to exert indirect CB; agonism by
augmenting endocannabinoid tone (reviewed in McPartland et al., 2015). The CB;

antagonists rimonabant or AM251 reverse a range of cannabidiol-mediated in vivo
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effects including cannabidiol-exacerbated (10 mg/kg i.p.) sepsis-induced gastric
hypomobility in mice (De Filippis et al, 2008), cannabidiol-facilitated (2 pg i.c.v.
injections) extinction of fear in rats (Bitencourt et al., 2008), cannabidiol-induced (15-
60 mg/kg i.p.) decrease in obsessive-compulsive behaviour in mice (Casarotto et al.,
2010) and cannabidiol-attenuated (5-60 mg/kg i.p.) aggressive behaviour in mice
(Hartmann et al., 2019). Furthermore, cannabidiol-rich plant extract (p.o.) induced

neurogenesis in wild type mice, but not in CB; knockout mice (Wolf et al., 2010).

Cannabidiol can augment endocannabinoid tone through various mechanisms
including inhibition of the hydrolysis of the endocannabinoid anandamide by blocking
of FAAH enzymes, inhibition of the uptake of anandamide through a putative
transporter or by activation of phospholipase A> and therefore mobilisation of
arachidonic acid - a precursor of endocannabinoids (Bisogno et al., 2001; De Petrocellis
et al., 2011; reviewed in McPartland et al., 2015). Cannabidiol inhibits the hydrolysis of
anandamide and the putative anandamide transporter with a pooled potency (ICso) of
19.8 pM and 20.2 pM, respectively (reviewed in McPartland et al., 2015). Furthermore,
cannabidiol mobilises arachidonic acid with a potency of 6.4 pM (ECso; Burstein &
Hunter, 1978; Evans et al., 1987; White & Tansik, 1980). The indirect CB; agonism of
cannabidiol could explain the synergistic effects observed between cannabidiol and
THC, which is also ascribed to the ability of cannabidiol to modulate the metabolism of
THC during co-administration, hence increasing the CB; partial agonism effects of THC

(reviewed in McPartland et al., 2015).

1.6.2 Endocannabinoidome

Since the discovery of the endocannabinoid system, various other long-chain fatty-acid
amides have been identified. These mediators share similar properties to the
endocannabinoids, including the biosynthetic pathway, receptor targets and/or
degradation enzymes. Therefore, an expanded endocannabinoid system has been
suggested, namely the “endocannabinoidome” (reviewed in Cristino et al., 2020; Di
Marzo, 2018; Witkamp, 2016). The endocannabinoidome includes mediators

biochemically related to endocannabinoids, and their receptor and degradation
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enzymes. Some of the pharmacological targets in the endocannabinoidome involve the
well-studied receptors TRPV1, PPARY, PPARa and the orphan GPCRs GPR55 and GPRIS,

which are yet to be fully characterised.

1.6.2.1 The orphan GPCR GPR55

GPR55, an orphan GPCR, was initially described as a novel cannabinoid receptor
(Ryberg et al., 2007). However, GPR55 appears to have low sequence identity with
cannabinoid receptors (McPartland et al., 2006). The receptor is expressed in rat
intestines including the ileum, duodenum and colon (Lin et al., 2011), in various regions
of the mouse brain including the frontal cortex and striatum (Ryberg et al., 2007), and
human osteoclasts and osteoblasts (Whyte et al.,, 2009). While the physiological
function of GPR55 is not well understood, it appears to have a potential role in
inflammation and to be involved in energy homeostasis by regulating food intake, gut

motility, fuel storage in adipocytes and insulin secretion (reviewed in Liu et al., 2015).

The direct affinity and efficacy of cannabidiol at GPR55 have not been measured.
However, cannabidiol antagonises GPR55 agonists in three cell assay studies with a
pooled mean ICso of 433 nM (reviewed in McPartland et al., 2015; Ryberg et al., 2007;
Whyte et al., 2009). In human monocytes and NK cells, cannabidiol antagonised the
release of proinflammatory cytokines IL-12 and TNF-« resulting from GPR55 activation

by 0-1602, a cannabidiol analogue (Chiurchiu et al., 2015).

1.6.2.2 The orphan GPCR GPR18

GPRIS8 is another orphan GPCR in the endocannabinoidome. The receptor is expressed
in many different cell types. It is found at highest levels in spleen and bone marrow
followed by the lungs, thymus and cerebellar mouse tissues (Regard et al., 2008).
Interestingly, GPR18 is one of the most highly expressed GPCR in melanoma metastases
from different individuals (Qin et al., 2011). GPRIS8 sustains human tumour cell survival,
hence inhibition of the receptor increases apoptosis of tumour cells (Qin et al., 2011).
Similar to GPR55, the physiological functions of GPRI8 are not well understood.

However, modulation of the receptor appears to be associated with a range of
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physiological processes including cardiac physiology, sperm physiology, cellular
migration, immunomodulation, intraocular pressure, obesity, pain and cancer (Sotudeh
et al., 2019). It has been proposed that GPRI8 is endogenously targeted by the fatty acid
metabolite resolvin D2 - an immunoresolvent that stimulates resolution of acute
inflammation (Chiang et al., 2015). Another suggested endogenous ligand is the lipid
derivative N-arachidonoyl glycine (NAGly; McHugh et al., 2010; McHugh et al., 2012).
However, data confirming endogenous ligands for the receptor are conflicting hence

the orphan status of GPRIS8.

Cannabidiol is a weak partial agonist or antagonist at GPRI8 (ECso 51.1 uM) (McHugh et
al., 2012). However, cannabidiol potently antagonises THC at GPRI8 with a calculated
Kg of 57.1 nM (McHugh et al., 2012).

1.6.2.3 Other orphan GPCRs

Except for GPR55 and GPRIS, cannabidiol also modulates the activity of three other
orphan GPCRs, including GPR3, GPR6 and GPRI2 (Brown et al., 2017; Laun & Song,
2017). These receptors share approximately 60% amino acid identity and are
phylogenetically related to cannabinoid receptors (reviewed in Laun et al., 2019). GPR3,
GPR6 and GPRI2 were cloned in the early- to mid-1990s and are expressed in various
brain regions. Similar to other GPCRs, these orphan receptors regulate various
physiological processes. GPR3 may be involved in the pathology of Alzheimer’s disease
as it is overly expressed in brain tissue collected post-mortem from patients with this
disease (Laun & Song, 2017). GPR6 has been suggested as a possible target for both
Alzheimer’s and Parkinson’s diseases and plays an important role in instrumental
learning. Besides the brain, GPRI2 is also expressed in oocytes where it mediates meiotic
arrest (Brown et al.,, 2017). All three orphan GPRs are coupled to both Gs- and Gi-
proteins. Few molecular targets for these GPRs have been identified, hence their orphan
status. Both endocannabinoids and a range of different phytocannabinoids were tested
as potential targets (Brown et al, 2017; Laun & Song, 2017). Neither the
endocannabinoids anandamide and 2-AG nor the phytocannabinoids A’-THC,

cannabinol, cannabigerol and cannabichromene had any effect at these GPRs.

38



Cannabidiol was the only cannabinoid that interacted with the GPRs. It inhibited the
recruitment of B-arrestin2 at both GPR6 and GPR3, acting as an inverse agonist with
ECso values of 1.22 uM and 0.18 pM, respectively. Cannabidiol is also an inverse agonist
at GPRI2 where it inhibited cAMP accumulation with an approximate ECso of 1 pM
(Brown et al., 2017).

1.6.2.4 TRPV1 channels

TRPV1 is a cation channel that is activated by ligands, heat and protons (Tominaga et
al., 1998). The channels are mainly involved in nociception. Some of cannabidiol’s anti-
inflammatory, analgesic and antiseizure effects are likely mediated by TRPVI channels.
Cannabidiol interacts with the channels by firstly activating them followed by the
subsequent desensitisation (De Petrocellis et al., 2011; lannotti et al., 2014). This has
been demonstrated in three separate fluorescence-based calcium HEK 293 cell assays
overexpressing human TRPVI channels (Bisogno et al., 2001; De Petrocellis et al., 2011;
Ligresti et al., 2006). Cannabidiol elevated intracellular calcium with an ECso of 3.6 pM
(Bisogno et al., 2001), 1 uM and 1.2 uM (cannabidiol botanical extract; pooled ECso: 1.9
uM) (De Petrocellis et al., 2011). The ability of cannabidiol to desensitise TRPVI channels
has also been evaluated against capsaicin-induced TRPV1 activation (0.1 pM), resulting
in an ICsp of 0.6 pM (cannabidiol botanical extract; De Petrocellis et al, 2011).
Furthermore, in a patch-clamp electrophysiology study of HEK 293 cells expressing
different rat TRPV channels, cannabidiol (3-30 puM) concentration-dependently
activated and rapidly desensitised TRPV1 (Iannotti et al., 2014).

In a mouse model of hepatitis, cannabidiol decreased several pro-inflammatory
cytokines including IL-2 and TNF-a (Hegde et al., 2011). These effects were not observed
in TRPVI knockout mice. Cannabidiol (10 mg/kg p.o.) also attenuated peripheral
hyperalgesia in carrageenan intraplantar injected rats which was reversed by the TRPV1
antagonist capsazepine (2 mg/kg i.p.; Costa et al.,, 2004). Interestingly, the analgesic
effects of cannabidiol and THC were greater than the effect of THC-only treatment,
which is believed to result from cannabidiol’s interaction with TRPV1 channels (Comelli

et al., 2008). Cannabidiol’s antiseizure effects are likely mediated by multiple effector
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targets (section 1.5.2), including TRPVI channels, since they are involved in both the
onset and progression of epilepsy (lannotti et al, 2014; Naziroglu, 2015). TRPV1
channels are expressed in the hippocampus, the main brain region that mediates
epilepsy symptoms. Desensitisation of TRPVI channels would likely decrease neuronal
excitability and neuronal transmission (Naziroglu, 2015). Cannabidiol’'s TRPVI-
mediated anti-epileptic effects have recently been demonstrated in an animal study
where cannabidiol attenuated seizure and EEG activity in a pentylenetetrazole mouse
model of epilepsy; the effects were reversed by TRPV1, CB; or CB; antagonists (Vilela et
al., 2017).

1.6.2.5 PPARy

PPARY, which is also known as the glitazone receptor, is a nuclear receptor that is
mainly responsible for glucose metabolism and lipid storage. Some of cannabidiol’s
reported anticancer effects are believed to be mediated by PPARy. In lung cancer cell
lines (A549 and H460) and human primary cells from patients with lung cancer,
cannabidiol (1-3 pM)-induced apoptosis of cancer cells was paralleled by the
upregulation of PPARy and COX-2 mRNA (Ramer et al, 2013). Furthermore,
cannabidiol has demonstrated promising neuroprotective effects in models of
Alzheimer’s disease (Karl et al., 2012; Vallée et al., 2017). The mechanism of action has
been suggested to involve the upregulation of PPARy (de la Monte & Wands, 2006).
Cannabidiol also decreases reactive gliosis and the consequent neurodegeneration
resulting from B-amyloid-induced neurotoxicity of rat hippocampal sections (Esposito
et al., 2011). More specifically, cannabidiol treatment (10 mg/kg i.p.) of rats for 15
consecutive days induced neuroprotection mediated by PPARY as the protective effects
of cannabidiol were reversed by the PPARy antagonist GW9662 (1 mg/kg i.p.). The
potency of cannabidiol at PPARYy receptors has been assessed in two binding studies in
HEK 293 cells, resulting in an ICso of 5 pM (O'Sullivan et al., 2009) and ECsp of 20.1 uM
(Granja et al., 2012).
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1.6.3 Endocannabinoidome-independent targets

1.6.3.1 5-HT;a receptors

5-HTia receptors negatively modulate neurotransmission and are involved in autonomic
control. Cannabidiol has a relatively low affinity at the orthosteric site of serotonin
receptors (reviewed in McPartland et al., 2015). The approximate pooled affinity (K;) of
cannabidiol for 5-HT1a receptors is 16 pM. While cannabidiol is not a potent orthosteric
5-HT receptor agonist, it can indirectly potentiate the activation of the receptors at
lower concentrations (reviewed in Pertwee, 2014). This is evident by the ability of
cannabidiol to enhance the stimulation of [*>S]GTPYS binding in rat brainstem, induced
by a 5-HTia receptor agonist (Rock et al., 2012). Interestingly, this enhancement was
apparent with a cannabidiol concentration of 100 nM, but not with 1, 10, 32 and 1000
nM, indicative of a bell-shaped 5-HTia function. This is supported by in vivo data where
cannabidiol’s 5-HTia receptor-mediated effects are either biphasic or bell-shaped
(reviewed in Pertwee, 2014). Several beneficial in vivo effects of cannabidiol can be
blocked by 5-HTia receptors antagonists. Cannabidiol induces 5-HTia-mediated
attenuation of nausea and vomiting in several animal studies. Cannabidiol (5 mg/kg
i.p.) decreased lithium chloride-induced conditioned gaping (a measure of nausea) in
rats by acting on 5-HTia receptors in the dorsal raphe nucleus (Rock et al., 2012).
Similarly, cannabidiol attenuated both cisplatin- (Parker et al,, 2006) and lithium
chloride-induced (Parker et al.,, 2004) vomiting and anticipatory retching in house
musk shrews. The antinausea and anti-vomiting effects in rats and shrews are most
likely due to indirect activation of 5-HTia receptors in the brainstem as local injections
of cannabidiol into the dorsal raphe nucleus caused antinausea effects in rats (Rock et

al., 2012).

Cannabidiol also induces 5-HTia-mediated anxiolytic effects (Crippa et al., 2018;
reviewed in McPartland et al., 2015; Pertwee, 2014). Cannabidiol injected into the
dorsolateral periaqueductal gray in rats caused bell-shaped dose-response curved
anxiolytic-like effects in the elevated plus-maze test (Campos & Guimardes, 2008).
Cannabidiol also has 5-HTia-mediated anxiolytic-like effects when injected in other

brain structures involved in anxiety-like behaviours, including the bed nucleus of the
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stria terminalis (Gomes et al., 2012) and the prelimbic prefrontal cortex (Fogaca et al.,
2014). Bell-shaped dose-response curves for the anxiolytic effects of cannabidiol have
also been confirmed recently in humans. This was firstly shown through a simulated
public speaking test, where an oral dose of 300 mg significantly decreased anxiety in
subjects while speaking, but not 150 and 600 mg (Linares et al., 2019). Similarly in a
previous study, subjects underwent public speaking in a real situation test, where
anxiety measures were decreased with cannabidiol 300 mg, but not 100 and 900 mg

(Zuardi et al., 2017).

In mice, 5-HTia receptors also mediate cannabidiol-induced anti-catalepsy (Gomes et
al., 2013b) and antidepressant effects (Zanelati et al., 2010). While in rats, cannabidiol
causes antinociception (Maione et al.,, 2011) and improvement in locomotion and
cognition in mouse models of hepatic encephalopathy induced by bile duct-ligation, a

model (Magen et al., 2010).

1.6.3.2 Adenosine A;a receptors

Adenosine is involved in immunosuppression and is released in response to cellular
stress and inflammation (Carrier et al., 2006). Termination of adenosine signalling is
highly dependent on cellular reuptake. Cannabidiol indirectly activates adenosine
receptors by inhibiting adenosine reuptake (reviewed in McPartland et al, 2015;
Pertwee, 2014). More specifically, cannabidiol inhibits the reuptake of adenosine into
murine microglia and RAW264.7 macrophages (Carrier et al., 2006) with a pooled ICso
of 122 nM (McPartland et al., 2015). The adenosine Aza receptor is likely involved in
some of cannabidiol’s anti-inflammatory properties (reviewed in Burstein, 2015).
Cannabidiol’s adenosine Axa receptor-mediated anti-inflammatory effects have been
demonstrated in different mice models with induced inflammation including
lipopolysaccharide (LPS)-treated mice (cannabidiol 1 mg/kg i.p. treatment; Carrier et
al., 2006), Theiler’'s murine encephalomyelitis virus-induced demyelinating disease
(TMEV), an MS model (cannabidiol 5 mg/kg i.p. treatment; Mecha et al., 2013) and LPS-
induced acute lung injury in mice (cannabidiol 20 mg/kg i.p. treatment; Ribeiro et al.,

2012). In all these studies adenosine Aza antagonists attenuated the anti-inflammatory
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effects of cannabidiol. Cannabidiol also attenuated the incidence and duration of
ventricular tachycardia in rats (cannabidiol 50 pg/kg i.v. treatment; Gonca & Darici,
2015). However, cannabidiol’s antiarrhythmic effects were mediated by the adenosine

A1 receptor rather than the adenosine Aza receptor.

1.6.3.3 Glycine receptors

Glycine receptors are ionotropic receptors widely distributed in the central nervous
system where they modulate physiological processes by inhibiting neurotransmission,
mainly in the spinal cord and brain stem (Lynch, 2004). As glycine receptors are
expressed in spinal cord sensory pathways, compounds that activate glycine receptors
may function as potential lead analgesic agent. Cannabidiol is a positive allosteric
modulator of glycine receptors with a pooled ECso of 11 uM (Ahrens et al., 2009;
reviewed in McPartland et al., 2015; Xiong et al., 2011). Chronic pain that results from
inflammation or nerve injury is due to loss of inhibitory synaptic transmission within
the spinal cord dorsal horns, hence activation of glycine receptors to potentiate

inhibition of neurotransmission may induce effective analgesia.

1.6.3.4 p- and 6-Opioid receptors

Cannabidiol also targets opioid receptors, mainly p- and §-opioid receptors (McPartland
et al., 2015). In kinetic binding studies in rat cerebral cortex membrane homogenates,
cannabidiol allosterically modulates p- and §-opioid receptors (Kathmann et al., 2006).
At the p-opioid receptor, cannabidiol accelerated the naloxone-induced dissociation of
the agonist "H-DAMGO, resulting in a pECso of 4.38. Cannabidiol 100 uM accelerated
the dissociation of ’H-DAMGO by 12-fold, indicative of negative allosteric modulation.
This may explain the ability of cannabidiol 10 uM to dextrally shift DAMGO
concentration-response inhibitory curves in electrically induced mouse vas deferens
contractions (Pertwee et al, 2002). Furthermore, cannabidiol accelerated the
dissociation of the antagonist radioligand *H-naltrindole from the 8-opioid receptor by
a factor of 2. While cannabidiol allosterically modulates the activity of p- and §-opioid

receptors, it does this at high concentrations and thus, this cannot be expected to
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contribute to any clinically relevant effects (Kathmann et al, 2006; reviewed in

McPartland et al., 2015)

1.6.3.5 a;-Adrenoceptors

Cannabidiol has poor efficacy at cu-adrenoceptors. In mouse vas deferens, cannabidiol
10 pM insurmountably antagonised noradrenaline, phenylephrine, and methoxamine-
induced contractions (Pertwee et al., 2002). In rat isolated vas deferens experiments
performed in our laboratory (Chapter 4), cannabidiol 30 pM did not affect contractions
of tissues to noradrenaline compared to the vehicle, while cannabidiol 100 pM
decreased maximum contractions by 45% without affecting the potency of

noradrenaline (Figure 4-16B).

1.6.3.6 Dopamine D, receptors

Cannabidiol moderates the effects of dopamine through negative allosteric modulation
of dopamine D> receptors and by indirectly affecting dopamine levels (reviewed in
McPartland et al., 2015). Psychosis is mainly treated with dopamine antagonists.
Inhibition of dopamine receptors when treating psychosis has several disadvantages,
including the devoid of effects on negative and cognitive symptoms (reviewed in Davies
& Bhattacharyya, 2019). Direct dopamine receptor antagonism also causes
extrapyramidal adverse effects. Cannabidiol treatment of psychosis may avoid
extrapyramidal adverse effects by indirectly modulating dopamine levels rather than
directly antagonising dopamine receptors. Various preclinical studies support a role for
cannabidiol as an antipsychotic medication. For instance, cannabidiol decreases
hyperlocomotion in mice induced by amphetamine (dopamine agonist) or ketamine
(NMDA glutamate receptor antagonist) without inducing extrapyramidal effects
(Moreira & Guimardes, 2005). Hyperlocomotion is used as a model of positive psychotic
symptoms (Jones et al., 2011). Antipsychotic effects of cannabidiol have also been
confirmed in two double-blind randomised trials where cannabidiol 800 mg (Leweke
et al., 2012) and 1000 mg (McGuire et al., 2018) per day as a monotherapy or in
conjunction with other antipsychotic drugs, respectively, alleviated signs and symptoms

of schizophrenia.
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While various animal and human studies have suggested that the antipsychotic effects
of cannabidiol are independent of direct dopamine receptor antagonism, a relatively
recent study in rat brain striatal cells demonstrated the contrary (Seeman, 2016).
Cannabidiol interacted with dopamine D> receptors in a similar fashion to known
dopamine D partial agonist aripiprazole, by inhibiting the binding of [’H]-
domperidone (dopamine D> antagonist) at the high- and low-affinity sites of the

dopamine D> receptor with an ICso of 66 nM and 2800 nM, respectively.

1.6.3.7 GABAA receptors

Cannabidiol increases GABA levels and may positively allosterically modulate the
GABAA\ receptor (reviewed in McPartland et al., 2015). As described (section 1.5.2),
cannabidiol is being used to treat epilepsies like Dravet syndrome in children. One of
the mutations involved in the pathogenesis of Dravet syndrome is a mutation in the o
subunits of voltage-gated sodium channels which are predominantly expressed on
inhibitory GABAergic interneurons (Brunklaus & Zuberi, 2014; Steel et al., 2017). This
mutation consequently impairs the firing of GABAergic hippocampal interneurons
which lowers the seizure threshold. As GABA inhibits neurotransmission in the
mammalian CNS by activating GABAa receptors, an impairment results in the over-
excitability of neurons and hence seizures. A recent study demonstrated that both
cannabidiol and anandamide were positive allosteric modulators at various GABAA
receptor subtypes at low micromolar concentrations (Bakas et al., 2017). This study also
concluded that cannabidiol does not act at the benzodiazepine allosteric site. The
potency of cannabidiol (ECso) at the adf2 and 0232 GABAA subunits was 3.7 uM and 2.0
pM (Bakas et al., 2017).
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The bars show the potencies (ECso, ICso or Kp values; section 1.6.) and the nature of the
interaction between cannabidiol and its targets as indicated by the colour of the bars.
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1.7 The effects of Cannabis in the cardiovascular system

Both exogenous and endogenous cannabinoids induce cardiovascular changes in
humans through interactions with the endocannabinoidome. Phytocannabinoids have

demonstrated both positive and severe adverse cardiovascular effects.

As of today, 4% of the world’s adult population have used Cannabis at least once in their
lifetime (United Nations Office on Drugs and Crime, 2015). There are increased positive
attitudes of the public towards Cannabis which may have contributed to its widespread
legalisation (Felson et al., 2019). While the adverse effects of Cannabis are not well-
established, the commonly reported adverse effects include psychiatric conditions such
as anxiety and panic attacks in naive users, an increased risk of psychotic disorders,
mood disturbances, mania, depression and Cannabis addiction and dependence with
repeated and chronic Cannabis consumption (Cohen et al., 2019). Cannabinoid use has
also been associated with cognitive, structural and functional alterations of the central
nervous system. Furthermore, acute and chronic cannabinoid use is associated with
respiratory and cardiovascular adverse effects including decreased airway resistance,
increased risk of developing airway diseases and lung cancer while also causing
increased blood pressure and heart rate, myocardial infarction, cardiomyopathy and
sudden cardiac death. While epidemiological studies on the cardiovascular effects of
Cannabis and its separate components are lacking, they show that patients with
previous myocardial infarction/s ran a 4-time higher risk to have another incident
within 1 h after smoking Cannabis compared to patients who have never had myocardial
infarctions (Mittleman et al., 2001). In patients hospitalised for myocardial infarction in
the United States, the cardiovascular mortality rate was 2.5 times higher in those who
used Cannabis less than weekly, and 4.2 times higher amongst those who used Cannabis
once weekly or more (Mukamal et al., 2008). Recent case reports suggest that Cannabis
use is associated with an increased risk of cardiovascular disease in younger users who
are otherwise considered low-risk (reviewed in World Health Organization, 2016). In a
study on Cannabis-related hospitalisations in Toulouse in France, one-third of the
hospitalisations were attributed to cardiovascular disorders including myocardial

infarction, cerebral stroke and thromboarteritis (Jouanjus et al., 2011). The increased
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reports of Cannabis adverse cardiovascular effects are confounded by increased THC
content (World Health Organization, 2016). The THC potency of Cannabis has
increased over the years as a result of the breeding of THC-dominant Cannabis strains
(World Health Organization, 2016). The THC content in Cannabis has increased from

<2% in the 1980s to =20% in some strains.

The cardiovascular effects of phytocannabinoids are mediated through their interaction
with cannabinoid receptors. The adverse effects of phytocannabinoids are primarily
mediated by THC through the activation of CBj receptors (Pacher et al., 2018). While
CBi and CB; receptors are primarily expressed in the CNS and immune cells (Appendix
1), respectively, functional cannabinoid receptors are also expressed in the
cardiovascular system including in the myocardium, vascular endothelium and smooth
muscle (Chapter 4) and circulating blood cells (Pacher et al., 2018). CBy receptors are
also expressed in the peripheral nervous system and modulate the release of various
neurotransmitter agents (Chapter 3). CB; receptor activation is associated with various
cardiovascular adverse effects. In cultured primary cardiomyocytes and human
coronary artery and umbilical endothelial cells, CB; receptor activation mediates
apoptosis in vitro (Pacher et al., 2018). The involvement of CB; receptors in Cannabis-
induced cardiovascular adverse effects has been demonstrated by the ability of CB;
inhibitors such as rimonabant to reverse the adverse cardiovascular effects in animal
studies (reviewed in Pacher et al., 2018). In contrast, CB> receptor activation induces
cardioprotection in animal models of both myocardial infarction, stroke and restenosis

by attenuating inflammation.

1.7.1 A potential role for cannabidiol in the cardiovascular system

Unlike THC, cannabidiol has demonstrated cardiovascular benefits in animal models of
myocardial infarction, stroke, cardiomyopathy and myocarditis, and in cells of human
primary cardiomyocytes (Pacher et al., 2018; Stanley et al., 2013a). The vasodilatory
effects have been suggested to have potential in treating diseases in the peripheral and
cerebral vasculature (Chapter 4). Furthermore, the cardiovascular risks associated with

THC are dependent on the THC to cannabidiol ratio of the Cannabis in use, whereby
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high cannabidiol to THC Cannabis strains seem to be cardioprotective (reviewed in

Pacher et al., 2018).
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1.8 Thesis aims

Extensive therapeutic claims have been made for cannabidiol including in the
cardiovascular system. Cannabidiol is likely to have a plethora of effects considering the
diversity of its pharmacological targets. However, research to date to support the
cardiovascular claims and the clinically relevant pharmacological targets are limited.
Hence, this study aimed to pharmacologically characterise the CB; activity of
cannabidiol using the rat vas deferens bioassay (Chapter 3). Prior to this, the vas
deferens bioassay was standardised as previous studies using the assay have been
performed in modified physiological salt solution without Mg**. We therefore examined
the effect of varying Mg** concentrations on neurotransmitter-induced contractions in
the vas deferens (Chapter 2). This study also aimed to investigate the local vascular
(Chapter 4) and haemodynamic effects of cannabidiol (Chapter 5), and the potential

mechanisms involved in cannabidiol-specific cardiovascular effects.
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Chapter 2

Standardisation of the vas deferens bioassay: a cannabinoid
receptor pharmacological tool
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2.1 Introduction

The electrically stimulated vas deferens has been used as a bioassay in studies of a range
of pharmacological and physiological processes, ever since its introduction by Hukovic
in 1961 (section 2.1.1). It was the first bioassay to confirm the cannabinoid receptor
activity of the newly discovered endocannabinoid anandamide (Chapter 3; Devane et
al.,, 1992). Various studies since then support a role for prejunctional CB; receptors in
modulating neurotransmitter release and hence the contraction of vasa deferentia
(Chapter 3; Howlett et al., 2002; Pertwee, 1997; Schlicker & Kathmann, 2001). Prior to
commencing a pharmacological analysis of cannabidiol’s CB; receptor activity in the vas
deferens bioassay (Chapter 3), an attempt to standardise the assay was made to
understand why most studies using the bioassay excluded magnesium from the normal
composition of Krebs-Henseleit physiological salt solution (PSS; Berzetei-Gurske et al.,
1996; Christopoulos et al., 2001; Corbett et al., 1984; Hourani et al., 1993; Lay et al., 2000;
North & Surprenant, 2000; Pertwee et al., 2002; Pertwee et al., 1992; Wiley et al., 2011).

2.1.1 The vas deferens bioassay

Animal vas deferens tissues have been used extensively in pharmacological studies since
their introduction by Seid Hukovi¢ in 1961. It has been particularly important for the
development of autonomic neuropharmacology (Hukovi¢, 1997). As with many
scientific findings, the usefulness of the vas deferens tissues in biomedical research
came about as an accident (Hukovi¢, 1997). In 1959, Hukovi¢ intended to use an
experimental animal uterus to repeat studies on the effects of physostigmine by
electrically stimulating the uterus-attached hypogastric nerve. Upon euthanising a
guinea-pig in the laboratory, he discovered he had been given a male guinea-pig. This
led him to isolate and set up a vas deferens in an organ bath instead. He noticed that
electrical stimulation of the hypogastric nerve resulted in strong and regular
longitudinal contractions of the muscle. Later, Michael Rand, a University of Melbourne
Professor of Pharmacology, introduced the assay to Geoff Burnstock and Mollie Holman
who demonstrated that sympathetic activation of the vas deferens preparation induced
excitatory junction potentials (Burnstock & Holman, 1961). Ten years later in 1971, the

Swedish scientist Goran Swedin demonstrated that a 30 s field stimulation of guinea-
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pig and rat vas deferens caused biphasic contractions, a fast and slow twitch response
(Figure 2-1; Swedin, 1971). He observed that the second phase was sensitive to o-
adrenoceptor blockade, while the first phase remained resistant to the blockade. It took
more than 20 years after the discovery of the vas deferens bioassay before the first phase

was attributed to the cotransmitter ATP (Sneddon & Westfall, 1984).

2.1.2 Sympathetic cotransmission of vas deferens

Physiologically, the vas deferens is a duct that conveys spermatozoa from the
epididymis on each testis to the urethra. The emission of spermatozoa relies on the
activation of adrenergic nerves that causes the smooth muscle layers of the vas deferens
to contract (Koslov & Andersson, 2013). Upon nerve stimulation of the vas deferens,
there is a release of ATP which elicits a fast contraction (phase 1) by acting on
postjunctional P2X; ion channel receptors, and noradrenaline, which causes slower
contraction (phase 2) by acting on postjunctional oya-adrenoceptors (Figure 2-1;
Burnstock, 1972; Mallard et al., 1992; McGrath, 1978; Westfall et al., 1978). While the
contraction of nerve-stimulated vas deferens is biphasic due to the release of ATP and
noradrenaline, a third neurotransmitter is likely implicated in the sympathetic
neurotransmission of the vas deferens, namely neuropeptide Y (NPY; Kasakov et al.,
1988). Kasakov demonstrated that ATP, noradrenaline and NPY are cotransmitted in
the guinea-pig vas deferens. The definite role and actions of NPY in the vas deferens
varicosities are still not clearly defined. NPY has been described as having a
neuromodulatory role by potentiating the actions of noradrenaline and ATP while not
inducing a contraction on its own (Figure 2-1; Ellis & Burnstock, 1990). It is believed
that NPY modulates ATP and noradrenaline cotransmission through both pre- and
postjunctional actions (Ellis & Burnstock, 1990). NPY is suggested to enhance the effects
of ATP and noradrenaline postjunctionally (Figure 2-1) and negatively modulate the
release of neurotransmitter prejunctionally. The negative modulation of NPY appears
to predominate over its enhancing effects since vasa deferentia simultaneously exposed
to a train of electrical stimuli and exogenous NPY (0.3 nM-0.3 puM) resulted in an NPY

concentration-dependent inhibition of contraction. However, it can be expected that
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during the single electrical stimulation conditions used in this study, NPY would only

enhance the contractions of tissues as there is no feedback mechanism to consider.
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Figure 2-1. Simplified schema of the excitatory cotransmission in the vas deferens.

Upon a single sympathetic nerve stimulation, there is a release of ATP, noradrenaline and NPY
from the vas deferens nerve varicosities. ATP elicits smooth muscle contraction in the vas
deferens by binding to postjunctional P2X; ion channel receptors, resulting in the opening of
non-selective cation channels, causing an influx of Ca** and excitatory junction potentials.
Noradrenaline elicits smooth muscle contraction by binding to postjunctional o-
adrenoceptors, causing an increase in inositol triphosphate which mobilises Ca** from the
endoplasmic reticulum. NPY is believed to potentiate the effects of both ATP and noradrenaline
through their respective postjunctional receptors.
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2.1.2.1 Neurotransmitter release from nerve varicosities

The neurotransmitters in the vas deferens are stored in prejunctional vesicles (Figure
2-1). There is no conclusive evidence to confirm whether they are co-stored in the same
vesicles or in separate vesicles. (Burnstock & Verkhratsky, 2010; Koslov & Andersson,
2013). It is believed that NPY is released from large granular vesicles while ATP and
noradrenaline are released from separate small granular vesicles (Burnstock &
Verkhratsky, 2010). ATP and noradrenaline are most likely stored in separate vesicles
in sympathetic nerve terminals as their release from vesicles is modulated differently by

various agents (Burnstock & Verkhratsky, 2010).

2.1.2.2 Therole of P2X;-receptors in ATP-induced contractions

The P2Xj receptor is one of seven purinergic P2X receptors found in mammals and is
distributed in smooth muscle cells and platelets (Burnstock & Verkhratsky, 2010; Khakh
& North, 2006). Upon nerve stimulation of the vas deferens, ATP is released from
prejunctional terminals and binds to P2Xj receptors on the smooth muscle. This will
activate the opening of nonselective cation channels and a subsequent Ca** influx which

will cause the tissue to contract.

P2X; receptors clearly mediate ATP-induced contractions as contractions of vasa

deferentia isolated from P2X,"”

mice were attenuated by 60% while also not
responding to P2X; agonism (Mulryan et al., 2000). This finding has generated the idea
of using P2X; antagonists as novel male non-hormonal contraceptives, which would
likely be a safer alternative to other suggested male contraceptives which cause
dysfunction of sperm (Burnstock & Verkhratsky, 2010; Mulryan et al., 2000; White et

al., 2013).

ATP is a nucleotide with significant importance in the extracellular signalling between
cells. ATP binds to cell-surface P2-purinoceptors, including P2Y (metabotropic) and
P2X (ionotropic) receptors. P2X receptors consist of pores which upon the binding of

ATP will allow the inflow of ions into the intracellular space which results in a change
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in the transmembrane potential. Following signalling, ATP will be rapidly degraded to
ADP, AMP and adenosine (Khakh & North, 2006).

2.1.2.3 The role of a;-adrenoceptors in noradrenaline-induced contractions

Noradrenaline-induced contractions in the vas deferens are predominantly a result of
binding to og-adrenoceptors. Interestingly, a study of the rat vas deferens found that
while the contractions induced by exogenous noradrenaline were mediated by ous-
adrenoceptors, endogenous noradrenaline mediated contractions through oup-
adrenoceptors (Honner & Docherty, 1999). When noradrenaline binds to au-
adrenoceptors inositol triphosphate is generated which triggers the release of Ca** from

the endoplasmic reticulum.

2.1.3 Mg?, or not Mg?*, that is the question

Many studies using the isolated vas deferens bioassay have been performed in modified
Krebs-Henseleit solution without Mg2+ (Berzetei-Gurske et al., 1996; Christopoulos et
al., 2001; Corbett et al., 1984; Hourani et al., 1993; Lay et al., 2000; North & Surprenant,
2000; Pertwee et al., 2002; Pertwee et al., 1992; Wiley et al., 2011). Some reports have
indicated that the reason for the use of Mg**-free Krebs' PSS was to enhance the
response to nerve stimulation (Hourani et al., 1993). The idea of excluding Mg** in the
Krebs’ solution when setting up vasa deferentia may have originated from 1975 (Hughes
et al., 1975). This study investigated the effect of morphine on adrenergic transmission
in the mouse vas deferens (Hughes et al., 1975). It was observed that the inhibitory
effects of morphine on contractions in the mouse vas deferens were more obvious in
Mg**-free Krebs’, where 1.4 mM of Mg** caused a 40-60% decrease in contractions
compared to Mg**-free Krebs’ solution. Other studies have shared the observation of
Mg**-free PSS enhancing vas deferens contractions. Hourani et al. (1993) briefly stated
that the reason for using Mg>*-free Krebs’ solution in their set up of neonatal rat isolated
vasa deferentia was to enhance neurotransmitter release, and the presence of Mg
would likely make it difficult to detect any nerve stimulation-induced responses. In
another study, it was reported that the removal of Mg** from the PSS induced a 6-8 fold

increase in the stimulus amplitude evoked by ATP (North & Surprenant, 2000).
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In an ex vivo bioassay, the conditions used in a laboratory should attempt to mimic that
of the conditions of the tissue in vivo. Hence, if non-physiological conditions are used,
the investigator should ensure minimal interference with the natural function of the
tissue. Mg®*, being the second most abundant intracellular cation after K*, plays an
important role in many physiological functions by regulating both cell and tissue
functions (Jahnen-Dechent & Ketteler, 2012; Laires et al., 2004). The composition of
normal Krebs’ PSS includes Mg** 1.2 mM while human serum Mg** concentrations are
between 0.65 and 1.05 mM (Jahnen-Dechent & Ketteler, 2012). Excluding a component
from the PSS which has the purpose to mimic the in vivo environment and conditions
of the isolated tissue, could alter the function of the tissue and subsequently skew the

outcome of a study.

2.1.4 Study aims

This study aimed to standardise the vas deferens bioassay by elucidating the effect of
varying Mg*>* concentrations on neurotransmitter-induced contractions. We used just a
single electrical field pulse, repeated every 30 min, rather than dual field pulses (Ellis &
Burnstock, 1990) or trains of stimuli to prevent modulation of the release of the
cotransmitter agents (prejunctional) by other neuromodulators or actions at the
postsynaptic receptors (Driessen et al., 1994; French & Scott, 1983). We also compared
the results from the single field pulse with the contractions of single high
concentrations of exogenous ATP, noradrenaline and methoxamine in the presence of
Mg* 0, 1.2 and 3 mM, in an attempt to compare the involvement of pre- and
postjunctional sites in the effects of Mg**. To test whether Mg** concentrations were
directly affecting the release of neurotransmitters ATP and noradrenaline, we
determined the ICs for the highly selective prejunctional N-type calcium channel

(Ca.2.2) inhibitor w-conotoxin GVIA on the contraction to a single pulse.
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2.2 Materials and methods

The Ethics Committee of the University of Melbourne approved experiments in
accordance with The Australian Code for the care and use of animals for scientific

purposes (8th edition, 2013, National Health and Medical Research Council, Canberra).

2.2.1 Tissue collection and set up

Male Sprague-Dawley rats (250-350 g) were deeply anaesthetised by inhalation of 5%
isoflurane in oxygen and killed by a rapid cut through the spinal cord. The whole vasa
deferentia were excised and placed in modified Krebs-Henseleit PSS with the following
composition (mM): NaCl 119, KCl 4.7, KH2PO4 1.2, NaHCOs 25, CaCl; 2.5, glucose 11,
EDTA 0.026, MgSO4 0, 1.2 or 3 (MgSO4 content was dependent on the protocol),
oxygenated with 95% Oz and 5% COzat pH 7.4.

The tissues were pinned down and tied at either side with a silk thread and trimmed to
an approximate length of 2 cm. The prostatic end was tied to a stainless-steel hook on
a fixed acrylic organ bath leg between two parallel platinum field electrodes, while the
epididymal end was tied uppermost to a stainless-steel hook attached to a Grass FTO3C
isometric force transducer (Grass Instruments, Quincy, MA, USA) connected to a bridge
amplifier and a data acquisition system, Powerlab 8/35 (ADInstruments, Sydney,
Australia). The organ bath leg was adjusted vertically with an attached micrometer
(Mitutoyo Manufacturing Co., Kawasaki, Japan). The responses were measured on a
computer running LabChart 7 Pro software (ADInstruments) with the sampling rate:
100 Hz, range: 2 mV and low pass filter set at 20 Hz. Tissues were suspended in 5 ml
organ baths containing either Mg**-free or 3 mM Mg** PSS, oxygenated with 95% O,
and 5% COz at 37°C. The tissues were stretched to 2 g force, followed by a re-stretch to
2 g after 10 min. The bath solutions were changed twice before incubating the tissues

with the appropriate PSS for 30 min.
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2.2.2 Electrically stimulated vasa deferentia

2.2.2.1 Effects of Mg?* on the biphasic contraction to a single electrical pulse

Following incubation of the tissues in either Mg**-free or 3 mM Mg** PSS, a single
square wave nerve stimulation pulse (150 V, 0.5 ms duration) was delivered by a Grass
S88 stimulator via a Grass stimulus isolation unit (SIU5), which induced a biphasic
contraction. This response was completely inhibited by pretreatment with tetrodotoxin
(0.1 pM) indicating that the electrical field pulse only depolarised the nerves and not
the muscle. The tissues were incubated in PSS with 3 different concentrations of Mg**
(0, 1.2 and 3 mM), whereby single-pulse stimulations were induced at 30 min intervals,
followed by 4 changes of the bath solution, then the composition of the PSS was

changed from low to high Mg** content, or high to low Mg** content.

Experiments in Mg**-free PSS were also performed in the presence of the P2Xi-
purinoceptor antagonist NF449 (10 uM), the ay-adrenoceptor antagonist prazosin (100
nM) or vehicle (MilliQ water, 5 pl). In separate experiments, the effects of varying the
Mg** concentration on the sensitivity to w-conotoxin GVIA, a potent and highly
selective inhibitor of the prejunctional N-type (Cav2.2) calcium channel, were tested by
constructing w-conotoxin GVIA concentration-response curves in each of the 3 Mg**
concentrations. The vasa deferentia were incubated with an antagonist or vehicle before
inducing single pulse stimulations at 30 min intervals. Tissues were randomised into

treatment groups.

2.2.2.2 Time-dependent effects of Mg?*

Time-dependent effects under different Mg** conditions were performed by incubating
separate tissues with one of three different concentrations of Mg** (0, 1.2 and 3 mM)

followed by single-pulse stimulations at 30 min intervals for 240 min.
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2.2.3 Exogenous agonist stimulation of vasa deferentia with ATP and

noradrenaline

The vasa deferentia tissues were contracted with either exogenous ATP 100 puM or
noradrenaline 10 uM following the same protocol as for the electrically stimulated
tissues, with 4 changes of bath solution once the tissues had reached a maximum

contraction (~10 s for ATP and ~30 s for noradrenaline).

2.2.4 Data and statistical analysis

All data are expressed as the mean + S.E.M. from n experiments. n is the number of
tissues from separate rats. The responses to the different concentrations of Mg** in the
graphs are given either as the absolute increase from baseline tone or in percentage in
relation to the contraction (100%) in normal PSS (Mg** 1.2 mM). Data were plotted and
analysed using Prism 8 (Graphpad Software, La Jolla, CA, USA). Each individual w-
conotoxin GVIA concentration-response curve was fitted to a logistic sigmoidal 4
parameter model using Prism 8 to determine the Emax (initial force) and ICso
(concentration required to inhibit the contractions by 50%); these values were then
averaged for each of the three Mg**-PSS conditions. For the comparison of the change
in the mean contraction between the three different PSS conditions, repeated measures
one-way ANOVA with Dunnett post hoc test for multiple comparisons was performed.
For the comparison of the mean contractions between vasa deferentia in the presence
of either NF449, prazosin or vehicle, one-way ANOVA with Dunnett post hoc test was
performed. For comparison of time-dependent effects from baseline stimulation,
repeated measures one-way ANOVA with Dunnett post hoc test for multiple

comparisons was performed. P values < 0.05 were considered significant

2.2.5 Drugs

Drugs used were: Adenosine 5’triphosphate (ATP) magnesium salt; methoxamine
hydrochloride; noradrenaline bitartrate salt; prazosin hydrochloride; tetrodotoxin (all
from Sigma-Aldrich, St Louis, MO, USA); and NF449 octasodium salt (4,4',4",4"'-
[carbonylbis[imino-5,1,3-benzenetriylbis(carbonylimino)]]tetrakis-1,3-

benzenedisulfonic acid, octasodium salt; Cayman Chemical, Ann Arbor, MI, USA); and
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w-conotoxin GVIA (Tocris Bioscience, Bio-Techne Ltd., Abingdon, United Kingdom) All

drugs were dissolved in MilliQ water. Single-use aliquots of ATP (10> M), methoxamine
(10" M), NF449 (10 M), noradrenaline (10" M), prazosin (10> M), tetrodotoxin (10
M) or w-conotoxin GVIA (10° M) were stored at —20°C.
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2.3 Results

2.3.1 Do peak contractions to cotransmitters ATP and noradrenaline, phase 1
and 2, respectively, interact?

The high-speed digital recording of the contractile response to a single electrical field
pulse clearly indicates two peaks or phases (Figure 2-2). The first peak is considered to
be the fast contraction to cotransmitter ATP and the second is the response to
cotransmitter noradrenaline. As the Mg** was decreased to 0 mM, the first peak is
enhanced, but in high Mg** 3 mM, both peaks were attenuated compared with control

Mg** 1.2 mM.

Force (g)

- N

0.5 sec

| 1 |
0 1.2 3

[Mg*] mM

Figure 2-2. Representative Labchart® traces of biphasic contractile responses of rat isolated vas
deferens following a single electrical field pulse in the presence of PSS with different Mg**
concentrations (0, 1.2 or 3 mM).

In each case, the initial fast peak contraction is the ATP-mediated contraction while the second
slow peak is the noradrenaline-mediated contraction.

To confirm that the first and second peaks were mediated by ATP and noradrenaline,
respectively, and whether there is any interaction between the cotransmitters, the
contraction profile to a single field pulse was recorded in the absence of Mg** (0 mM),
in drug-free PSS, or with prazosin 100 nM or NF449 10 puM to inhibit the post-junctional
ou-adrenoceptors or P2X; purinoceptors, respectively. The competitive antagonism of

either receptor type did not significantly alter the peak contraction response to the
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remaining cotransmitter compared to respective controls (P>0.2; Figure 2-3). The
concentrations of prazosin and NF449 chosen to antagonise noradrenaline and ATP
were sufficient to completely block the contraction peak to that cotransmitter (Figure

2-3).

Biphasic peak contractions of vasa deferentia

4+ 3 Vehicle
- —I— 1 + Prazosin 100 nM
34 Bl +NF449 10 uM

. L T

A Force (9)
e

*%k %%k
0- [ ——

1 1
Phase 1 (ATP) Phase 2 (noradrenaline)
Electrically induced peak contractions

Figure 2-3. Cotransmitter biphasic peak contractions of vasa deferentia in response to a single
field pulse in Mg**-free PSS under 3 conditions: (i) control (vehicle), open bars, n=5; (ii) prazosin
100 nM pretreatment, orange bars, n=6; or (iii) NF449 10 uM pretreatment, magenta bars, n=>5.
Phase 1 peak was mediated by ATP acting on P2Xl-receptors as it was sensitive to NF449 and
the phase 2 peak was mediated by noradrenaline as it was abolished by prazosin. The error bars
are + S.E.M. n, number of tissues from separate rats. One-way ANOVA with Dunnett post hoc
test was performed; ****P<0.0001 compared to the respective vehicle control group

2.3.2 Effects of Mg?* on the biphasic contraction to a single electrical pulse

Since the distinct peaks in the contractile response to a single electrical pulse were
separated in time and appeared to be independent of the other in magnitude, the time
to reach peak 1 and peak 2 and the peak force were determined in the rising Mg**
concentration protocol of 0, 1.2 and 3 mM and falling Mg** concentration protocol of 3,

1.2 and O mM. Time from the electrical stimulus to the first (ATP) peak was 279 + 7 ms
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(n=6), 261 + 5 ms (n=6) and 248 + 3 ms (n=6) for the average of both the rising and
falling Mg** concentration protocols of 0, 1.2 and 3 mM (Figure 2-4A). For the second
(noradrenaline) peak, the average time from electrical stimulus to the peak for the two
protocols was 636 + 6 ms (n=7), 627 + 5 ms (n=7) and 649 + 5 ms (n=7), corresponding
to 0, 1.2 and 3 mM Mg*, respectively.

The rising and falling Mg** concentration protocol data were combined to show the
overall effect of Mg** concentration on change in force of contraction (A force; Figure
2-4B). While the peak A force was similar for ATP and noradrenaline, peaks in 0 mM
Mg?**, normal (1.2 mM) and high (3 mM) Mg** concentrations markedly attenuated the
ATP peak, but only high Mg** concentrations decreased the noradrenaline peak (Figure

2-4B).

To exploit the benefits of within tissue responses we normalised the force of contraction
and time to peak contraction to 100% in each tissue in the presence of normal PSS (Mg**
1.2 mM). For the combined protocols, the time to peak contraction was generally
unaltered by changing Mg”* concentration except for the ATP peak where there was an
increase in time of 107 + 2% when the Mg>* was lowered from 1.2 to 0 mM (P=0.03) and
for the noradrenaline contraction where there was a small but significant increase in
time to peak of 104 + 0.7% when the Mg** was raised from 1.2 to 3 mM (P=0.005; Figure
2-4Q).

The phase 1 ATP contraction was 170 + 8% (n=10) in 0 mM Mg** compared with normal
Mg?* (1.2 mM) and only 39 + 3% (n=10) in high Mg** (3 mM;

Figure 2-5A). In contrast, the noradrenaline peak contraction (phase 2) was not affected
by 0 mM Mg** at 97 + 3% (n=10) of responses in normal Mg, but was decreased
significantly in high Mg®* 3 mM to 63 = 4% (n=10); however, this was only half the

attenuation observed in the ATP contraction (Figure 2-4D).
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Contractions following a single electrical pulse
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Figure 2-4. Contractions of rat isolated vasa deferentia following a single electrical field pulse
in the presence of low, normal or high Mg>* concentrations.

Responses shown are the combined data from the rising and falling Mg** concentration
protocols of 0, 1.2 and 3 mM. A. Time from electrical stimulus to the peak contraction (A time,
ms) for the phase 1 ATP-mediated contraction (n=6) or the phase 2 noradrenaline-mediated
contraction (n=7). B. Peak increase in force (A force, g) for the phase 1 ATP- mediated
contraction (n=10) or the phase 2 noradrenaline-mediated contraction (n=10). C. Time from
electrical stimulus to the peak contraction expressed as a percentage of the respective responses
taken as 100% in PSS containing a normal Mg>* concentration (1.2 mM) for the phase 1 ATP-
mediated contraction (n=6) or the phase 2 noradrenaline-mediated contraction (n=7). D. Peak
increase in force expressed as a percentage of the respective responses taken as 100% in PSS
containing a normal Mg”>* concentration (1.2 mM) for the phase 1 ATP-mediated contraction
(n=10) or the phase 2 noradrenaline-mediated contraction (n=10). Values are mean + S.E.M.
(error bars not shown are contained within the symbol). n, number of tissues from separate rats.
Repeated measures one-way ANOVA with Dunnett post hoc test was performed; *P<0.05,
**P<0.01 or ****P<0.0001 compared to respective Mg>* 1.2 mM (normal) group.
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2.3.3 Effects of Mg?* concentration on the prejunctional sensitivity to w-

conotoxin GVIA

w-Conotoxin GVIA is a potent and highly selective, concentration-dependent inhibitor
of the prejunctional N-type (Ca.2.2) calcium channel. In Mg** 0 mM and the presence
of prazosin 100 nM, the ATP-mediated contraction to a single field pulse was decreased
to zero by increasing the concentrations of w-conotoxin GVIA (107 to 107 M; Figure
2-5A). The pICsowas 8.13 = 0.04. As the Mg** concentration was elevated to 1.2 or 3 mM,
the contractions in the absence of w-conotoxin GVIA (baseline) were decreased as
observed before (see Figure 2-4B) and the w-conotoxin GVIA ICsp shifted left. The small
left shift in w-conotoxin GVIA ICso with Mg** 0-3 mM was 1.7-fold (P=0.018; Figure
2-5A).

In the presence of NF449 (10 uM), the noradrenaline-mediated control contraction to
a single electrical pulse was unaffected by the rise in Mg>* from O to 1.2 mM, but
significantly decreased in Mg** 3 mM (baseline, Figure 2-5B), as observed in Figure 2-4B.
The pICsofor w-conotoxin GVIA (8.26 = 0.06 in Mg>* 0 mM) was slightly left-shifted as
the Mg2+ concentration increased to 3 mM, but the shift of 1.4-fold was not significant

(P=0.28; Figure 2-5B).
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Figure 2-5. Contractions of rat isolated vasa deferentia following a single electrical field pulse
in the presence of low (0 mM), normal (1.2 mM) and high (3 mM) Mg>* and increasing
concentrations of the N-type Ca®* channel antagonist w-conotoxin GVIA.

Peak increases in force (A force in g; mean + SEM, n=3) are shown (A) for the phase 1 ATP-
mediated contraction in the presence of prazosin 100 nM and (B) for the phase 2 noradrenaline-
mediated contraction in the presence of NF449 10 pM. Every 30 min the single pulse was
repeated in the presence of w-conotoxin GVIA (10-10 to 10-7 M). BL, baseline contraction to a
single electrical field pulse, in each respective Mg”* concentration, before the addition of -
conotoxin GVIA. Horizontal bars are + 1 S.E.M. of the individual fitted ICso values placed at the
mean for each line. The left shift of the w-conotoxin GVIA ICso of the ATP-mediated contraction
for O to 3 mM Mg** was significant (*P=0.018).

2.3.4 Effects of Mg?* concentration on exogenous agonist-induced contractions

To study the effects of Mg** concentration on the contraction response to exogenous
ATP (100 uM) and separately noradrenaline (10 pM), the rising concentration (Mg** 0,
1.2 and 3 mM) and falling concentration (Mg** 3,1.2 and 0 mM) protocols were followed.
It was evident that ATP 100 pM caused a small, transient peak contraction in normal
Mg** (1.2 mM) PSS of 0.22 + 0.03 g (n=15) compared with the peak contraction to a
single field pulse of 1.66 + 0.09 g (n=10). This very weak response to exogenous ATP
compared with a single electrical field pulse contrasts starkly with the contraction to 10
UM noradrenaline. Here the peak contraction was 1.1 + 0.08 g (n=16) in normal Mg** 1.2

mM compared with the contraction response to a single electrical pulse of 3.1 + 0.1 g

(n=10).
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Evidently, the contraction to the high exogenous ATP concentration (100 pM) could
not come close (only 5%) to mimicking the contraction to the ATP released from the
single pulse. For exogenous noradrenaline, the maximum contraction was 41% of that
induced by the single electrical field pulse. Noting these important differences in the
scale of contraction to ATP and noradrenaline from the nerve-released transmitters
compared with the contraction to exogenous ATP and noradrenaline, we again observed
that exogenous ATP was far more affected by Mg** than exogenous noradrenaline
especially moving from normal to 0 Mg** or from normal to high Mg** (3 mM; Figure

2-6).

For the combined protocols in the Mg**-free PSS, the ATP contraction was 147 + 11%
(n=15; P=0.002) of the contraction in normal Mg** PSS and was significantly less in Mg**
3 mM (55 + 6%, n=15; P<0.0001; Figure 2-6). Noradrenaline was again not significantly
affected by Mg** 0 mM (118 + 8%, n=16; P=0.08) compared with normal (1.2 mM) Mg*",
but was significantly attenuated in Mg** 3 mM to 83 + 3% (n=16; P=0.0005; Figure 2-6).

Similarly, the contraction to methoxamine was unaffected by Mg** 0 mM (112 = 10%,

n=6, P=0.56) compared with normal Mg** (1.2 mM) and tended to be attenuated in Mg**
3 mM to 74 +12% (P=0.11; Figure 2-6).
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Figure 2-6. Contractions of rat isolated vasa deferentia following administration of exogenous
ATP, noradrenaline or methoxamine in the presence of low, normal or high Mg**
concentrations.

Data from the rising and falling Mg** concentration protocols of 0, 1.2 and 3 mM have been
combined. Responses are peak increases in force expressed as a percentage of the respective
contraction taken as 100% in PSS containing a normal Mg>* concentration (1.2 mM) for ATP
100 uM (n=15), noradrenaline 10 pM (n=16) or methoxamine 10 uM (n=6). Values are mean *
S.E.M. (error bars not shown are contained within the symbol). n, number of tissues from
separate rats. Repeated measures one-way ANOVA with Dunnett post hoc test was performed;
**P<0.01, ***P<0.001 or ****P<0.0001 compared to respective Mg>* 1.2 mM (normal) group.

2.3.5 Estimations of the effects of Mg?* on transmitter release

If it is assumed that the effect of changing Mg** concentration on exogenous ATP and
noradrenaline contractions mimicked the postjunctional effects of these cotransmitters,
then by subtracting the response to exogenous neurotransmitters from the phase
1/phase 2 responses to the electrical pulse, an estimate of the effect of changing Mg** on
the release of the cotransmitters may be possible. These estimates with the two
protocols on the effects of increasing or decreasing Mg>* on the I* phase (ATP) and 2"
phase (noradrenaline) contractions are shown (Figure 2-7A, B). The postjunctional
responses to ATP or noradrenaline (Figure 2-7C, D) are shown for data from Figure 2-6.
By subtracting data from Figure 2-7C & D from Figure 2-7A & B, the estimate of the

effect of low to high or high to low Mg** is inducible for the release component of the
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phase 1 (ATP) and phase 2 (noradrenaline) peak contractions (Figure 2-7E, F). There
appears to be a small enhancement (23%) of the ATP release at Mg** 0 mM and small
inhibition of ATP release (-15%) as Mg** increases from 1.2 to 3 mM (Figure 2-7E, F). For
phase 2, the release of noradrenaline appears to be decreased by 21% when the Mg**

either falls or rises from normal PSS (Mg2+ 1.2 mM; Figure 2-7E, F).

2.3.6 Time-dependent effects of Mg?*

Mg** 1.2 and 3 mM had no time-dependent effects on ATP induced contractions over a
240 min period (Figure 2-8A). Mg**-free PSS decreased contractions at 210 and 240 min
time points by 25 + 12 and 37 + 10% (P<0.05), respectively. Mg®* 3 mM had no time-
dependent effects on noradrenaline induced contractions (Figure 2-8B). In normal PSS,
the contractions of tissues increased from first electrical stimulation at 30 to 180 min
by 27 to 46% (P<0.05) before returning to baseline levels at 210 min (P=0.057).
Contrarily, Mg**-free PSS decreased contractions in a time-dependent manner by 15 to

53% (at 120-240 min; P<0.05).
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Pre- and postjunctional effects of Mg?*
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Figure 2-7. Average contraction data from 2 sets of experiments (A, B) and (C, D), and the
derived data from subtracting (C, D) from (A, B) to arrive at an estimate of the effect of Mg>* on
the release of the cotransmitters (E, F).

Set A, B shows the peak contractions to phase 1 (ATP) and to phase 2 (noradrenaline) in the two
protocols of increasing Mg concentration (open symbols) and decreasing Mg”* concentration
(closed symbols). Set C, D shows the peak contractions to exogenous ATP (100 pM) and
noradrenaline (10 pM), again under the two protocols of changing Mg>* concentration. Set E, F
shows the calculated responses of the Mg”* effects on the release of cotransmitters by
subtracting set C, D from set A, B. The responses are compared within the tissue to the response
in Mg®* 1.2 mM taken as 100% +S.E.M. The data are derived from Figure 2-4 and Figure 2-6.
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Figure 2-8. The time-dependent effects of different Mg** conditions on ATP- and
noradrenaline-mediated contractions to single electrical field pulses at 30 min intervals for 240
min.

Values are mean + S.E.M. expressed as % contraction compared to time point O min. n, number
of tissues from separate rats is n=5. Repeated measures one-way ANOVA with Dunnett post hoc
test was performed; *P<0.05 or **P<0.01 compared to respective O min response.
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2.4 Discussion

2.4.1 Endogenous ATP and noradrenaline

We found that lowering the Mg** concentration from 1.2 mM to O markedly enhanced
the first peak of contraction of the rat isolated vas deferens but had no effect on the
second peak of the contraction in response to a single electrical pulse. We have
confirmed that the first peak of the contraction is solely due to ATP as it was abolished
by the P2X; receptor antagonist NF449 and that the second peak was entirely due to

noradrenaline acting at prazosin-sensitive ai-adrenoceptors.

The concentration of NF449, 10 uM, was shown to be selective for ATP P2Xj receptors
(pKp 6.4) with no activity at ocu-adrenoceptors (Angus & Wright, 2015). Prazosin, a
competitive oy-adrenoceptor antagonist, inhibits nerve-mediated or phenylephrine-

mediated contractions in rat or mouse small resistance arteries with a pKzg 9.1 (Angus &

Wright, 2015).

The time from the application of the electrical stimulus to the first and second peak
indicates the relative time to activation of intracellular Ca** through the ionotropic P2X;
receptor for ATP at 260 ms compared with the slower metabotropic cu-adrenoceptor
coupled through inositol triphosphate at 627 ms for noradrenaline. Our results show
that changing the Mg”** concentration made some small but significant increases or
decreases in the time to peak contraction. However, the underlying result suggests that
the peak ATP-mediated contraction occurs some 2.4 times faster than the
noradrenaline peak. Noting the difference in the ATP ionotropic P2X; receptor and the
noradrenaline G-protein-coupled metabotropic ou-adrenoceptor, it is not surprising
that lowering Mg”* to zero would remove the competition between Mg?** and Ca** at the
nonselective cation ionotropic P2X; receptor allowing more Ca** to flow and enhance
the contraction. At the high Mg** 3 mM concentration, Ca** would be less available
through the P2X; receptor and to a lesser degree in association with the ai-adrenoceptor

activation mechanism.
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Mg**-free conditions significantly decreased contraction of vas deferens tissues over
time, especially the noradrenaline-induced peak contractions (Figure 2-8). This is of
particular importance in studies under Mg**-free conditions that extend for 2 h or more.
While the mechanism behind the decreased response over time has not been
investigated, it can be hypothesised that since Mg** plays an important role in
regulating both cell and tissue functions (Jahnen-Dechent & Ketteler, 2012; Laires et al.,

2004) its absence may result in decreased function of the vas deferens tissue.

2.4.2 Exogenous ATP, noradrenaline and methoxamine

We tested a high concentration of ATP (100 uM), noradrenaline (10 pM) and
methoxamine (10 pM) as a comparison with the twin peak contractions to single nerve
stimulation. However, bath-applied agonists cannot mimic the transient high local
concentration of ATP and noradrenaline released in a tight synaptic cleft estimated at
20 nm (Burnstock, 1990). ATP 100 pM caused a weak contraction compared with the
first phase contraction in response to the single field pulse. Equally, noradrenaline 10
MM was a poor agonist compared to the phase 2 contraction. These poor contractions
will be the result of slow diffusion through thick tissue, metabolism and possibly
desensitisation. Nevertheless, the exogenous agonist contractions were similarly

affected by the presence of 0, 1.2 or 3 mM Mg?>* (Figure 2-6).

In pilot experiments, we tested the more stable af3-methylene ATP in an attempt to
mimic the contraction to ATP. However, the rapid desensitisation of the P2Xj receptors
and lack of subsequent responses to the ligand caused this approach to be abandoned.
Methoxamine, on the other hand, is a useful tool as it is a selective cy-adrenoceptor
agonist devoid of B-adrenoceptor and oz-adrenoceptor activity; it is not subject to
neuronal uptake and metabolism that could have affected the contractions to
exogenous noradrenaline. We show here that the contraction to methoxamine was

affected by high Mg** similarly to that for exogenous noradrenaline.
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2.4.3 Cotransmission

With modern technology, we can separate the cotransmitter-dependent contractions
following a single electrical pulse into the 2 components of ATP and noradrenaline. This
work cannot shed any light on the 3 hypotheses that 1) ATP and noradrenaline are co-
stored in the one vesicle; 2) ATP and noradrenaline are stored in separate vesicles; or 3)

that they are located in separate varicosities (Burnstock, 1990).

2.4.4 Sites of action of Mg?*

The contraction to a single field pulse could be affected by Mg** acting at the release
site on sympathetic varicosity or the postjunctional receptor and its smooth muscle
effector machinery, or both sites. We have used two approaches to shed some light as
to the mechanism of the effect of Mg** on the single pulse contraction. First, w-
conotoxin GVIA is a highly selective N-type Ca,2.2 calcium channel antagonist. In rat
mesenteric small resistance arteries w-conotoxin GVIA 3 nM completely inhibited
excitatory junction potentials and contractions to trains of perivascular nerve
stimulation with no effect on the concentration-response curve to KCl (10-70 mM) or
noradrenaline (0.1-30 pM; Pruneau & Angus, 1990). Even as high as 10 uM, w-conotoxin
GVIA did not affect contractions to exogenous noradrenaline (0.1-30 pM) in rat small
mesenteric arteries (Whorlow et al., 1996). Thus, the sole site of action of w-conotoxin
GVIA would be to inhibit the release of neurotransmitters. We show here that the ICso
for w-conotoxin GVIA was similar for the ATP- and noradrenaline-mediated
contractions in Mg** 0 mM and that raising Mg** to 3 mM caused only a small increase
in sensitivity of <2-fold, which was just significant for ATP. Importantly, there was no
difference in the w-conotoxin GVIA ICso between Mg** 0 and 1.2 mM where there is a
large fall in the contraction to ATP. If Mg** modified the release of neurotransmitters,
we would have expected the addition of Mg** to alter the potency and therefore the ICso
of w-conotoxin GVIA. The results of this experiment would therefore suggest that the
main sites of action of Mg>* are at the postjunctional effector receptors for ATP and
noradrenaline. Given the limitations of trying to mimic neural-released ATP and
noradrenaline with exogenous ATP, noradrenaline and methoxamine, our study

strongly suggests that Mg”** directly competes with Ca®* involved in the ATP P2X;
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receptor-mediated contraction, but only at the high (3 mM) concentration does it

inhibit the cu-adrenoceptor-mediated contraction.

2.4.5 Conclusions

Our work demonstrates that the contractions to each of the cotransmitters ATP and
noradrenaline in the rat vas deferens can be determined and are differently altered by
low Mg** concentration, but both are inhibited by high Mg** concentration. The sites
of action of Mg?** are most probably at the postjunctional P2X; receptor and the -
adrenoceptor. The ATP-mediated contraction is more sensitive to changing Mg**
concentrations than noradrenaline-mediated contraction consistent with the P2X;
receptor coupled to an ionotropic channel. Our results suggest that this assay with a
single electrical field pulse is ideal to test various pre- or postjunctional modulators of
cotransmitter release. We suggest that any future publications should carefully justify

why the magnesium concentration in PSS should be other than normal 1.2 mM.
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3.1 Introduction

The advancement of cannabinoid research in the 1990s included the cloning of the first
cannabinoid receptor (CBi) (Gerard et al., 1991; Matsuda et al., 1990). Shortly after,
Pertwee and colleagues (1992) sought to identify isolated tissues that could serve as
bioassays to elucidate the mechanism of action of phytocannabinoids. They established
that the mouse isolated vas deferens was an appropriate cannabinoid bioassay as it
fulfilled the criteria of being stereoselective in its responses to different homologues of
THC, while also producing an effect to THC at concentrations that matched the in vivo
submaximal psychotropic doses (<1 pM; Pertwee et al., 1992). The same year, the
endocannabinoid anandamide was discovered in the porcine brain during the screening
of endogenous ligands for the isolated CB; receptor (section 1.2; Devane et al., 1992). By
utilising the newly described mouse isolated vas deferens assay, anandamide was
confirmed to have “THC-like” (cannabimimetic) activities in the tissues, indicating that
it activated CB; receptors. Since then, the mouse isolated vas deferens has been utilised
to investigate the CB; receptor activity of various endo-, synthetic- and

phytocannabinoids, including cannabidiol.

3.1.1 Evidence that prejunctional CB; receptors modulate neurotransmission

The electrical stimulation of the vas deferens bioassay induces biphasic contractions

which are mediated by the neurotransmitters ATP and noradrenaline (Chapter 2; Figure

2-1). Various studies support a role for prejunctional CB; receptors in modulating

neurotransmitter release and hence the contraction of vasa deferentia (Figure 3-1;

Howlett et al., 2002; Pertwee, 1997; Schlicker & Kathmann, 2001). The compelling

evidence includes that:

i) CBi receptor agonists like WIN 55,212-2, CP 55,940, THC and anandamide
mediate concentration-dependent inhibitions of electrically induced
contractions of vasa deferentia (Christopoulos et al., 2001; Lay et al., 2000;
Pertwee & Fernando, 1996; Pertwee et al., 2002) and these contractions were
inhibited by the sodium channel blocker tetrodotoxin (0.1-0.2 pM), which
indicates that the contractions of the tissues were nerve-mediated and not

evoked through direct stimulation of the smooth muscle.
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ii) CBi receptor agonists express high potency, stereoselectivity and structure-
dependence in their inhibition of electrically induced contractions and their
potency at inhibiting contractions correlates with the order of their binding
affinity (reviewed in Pertwee, 1997).

iii)  CB: selective antagonists (e.g. rimonabant) attenuate the inhibition of
electrically evoked contractions induced by CB; agonists (Christopoulos et al.,
2001; Lay et al., 2000; Pertwee & Fernando, 1996; Pertwee et al., 1995b; Rinaldi-
Carmona et al., 1994; Thomas et al., 2007).

iv)  The cannabinoid agonist CP 55,940 inhibits the production of cAMP in the
mouse vas deferens, an effect that was competitively reversed by the CB:
antagonist rimonabant (Pertwee et al., 1996b). This is relevant as CB; receptors
are coupled to G; proteins which upon activation would inhibit adenylate cyclase
and hence the production of cAMP.

V) THC induced cannabinoid tolerance in mouse vas deferens which did not affect
the ability of non-cannabinoid receptors (e.g. oz-adrenoceptors and opioid
receptors) to induce twitch responses (Pertwee & Griffin, 1995).

vi)  CBireceptor mRNA has been detected in both mouse and rat vas deferens (Ishac
et al., 1996).

vii)  While CB; agonists potently inhibit the contraction of electrically stimulated vas
deferens, they do not potently prevent the contraction of exogenous P2X1 and
au-adrenoceptor agonists, indicative of a prejunctional site for CB receptors (Lay
et al., 2000; Pertwee & Griffin, 1995).

viii)  In rat vas deferens preloaded with [’H]-noradrenaline, the cannabinoids THC
and anandamide caused a tetrodotoxin (0.5 pM)-sensitive inhibition of
electrically induced release of [PH]-noradrenaline, this effect was attenuated by
the CB; antagonist rimonabant (Ishac et al., 1996). Similarly, in CBi** mice, the
CB receptor agonist WIN 55,212-2 (1 uM) decreased [’H]-noradrenaline release
by 64%, while not affecting neurotransmitter release in CB;”’” mice (Schlicker et
al., 2003). Furthermore, rimonabant (0.32 pM) reversed the effects of WIN
55,2121-2 in CB,"* tissues.

This evidence supports a role for the vas deferens bioassay in determining the potency

of CB; agonists and antagonists.
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Figure 3-1. Simplified schema based on Figure 2-1 of CB; receptor modulation of excitatory
cotransmission in the vas deferens.

Prejunctional CB; receptor activation negatively modulates the release of the neurotransmitters
ATP and noradrenaline and hence neurotransmitter-mediated smooth muscle contraction.

3.1.2 Endogenous CB; receptor tone

It has been suggested that presynaptic CB; receptors are under endogenous tone

(reviewed in Schlicker & Kathmann, 2001). This is based on the ability of the antagonist
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rimonabant to cause a significant increase in the amplitude of electrically induced
contractions in various tissue preparations including rat vas deferens, mouse urinary
bladder and guinea-pig myenteric plexus longitudinal muscle (Christopoulos et al.,
2001; Coutts & Pertwee, 1997; Pertwee, 2014; Pertwee & Fernando, 1996; Pertwee et al.,
1996a). Additionally, [’H]-noradrenaline release was 37% higher in vasa deferentia from
CB;”" mice compared to CB;** mice as a result of basal electrical stimulation (Schlicker
et al., 2003). In rat vas deferens, the incubation with the amidase inhibitor
phenylmethylsulfonyl fluoride (PMSF) mimicked the effects of CB: agonists by
decreasing electrically evoked contractions, indicative of endogenous anandamide tone
(Christopoulos et al., 2001). However, PMSF did not modulate exogenous anandamide
responses in mouse vas deferens, suggesting that in mouse tissues anandamide is not

metabolised by enzymes targeted by PMSF (Pertwee et al., 1995a).

3.1.3 CB; receptor antagonism by cannabidiol and rimonabant

CB: receptors are the most abundant GPCRs in the central nervous system and are
mainly expressed prejunctionally in neurons (reviewed in Howlett et al., 2002; Pertwee,
2008b). CB; receptors are also found in peripheral tissues including urogenital tissues:
the uterus, ovary, testis and vas deferens (Galiegue et al., 1995), albeit to a much lower
level (Howlett et al.,, 2002). The receptors play an important role in modulating
neurotransmitter release which is believed to maintain homeostasis in the body by
preventing excessive neurotransmitter release and thus maintaining health and
preventing disease. CB; receptors are also expressed in the heart, vasculature and
circulating blood cells where the overactivation of the receptors can result in the
pathology of various cardiovascular diseases. Hence, CBi-active phytocannabinoids can
mediate cardiovascular adverse or beneficial effects by activating or inhibiting CB;
receptors, respectively (section 1.7; Pacher et al., 2018). The increased use of Cannabis
compounds together with the widespread role of CB; receptors in human physiology
and disease offers a strong incentive to study the CB; receptor pharmacology of

phytocannabinoids.
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3.1.3.1 Cannabidiol

The affinity of cannabidiol has been investigated in various human, mouse and rat cell-
based binding assays resulting in a pooled mean affinity, pKj, of 5.5 (Ki 3.3 + 0.8 uM,
n=15) with no species-specific differences reported (Table 3-1; reviewed in McPartland
et al., 2015). It has been suggested that cannabidiol negatively modulates CB; receptors
by acting at an allosteric site (Laprairie et al., 2015; Tham et al., 2018). Recent research
has also modelled the potential allosteric sites of cannabidiol at the CB; receptors
(Chung et al., 2019; Jakowiecki et al., 2021). While cannabidiol does not appear to act as
a direct CB; receptor antagonist, it inhibits the effects of CB; agonists CP 55,940 and
WIN 55,212-2 with a pooled potency, pKs, of 7.1 (Ks 88.5 + 18.5 nM, n=5) (reviewed in
McPartland et al., 2015). Efficacy studies to date have only been performed in mouse
vasa deferentia (Table 3-1; Pertwee et al., 2002; Thomas et al., 2004). However, there
are intra- and interspecies differences in the anatomical location and density of CB;
receptors (Silver, 2019) which prompts expanding the efficacy studies of cannabidiol to
non-mouse assays. Furthermore, there are differences in rat, mouse and human CB;
mRNA, with slightly higher conservation between rat and human mRNA compared to

mouse and human (Chakrabarti et al., 1995; Shire et al., 1996).
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Table 3-1. Current work and literature reported potencies of cannabidiol and rimonabant in modulating the activity of CB; receptor
agonists in electrically stimulated vas deferens

Antagonist Agonist Neurotransmitter pKs Slope Ki/Ksg Species
WIN 55,212-2 ATP 5.90 +0.15 1.02 (0.84—1.19) 2.6 Rat
WIN 55,212-2 Noradrenaline 529 +0.13 1.05 (0.66—1.44) 0.6 Rat
Cannabidiol WIN 55,212-2 ATP + noradrenaline 7.2 (6.7—7.5) — 51.3 Mouse*
pKi: 5.49; n=15°
WIN 55,212-2 ATP + noradrenaline 6.9 (6.9—7.0) 1.2 (0.8—1.6) 25.7 Mouse®
CP 55,940 ATP + noradrenaline 7.5(71—7.9) — 102.3 Mouse®
WIN 55,212-2 ATP 839 +0.32 0.88 (-4.88-6.52) 0.9 Rat
WIN 55,212-2 Noradrenaline 7.67 +0.12 0.97 (0.70-1.25) 0.2 Rat
WIN 55,212-2 Noradrenaline 751 +0.27 112+ 0.30 0.1 Rat
}lflzmg‘;;bggb . CP 55,940 Noradrenaline 7.49 £ 0.25 0.85 + 0.17 0.1 Rat"
CP 55,940 ATP + noradrenaline 8.6+0.2 — 1.5 Mouse®
WIN 55,212-2 ATP + noradrenaline 8.85+0.05 — 2.7 Mouse®
CP 55,940 ATP + noradrenaline 7.98 + 0.03 — 04 Mouse*®

pKs and slope estimates for cannabidiol and rimonabant were derived from this current study (grey highlight) and previous studies in rat and mouse
vas deferens tissues. The pKz values were derived from the global fit where the n was constrained to 1. Values are expressed with + S.E.M. or 95%
confidence limits (shown in parenthesis). Studies referenced: *reviewed in McPartland et al. (2015); "Rinaldi-Carmona et al. (1995); “Rinaldi-Carmona
et al. (1994); “Thomas et al. (2004); “Pertwee et al. (2002); ‘Christopoulos et al. (2001); and Lay et al. (2000). Note that all experiments were performed
in magnesium-free Krebs’ physiological solution with the exception for the experiments in this study (grey highlight) which were performed in normal
Krebs’ physiological salt solution.



3.1.3.2 Rimonabant

Rimonabant, also known as SR141716, is a synthetic selective CB; receptor inhibitor. The
CB: receptor inhibition by rimonabant decreases appetite which results in weight loss.
These effects led to the medical approval of Acomplia®, an anti-obesity treatment, in
more than 50 countries (European Medicines Agency, 2007). The rationale behind
treating obesity with a CB; inhibitor is that patients with obesity have a heightened
endogenous cannabinoid tone which causes excessive appetite and metabolic
alterations (reviewed in Xie et al., 2007). Despite the promising effects on obesity,
rimonabant was soon withdrawn from the market due to several adverse psychiatric
events including depression, anxiety and an increase in suicide attempts (Sam et al,,

2011).

In publications, rimonabant is interchangeably referred to as an antagonist or inverse
agonist as several studies indicate that rather than acting as a neutral antagonist at the
CBi receptor, rimonabant may be acting as an inverse agonist, i.e. have intrinsic activity
opposite to that of an agonist (Kenakin, 2014). I have decided to refer to rimonabant as
an antagonist using the rationale of Kenakin (2014) who states that the term inverse
agonist is a misnomer as “these ligands really are simply antagonists with an added
feature that allows them to reduce elevated basal activity”. In contrast to cannabidiol,
rimonabant has high binding affinity at the orthosteric site of the CB; receptor with a
pK;value of 8.3 (Ki: 5.6 £ 0.5 nM) at human CB; receptors expressed in Chinese hamster
ovary cells and pK; 8.7 (Ki: 2.0 + 0.4 nM) in rat brain synaptosomal membranes (Rinaldi-
Carmona et al, 1995; Rinaldi-Carmona et al., 1994). Furthermore, the potency of
rimonabant as an inhibitor of CB; receptor agonists in the vas deferens bioassay matches

its affinity at the receptor (pKs: 7.5-8.9; Table 3.1).

3.1.4 Lew and Angus method of nonlinear regression analysis

One of the main purposes of utilising the vas deferens bioassay in cannabinoid research
has been to confirm CB; receptor activity and to quantify the efficacy of cannabinoids
at the CBy receptor. Ks, the equilibrium dissociation constant of an antagonist-receptor

complex is usually determined using functional assays (Kenakin, 2014), in this case, the
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electrically stimulated vas deferens bioassay. Kz is further defined as the concentration
of antagonist that occupies 50% of the receptors at equilibrium. When determining Ks
usually the Schild regression analysis method is used (Arunlakshana & Schild, 1959).
The use of Schild analysis is contradicted by the experimental design of this study as
one of the requirements is for the concentration-response curves to be performed
within one tissue, to allow for the calculation of concentration ratios. Repeating
concentration-response curves within one tissue would most likely induce time-
dependent effects by altering tissue sensitivity to the cannabinoids. Furthermore, due
to the hydrophobic nature of cannabinoids, they require longer incubation times to
ensure equilibration of tissue with drug, hence establishing several concentration-
response curves in one tissue would be laborious. Stone and Angus (1978) recognised
the limitations with Schild analysis and developed a new analytical approach that was
further simplified by Lew and Angus (1995). Similar to Schild analysis, the relative
placement of the concentration-response curves are predicted, with the difference that
instead of using the relative shifts of curves from control to calculate concentration
ratios, pKp estimation is based on the global fitting of individual curve placements,
including the control curve (global regression analysis). The Schild analysis emphasizes
the control pECsp values to determine the concentration-ratio, which can be a problem
when control curves are poorly defined. Conversely, global regression analysis includes
the control pECso, thus increasing the degrees of freedom. Another disadvantage with
the Schild analysis is that it does not allow for leftward shifts of concentration-response
curves from the control, which can sometimes result from the presence of lower

concentrations of an antagonist.

By fitting agonist pECso values in the presence and absence of antagonist, the pKs is

estimated from the following global nonlinear regression analysis equation:

pECso = —Log ([B] + 107PX8) — Log c (1)

where [B] denotes antagonist concentration. pKp and c are fitting constants, c is the
difference between control pECso and pKg. The results of the analysis can be plotted in

a “Clark plot” (Stone & Angus, 1978), named after A. J. Clark because of the similarities
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with his graph displaying log[agonist] vs log[antagonist] that produced 50% of the
response (ECso; Clark, 1926). The Clark plot merely displays the relationship between
the experimental curve placements in the absence and presence of antagonist (agonist
PECs0) and the corresponding antagonist concentrations together with the calculated
pKz value (-log([B]+Kg)) and is not used to calculate pKg or pKa values, unlike the Schild
plot. There are two methods to confirm whether the dextral shifts of concentration-
response curves are competitive. Firstly, by including a “power departure” value, which
is equivalent to allowing the slope in the Schild plot to vary from unity (Lew & Angus,
1995). This is obtained by allowing the exponent of [B] (equation 1) to vary from unity,

creating the following equation:

pECso = —Log ([B]" + 1077X8) — Log c 2)

If the 95% confidence interval for n includes 1, equation 2 can be fitted to include n=1
(equation 1), which indicate that the concentration-response curves are displaced
according to simple competitive antagonism. Secondly, plotting + 2 times the standard
error of the difference between the experimentally observed pECso values and the
predicted pECso values from equation 1 into the Clark plot provides an estimation of the
confidence line constrained to 1. If the points of the average experimentally observed
pECsos in the absence and presence of antagonist fall within the error bars, it is an
indication of simple competitive antagonism. In other words, the confidence line in the
Clark plot denotes the behaviour expected by a competitive antagonist and deviation

from the line is indicative of deviation from competitive antagonism.

3.1.5 Study aims

This study aimed to pharmacologically characterise the CB; receptor activity of
cannabidiol by utilising electrically evoked contractions of the rat vas deferens. To our
knowledge, this is the first study to investigate the prejunctional CB; receptor
antagonism by cannabidiol using a rat bioassay. The effects of the antagonist

rimonabant were also examined to calibrate the robustness of the assay. We assessed
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whether the Kp estimates of cannabidiol and rimonabant were influenced by which

neurotransmitter mediated the contraction of the vas deferens.
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3.2 Methods

3.2.1 Animals

The Animal Ethics Committee of the University of Melbourne approved experiments
(approval #10246) in accordance with The Australian Code for the care and use of
animals for scientific purposes (8th edition, 2013, National Health and Medical Research
Council, Canberra). Male Sprague-Dawley rats (10-12 weeks old, Biomedical Animal
Facility, Melbourne, Australia) were used in this study and housed in groups of 3-4 in
standard cages under constant climatic conditions (21°C, 12 h light/dark cycle), with

food and water ad libitum.

Rats (250-350 g) were deeply anaesthetised by inhalation of 5% isoflurane in 100%
oxygen and killed by a rapid cut through the spinal cord. The whole vasa deferentia were
excised and placed in Krebs-Henseleit physiological salt solution (PSS; Mazeh et al,,
2019) with the following composition (mM): NaCl 119, KC1 4.7, KH2PO4 1.2, NaHCOs 25,
CaClz 2.5, EDTA 0.026, MgSO4 1.2 and glucose 11. The PSS was oxygenated with
carbogen (95% Oz and 5% CO-) at pH 7.4.

3.2.2 Dissection and set up of vasa deferentia

The tissues were pinned down and tied at either side with a silk thread and trimmed to
an approximate length of 2 cm. The prostatic end was tied to a stainless-steel hook on
a fixed acrylic organ bath leg between two parallel platinum field electrodes, while the
epididymal end was tied uppermost to a stainless-steel hook attached to a Grass FTO3C
isometric force transducer (Grass Instruments, Quincy, MA, USA) connected to a bridge
amplifier and a data acquisition system (Powerlab 8/35, ADInstruments, Sydney,
Australia). The organ bath leg was adjusted vertically with an attached micrometer
(Mitutoyo Manufacturing Co., Kawasaki, Japan). The responses were measured on a
computer running LabChart 7 Pro software (ADInstruments) with sampling rate: 100
Hz, range: 2 mV and low pass filter set at 20 Hz. Tissues were suspended in 5 ml organ
baths containing PSS, oxygenated with 95% Oz and 5% CO; at 37°C. The tissues were
stretched to 2 g force, followed by a re-stretch to 2 g after 10 min. The bath solutions

were changed twice-before starting the experiments.
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3.2.3 Electrical stimulation

Tissues were randomly allocated to a drug treatment group prior to the viability test
which involved a single electrical square wave nerve stimulation pulse (150 V, 0.5 ms
duration). The bath solution was changed twice before incubating the tissues with
either the P2X1 receptor inhibitor NF449 (10 uM) or au-adrenoceptor inhibitor prazosin
(100 nM) for 30 min to inhibit the ATP- or noradrenaline-mediated contractions,
respectively, leaving a monophasic twitch contraction. This was followed by a single
electrical stimulation (150 V, 0.5 ms duration). Tissues were subsequently incubated
with either vehicle (DMSO 1%), cannabidiol (10-100 uM) or rimonabant (0.003-10 pM)
for 1 h, followed by a single electrical stimulation. Single electrical stimulations were
repeated every 30 min prior to half-log cumulative additions of WIN 55,212-2 (0.001-
30 uM).

To investigate the potential influence of endogenous anandamide on the contractions
of vasa deferentia to electrical stimulation, some tissues were incubated with half-log
cumulative additions of the fatty acid amide hydrolase (FAAH) inhibitor URB937
(0.0001-1 uM) or corresponding concentrations of the vehicle (DMSO 0.1-1.24%), prior
to single electrical stimulations every 30 min. Time controls were also completed (no

addition of URB937 or vehicle) with single electrical stimulations every 30 min to 240 min.

3.2.4 Data and statistical analyses

All data are expressed as the mean + S.E.M. of n experiments (each tissue from a separate
rat). WIN 55,212-2 concentration-response curves were expressed as % contraction
compared to maximum vehicle-, cannabidiol- or rimonabant-only responses (control
responses; C) within each vas deferens tissue. Individual sigmoidal concentration-
response curves were fitted using Prism 8 (Graphpad Software, La Jolla, CA, USA).
PpEC50, Rmaxand WIN 55,212-2 (0.001 uM) responses for cannabidiol- and rimonabant-
treated tissues were compared with corresponding vehicle responses using repeated
measures one-way ANOVA with Dunnett post hoc test for multiple comparisons. This
test was also performed to compare the effects of URB937 (0.0001-1 uM), DMSO

concentrations (0.1-1.24%) or time (0-240 min; time controls) with their respective
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baseline contractile responses. Effects of URB937 or DMSO at each cumulative
concentration were compared with corresponding time control values by repeated
measures two-way ANOVA with Dunnett post hoc test for multiple comparisons. For
all repeated measures one-way or two-way ANOVAs, the Greenhouse-Geisser
correction for correlation was applied. The basal responses for noradrenaline- or ATP-
mediated contractions in the absence of cannabinoid antagonists and agonist were

compared using Student’s unpaired t test. P values < 0.05 were considered significant.

3.2.4.1 Non-Linear regression analysis and Clark plot display

The CB: receptor antagonist potency of cannabidiol or rimonabant was determined
through global non-linear regression analysis (Lew & Angus, 1995) which provided the
antagonist dissociation constants, pKp (-log Kg). The pKg values for cannabidiol or
rimonabant were solved by iterative approximations of WIN 55,212-2 pECso values in
the absence or presence of the antagonists cannabidiol or rimonabant using the

following equation:

pECso = —Log ([B]™ + 107PX8) — Log ¢ (3)

where n is a ‘power departure’ equivalent to allowing the slope of a Schild plot to vary

from unity (Lew & Angus, 1995).

Clark plot displays were used to verify if the CB; activity of cannabidiol or rimonabant
conformed to simple competitive antagonism. The points on the Clark plot are the
average WIN 55,212-2 pECso values in the absence and presence of the different
antagonist concentrations plotted against the corresponding antagonist —log(B + Kz)
values. The line in the Clark plot has a gradient of 1 and represents the theoretical WIN
55,212-2 pECso values (equation 1) that would be obtained if cannabidiol or rimonabant
conformed to simple competitive antagonism. The error bars on the line are the
standard error of differences (+2 S.E.M.) between the observed WIN 55,212-2 pECs
values and the theoretical pECso values from equation 1. There are two methods of

verifying if cannabidiol or rimonabant displacement of WIN 55,212-2 concentration-
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response curves conform to simple competitive antagonism. Firstly, if the 95%
confidence interval for n includes 1 (equation 1). Secondly, if the points of WIN 55,212-
2 pECsp values in the absence or presence of cannabidiol, or rimonabant, fall within the
error bars. Hence, the line in the Clark plot denotes the behaviour expected by a
competitive antagonist and deviation from the line is indicative of deviation from

competitive antagonism.

3.2.5 Drugs
Drugs used were: (-)-cannabidiol (Cayman Chemical, Ann Arbor, MI, USA); NF449

octasodium salt (4,4',4",4"-[carbonylbis[imino-5,1,3-
benzenetriylbis(carbonylimino)]]tetrakis-1,3-benzenedisulfonic acid, octasodium salt;
Cayman Chemical); noradrenaline bitartrate salt (Sigma-Aldrich, St Louis, MO, USA);
prazosin hydrochloride (Sigma); rimonabant (rimonabant; Cayman Chemical); URB937
(3'-carbamoyl-6-hydroxybiphenyl-3-yl cyclohexylcarbamate; Cayman Chemical); WIN
55,212-2 mesylate (Tocris Bioscience, Bristol, UK). Cannabidiol, rimonabant, URB937
and WIN 55,212-2 stock solutions and subsequent dilutions were performed in DMSO.
NF449, noradrenaline and prazosin were dissolved in MilliQ water. All aliquots were

stored at -20°C. Fresh drug dilutions were made daily.
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3.3 Results

3.3.1 The effects of cannabidiol on WIN 55,212-2-mediated inhibition of

electrically evoked contractions of the rat vas deferens

The cannabinoid receptor agonist WIN 55,212-2 inhibited electrically induced
contractions of NF449 (10 uM) pretreated vasa deferentia in a concentration-dependent
manner (Figure 3-2A). Compared to the vehicle (DMSO 1%), cannabidiol (30 uM)
attenuated the effects of WIN 55,212-2, in addition to causing a greater increase in
control contractions in the absence of WIN 55,212-2 (Figure 3-2B). In tissues with
noradrenaline-mediated contractions, cannabidiol 30 and 100 pM induced 6.8- and
21.9-fold dextral shifts, respectively, of WIN 55,212-2 concentration-response curves
(Figure 3-3A; P<0.0001). In the prazosin pretreated tissues, the dextral shifts of ATP-
mediated contraction-response curves were more pronounced, where cannabidiol 10,
30 and 100 uM induced 9.0-, 21.8- and 85.3-fold rightward shifts, respectively (Figure
3-3B; P<0.01).
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Figure 3-2. Representative LabChart traces of single electrical nerve stimulation pulses of rat
vas deferens.

The traces show the influence of 60 min incubation with A. vehicle (DMSO 1%) or B.
cannabidiol (CBD; 30 uM) on WIN 55,212-2-induced inhibitions of vasa deferentia contractions
mediated by single electrical nerve stimulations (150 V, 0.5 ms duration). ATP-mediated
contractions were inhibited by pretreatment with NF449 (10 uM) leaving single noradrenaline-
mediated contractions. Nerve stimulations were introduced at 30 min intervals following half-
log increment incubations with WIN 55,212-2. C denotes the respective (within tissue) control
contraction that all subsequent contractions were normalised against in the following graphs.
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Figure 3-3. The effects of cannabidiol (10-100 uM) or vehicle (DMSO 1%) on WIN 55,212-2-
induced inhibition of electrically evoked contractions of rat vasa deferentia pretreated with
either NF449 (10 pM; A) or prazosin (100 nM; B), favouring noradrenaline- or ATP-mediated
contractions, respectively.

Responses are presented as a percentage (%) of the respective control contraction (in the
absence of WIN 55,212-2, shown as C in Figure 3-2) in the presence of cannabidiol (10-100 pM)
or vehicle (DMSO 1%). Vertical error bars are + S.E.M. (those not shown are contained within
the symbol) and horizontal error bars represent the ECso + S.E.M. **P<0.01 or ****P<0.0001,
ECso compared with respective vehicle group ECso. TTP<0.01 or ""P<0.001 compared with
respective vehicle group WIN 55,212-2 concentration-response curve. *P<0.05 compared with
the corresponding vehicle group maximal inhibition of contraction (Rmax); repeated measures
one-way ANOVA with Dunnett post hoc test. n=7-9 (panel A) and n=4-7 (panel B), from
separate rats, per treatment group.

3.3.1.1 Determination of cannabidiol CB; receptor potency

To investigate if cannabidiol-induced dextral shifts in WIN 55,212-2 curves conformed
to simple competitive antagonism, global regression analysis was performed, and the
result was displayed in a Clark plot (Figure 3-4). In the Clark plot, -
log([cannabidiol]+Kg) points for the cannabidiol concentrations 0-100 pM were all
placed within the error bars, indicating that the shifts of pECso values were in agreement
with competitive antagonism. The global regression analysis gave pKg estimations of
5.29 + 0.13 (n=32) or 5.90 + 0.15 (n=18) in tissues contracted with noradrenaline or ATP,
respectively. Hence cannabidiol was 4.1 times more potent in displacing WIN 55,212-2

concentration-response curves in ATP-contracted tissues (P=0.0049; Figure 3-4).
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Figure 3-4. The Clark plot displays the interaction between increasing concentrations of
cannabidiol and WIN 55,212-2 pECso values (from Figure 3-3A, noradrenaline, filled symbols
and solid line, and Figure 3-3B, ATP, empty symbols and dashed line).

Symbols reflect the cannabidiol concentrations shown in Figure 3-3. Cannabidiol pKs estimates
can be derived from the control point (when [cannabidiol]=0; circle symbol) resulting in pKs
values of 5.29 + 0.3 (n=32) and 5.90 + 0.15 (n=18) for noradrenaline- or ATP-mediated
contractions, respectively. Vertical error bars are + 2 S.E.M. of the difference between nonlinear
regression-fitted pECso values for cannabidiol and the pECso values fitted for the individual vas
deferens tissues at each concentration of cannabidiol (0-100 pM).

3.3.2 The effects of rimonabant on WIN 55,212-2-mediated inhibition of

electrically evoked contractions of the rat vas deferens

The CB; antagonist rimonabant induced concentration-dependent dextral shifts of WIN
55,212-2 concentration-response curves mediated by both noradrenaline and ATP
(Figure 3-5). In tissues contracted by noradrenaline, rimonabant 0.3, 3 and 10 pM
caused a 20.1-, 118.6- and 179.1-fold dextral shift, respectively (Figure 3-5A; P<0.0001).
Rimonabant 3 and 10 pM attenuated the ability of WIN 55,212-2 to induce near-
complete inhibition of noradrenaline contractions, with Rmax values of 31 and 64%,
respectively (Figure 3-5A, P<0.005). Similar to cannabidiol, tissues contracted by ATP
were more sensitive to the influence of rimonabant, where all concentrations of

rimonabant (0.003-3 pM) inhibited WIN 55,212-2 concentration-response curves
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(Figure 3-5B). Rimonabant at 0.3 and 3 pM caused a near-complete attenuation of WIN
55,212-2-induced inhibition of ATP contractile responses (P<0.05) and could therefore
not be analysed in regard to curve shifts. Rimonabant 0.003 and 0.03 pM, however,

induced 4.4- and 7.7-fold dextral shifts, respectively (Figure 3-5B; P<0.05).

Noradrenaline B ATP
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Figure 3-5. The effects of rimonabant (0.003-10 pM) or vehicle (DMSO 1%) on WIN 55,212-2-
induced inhibition of electrically evoked contractions of rat vasa deferentia pretreated with
either NF449 (10 pM; A) or prazosin (100 nM; B), favouring noradrenaline- or ATP-mediated
contractions, respectively.

Responses are presented as a percentage (%) of the respective control contraction (in the
absence of WIN 55,212-2, shown as C in Figure 3-2) in the presence of rimonabant (0.003-10
M) or vehicle (DMSO 1%). Vertical error bars are + S.E.M. (those not shown are contained
within the symbol) and horizontal error bars represent the ECsp + S.E.M. *P<0.05 or
***%¥P<(0,0001 ECso compared with respective vehicle group ECso. *P<0.05, *P<0.01 or
HHp<0.0001 compared with the corresponding vehicle group maximal inhibition of
contraction (Rmax); repeated measures one-way ANOVA with Dunnett post hoc test. n=5-9
(panel A) and n=4-5 (panel B), from separate rats, per treatment group.

3.3.2.1 Determination of rimonabant CB; receptor potency

Global regression analysis of rimonabant pECso values resulted in pKp estimates of 7.67
+ 0.12 (n=25) and 8.39 + 0.32 (n=13), in tissues contracted with noradrenaline and ATP,
respectively (Figure 3-6). Similar to cannabidiol, rimonabant was 5.3 times more potent
at inhibiting ATP-mediated contractions than contractions mediated by noradrenaline

(P=0.015).
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Figure 3-6. The Clark plot displays the interaction between increasing concentrations of
rimonabant and WIN 55,212-2 pECso values (from Figure 3-5A, noradrenaline, filled symbols
and solid line, and Figure 3-5B, ATP, empty symbols and dashed line).

Symbols reflect the rimonabant concentrations shown in Figure 3-5. Cannabidiol pKg estimates
can be derived from the control point (when [cannabidiol]=0; circle symbol) resulting in pKs
values of 7.67 = 0.12 (n=25) and 8.39 + 0.32 (n=13) for noradrenaline- or ATP-mediated
contractions, respectively. Vertical error bars are + 2 S.E.M. of the difference between nonlinear
regression-fitted pECso values for rimonabant and the pECso values fitted for the individual vas
deferens tissues at each concentration of rimonabant (0-3 pM). WIN 55,212-2 concentration-
response curves became very shallow with rimonabant >3 pM for noradrenaline-mediated
contractions (Figure 3-5A), and >0.03 pM for ATP-mediated contractions (Figure 3-5B), and
PECso values were not able to be calculated for all tissues, so values were not used in the Clark
plot and pKs analyses.

3.3.3 A comparison of cannabinoid responses between tissues with

noradrenaline- and ATP-mediated contractions

There was no difference between the responses in the vehicle-treated group to WIN
55,212-2 for tissues contracted with either noradrenaline or ATP (Figure 3-3; pECso
noradrenaline 7.36 + 0.11 and ATP 7.33 + 0.14, P=0.90; Rmax noradrenaline 0.1 +0.0%
and ATP 0.2 + 0.1%, P=0.29, Figure 3-7A, B; control (C) noradrenaline 2.0 + 0.3 g and

ATP 1.2 £ 0.1 g, P=0.10). There were also no differences in control contractions before
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addition of the various cannabinoid antagonist concentrations (P>0.05), with the
exception of the group of noradrenaline-contracted tissues that were subsequently
treated with cannabidiol 30 uM (Figure 3-8A, C; P=0.026). The pooled contractions of
tissues pretreated with NF449 (10 pM; Figure 3-8A), favouring noradrenaline-mediated
contractions, were 39% bigger than ATP-mediated contractions of tissues pre-
incubated with prazosin (100 nM; Figure 3-8B; mean contraction noradrenaline 1.90 +

0.15 gand ATP 1.37 + 0.11 g; P=0.013).

The dextral shifts of WIN 55,212-2 concentration-response curves were accompanied by
cannabidiol concentration-independent increases in electrically induced contractions,
which were more pronounced in tissues where noradrenaline contractile responses
were favoured (Figure 3-7A). In noradrenaline contracted tissues cannabidiol 10, 30 and
100 pM increased basal contractile responses by 56, 114 and 81%, respectively (Figure
3-8C), and in ATP contracted tissues cannabidiol 10 pM increased basal contractions by
56% (Figure 3-7B; P<0.05). The higher concentrations of cannabidiol 30 and 100 pM
caused insignificant increases in basal ATP contractions of 48 and 29%, respectively
(Figure 3-7B; P>0.05). Rimonabant 0.3 puM, but not the higher or lower concentrations
(P>0.05), significantly increased control noradrenaline-mediated contractions by 75%
compared to vehicle contractions (Figure 3-7C, P=0.014), while rimonabant (0.003-0.3

tM) had no effects on control ATP-mediated contractions (Figure 3-7D; P>0.05).
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Figure 3-7. The absolute effects of cannabidiol (10-100 pM), rimonabant (0.003-10 pM) or
vehicle (DMSO 1%) on WIN 55,212-2-induced inhibition of electrically evoked contractions of
rat vasa deferentia pretreated with either NF449 (10 pM; A; C) or prazosin (100 nM; B, D),
favouring noradrenaline- or ATP-mediated contractions, respectively.

Responses are the absolute force of contraction in grams (g) of the Figure 3-3 and Figure 3-5
data. Vertical error bars are + S.E.M. (those not shown are contained within the symbol) and
horizontal error bars represent the ECso + S.E.M. *P<0.05, **P<0.01 or ****P<0.0001, ECso
compared with respective vehicle group ECso. 'P<0.05, T'P<0.01 or """P<0.0001 compared with
respective vehicle group WIN 55,212-2 concentration-response curve. *P<0.05, **P<0.01 or
HHp<0.0001 compared with the corresponding vehicle group maximal inhibition of
contraction (Rmax); repeated measures one-way ANOVA with Dunnett post hoc test. n=7-9
(panel A), n=4-7 (panel B), n=5-9 (panel C) and n=4-5 (panel D), from separate rats, per
treatment group.
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Figure 3-8. Individual electrically induced noradrenaline- or ATP-mediated contractions of vas
deferens tissues in the presence of NF449 (10 uM; panels A and C) or prazosin (100 nM; panels
B and D) prior to cannabinoid treatment (top panels) and after treatment with vehicle,
cannabidiol (10-100 pM) or rimonabant (0.003-10 pM) (bottom panels; denoted with C in
Figure 3-7).

Contractions are shown as change (A) in force (g). Lines with vertical error bars are mean +
S.EM. *P<0.05, **P<0.01 or ****P<0.0001 compared with respective vehicle group
contractions; repeated measures one-way ANOVA with Dunnett post hoc test. n=4-9, from
separate rats, per treatment group.

3.3.4 Lack of influence of endogenous anandamide tone on CB1 receptors in

the vas deferens

Treatment of tissues with the FAAH inhibitor URB937 (0.0001-1 uM) did not affect the

contraction of vasa deferentia compared to corresponding vehicle concentrations for
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either noradrenaline- or ATP-mediated contractions, indicating the absence of
endogenous anandamide tone (Figure 3-9; P>0.05). For noradrenaline-mediated
contractions in the time control group, there were significant increases in force over the
240 min experimental time period (P=0.004; Figure 3-9), while this was not observed
in the ATP time control group (P=0.52). In the noradrenaline groups treated with either
vehicle (DMSO) or URB937, there were also increases in contractile force with
increasing concentrations (P<0.0005 each; Figure 3-9). However, the latter increases
were only significantly greater than corresponding values in the noradrenaline time
control group for the tissues treated with URB937 0.3 and 1 uM (P=0.035). This is
unlikely to be a true effect of URB937 as these data completely overlapped those in the
DMSO-treated tissues (Figure 3-9).

Effects of URB937, DMSO or time
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Figure 3-9. The effects of URB937 (0.0001-1 uM), corresponding vehicle concentrations (DMSO
0.1-1.24%) or equivalent time controls (no drug or vehicle addition, 0-240 min) on
noradrenaline- (NA; closed symbols) or ATP-mediated (open symbols) contractions of
electrically stimulated vasa deferentia.

C, contractions before addition of either URB937 or DMSO, or further time. Error bars are +
S.E.M. *P<0.05, noradrenaline + URB937 values compared with respective noradrenaline time
control values; repeated measures two-way ANOVA with Dunnett post hoc test. *P<0.005,
noradrenaline + URB937, noradrenaline + DMSO or noradrenaline + time over treatment
protocol within group; repeated measures one-way ANOVA. n=5, from separate rats, per
treatment group.
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3.4 Discussion

Most studies to date have assessed the CB; receptor affinity of cannabidiol using
membrane binding preparations from human, rat or mouse brain. Cannabidiol
competitive antagonism of CB; agonists in intact tissue bioassays is limited to two
studies utilising the mouse vas deferens (Table 1; Pertwee et al., 2002; Thomas et al.,
2004).To our knowledge, this is the first study to use a rat bioassay to examine the CB;
receptor antagonist potency of cannabidiol. Furthermore, we assessed whether the
antagonist potency estimations of cannabidiol and rimonabant were dependent on the

neurotransmitter mediating the contractions of the rat vas deferens.

3.4.1 CB; receptor potencies of cannabidiol and rimonabant in the rat vas
deferens

The current study confirmed that both cannabidiol and rimonabant concentration-
dependently attenuated WIN 55,212-2-mediated inhibition of a single pulse electrically
induced contraction of rat vasa deferentia, in conditions selecting only noradrenaline-
or ATP-mediated contractions. The effects of the lower concentrations of cannabidiol
(3-30 uM) are most likely mediated through prejunctional sites, given that contractions
of rat vasa deferentia to exogenous noradrenaline were only suppressed in the presence
of cannabidiol 100 pM, but not 30 uM (Mazeh et al., 2021). In contrast, in mouse vas
deferens tissues cannabidiol 10 uM attenuated contractions to both methoxamine and
phenylephrine (Pertwee et al., 2002). Due to previous observation of cannabidiol’s
effects on exogenous noradrenaline (Mazeh et al., 2021), we assume that the inhibitory
effects of a high cannabidiol concentration of 100 uM against WIN 55,212-2-mediated
attenuation of contraction were underestimated. In preliminary experiments we found
it difficult to investigate the effects of cannabidiol on exogenous ATP-mediated
contractions as the contraction faded rapidly. However, we theorise that the effects of
cannabidiol would mirror that of exogenous noradrenaline. Hence, very high
concentrations of cannabidiol (=100 uM) are likely to act on other sites than those

mediating the contractions to the neurotransmitter noradrenaline.
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Lower concentrations of cannabidiol and rimonabant caused parallel and surmountable
dextral shifts of WIN 55,212-2 concentration-response curves which are in agreement
with competitive antagonism (Kenakin, 2014). The nature of the antagonism was
investigated in global regression analysis (Lew & Angus, 1995). According to the
analysis, cannabidiol behaved as a competitive surmountable antagonist of WIN 55,212-
2, with a pKp value of 5.29 + 0.13 and 5.90 + 0.15 for noradrenaline- (cannabidiol 10-100
M) and ATP- (cannabidiol 10-30 uM) contracted tissues, respectively (Table 3-1). We
found that the antagonist potency (pKs) of cannabidiol matched its literature reported
binding affinity at the CBi receptor (Rosenthaler et al., 2014). This is in contrast to earlier
findings where the reported potency of cannabidiol, with WIN 55,212-2 as the agonist,
in the vas deferens bioassay was well above its affinity - 25.7-51.3-fold greater (Table 3-
1; Pertwee et al., 2002; Thomas et al., 2004). Cannabidiol 10-100 pM increased control
noradrenaline-mediated contractions. In contrast, only the lower concentration of
cannabidiol (10 pM) increased control ATP-mediated contractions, which may have

been biased by the lower initial contractions (Figure 3-8B).

Rimonabant, unlike cannabidiol, had little effect on control contractions. Only
rimonabant at 0.3 pM caused an increase of basal noradrenaline-mediated contractions
(Figure 3-8C), neither higher nor lower concentrations of rimonabant had any effect on
contractions (Figure 3-8). This is unlike previous reports, where rimonabant 0.03-3 pM
induced significant increases in basal noradrenaline-mediated contractions of rat vas
deferens (Christopoulos et al., 2001). In the current study, rimonabant dextrally shifted
concentration-response curves in a simple competitive manner, resulting in pKs values
of 7.67 £0.12 and 8.39 + 0.32 in noradrenaline- and ATP-contracted tissues, respectively
(Table 3-1; Figure 3-6). As with cannabidiol, the higher concentrations of rimonabant
significantly inhibited the maximal response to WIN 55,212-2, an effect that was more
pronounced when contractions were mediated by ATP (Figure 3-5). In contrast to
cannabidiol, rimonabant potency estimations were in agreement with those previously
reported in mouse and rat vas deferens (Table 3-1, pKg 7.5-8.9), matching the affinity of
rimonabant at the CB; receptor (pK; 8.3-8.7) (Rinaldi-Carmona et al., 1995; Rinaldi-

Carmona et al., 1994).
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3.4.2 Characterisation of the rat vas deferens bioassay for CB; receptor efficacy
studies

Cannabidiol and rimonabant were 4.1- and 5.3-fold, respectively, more potent as
competitive inhibitors of WIN 55,212-2 in ATP-contracted compared to noradrenaline-
contracted vas deferens. Previous studies have shown that rimonabant inhibits ATP-
mediated contractions of mouse vas deferens with a 13-fold greater potency than
corresponding noradrenaline-mediated contractions in rat tissues (Christopoulos et al.,
2001; Lay et al., 2000). These studies also reported that the potencies of CB; agonists
WIN 55,212-2 and CP 55,940 were lower in rat tissues. The discrepancy in potency
between the two studies has been ascribed to the difference in species, where rat tissues
may have decreased ligand penetration into the thicker tissues, lower ligand affinity and
possibly decreased stimulus-response coupling (Christopoulos et al., 2001). Similarly,
the potency estimates of cannabidiol in the current study were 10- to 162-fold lower
than what has been previously reported in mouse vas deferens where contractions of
tissues were likely predominantly mediated by ATP as the P> receptor antagonist PPADS
almost completely abolished the electrically induced contractions (Table 3-1; Pertwee et
al., 2002; Thomas et al., 2004). While it appears that potency estimates of cannabinoids
in the vas deferens are highly species-dependent, our study has demonstrated that the
responses to the CBi agonist WIN 55,212-2 were largely unaffected by the
neurotransmitter mediating the contractions with similar potency values in each group

(pECs0 noradrenaline 7.36 and ATP 7.33).

The inhibition of noradrenaline-mediated contractions over time is likely to be
underestimated due to the slow increase in contractions in vehicle-treated tissues
(Figure 3-9). As mentioned, in tissues with ATP-mediated contractions both
cannabidiol and rimonabant inhibited maximum responses to WIN 55,212-2 causing
non-parallel dextral shifts of normalised concentration-response curves. While our
study demonstrated that cannabidiol and rimonabant potencies are somewhat
dependent on the neurotransmitter mediating the contractions of the vas deferens, the
species from which the tissues were obtained seems to have a greater influence.

Observations from the literature suggest that mouse tissues are more sensitive to the
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influence of CBj-active cannabinoids compared to rat tissues. However, it is important

to emphasise that different stimulus protocols add further complexity.

The critical issue is whether the pKs for both cannabidiol and rimonabant is
neurotransmitter-sensitive. Receptor theory would suggest that the pKg for these
antagonists acting at the prejunctional CB; receptor should be independent of the
downstream tissue mechanism. However, this assay is acutely dependent on non-

equilibrium dynamics of transmitter release and peak tissue response.

Conservatively, as discussed above, we suggest there are several issues that could
explain the small 4-5-fold increased potency of cannabidiol and rimonabant as CB;
antagonists in ATP-mediated compared with noradrenaline-mediated contractions.
That said, it is still possible that in vivo the prejunctional CB; receptor mediating
inhibition of ATP release is significantly more affected by cannabidiol than for

noradrenaline-mediated responses.

3.4.3 Are CB; receptors in the vas deferens under endogenous anandamide
tone?

Cannabidiol- and rimonabant-induced potentiation of basal contractions in the absence
of exogenous cannabinoid agonists can be explained either by inverse agonism, the
influence of endogenous cannabinoid agonist tone or off-target potentiation of
neurotransmitter release. It has been suggested that presynaptic CB; receptors are under
endogenous tone (reviewed in Schlicker & Kathmann, 2001). This is based on the ability
of the antagonist rimonabant to cause a significant increase in the amplitude of
electrically induced contractions in various tissue preparations including rat vas
deferens, mouse urinary bladder and guinea-pig myenteric plexus longitudinal muscle
(Christopoulos et al., 2001; Coutts & Pertwee, 1997; Pertwee, 2014; Pertwee & Fernando,
1996; Pertwee et al., 1996a). Additionally, [PH]-noradrenaline release as a result of basal
electrical stimulation was 37% higher in vasa deferentia from CB;’" mice compared to
CB;** mice (Schlicker et al., 2003). This finding indicates that CB; receptors are under

endogenous tone. However, the current study was unable to support a role for
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endogenous anandamide, as increasing concentrations of the FAAH inhibitor URB937
(0.0001-1 uM) had no additional effects to those of vehicle (Figure 3-9). Cannabidiol is
likely to enhance the contractions of the vas deferens by acting at a CB; receptor-
independent site to enhance electrically evoked release of both neurotransmitters
noradrenaline and ATP. In contrast, a previous study in rat vas deferens found that
incubation with the FAAH inhibitor phenylmethylsulphonyl fluoride (PMSF; 200 pM)
significantly decreased the amplitude of basal contractions in rat vas deferens,
indicating that anandamide is present (Christopoulos et al., 2001). It is important to
take into consideration that PMSF is a nonspecific inhibitor of a range of enzymes
including proteases, esterases such as acetylcholinesterase, trypsins and the
anandamide degrading enzyme FAAH (Deutsch & Chin, 1993; James, 1978; Moss &
Fahrney, 1978). Since then, more specific FAAH inhibitors have been developed,
including the peripherally acting URB937 (Clapper et al., 2010). In contrast to the multi-
target of PMSF, URB937 is selective to FAAH and has limited or no monoacylglycerol
lipase activity, as it does not alter the tissue concentrations of the endocannabinoid 2-
AG in vivo (IC50>100 pM; Clapper et al., 2010). We have yet to investigate the

involvement of the endocannabinoid 2-AG in the vas deferens responses.

The ability of rimonabant to induce an effect opposite to that of a CB; receptor agonist
have been ascribed as further evidence for its inverse agonist properties (Christopoulos
et al., 2001). However, it would be an oversimplification to regard the cannabidiol- and
rimonabant-induced increase of control contractions in the vas deferens as inverse
agonism. Cannabidiol, which caused a greater increase in the amplitude of contractions,
has generally not demonstrated inverse agonism in cell-based assays (reviewed in
McPartland et al., 2015). In contrast, rimonabant which has been proposed to be a CB;
inverse agonist caused a mean decrease of [>S]GTPYS activity of 36% (Breivogel et al.,
2001; reviewed in McPartland et al., 2015; Thomas et al., 2007). Hence, we suggest that
the ability of cannabinoids to affect basal contractions in the vas deferens should not be
used as a measure of inverse agonism. Cannabidiol is likely to enhance the contractions
of the vas deferens by acting at a CB; receptor-independent site to enhance electrically

evoked release of both neurotransmitters noradrenaline and ATP.
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While a shift in either the Emax or Emin asymptote is not in agreement with competitive
antagonism, in this study it is only observed at high cannabidiol concentrations which

is likely due to loss of selectivity to the CBy receptors.

3.4.4 Conclusions

In conclusion, we have demonstrated that cannabidiol antagonises CB; receptor-
mediated inhibition of contraction of the rat vas deferens in a manner consistent with
simple competitive antagonism. The resulting potency of cannabidiol as a competitive
antagonist of CBi agonists is consistent with its binding affinity at the CB; receptor. We
have also established that cannabidiol-induced enhancements of basal contractions
cannot be ascribed to endogenous anandamide tone on the CB; receptors. Rimonabant
also behaved in a manner consistent with simple competitive antagonism with a
potency that matched previous reports in both rat and mouse vas deferens.
Furthermore, the estimated potencies of both cannabinoids were influenced to some
degree by the neurotransmitter mediating the contractions of the vas deferens. ATP-
mediated contractions were more sensitive to the influence of the cannabinoids. While
we have not been able to explain this discrepancyj, it is unlikely to involve postjunctional
sites or any feedback mechanism as the difference is observed during a single electrical
stimulation. A limitation of this study is that only one orthosteric CB; agonist was used
when studying the effects of cannabidiol in the vas deferens assay. However, we theorise
that the choice of orthosteric CB; agonist would not have affected the overall outcome

of our global regression analysis.

The implications of this work suggest that when cannabidiol’s plasma concentrations
are raised above 1 pM consideration should be given to its CB; receptor antagonism
especially at prejunctional neuronal sites that would lead to disinhibition of endogenous
CBi modulation of neurotransmission in the central and peripheral nervous systems.
Further, our findings suggest that this disinhibition by cannabidiol may be more

sensitive when ATP is the transmitter compared to adrenergic noradrenaline.
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Chapter 4

The vascular effects of cannabidiol in rat isolated tissues
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4.1 Introduction

To date, most studies investigating the vascular effects of cannabidiol have been
performed in large conduit arteries using a high cannabidiol concentration of 10 uM
(section 4.1.3, Table 4-1, Table 4-2). We sought to characterise the effects of cannabidiol
in small resistance arteries at clinically relevant concentrations (0.3-3 pM; section
1.5.3.5; Table 1-1) as it is well-established that smaller arteries (<300 um internal
diameter, i.d.) are the main contributors to peripheral vascular resistance and
subsequent blood pressure regulation (section 4.1.1.1). We posed the question: does the

size of arteries influence the effects of cannabidiol?

4.1.1 Sometimes size does matter

The vascular circulation is categorised into the systemic and pulmonary circulation
(reviewed in Gao, 2017). In the systemic circulation, arteries flow blood from the heart
to peripheral tissues while veins return blood from the peripheral tissues back to the
heart. Arteries and veins are connected by capillaries whose main role is to enable the
delivery of oxygen, nutrients and signal molecules to peripheral tissue cells, while the
veins carry cell-produced carbon dioxide, metabolic wastes and signal molecules. The
vessels in the different circuits range greatly in size and function. In rats, arteries range
from the internal diameter of 3 mm (e.g. aorta) to 7 pm (e.g. capillaries; Mulvany &
Halpern, 1977). The different arteries have structures to support their different roles in
the cardiovascular system. Arteries generally consist of three layers: the tunica intima,
the tunica media and the tunica adventitia (Gao, 2017). The innermost layer, tunica
intima, is mainly made of one layer of endothelial cells. The middle layer, tunica media,
is made of a combination of smooth muscle cells, elastin and collagen filaments. The
outermost layer, tunica adventitia, is generally made of dense fibroelastic tissue which
provides arteries with structural stability. The composition and thickness of each layer

vary between vessel types (Gao, 2017).
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4.1.1.1 Vascular structural differences: small resistance versus large conduit
arteries

Arteries can be classified based on the composition of the tunica media. Large conduit
arteries, e.g. aorta and carotid arteries, have dense elastic lamella and are therefore also
referred to as elastic arteries, while smaller resistance arteries closer to the periphery

have a tunica media that is instead dominated by smooth muscle cells.

4.1.1.1.1 Small resistance arteries

The main role of resistance arteries is to provide the connected capillaries with the
correct amount of blood at the right pressure (Mulvany & Aalkjaer, 1990). The smooth
muscle-rich media tunica of smaller arteries makes them well-equipped for this
purpose, by allowing arteries to dilate and contract to modulate the flow and pressure
of blood entering the capillaries. Resistance arteries are made up of arterioles (<30-60
pum i.d.) which are arteries closest to capillaries and the small arteries proximal to
arterioles. Due to the difficulties associated with performing experiments on very small
arteries, usually, the small arteries proximal to the arterioles are used to model the
influence of resistance arteries. Small arteries (~100 pm i.d.) contribute significantly to
the overall peripheral resistance in vascular beds from various species (reviewed in
Mulvany & Aalkjaer, 1990). More specifically, small arteries and arterioles share the

peripheral resistance almost equally.

The adventitial layer of small arteries is made up of connective tissues which consist of
a combination of elastin and collagen, fibroblasts, mast cells, macrophages and
sometimes some Schwann cells with nerve axons (Mulvany & Aalkjaer, 1990). It appears
that most nerves in the small arteries are found in the adventitial layer without
penetrating the media. In rat mesenteric and renal vascular beds, the nerve volume
fraction increases with decreased vessel diameter (ranging from 1 to 3%). In comparison,
larger arteries have a smaller volume ratio taken up by smooth muscle cells. The tunica
media is bound to the luminal side of the artery by an internal elastic lamina (Mulvany
& Aalkjaer, 1990). The number of smooth muscle cell layers in small arteries is

proportional to the small artery diameter. There are approximately 6 layers of smooth

118



muscle cells in arteries with an inner diameter of 300 um, and a monolayer of smooth
muscle cells in arteries with inner diameter of 30-50 pum. Smooth muscle cells
subsequently make up 70-85% of small artery wall volume. The innermost layer of the
small artery cell wall, the tunica intima, is composed of a squamous structure of

endothelial cells that continuously covers the lumen of arteries.

The ability of arteries to resist blood flow (R) is directly correlated to the viscosity of
blood (n) and length (L) of the artery, while negatively correlated to the artery radius

(r) as demonstrated by Poiseulle’s law:
L
R o 2)

As the length of an artery and the viscosity of blood stays relatively constant, the

diameter of a vessel is the main determinant of a vessel’s ability to resist the blood flow.

4.1.1.1.2 Large conduit arteries

Large conduit arteries are characterised by large lumens and a tunica media containing
multiple layers of elastic laminae which facilitate their elastic properties where they can
accept larger volumes of blood at high pressure. The aorta is the main conduit artery,
and it consists of two segments: the thoracic and abdominal aorta. The thoracic aorta
branches to the carotid artery which is another large conduit artery, while the
abdominal aorta branches to the superior mesenteric artery (Liu, 2020). The elastic
properties of conduit arteries allow them to buffer the pulsatile flow of blood pumped
out of the heart, creating a near-continuous peripheral blood flow (Belz, 1995). The
buffering property of large arteries is explained through the Windkessel effect.
Windkessel translates in German to “air chamber” and they were originally used in old-
fashioned fire hoses where fluid was collected in a reservoir before filling the hose which
resulted in a continuous fluid flow from the hose which more efficiently could fight
fires. Similarly, large arteries dilate in response to increased pressure during systole
creating net storage of blood and will recoil as blood pressure falls during diastole and

therefore discharging the remaining blood, hence creating a continuous flow.
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4.1.2 Wire myography —a means of examining the vascular functions of arteries

to drugs

Myography deals with the contractility of muscles (Danish Myo Technology A/S, 2020).
Wire myography is the most common technique of studying the vascular functions of
vessels. Up until the late 70s, vascular work was mainly performed on large conduit
arteries or smaller arteries with internal diameters greater than 300 pm. The techniques
at that time were limited and did not allow for studies in smaller arteries (<300 pm i.d.).
This prompted Michael J. Mulvany and William Halpern to develop the wire myograph
which allowed for the functional measurements of smaller arteries (Mulvany & Halpern,
1977). In their first study with the wire myograph, they successfully investigated the
contractile properties of small arteries collected from spontaneously hypertensive rats
(SHR) and the normotensive control Wistar Kyoto (WKY) rats. They showed that 3rd
and 4™ order mesenteric arteries (Figure 4-1) collected from SHR had a 34% greater
contractility than arteries from WKY rats.

The ex vivo pharmacodynamics of isolated arteries is best studied under physiological
conditions to better emulate their in vivo environment (Wright & Angus, 2000). Vessels
are therefore incubated in Kreb’s physiological salt solution (PSS) which has a similar
composition to blood (Chapter 2). The PSS temperature is maintained at 37°C and kept
carbogenated with 95% Oz and 5% CO>. Small resistance arteries are commonly
dissected from the rat mesentery where they are identified as the 3" and sometimes 4™
order branches from the superior mesentery (Figure 4-1). To allow for the control and
measurement of internal vessel diameters, vessels are mounted in the myograph
between two stainless steel wires (40 pm i.d.) with are carefully fed through the lumen
to limit damage to the endothelium. One of the wires is fixed to a force transducer that
measures the changes in wall force while the other wire is attached to a micropositioner
which allows the manual distancing of wires from each other and therefore also the

passive stretching of a vessel. Once a vessel has been mounted on wires it is equilibrated

in the PSS at 37°C for 30 min.
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Figure 4-1. A schematic drawing of the isolated rat mesentery including the different vascular
branch orders.

4.1.2.1 Normalisation of vessels

Arteries are thereafter normalised to ensure standardised baseline experimental
conditions for all vessels assessed in the wire myograph. By setting arteries to the same
initial resting tension i) it increases reproducibility of data; ii) optimises vessel
responses; iii) enables the calculation of vessel diameter; and iv) vessel viability can be
evaluated (Danish Myo Technology A/S, 2020). There are various techniques for
normalising an artery (Wright & Angus, 2000). Some laboratories will stretch vessels to
a predetermined force that is readjusted to the same force if the vessel has lost its tone
after a certain amount of time. However, to emulate in vivo conditions, vessels should
be stretched in accordance with vessels’ specific smooth muscle composition and
function. Based on wire myograph studies performed in small mesenteric arteries, the
optimal transmural wall pressure for small resistance arteries has been determined to
be 100 mmHg (Mulvany & Halpern, 1977). The internal circumference of a vessel under
a transmural pressure of 100 mmHg is referred to as the ICjo0. The ICioo is individually

calculated for each vessel by measuring the increased wall tension generated by a vessel
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at various internal circumferences which allows for the calculation of the corresponding

transmural pressure by using Laplace’s law:

Wall tension

(3)

Transmural pressure = ,
P Internal circumference/(2 X 1)

From Laplace’s law, it is apparent that as the vessel internal circumference (in mm)
increases the transmural pressure will decrease. Hence, under isometric conditions
when the internal circumference is kept constant (as during myography experiments)
an increase in wall tension (in mN) would increase the transmural pressure (in
mN/mm). During the normalisation process, the internal circumference of a vessel is
calculated by constructing a passive length/tension graph (Figure 4-2). As the internal
circumference of the vessel is passively increased by adjusting the micropositioner
attached to one of the wires in the vessel, a recording of the resulting wall tension is
made. The stepwise increment of vessel internal circumference creates an exponential
relationship with the resulting wall tension. An isobar (straight line) is added to the
length/tension graph which correlates the internal circumference and wall tension of
an artery at a specific transmural pressure according to Laplace’s law (3). The internal
circumference of an artery at a fixed transmural pressure, e.g. 100 mmHg for small
resistance arteries, is indicated by the intersection of the isobar with the exponential
length/tension curve. Conveniently, we can make I[Cioo calculations through
sophisticated data acquisition software (e.g. LabChart®) by manually inserting the
micrometre changes that correlate to the passive artery stretches made. From the ICioo
values, the diameter of a vessel (Dioo) is calculated by dividing the 1Cioo value with the
value of w. In our laboratory, arteries are relaxed to a circumference that equals 0.91Cio0
as previous studies have shown that vessels slightly relaxed to 0.9 of ICioo produce the

greatest active tension (Mulvany & Halpern, 1977).
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Figure 4-2. An example of an arbitrary passive-tension graph generated by Danish Myo
Technology A/S (2020).

The blue symbols represent the resulting wall tension of a vessel being passively stretched by
using the myograph micrometer. If it is assumed that the transmural pressure (AT) chosen is
100 mmHg, the LabChart® software will use the artery data to calculate the isobar formula
(T=100 mmHg x (IC)/2m). The intersection of the isobar with the curved line connecting the
blue symbols of the measured wall tension at each increased internal circumeference (IC)
represents the calculated internal circumference of an artery with a transmural pressure of 100
IIlIIng (IC]oo).

4.1.2.2 Viability of vessels

Before commencing the experiment, the viability of a vessel is evaluated (Figure 4-3).
Firstly the maximum active force is evaluated by exposing vessels to high noradrenaline
concentration (10 uM) and depolarising solution termed KPSS (where NA" in PSS has
been replaced by K, creating a 124 mM potassium solution). Prior to experimental
protocols, arteries are also exposed to KPSS only to achieve a reference maximum
contraction as all subsequent responses are expressed as %KPSS. To test the integrity of
the endothelium, vessels are precontracted with noradrenaline to 80% of maximum
KPSS contraction followed by the addition of the endothelium-dependent vasodilator

agonist acetylcholine 1 pM. The extent of the relaxation is a strong indicator of a vessel’s
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nitric oxide-dependent vasorelaxant effects. In this study, arteries relaxed to >70% of

precontraction are considered to have an intact endothelium.
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Figure 4-3. A LabChart® trace of a small mesenteric artery undergoing viability testing.

The artery was first exposed to noradrenaline (NA) and high-potassium PSS (KPSS) followed by
KPSS-only exposure 10 min later which will act as the reference maximal contraction for the
subsequent experimental responses (expressed as %KPSS). To examine the integrity of the
endothelium, the artery was sub-maximally contracted with noradrenaline and then exposed to
acetylcholine (Ach 1 pM). The force of contraction is measured in mN.

4.1.3 Vascular effects of cannabidiol

In isolated arteries, cannabidiol either acutely relaxed precontracted arteries or
potentiated the relaxation to acetylcholine and sodium nitroprusside (Table 4-1, Table
4-2). In aortae from healthy rats, cannabidiol 10 pM incubation for 2 h significantly
enhanced vasorelaxation to acetylcholine (Stanley et al., 2013b). In another study,
cannabidiol 10 pM administration to precontracted aortae caused time-dependent
relaxation (O'Sullivan et al,, 2009). While studies in small resistance arteries are
limited, the vasorelaxation effects of cannabidiol appear to be more pronounced in
smaller arteries compared to large conduit arteries. In rat isolated small mesenteric
arteries precontracted with phenylephrine, acute cannabidiol administration caused

maximum relaxation with a pICsp of 5.66 + 0.06 (Baranowska-Kuczko et al., 2020;
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Offertaler et al., 2003). This full relaxation of small mesenteric resistance arteries has
also been reported for anandamide, while the larger superior mesenteric artery only
relaxed by 40% (Randall et al.,, 2004). In human isolated large pulmonary arteries
precontracted with U46619, acute cannabidiol 10 uM did not cause relaxation. Further,
in the same paper, in rat small mesenteric arteries (250 um i.d.) pretreatment with
cannabidiol 1 pM had no effect on phenylephrine concentration-response curves

(Baranowska-Kuczko et al., 2020).
Cannabidiol has a broad spectrum of actions at multiple targets over a wide range of

concentrations (reviewed in McPartland et al., 2015; section 1.6 ) which may explain the

heterogeneity in the reports of the vascular targets of cannabidiol (Table 4-1, Table 4-2).
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Table 4-1. Literature-reported ex vivo rat vascular effects and targets of cannabidiol under physiological conditions

De-
Vv 1 doth Calci
Rats aseuiar [Cannabidiol] Protocol Effect CB, CB, Gi/,PCR  PPARy TRPV1 NOS SOD eIT ° . alcw Reference
bed elisatio m
n
Precontracted Baranowska-
WKY sMA 0.1-30 uyM . pECs0: 6.0 S o S o Kuczko et al.
with PE
(2020)
DOCA- Precontracted Baranowska-
salt sMA 0.1-30 uyM with PE PpECs0: 5.5 S o S o Kuczko et al.
sham (2020)
Precontracted
10 mg/kg i.p.; for with MeOx Wheal et al.
ZL sMA 7 days Relax with < (2017)
ACh/nuding
1 M incubation Precontracted )
ZL sMA for 2 h prior to with MeOx /I:s;;x Sta(l;l(f)?;ebt)al.
exp Relax with ACh ’
o 0
SD sMA Not specified Not specified R;ZZ ;(.)606@ Oaflfle(r;a(l)l(e)rs)e t
perfused .
Precontracted Jarai et al.
MVB 0™ with PE < (1999)
Precontracted
10 mg/kg i.p.; for with MeOx Wheal et al.
ZL FA 7 days Relaxation with < (2017)
ACh/SNP
Precontracted
10 uyM with MeOx + M Remax:
7L FA incubation for 2 U46619 +15% o le;gllig al
h prior to exp Relaxation with <>pECso
ACh
Precontracted
10 uyM with MeOx + )
7L FA incubation for 2 U46619 Ul Wheal et al.
; : . +17% (2014)
h prior to exp Relaxation with
SNP
10 pM Precontracted Stanlev et al
7L FA incubation for 2 with MeOx © 2 O?Bb) '
h prior to exp Relax with ACh
10 mg/kg i.p.; for Precontracted Wheal et al.
ZL Aorta 7 days with MeOx < (017)



Relax with

ACh/SNP
1 pM incubation Precontracted Stanley et al
ZL Aorta for 2 h prior to with U46619 I (2013b) .
exp Relax with ACh
10 uM Precontracted Stanley et al
ZL Aorta incubation for 2 with U46619 & (2013b) .
h prior to exp Relax with ACh
1 Rmax: -
Precontracted +4:;T1X.h) +27;f “ _VH. Tnas O'Sulli t
Wistar Aorta 10 pM with MeOx + ’ & 4 & < < e S el "2009)
dsers P Rea P Rina +26% (1 h) al. (2009)
+52% (2 h) +33% (2 h) M Rmax:
h) +9% (2 h)

ACh, acetylcholine; CBy, cannabinoid receptor type 1; CB,, cannabinoid receptor type 2; CB,, endothelial cannabinoid receptor; De-endothelisation, rubbing off the endothelium of a vessel; DOCA-salt,
deoxycorticosterone acetate and sodium chloride hypertensive rats; CGRP, calcitonin gene-related peptide; COX, cyclooxygenase; FA, femoral arteries; Gi/oPCR, Gjs-protein-coupled receptor; i.p.,
intraperitoneal; MeOx, methoxamine; MVB, mesenteric vascular bed; NOS, nitric oxide synthase; PE, phenylephrine; PPARY, peroxisome proliferator-activated receptor-gamma; PE, phenylephrine; SD,
Sprague-Dawley; sMA, small mesenteric arteries; SNP, sodium nitroprusside; SOD, superoxide dismutase; TRPVI, transient receptor potential vanilloid receptor 1; U46619, Thromboxane A, agonist; ZL,

Zucker lean rats that are non-diabetic controls for Zucker diabetic fatty rats (ZDF); WKY, Wistar Kyoto rats; €2, no change; 4, increase compared to vehicle; -, attenuation of cannabidiol effect



Table 4-2. Literature-reported ex vivo rat vascular effects and targets of cannabidiol under non-physiological conditions

De-
Vv 1 PPAR- doth
Rats als)zlcll ar [Cannabidiol] Protocol Effect CB, CB; CB. FAAH TRPV1 COX NOS SOD eerllis(;ti Reference
on
Precontracted . Baranowsk
SHR sMA 0.1-30 pM 5 pECs0: 5.6 ECso: & L L a-Kuczko et
with PE PELs0:
51 al. (2020)
— — — Baranowsk
DOCA- Precontracted
salt sMA 0.1-30 yM with PE pECs0: 5.9 PECso: PECso: d PECso: a-Kuczko et
53 5.2 4.6 al. (2020)
. Precontracted
ZDF ma  © mg7/ l;g Epfor T ith MeOx ,:\ ;mc" - - le;%ll;; al
ays Relax with ACh PESS0
. Precontracted
ZDF Mma  © mg7/ léga P for " ith MeOx o ng?)l;; al
Y Relax with SNP
1 pM incubation Precontracted Stanley et
ZDF sMA for 2 h prior to with MeOx &~ dl (20¥3b)
exp Relax with ACh '
Precontracted
10 mg/kg i.p.; for with MeOx Wheal et al.
ZDF FA 7 days Relax with < (2017)
ACh/SNP
Precontracted
10 pM . P Rmax:
ZDF FA incubation for 2 WltS 4]\223)( * +19% ©“ - © © © - G - G ng?)llflg al
h prior to exp Relax with ACh ©PECs0
Precontracted
10 uyM .
. . with MeOx + L Wheal et al.
ZDF FA uLcul:iaotrl(zz i())(r 2 U46619 (2014)
P P Relax with SNP
Precontracted
10 pM with MeOx = .
ZDF FA incubation for 2 U46619 Ul Wheal et al
. . +35% (2014)
h prior to exp Relax with
HU308
10 pM Precontracted Stanley et
ZDF FA incubation for 2 with MeOx L al. (2013b)

h prior to exp

Relax with ACh




Precontracted
10 mg/kg i.p.; for with MeOx

Wheal et al.
ZDF Aorta 7 days Relax with < (2017)
ACh/SNP
1 uM incubation Precontracted MR Stanley et
ZDF Aorta for 2 h prior to with U46619 +26%. al. (2013b)
exp Relax with ACh '
10 pM Precontracted .
ZDF Aorta incubation for 2 with U46619 1\:2;: ’ aS[t 'a(glgéebt)
h prior to exp Relax with ACh '

ACh, acetylcholine; CBy, cannabinoid receptor type 1; CB,, cannabinoid receptor type 2; CB., endothelial cannabinoid receptor; De-endothelisation, rubbing off the endothelium of a vessel; DOCA-salt
sham, normotensive control of deoxycorticosterone acetate and sodium chloride rats; CGRP, calcitonin gene-related peptide; COX, cyclooxygenase; FA, femoral arteries; Gi,oPCR, Gi/o-protein-coupled
receptor; i.p., intraperitoneal; MeOx, methoxamine; NOS, nitric oxide synthase; PE, phenylephrine; PPARYy, peroxisome proliferator-activated receptor-gamma; PE, phenylephrine; SHR, Spontaneously
Hypertensive Rats; sMA, small mesenteric arteries; SNP, sodium nitroprusside; SOD, superoxide dismutase; TRPV], transient receptor potential vanilloid receptor 1; U46619, Thromboxane A, agonist; ZDF,
Zucker diabetic fatty rats; €, no change; 1, increase compared to vehicle; -1, attenuation of cannabidiol effect



4.1.4 Study aims

In the present work, we set out to quantify the actions of clinically used concentrations
of cannabidiol (0.3-3 pM) on the effects of a wide range of contractile agents in rat
isolated small resistance arteries and compare these with larger conduit arteries. We
have also explored the mechanism of action of cannabidiol in small resistance arteries.
Finally, we compared the vascular actions of cannabidiol with its actions on the
contraction of various non-vascular tissues — bronchial, urogenital, cardiac and skeletal

muscles.
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4.2 Methods

4.2.1 Animals

The Animal Ethics Committee of the University of Melbourne approved experiments
(approval #10246) in accordance with The Australian Code for the care and use of
animals for scientific purposes (8th edition, 2013, National Health and Medical Research
Council, Canberra). Male Sprague-Dawley rats (10-12 weeks old, Biomedical Animal
Facility, Melbourne, Australia) were used in this study and housed in groups of 3-4 in
standard cages under constant climatic conditions (21°C, 12 h light/dark cycle), with

food and water ad libitum.

Rats (250-350 g) were deeply anaesthetised by inhalation of 5% isoflurane in 100%
oxygen and killed by a rapid cut through the spinal cord. All experiments were
performed in Krebs-Henseleit physiological salt solution (PSS) with the following
composition (mM): NaCl 119, KCI 4.7, KH2PO4 1.2, NaHCOs 25, CaCl; 2.5, EDTA 0.026,
MgSO4 1.2 and glucose 5.5 for bronchi, mesenteric, saphenous and tail arteries and 11
for vasa deferentia, atria and hemidiaphragm. The PSS was oxygenated with carbogen

(95% O3 and 5% CO.) at pH 7.4.

4.2.2 lIsolated arteries

Mesenteric arteries: The abdomen was opened, the jejunum removed, and its attached
vascular fan was pinned out on a Silastic-bottomed petri dish filled with oxygenated
PSS. The superior mesenteric artery (i.d. 888 + 95 um) and third- or fourth-order
mesenteric artery branches (i.d. 200-350 pm) were trimmed from attached tissue.
Saphenous arteries: The muscle over the right hindlimb was exposed and fresh PSS was
added while dissecting out large and small saphenous arteries. The saphenous arteries
were isolated by dissecting out the left first-order large saphenous artery (i.d. 623 + 18
pm) and the right second-order small saphenous artery (i.d. 288 + 12 um). Tail arteries:
The tail was pinned dorsal side up on a Silastic-covered petri dish filled with PSS, the
skin opened to expose the midventral artery (i.d. 923 + 30 um) which was carefully lifted

and dissected out.
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Small segments (2 mm long) of each artery type were mounted on 40 pm diameter
stainless-steel wires connected to force transducers in myograph chambers (Model
610M and 620M; Danish Myo Technology, Aarhus Denmark). Responses were captured
by a Powerlab (4/30 or 8/35) A/D converter (ADInstruments, Bella Vista, NSW,
Australia) and measured on a Mac computer running LabChart 7 Pro data acquisition
software (ADInstruments). After an equilibration period in PSS at 37°C, arteries were
normalised by stepwise stretching, allowing for the calculation of the artery i.d. under
an equivalent transmural pressure of 100 mmHg (Dioo). The artery diameter was then
partially decreased to 0.9Dioo, i.e. a transmural pressure equivalent to about 60 mmHg
to allow for maximum contraction to develop when a contractile agent is applied
(described in more detail by Angus & Wright, 2000). This passive force remained for
the rest of the experiment. After a 30 min equilibration, artery viability was tested.
Arteries were exposed to a potassium-rich depolarising solution (KCl replacing NaCl,
termed KPSS) and noradrenaline 10 puM for 2 min before being washed with PSS. After
10 min (or until the contractile force was back to baseline), arteries were re-exposed to
KPSS for 2 min to obtain the maximal contraction and then washed with PSS. All
responses were expressed as a percentage of the KPSS response in each artery. After 10
min equilibration, the arteries were precontracted with noradrenaline to ~80% KPSS
contraction, followed by the addition of acetylcholine 1 uM to test the integrity of the
endothelium (only arteries that relaxed by >70% were used in experiments). The

arteries were then washed with PSS and exposed to one of the following protocols.

4.2.3 lIsolated artery protocols

4.2.3.1 Concentration-response curves to different contractile agents

Cannabidiol (0.3, 1 and 3 pM; each dissolved in DMSO 0.1%) or vehicle (DMSO 0.1%)
were added to the baths and equilibrated for 30 min, followed by cumulative additions
of half-log increments of a contractile agent. We chose this cannabidiol pretreatment
protocol rather than applying cannabidiol to a precontracted artery to allow 30 min
incubation of a single concentration of cannabidiol. We also found that the lack of
stability of precontracted small mesenteric arteries made this alternate latter protocol

difficult to use. Large saphenous, mesenteric and tail arteries were exposed to the

132



contractile agonist methoxamine (0.01-100 uM), while small saphenous arteries were
exposed to either methoxamine (0.01-300 pM) or 5-HT (0.01-10 pM). In small
mesenteric arteries cumulative concentration-contraction responses to endothelin-1
(0.1-100 nM), arginine vasopressin (0.01-30 nM), U46619 (0.001-3 uM), methoxamine
(0.01-100 pM), 5-HT (0.01-10 uM) or a-methyl-5-HT (0.01-10 uM) were constructed.
Only a single concentration-response curve to an agent was constructed in each artery
preparation. Separate arteries were incubated with CGRP (small mesenteric arteries 0.1-
100 nM or superior mesenteric arteries 100 nM) or vehicle (MilliQ water) for 30 min,

followed by cumulative additions of methoxamine (0.01-100 pM).

4.2.3.2 Potential mechanism of action of cannabidiol

To explore the mechanism of action of cannabidiol, small mesenteric arteries were
equilibrated with one of the following treatments for 30 min (except B) (literature
supporting the chosen treatment concentrations shown): (A) olcegepant 1 uM (CGRP
receptor antagonist); (B) capsaicin 1 pM (transient receptor potential cation channel 1
(TRPVI) receptor desensitiser; arteries incubated for 1 h followed by a wash out of
capsaicin); (C) L-NAME 100 pM (nitric oxide synthase (NOS) inhibitor); (D)
indomethacin 3 pM (cyclooxygenase inhibitor); (E) combination of olcegepant 1 pM, L-
NAME 100 pM and indomethacin 3 uM; (F) GW9662 1 uM (peroxisome proliferator-
activated receptor y (PPARy) antagonist); (G) rimonabant 300 nM (cannabinoid
receptor type 1 (CB;) antagonist); (H) SR144528 30 nM (CB; receptor antagonist)
(Abood et al, 2019); or (I) O-1918 3 puM (inhibitor of endothelium-mediated
vasorelaxation of cannabinoids). After treatment incubation, arteries were incubated
with cannabidiol (1 or 3 pM) or vehicle (DMSO 0.1%) for 30 min and then a
concentration-contraction curve was constructed with cumulative additions of either
methoxamine or 5-HT (0.01-100 uM). Small saphenous arteries were equilibrated with
olcegepant (1 uM) followed by the incubation of cannabidiol (3 uM) or vehicle (DMSO
0.1%) for 30 min and cumulative additions of 5-HT (0.01-30 uM). We chose to examine
the mechanism of action of cannabidiol in detail against methoxamine as it is a selective

ou-adrenoceptor agonist that mimics sympathetic vasomotor contraction and 5-HT as a
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different vasoactive amine acting at mainly 5-HTia receptors as a contractile agonist of

small arteries.

The general involvement of the endothelium was tested by denuding the endothelium
of small mesenteric arteries with a hair. The integrity of the smooth muscle contractions
and the lack of acetylcholine-mediated vasorelaxation was tested after the denudation.
Only arteries that maintained >80% of the previous KPSS contraction and <5% of

acetylcholine-mediated relaxation were used.

4.2.3.3 Potential role of calcium

To study the role of extracellular calcium, mesenteric arteries were washed with
calcium-free PSS and allowed to equilibrate for 10 min. The intracellular calcium storage
was depleted by repeatedly exposing the arteries to KCl (80 mM) or methoxamine (10
pM) for 5 min before washing the arteries with calcium-free PSS. This was followed by
the incubation of arteries with cannabidiol (0.3, 1 and 3 pM), CGRP (100 nM) or vehicle
(DMSO 0.1%) for 30 min. Arteries treated with cannabidiol or vehicle were thereafter
incubated with either KCI (80 mM) or methoxamine (10 pM) for 5 min to induce the
opening of calcium channels, and CGRP-treated arteries were incubated with
methoxamine (10 pM) for 5 min, prior to construction of a CaCl> concentration-
contraction curve (cumulative additions, 0.01-10 mM). One set of arteries were
pretreated with olcegepant (1 uM) 30 min before cannabidiol (3 uM) or vehicle (DMSO
0.1%) incubation for additional 30 min and were then incubated with methoxamine (10
pM) for 5 min, prior to construction of a CaCl> concentration-contraction curve

(cumulative additions, 0.01-10 mM).

To assess the involvement of L-type voltage-operated calcium channels, arteries were
incubated in normal PSS with cannabidiol (0.3, 1and 3 uM) or vehicle (DMSO 0.1%) for
30 min prior to the addition of KCl 20 mM and cumulative additions of the L-type

voltage-operated calcium channel agonist Bay K8644 (0.1-300 nM).
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4.2.4 |solated non-vascular smooth muscle: bronchi and vasa deferentia

Bronchi: The left lung lobe was isolated and pinned on a Silastic-bottomed petri dish
with oxygenated PSS, dorsal side up. The main bronchus was cut, exposing the opening
of secondary bronchi; tissue surrounding the bronchi was removed and the ends of
bronchi were lifted and separated from attached pulmonary arteries. Small segments of
bronchi (2 mm in length) were mounted in myographs, as described above. After an
equilibration period in PSS at 37°C, the bronchi were stretched to 1.5 mN, followed by a
re-stretch 10 min later. After a 10 min equilibration of stretched bronchi, tissue viability
was tested. The bronchi were exposed to KPSS and carbachol (100 pM) for 2 min, before
being washed with PSS. All responses were expressed as % KPSS + carbachol (100 pM)
maximum contraction in each tissue. Following the viability test, cannabidiol (10, 30
and 100 pM) or vehicle (DMSO 1%) was added to the baths and equilibrated for 1 h,
followed by cumulative additions of half-log increments of carbachol (0.01-300 pM).

Vasa deferentia: The whole vasa deferentia were excised by pushing the testis up
towards the abdomen and then cutting it loose from the epididymis towards the
prostate end. It was pinned down to a Silastic-bottomed petri dish with oxygenated PSS,
tied at either side with a silk thread and trimmed to an approximate length of 2 cm. The
prostatic end was tied to a stainless-steel hook on a fixed acrylic organ bath leg, while
the epididymal end was tied uppermost to a stainless-steel hook attached to a Grass
FT03C isometric force transducer (Grass Instruments, Quincy, MA, USA) connected to
a Powerlab 8/35 data acquisition system (ADInstruments). The organ bath leg was
adjusted vertically with an attached micrometer (Mitutoyo Manufacturing Co.,
Kawasaki, Japan). The responses were measured on a computer running LabChart 7 Pro
data acquisition software (ADInstruments). Tissues were suspended in 5 ml organ baths
containing PSS oxygenated with 95% Oz and 5% COx at 37°C, stretched to 2 g force,
washed and equilibrated for 30 min. The viability of the tissues was tested by exposing
the tissues to noradrenaline (10 pM) for 2 min and then washed. After 10 min of
equilibration, the tissues were incubated with either cannabidiol (30 and 100 uM) or
vehicle (DMSO 1%) for 1 h, followed by cumulative additions of half-log increments of
noradrenaline (0.01-300 pM).
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4.2.5 lIsolated cardiac muscle: left and right atria

The heart was isolated and placed in a Silastic-bottomed petri dish filled with
oxygenated PSS. The atria were isolated, connective tissue removed and left and right
atria separated. Metal hooks were placed on each side of the atrium. One side of the
tissue was pierced with a stainless-steel hook attached to a Grass FTO3C isometric force
transducer connected to a bridge amplifier and a Powerlab 8/35data acquisition system
(ADInstruments) while the other side was hooked to a fixed acrylic organ bath leg
between two parallel platinum field electrodes. Atria were suspended in 25 ml organ
baths containing PSS oxygenated with 95% Oz and 5% COx at 37°C. The tissues were
stretched to 1 g force, followed by a re-stretch to 1 g after 10 min, followed by a wash.
The left atrium rested between two punctate platinum electrodes to enable the delivery
of a train of field pulses (0.5 Hz, 0.2 ms duration) by a Grass S88 stimulator via a Grass
stimulus isolation unit (SIU5). This stimulus frequency was chosen to conserve cardiac
tissue viability as it is a > mm thick muscle, requiring oxygenation by diffusion from
the bathing solution. The voltage of the stimulation was gradually increased until the
threshold voltage was reached, followed by a 150% increase in the threshold voltage.
Both atria were equilibrated for 30 min before their viability was tested by exposing the
tissues to isoprenaline (1 and 0.1 uM, left and right atria, respectively) for 2 min and
then washed. All responses were expressed as % of the maximum isoprenaline response.
Once responses returned to baseline, atria were incubated with either cannabidiol (10-
100 pM) or vehicle (DMSO 1%) for 1 h, followed by cumulative additions of half-log

increments of isoprenaline (0.01-1000 nM).

4.2.6 lIsolated skeletal muscle: phrenic nerve-hemidiaphragm

The upper ribcage was removed caudally to the thymus exposing the phrenic nerves and
their attachments to the diaphragm. The thymus ends of the nerves were tied with a
silk thread and then cut free from attached connective tissues, ensuring remaining
attachments to the diaphragm. The diaphragm with attached phrenic nerves was
isolated from connective tissue and transferred to a Silastic-bottomed petri dish filled

with oxygenated PSS. The diaphragm was bisected along the midline, creating two
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separate hemidiaphragms with a centrally attached phrenic nerve. The proximal end of
the tissue was tied to a stainless-steel hook attached to a Grass FTO3C isometric force
transducer connected to a Powerlab 8/35 data acquisition system, while the distal end
was tied to a stainless-steel hook on a fixed acrylic organ bath leg. The phrenic nerve
was threaded through a platinum electrode. The responses were measured on a
computer running LabChart 7 Pro data acquisition software. Tissues were suspended in
15 ml organ baths containing PSS oxygenated with 95% O2 and 5% CO> at 32°C. The
tissues were stretched to 2 g force, followed by a re-stretch to 2 g after 10 min and
equilibrated for 20 min. Trains of field pulses (4 V, 0.1 Hz, 0.2 ms duration) were
delivered by a Grass S88 stimulator via a Grass stimulus isolation unit (SIU5) and
increased to 150% of the voltage threshold (100%) of the individual tissue for 30 min
before the tissues were incubated with a single addition of either cannabidiol 30 uM or

DMSO (0.3%) for 2 h.

4.2.7 Data and statistical analysis

All data are expressed as the mean + S.E.M. of n experiments (each tissue from a separate
rat). Contractile responses in arteries are expressed as the percentage of the maximum
reference contraction to KPSS (%KPSS) within each artery. The individual data points
showing the correlation between artery internal diameter and the inhibition of
contraction induced by cannabidiol (3 pM) are expressed as the % decrease in
contraction compared to maximum contraction to KPSS, in each artery. Responses in
bronchi and left atria are expressed as the % of the maximum response to KPSS +
carbachol (100 pM) or isoprenaline (1 pM), respectively, within each tissue. Responses
in the right atria are given as the % of the maximum tachycardia to isoprenaline (0.1
puM). Contractions of vasa deferentia or hemidiaphragms are given as the absolute

increase in force from baseline tone.

Data were plotted and analysed using Prism 8 (GraphPad Software, La Jolla, CA, USA).
Individual sigmoidal agonist concentration-response curves were fitted and the pECso
(-log of the concentration (M) of agonist required to elicit the half-maximal response,

ECso) and Rmax (maximum response) determined for each tissue. For comparison of
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PECso or Rmax values between >2 treatment groups, repeated measures one-way ANOVA
with Dunnett’s post hoc test for multiple pairwise comparisons was performed. Two
groups were compared using a Student’s unpaired t-test. Statistical significance was

taken as P<0.05.

4.2.8 Drugs

Drugs used were: Acetylcholine bromide; 8-methyl-N-vanillyl-6-nonenamide
(capsaicin); carbamoylcholine chloride (carbachol); GW9662 (2-chloro-5-nitro-N-
phenylbenzamide); indomethacin; 5-hydroxytryptamine (5-HT) creatinine sulfate; (-)-
isoproterenol (+)-bitartrate (isoprenaline); L-nitro arginine methyl ester (L-NAME);
methoxamine  hydrochloride;  a-methyl-5-hydroxytryptamine = maleate;  (-)-
noradrenaline bitartrate (all from Sigma-Aldrich, St Louis, MO, USA); (-)-cannabidiol;
0-1918; rimonabant; SR144528; U46619 (all from Cayman Chemical, Ann Arbor, MI,
USA); Arg8-vasopressin (AVP; Aviva Systems Biology, San Diego, CA, USA); calcitonin
gene-related peptide (CGRP); endothelin-1 (Auspep, Melbourne, VIC, Australia); Bay
K8644 (Bayer, Leverkusen, Germany); and BIBN 4096 (olcegepant; Tocris Bioscience,
Bristol, UK). Cannabidiol, capsaicin, GW9662, O-1918, olcegepant, rimonabant,
SR144528 and U46619 were dissolved in DMSO. The other drugs were dissolved in
MilliQ water apart from indomethacin that was dissolved in 0.1 M Na>COs in addition

to water. All aliquots were stored at -20°C as single-use 10*-10" M aliquots.
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4.3 Results

4.3.1 Effects of cannabidiol on the contraction of small mesenteric arteries

Cannabidiol 3 pM inhibited the contraction of rat isolated small mesenteric arteries to
each of the contractile agents tested (endothelin-1, arginine vasopressin, U46619,
methoxamine, 5-HT and a-methyl-5-HT) with marked attenuation of the maximum
response (Rmax) to each agent (Figure 4-4 and Figure 4-5; Table 4-3). With endothelin-
1, cannabidiol 3 M caused a small 2.6-fold rightward shift in the agonist pECso (P<0.05;
Figure 4-4A) with a 55% decrease in Rmax (P<0.0001); lower cannabidiol concentrations
of 0.3-1 pM had no effect. Qualitatively similar findings were observed with arginine
vasopressin and U46619 (Figure 4-4B-C and Figure 4-5) where the agonist contraction
curves were near flattened (Rmax -69% and -82% compared with the vehicle group,
respectively; P<0.0001, Table 4-3) by incubation with cannabidiol 3 uM; pECso values
could not be determined in most tissues. Concentration-contraction response curves to
5-HT (Figure 4-5E and Figure 4-5) were already completely abolished by cannabidiol at
1 pM. In methoxamine- or a-methyl-5-HT-contracted arteries, cannabidiol 0.3, 1 and 3
UM caused a concentration-dependent rightward shift and collapse of the response
curves (Figure 4-4D and F). Cannabidiol 0.3 pM pretreatment resulted in small 3.7-fold
and 2.2-fold increases in methoxamine and a-methyl-5-HT pECso values, respectively
(P<0.05, Table 4-3), while cannabidiol 1 uM shifted methoxamine curves by 9.1-fold, all
with no significant decrease in Rmax; contraction curves to both agents were virtually
abolished with cannabidiol 3 pM, similar to the other tested agents, except for
endothelin-1 (Figure 4-4, Figure 4-5 and Table 4-3).
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Figure 4-4. Effects of cannabidiol (0.3-3 pM) or vehicle (DMSO 0.1%) on concentration-
contraction curves to different contractile agents in rat isolated mesenteric arteries.

A. endothelin-1; B. AVP (arginine vasopressin); C. U46619 (thromboxane mimetic); D.
methoxamine; E. 5-HT (5-hydroxytryptamine); and F. a-methyl-5-HT. The responses are shown
as % of the maximum contraction to KPSS within each artery (n=5-10, from separate rats, per
treatment group). Vertical error bars are + S.E.M.; horizontal error bars represent the ECso +
S.E.M. *P<0.05, ***P<0.001 or ****P<0.0001 compared with respective vehicle-treated group
ECso. "TP<0.001 or ""7P<0.0001 compared with respective vehicle group Rmax (maximal
contraction). Repeated measures one-way ANOVA with Dunnett post hoc test was performed,
with the exception for 5-HT or a-methyl-5-HT ECso analysis, where Student’s unpaired t-test
was performed.
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Figure 4-5. Reproduced maximum %KPSS from Figure 4-4 to different contractile agents in the
presence of vehicle (DMSO 0.1%; O in the graph) and cannabidiol (0.3-3 pM).

The responses are shown as % of the maximum contraction to KPSS within each artery (n=5-10,
from separate rats, per treatment group). Error bars are + S.E.M.
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Table 4-3. Effects of cannabidiol on sensitivity (pECso) and maximum response (Rmax)

to vascular contractile agents in mesenteric arteries

Cannabidiol pretreatment

Contractile Vehicle 03 M 1puM 3 M
agent

Endothelin-1 n=>5 n=>5 n==6 n==6
pECso 8.26 + 0.09 8.20 + 0.03 8.10 + 0.08 7.84 +0.13°
Rmax (%) 115 +3 110 £ 2 110 +4 52+ 9°
Vasopressin n=>5 n=>5 n=>5 n=>5
pECso 9.32 +0.07 9.24 + 0.10 9.02+0.13 n.d.
Rmax (%) 108 +1 102 +4 98 +3 34 +13°
U46619 n=>5 n=>5 n=>5 n=>5
pECso 7.27 £0.15 7.09 + 0.18 7.08 + 0.16 n.d.
Rmax (%) 105+3 100 +3 95+5 19 + 8°
Methoxamine n=>5 n=>5 n=>5 n=10
pECso 6.13 +0.10 5.56 + 0.07° 5.17 £ 0.02° n.d.
Rmax (%) 105 + 2 103 =1 85+7 20 £10°
5-HT n=>5 n=>5 n=>5 n=>5
pECso 6.39 + 0.08 6.27 + 0.06 n.d. n.d.
Rmax (%) 922 93 +2 0=+0° 0=+0°
o-Methyl-5-HT n=5 n=7 n=7 n=>5
pECso 6.43  0.10 6.08+0.09" n.d. n.d.
Rmax (%) 106 + 2 93+9 34 £17° 0=+0°

Values are mean + S.E.M. of pECsp and Rmax from concentration-contraction response curves

shown in Fig. 1. 5-HT, 5-hydroxytryptamine. °P<0.05 compared with respective values in the

vehicle-treated group; repeated measures one-way ANOVA with Dunnett post hoc test.

P<0.05 compared with the respective vehicle-treated group; Student’s unpaired t-test. n,

number of arteries, each from separate rats. n.d., not determined.

4.3.2 Potential mechanisms of action of cannabidiol in small mesenteric

arteries

To investigate the potential mechanisms of action of cannabidiol, arteries were co-

incubated with receptor and/or enzyme antagonists (Figure 4-6) prior to incubation

with vehicle or cannabidiol followed by the construction of concentration-contraction
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curves to methoxamine (Figure 4-7) or 5-HT (Figure 4-8). In the presence of any of the
antagonists tested, the methoxamine or 5-HT pECso and Rmax values of vehicle-treated
arteries were comparable to the Control (no co-incubation with antagonist) vehicle

group (Table 4-4; P>0.1, one-way ANOVA with Dunnett’s post hoc test).
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Figure 4-6. Schematic drawing of various potential vascular drug targets investigated in this
project.

To study the mechanisms of action of cannabidiol in small resistance arteries the following
receptors and enzymer were blocked: CGRP receptors, TRPVI receptor, NOS, COX, PPARy
receptors, CB; receptors, CB; receptors and CB. receptors.
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Figure 4-7. Effects of cannabidiol (3 pM) or vehicle (DMSO 0.1%) on methoxamine concentration-contraction curves in rat isolated mesenteric
arteries pretreated with various antagonists: A. olcegepant 1 pM; B. capsaicin 1 pM; C. L-NAME 100 pM; D. indomethacin 3 uM; E. a combination of
olcegepant 1 uM, L-NAME 100 pM and indomethacin 3 pM; F. GW9662 1 uM; G. Rimonabant 300 nM; H. SR144528 30 nM; and . O-1918 3 pM.
Each antagonist, or combination (E), was added followed by a co-incubation with vehicle (DMSO 0.1%) or cannabidiol (3 pM) (open symbols). As
a reference, the methoxamine contraction-response curve in the presence of cannabidiol alone (3 pM) from Figure 4-4D is plotted in each panel
(filled symbols). The responses are shown as % of the maximum contraction to KPSS within each artery (n=5-7, from separate rats, per treatment
group). Vertical error bars are + S.E.M.; horizontal error bars represent the ECs + S.E.M. *P<0.05, **P<0.01 or ***P<0.001 compared with respective
vehicle-treated group ECso and ""P<0.01, T"'P<0.001 or ''""P<0.0001 compared with respective vehicle group Rmax (maximal contraction); Student’s
unpaired t-test (cannabidiol alone treatment group from Figure 4-4D was not included in this analysis). *P<0.01 Ryax between cannabidiol-treated
arteries in the presence and absence of combined antagonist pretreatment (E).
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Figure 4-8. Effects of cannabidiol (3 uM) or vehicle (DMSO 0.1%) on 5-HT concentration-contraction curves in rat isolated mesenteric arteries
pretreated with various antagonists: A. olcegepant 1 uM; B. capsaicin 1 uM; C. L-NAME 100 pM; D. indomethacin 3 pM; E. a combination of
olcegepant 1 uM, L-NAME 100 pM and indomethacin 3 pM; F. GW9662 1 uM; G. Rimonabant 300 nM; H. SR144528 30 nM; and . O-1918 3 pM.
Each antagonist, or combination (E), was added followed by a co-incubation with vehicle (DMSO 0.1%) or cannabidiol (1 puM) (open symbols). As a
reference, the 5-HT contraction-response curve in the presence of cannabidiol alone (1 uM) from Figure 4-4E is plotted in each panel (filled symbols).
The responses are shown as % of the maximum contraction to KPSS within each artery (n=4-7, from separate rats, per treatment group). Vertical
error bars are +S.E.M.; horizontal error bars represent the ECso + S.E.M. *P<0.05, **P<0.01 or ***P<0.001 compared with respective vehicle-treated
group ECso and "P<0.05, T'P<0.01, ""P<0.001 or ""P<0.0001 compared with respective vehicle group Rma (maximal contraction); Student’s
unpaired t-test (cannabidiol alone treatment group from Figure 4-4E was not included in this analysis). *P<0.05 Rumax between cannabidiol-treated
arteries in the presence and absence of combined antagonist pretreatment (E).



Table 4-4. Effects of various antagonists on contractions to methoxamine or 5-
hydroxytryptamine in mesenteric arteries pretreated with cannabidiol or vehicle

Methoxamine 5-Hydroxytryptamine
Antagonist Vehicle CBD 3 pM Vehicle CBD1puM
Control n=>5 n=10 n=>5 n=>5
pECso 6.13 £ 0.10 n.d. 6.39 + 0.08 n.d.
Rmax (%) 105 £ 2 20 £10° 922 0=+0°
Olcegepant 1 uyM n==6 n=>5 n=>5 n=6 (4"
pECso 5.65 + 0.20 5.08 £ 0.07* 6.45+0.11 5.90 + 0.11°
Rmax (%) 103+ 4 54 +13° 96 +3 53 +19
Capsaicin 1 pM n=>5 n=6 n=6 n="7
pECso 6.02 +0.11 5.10 + 0.08% 6.40 + 0.09 n.d.
Rmax (%) 105 £ 5 44 + 14° 97 +5 38 +18°
L-NAME 100 pM n=>5 n=>5 n=6 n=6
pECso 5.97 +0.13 5.04 £ 0.06° 6.78 +£0.12 6.06 + 0.08°
Rmax (%) 107 + 4 34 +10° 103 +4 50 + 13°
Indomethacin3puyM n=5 n=>5 n=>5 n=7
pECso 5.65+0.12 5.08 £ 0.13° 6.27 +0.13 n.d.
Rumax (%) 101+3 20+9° 87+6 24 +14°
Olc + L-NAME + Ind® n=6 n=6 n=>5 n="7(5
pECso 6.27 + 0.15 5.1+ 0.16° 6.59 + 0.22 6.09 £ 0.09
Rmax (%) 110 +5 89+ 7° 9+6 66 +17
GW9662 1 uyM n=>5 n=>5 n=>5 n=6
pECso 5.91+0.18 n.d. 6.78 + 0.07 n.d.
Rmax (%) 110 £5 34 +19° 102 +5 10 £ 6°
Rimonabant300nM n=6 n=>5 n=7 n=7
pECso 571+ 0.14 n.d. 6.52 +0.12 n.d.
Rmax (%) 105+5 23 £10° 86+8 16 +13°
SR144528 30 nM n=>5 n=>5 n=>5 n=7
pECso 5.65+0.12 5.08 £ 0.01° 6.28 + 0.08 6.02 + 0.07°
Rumax (%) 107 +5 47 £ 13° 9=+2 39 +14°
0-1918 3 uyM n=>5 n=>5 n=4 n=>5
pECso 5.83 £ 0.11 4.77 £ 0.16° 6.85+0.15 6.17 £ 0.13°
Rmax (%) n+2 39 +14° 98 +5 79 +7

Values are mean + S.E.M. of pECsp and Rmax from concentration-contraction response curves

shown in Figure 4-7 and Figure 4-8. CBD, cannabidiol. °P<0.05 compared with respective values

in vehicle-treated group; Student’s unpaired t-test. n, number of arteries, each from separate rats;

bin brackets, n for pECso values, n outside brackets for Rmax. ‘Combined antagonist treatment with
olcegepant 1 pM, L-NAME 100 pM and indomethacin 3 pM. n.d., not determined.
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4.3.2.1 Involvement of CGRP and endothelial factors

The CGRP inhibitor olcegepant (1 uM) partly reversed the effects of cannabidiol on
methoxamine- and 5-HT-contracted arteries (Figure 4-7A and Figure 4-8A; Table 4-4).
With olcegepant co-incubation, the methoxamine concentration-contraction curve in
the presence of cannabidiol 3 pM was shifted 3.7-fold to the right of the vehicle control
curve, which was like the effects observed with cannabidiol alone (Figure 4-7A and
Table 4-4). However, the methoxamine Rmax was greater with olcegepant and
cannabidiol co-incubation (52% of the respective vehicle control group; P=0.004)
compared with cannabidiol alone (19% of control). In 5-HT-contracted arteries,
olcegepant substantially recovered responses with a 3.5-fold rightward shift in the
presence of cannabidiol 1 pM (P=0.0098) and Rmax values tending to be decreased but
not significantly different from the vehicle control group (P=0.072; Figure 4-8A and
Table 4-4).

The effects of cannabidiol 3 uM on the contractions to methoxamine persisted in the
presence of the capsaicin (1 uM; TRPVI desensitiser), L-NAME (100 pM; NOS inhibitor)
and indomethacin (3 pM; cyclooxygenase inhibitor) (Figure 4-7B-D and Table 4-4). In
contrast, contractions to 5-HT in the presence of cannabidiol 1 uM were partly reversed
(in a similar manner to the effects of olcegepant) when coincubated with capsaicin, L-
NAME or indomethacin (Figure 4-8B-D). The coincubation of olcegepant, L-NAME and
indomethacin in combination recovered the agonist contraction curves to a greater
extent than either antagonist alone for the methoxamine or 5-HT contraction curves
with significant increases in Rmax compared with cannabidiol alone (Figure 4-7E and
Figure 4-8E; P<0.05, Table 4-4). Interestingly denuding the endothelium did not
reverse the effects of cannabidiol on either methoxamine or 5-HT contractions (Figure

4-9).
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Figure 4-9. Effects of cannabidiol (1 or 3 pM) or vehicle (DMSO 0.1%) on concentration-
contraction curves to A. 5-hydroxytryptamine (5-HT) or B. methoxamine in endothelium-
denuded arteries.

Denudation of arteries was confirmed by precontraction to 80% KPSS maximum with
noradrenaline and then testing relaxation to acetylcholine 1 pM - only those with <5%
relaxation responses were used. The responses are shown as % of the maximum contraction to
KPSS within each artery. n, arteries from separate rats, per treatment group. Vertical error bars
are +S.E.M. (those not shown are contained within the symbol); the horizontal error bars
represent the ECso + S.E.M. T1TP<0.0001 compared with respective vehicle group Rmax (maximal
contraction); one-way ANOVA with Dunnett’s post hoc test (panel A) or Student’s unpaired ¢-
test (panel B).

To further elucidate a potential role for endogenous CGRP in the effects of cannabidiol
we studied the interaction of exogenous CGRP with methoxamine (Figure 4-10). CGRP
1-100 nM caused concentration-dependent rightward shifts of 4.3-19.9-fold of
methoxamine concentration-contraction response curves (P<0.05) and decrease in the

Rmax (to 52% of the vehicle group with CGRP 100 nM; P=0.0005, Figure 4-10).
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Figure 4-10. Effects of CGRP (0.1-100 nM) on methoxamine concentration-contraction curves
in rat isolated mesenteric arteries.

The responses are shown as % of the maximum contraction to KPSS within each artery (n=6-7,
from separate rats, per treatment group). Vertical error bars are + S.E.M.; horizontal error bars
represent the ECso + S.E.M. *P<0.05, ***P<0.001 or ****P<0.0001 compared with vehicle group
ECso and """P<0.001 compared with vehicle Rmay (maximal contraction); repeated measures one-
way ANOVA with Dunnett post hoc test.

4.3.2.2 Involvement of PPARy and cannabinoid receptors

The cannabidiol-induced inhibition of contraction to methoxamine or 5-HT was
unaffected by the presence of the PPARy antagonist GW9662 1 uM (Figure 4-7F and
Figure 4-7F; Table 4-4) or the CB; receptor antagonist rimonabant (300 nM) (Figure
4-7G and Figure 4-8G). The CB; receptor antagonist SR144528 (30 nM) was without
significant effect on the inhibition of methoxamine contractions caused by cannabidiol
(3 pM) (Figure 4-7H), however, SR144528 pretreatment did partially restore
contractions to 5-HT in the presence of cannabidiol 1 uM (Figure 4-8H and Table 4-4).
O-1918 (3 pM), an inhibitor of endothelium-dependent vasodilation to cannabinoids,
had no effect on the cannabidiol-induced inhibition of contraction to methoxamine
(Figure 4-71), but interestingly, it restored the maximum contraction (Rmax) to 5-HT in
the presence of cannabidiol to a level not different from the vehicle control (Figure 4-8I

and Table 4-4), with a 4.8-fold rightward shift of the 5-HT contraction-response curve.
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4.3.2.3 Involvement of methoxamine- and potassium-induced calcium entry

Cannabidiol 1 and 3 pM inhibited calcium-dependent contractions in small mesenteric
arteries Figure 4-11. Cannabidiol caused a concentration-dependent inhibition of
contraction to CaCl; in both KCI (80 mM) or methoxamine (10 pM) pretreated arteries.
In KCI pretreated arteries, cannabidiol 1 pM caused a 2.6-fold dextral shift of the CaClz
concentration-contraction response curve with a decrease in Rmax of 44% compared
with the vehicle group (CaCla pECso, vehicle 3.19 + 0.09 and cannabidiol 1 pM 2.77 +
0.05, P=0.0007; Rmax, vehicle 71 + 6% and cannabidiol 1 pM 40 + 8%, P=0.0011; Figure
4-11A). In methoxamine 10 pM pretreated arteries, cannabidiol 1 pM caused a small 1.5-
fold rightward shift in the CaCl> curve without a significant decrease in Rmax (CaClz
PpECs0, vehicle 3.79 + 0.04 and cannabidiol 1 pM 3.60 + 0.04, P=0.03; Figure 4-11B). In
KCl- or methoxamine-pretreated arteries, the higher concentration of cannabidiol (3
pUM) caused a near-complete inhibition of contraction to CaCly (Figure 4-11A-B).
Cannabidiol 1-3 pM concentration-dependently attenuated the maximum contractions
to Bay K8644, an L-type voltage-operated calcium channel agonist (cannabidiol 1 pM -
59% (P=0.0004) and cannabidiol 3 uM -90% (P<0.0001) compared with vehicle group
Rmax; Figure 4-11C). The Bay K8644 pECso tended to be 2.5-fold right-shifted in the
presence of cannabidiol 1 uM, but this did not reach significance (P=0.28); pECso values
could not be determined with cannabidiol 3 pM (Figure 4-11C).

Similarly to cannabidiol, CGRP (100 nM) inhibited contractions to CaCly in
methoxamine (10 pM) pretreated arteries, causing a 2.1-fold dextral shift of contraction
responses to CaCly, while also attenuating the Rmax (CaClz pECso, vehicle 3.95 + 0.07 and
CGRP 100 nM 3.62 + 0.09, P=0.03; Rmax in CGRP group -69% of vehicle group,
P=0.0004; Figure 4-11D). However, olcegepant did not attenuate cannabidiol 3 pM-

induced inhibition of contractions to CaCl, (Figure 4-12).
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Figure 4-11. Effects of cannabidiol (0.3-3 pM) or CGRP (100 nM) on CaCl, or Bay K8644
concentration-contraction curves in rat isolated mesenteric arteries.
Concentration-contraction curves to CaCl, were in calcium-free PSS (A, B, D) and to Bay K8644
(C) were in normal PSS. Arteries were pre-incubated with either KC1 80 mM (A), methoxamine
10 uM (B, D) or KC1 20 mM (C). The responses are shown as % of the maximum contraction to
KPSS within each artery (n=5-6, from separate rats, per treatment group). Vertical error bars
are + S.E.M.; horizontal error bars represent the ECso + S.E.M. *P<0.05 or ***P<0.001 compared
with respective vehicle-treated group ECso and T'P<0.01, """P<0.001 or ""P<0.0001 compared
with respective vehicle group Rmax (maximal contraction). Repeated measures one-way ANOVA
with Dunnett post hoc test was performed, except for panel D where Student’s unpaired t-test
was performed.
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Figure 4-12. Effects of cannabidiol or vehicle (DMSO 0.1%) on CaCl; concentration-contraction
curves in rat isolated mesenteric arteries pretreated with olcegepant 1 uM (open symbols).

As a reference, the CaCl, contraction-response curve in the presence of cannabidiol alone (3
pM) from Figure 4-11B is plotted (filled symbols). Arteries were in calcium-free PSS and
preincubated with methoxamine 10 pM before beginning the CaCl; curve. Responses are shown
as % of the maximum contraction to KPSS within each artery (n=5-6, from separate rats, per
treatment group). Vertical error bars are + S.E.M. (those not shown are contained within the
symbol); the horizontal error bar represents the ECso = S.E.M. 1TP<0.0001 compared with
vehicle group Rmax (maximal contraction); Student’s unpaired ¢t-test.

4.3.3 A comparison of the effects of cannabidiol in small and large arteries

4.3.3.1 Cannabidiol effects on methoxamine and 5-HT responses in small and

large arteries
The contractions to methoxamine or 5-HT of small saphenous arteries were inhibited
by cannabidiol 3 uM (Figure 4-12A, B) in the same manner as observed in small
mesenteric arteries (Figure 4-4). In small saphenous arteries cannabidiol 3 pM caused a
5.3-fold rightward shift and attenuation of Rmax (-66% of vehicle Rmax, P<0.0001) in
methoxamine concentration-contraction curves (methoxamine pECso, vehicle 5.11 + 0.15
and cannabidiol 3 pM 4.39 + 0.01, P=0.004; Figure 4-13A). Compared to the small
mesenteric arteries (Figure 4-4D), the saphenous arteries were less sensitive to
cannabidiol <3 pM, while also being relatively insensitive to methoxamine.
Methoxamine was 10.5 times more potent in small mesenteric arteries compared to

saphenous arteries. In small saphenous arteries, like in small mesenteric arteries,
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cannabidiol inhibited contractions to 5-HT to a greater degree than to methoxamine
(Figure 4-13B). Cannabidiol 3 uM caused a decrease in Riyax of -87% of that in the vehicle
group (P<0.0001). In contrast to methoxamine, 5-HT showed similar potency in small

mesenteric and small saphenous arteries.

In large saphenous arteries, only cannabidiol 3 pM had a significant effect on
methoxamine contraction curves with a 5.2-fold rightward shift and small 10% decrease
in Rmax (Figure 4-13C; methoxamine pECso, vehicle 6.23 + 0.03 and cannabidiol 3 uM
5.51 + 0.09, P<0.0001; Rmax, vehicle 102 + 2% and cannabidiol 3 puM 91 + 3%, P=0.039).
In large superior mesenteric and tail arteries, cannabidiol 0.3-3 uM was without effect

on methoxamine contraction responses (Figure 4-13D-E).

In general, there was a negative correlation between artery internal diameter and the
maximum inhibition of contraction to methoxamine by cannabidiol 3 pM (Figure 4-14;
r* = 0.7), where the smaller resistance arteries were more sensitive to cannabidiol. In
addition, methoxamine was 2 times more potent in small mesenteric arteries compared

to the superior mesenteric arteries.
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Figure 4-13. Effects of cannabidiol (0.3-3 pM) on methoxamine or 5-HT concentration-contraction curves in rat isolated small or large arteries.

A, B. Small saphenous arteries (internal diameter, i.d., 288 + 12 um); C. large saphenous arteries (i.d. 623 + 18 um); D. superior mesenteric arteries

(i.d. 888 + 95 um); and E. tail arteries (i.d. 923 + 30 pm). The responses are shown as % of the maximum contraction to KPSS within each artery

(n=5-7, from separate rats, per treatment group). Vertical error bars are + S.E.M. (those not shown are contained within the symbol); horizontal
error bars represent the ECso + S.E.M. **P<0.01 or ****P<0.0001 compared with respective vehicle-treated group ECso and "P<0.01 or 1'""P<0.0001
compared with respective vehicle group Rmax (maximal contraction); repeated measures one-way ANOVA with Dunnett post hoc test.
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Figure 4-14. The relationship between artery size (internal diameter) and cannabidiol (3 pM)-
induced inhibition of contraction to methoxamine in rat isolated small (saphenous and
mesenteric) and large (saphenous, superior mesenteric and tail) arteries (n=5-10, from separate
rats, per artery group).

Each data point represents the internal diameter of an individual artery and % inhibition of
contraction is from the maximum KPSS response (based on data from Figure 4-13). The linear
regression line shows a negative relationship between artery internal diameter and inhibition
of contraction with a slope of -0.13 and r* of 0.7 (n = 32; P<0.0001).
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4.3.3.2 Involvement of CGRP in the effects of cannabidiol in small saphenous

and superior mesenteric arteries

To investigate the role of CGRP in the effects of cannabidiol in small saphenous arteries,
tissues were incubated with the CGRP antagonist olcegepant (1 uM; Figure 4-15A).
Olcegepant partly reversed the inhibitory effects of cannabidiol 3 pM, allowing 4 out of
6 arteries to concentration-dependently contract to 5-HT (pECso, vehicle 6.31 + 0.20
and cannabidiol 6.06 + 0.08, P=0.37), with attenuation in Ryax of -45% compared to the
vehicle group (P=0.03), in marked contrast to the almost complete lack of response to
5-HT when vessels were treated with cannabidiol 3 pM alone. Olcegepant pretreatment
did not change the sensitivity or Rmax of 5-HT contractions in the presence of vehicle

(Figure 4-15A and Figure 4-4B; pECso P=0.74 and Rmax P=0.65).

Like cannabidiol 3 pM (Figure 4-13D), CGRP 100 nM had no effect on methoxamine
concentration-contraction response curves in superior mesenteric arteries
(methoxamine pECso, vehicle 5.52 + 0.13 and CGRP 5.20 + 0.09, P=0.09; Rmax, vehicle
102 + 5% and CGRP 86 + 6%, P=0.06; Figure 4-15B).
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Figure 4-15. Influence of CGRP in rat isolated small saphenous and superior mesenteric arteries.
A. Concentration-contraction curves to 5-HT in the presence of olcegepant 1 pM with vehicle
(DMSO 0.1%) or with cannabidiol (3 pM), or cannabidiol (3 pM) alone (no olcegepant, filled
symbol; reproduced from Figure 4-13. B) in small saphenous arteries. B. Concentration-
contraction curves to methoxamine in the presence of vehicle (Milli-Q water) or CGRP (100
nM) in superior mesenteric arteries. The responses are shown as % of the maximum contraction
to KPSS within each artery (n=5-7, from separate rats, per treatment group). Vertical error bars
are + S.E.M. (those not shown are contained within the symbol); horizontal error bars represent
the ECso = S.E.M. TP<0.05 compared with respective vehicle group Rmax (maximal contraction);
Student’s unpaired t-test

4.3.4 Effects of cannabidiol on non-vascular muscle

To test whether the effects of cannabidiol are limited to vascular smooth muscle, we
investigated the effects of cannabidiol (10-100 pM) on various non-vascular tissues,
including bronchial, urogenital, cardiac and skeletal muscle (Figure 4-16). The
contractions of bronchial smooth muscle and vasa deferentia to carbachol and
noradrenaline, respectively, were unaffected by lower concentrations of cannabidiol (10
and/or 30 pM; Figure 4-16A-B). Cannabidiol 100 pM decreased the maximum
contraction of bronchi by 20% and vasa deferentia by 45% (P<0.05), without shifting

the agonist concentration-contraction curves.
In contrast to the non-vascular smooth muscle tissues, the contraction of left atria to

isoprenaline was sensitive to the lower concentrations of cannabidiol 10 and 30 uM but

resistant to cannabidiol 100 pM (isoprenaline pECso, vehicle 8.60 + 0.07, cannabidiol
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10 uM 7.94 + 0.12 (P<0.0001), cannabidiol 30 uM 8.24 + 0.05 (P=0.004) and
cannabidiol 100 pM 8.45 + 0.05 (P=0.35); Figure 4-16C); Rmax was unaffected by
cannabidiol. Isoprenaline-induced increases in right atrial rate were not affected by
cannabidiol 10-100 pM (Figure 4-16D; pECso P>0.11). In ~30% of experiments,
incubation of cannabidiol 100 uM completely stopped the passive beating of the right
atria before the cumulative additions of isoprenaline. The skeletal muscle preparation
of the hemidiaphragm demonstrated similar insensitivity to cannabidiol as the other
non-vascular muscle tissues. Cannabidiol 30 pM had no effect on the electrically

induced contractions of the hemidiaphragm (Figure 4-16E).
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Figure 4-16. The effects of cannabidiol on rat isolated non-vascular muscle contraction
responses in: A. bronchi to carbachol (cannabidiol 10-100 uM; n=5-6); B. vasa deferentia to
noradrenaline (cannabidiol 10-30 pM; n=5 each); C. left atria to isoprenaline (force of
contraction; cannabidiol 10-100 pM; n=6-8); D. right atria to isoprenaline (atrial rate;
cannabidiol 10-100 pM; n=3-6); and E. hemidiaphragm to electrical phrenic nerve stimulation
(cannabidiol 30 pM; n=5).

Vehicle treatment groups were n=5-6 each. A, C and D: Responses are shown as % of the
maximum response within each tissue to different agents (see methods). B and E: Responses are
shown as the absolute increase (change A) from baseline force (g). Vertical error bars are +
S.E.M. (those not shown are contained within the symbol); horizontal error bars represent the
ECso = S.E.M. **P<0.01 or ****P<0.0001 compared with respective vehicle-treated group ECso
and "P<0.05 or "P<0.01 compared with respective vehicle group Rmax (maximal contraction);
repeated measures one-way ANOVA with Dunnett post hoc test.
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4.4 Discussion

4.4.1 Small resistance arteries

We decided to assess the effects of cannabidiol on the contractions rather than the
relaxation of tissues as we observed that cannabidiol-induced maximum relaxation was
delayed (Figure 4-17). Ideally, concentration-response curves should be performed with
drugs that reach maximum responses quickly to limit the interference of time-

dependent changes in vascular tone.
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Figure 4-17. Vasorelaxant effects of cannabidiol (1-10 uM) or vehicle (DMSO 0.1%) from time of
administration at O min to 90 min after administration.

The responses are shown as % of the contraction prior to cannabidiol administration (O min).
n=l; n, arteries from separate rats, per treatment.

In the rat small mesenteric artery mounted and stretched to a passive tension that
reflects its diameter at a transmural pressure of about 60 mmHg, there is generally no
active tension present. Thus, any pretreatment, such as cannabidiol, or other agents we
used here that may induce relaxation cannot be observed on this passive tension.
However, when the artery is contracted with the concentration-response curve to

methoxamine or 5-HT the interaction with the pretreatment becomes obvious as a
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right-shift of the contraction curve or depression of the Rnax depending upon the
interactions between the constrictor stimulus and the opposing relaxation stimulus
from the pretreatment. In small arteries, preincubated with cannabidiol, the sensitivity
of contraction-response curves to a rightward shift and/or depression of the maximum
contraction to a range of agents is probably dependent on the efficiency of receptor-
transduction coupling. For example, the concentration-contraction curve for
methoxamine was right-shifted 10-fold with a near-normal maximum in the presence
of cannabidiol 0.3-1 pM suggesting oi-adrenoceptor reserve before the maximum
response collapsed in the presence of cannabidiol 3 pM. In contrast, for most other
contractile agents, the concentration-response curves were generally markedly
depressed at 1 or 3 pM cannabidiol. It is important to acknowledge that our 30 min
incubation of the small arteries with cannabidiol 0.1-3 uM allows a longer equilibration
time than applying cumulative concentrations of cannabidiol to a precontracted artery
(see Baranowska-Kuczko et al., 2020). The rationale of using a 30 min drug incubation
is to ensure proper drug-receptor equilibration. Our results clearly show that
cannabidiol pretreated for 30 min does significantly right-shift and/or attenuate the
concentration-response curves to a range of contractile agents. At cannabidiol 1 pM, the
subsequent concentration-response curves to endothelin-1 and U46619 were hardly
affected but at cannabidiol 3 pM these concentration-response curves were significantly
depressed. In comparison, the concentration-response curve to methoxamine and 5-HT
were very sensitive to cannabidiol at just 1 pM. However, in the study of Baranowska-
Kuczko et al. (2020), also in rat small mesenteric arteries, they found that 1 pM
cannabidiol pretreatment had no effect on subsequent concentration-response curves
to phenylephrine in WKY, SHR, or DOCA salt-treated rats. They did not report the
effect of any higher concentration of cannabidiol in this protocol. Further, they reported
that cannabidiol added from 0.1-30 uM on submaximally contracted arteries with
phenylephrine could completely inhibit the contraction. We contend that in our
present cannabidiol pretreatment protocol, there is the distinct advantage of a 30 min
equilibration before completing the contractile agent concentration-response curve. It
is important to note the rat mesenteric small artery is very sensitive to just a 3-fold
increase in cannabidiol. For example, the concentration-response curve to U46619 was

unaffected by pretreatment with 1 pM cannabidiol but completely inhibited with 3 uM
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cannabidiol. Similarly, the 5-HT concentration-response curve was unaffected by 0.3
pM cannabidiol but completely inhibited by just 1 uM cannabidiol pretreatment (Figure
4-4C and E).

In the vasculature the effects of cannabidiol have been suggested to be mediated by the
endothelium, superoxide dismutase, cyclooxygenase, prostanoid EP4, NOS, calcium-
activated potassium channels (Kca), CBi-, CBz-, TRPVI- and PPARy receptors
(Baranowska-Kuczko et al., 2020; O'Sullivan et al., 2009; Stanley et al., 2015; Wheal et
al., 2014; Wheal et al., 2017). In Zucker diabetic fatty (ZDF) rats, chronic in vivo
treatment with cannabidiol enhanced vasorelaxation to acetylcholine of isolated small
mesenteric arteries (Wheal et al., 2017). The effects of cannabidiol were mediated by
cyclooxygenase and NOS. Cannabidiol had no effect on arteries from corresponding
non-diabetic rats. Another study suggested that the effects of acute administration of
cannabidiol in small mesenteric arteries isolated from spontaneously hypertensive rats,
DOCA-salt hypertensive rats or normotensive controls were mediated by CB; receptors,
in addition to the involvement of CB; receptors and the endothelium to a varying degree
(Baranowska-Kuczko et al., 2020). In our study, neither denuding the endothelium
(Figure 4-9) nor inhibition of cyclooxygenase, NOS, CBj-, CBa-receptors or PPARy
completely reversed the effects of cannabidiol on methoxamine and 5-HT contractions.
Cannabidiol-induced inhibition of contractions was partly reversed by the CGRP
receptor inhibitor olcegepant in the small mesenteric and saphenous arteries. Arteries
were cotreated with L-NAME, indomethacin and olcegepant as all three compounds
target pathways involved in vasorelaxation. The co-incubation of arteries with L-NAME,
indomethacin and olcegepant significantly reversed most of the effects of cannabidiol
on methoxamine and 5-HT contractions. While CGRP may play a role in mediating the
effects of cannabidiol, we cannot be sure that cannabidiol is targeting the release of
CGRP from perivascular sensory neurons, as the inhibition of prejunctional TRPVI
receptors had no effect on the contractions. The reversal of most of the effects of
cannabidiol in the presence of both L-NAME and olcegepant may be explained by the
involvement of both NO-dependent- and independent-pathways in the effects of CGRP
(Kumar et al., 2019). The dependence on NO varies between different vascular beds,

whereas in rat mesenteric artery smooth muscle cells, CGRP-induced relaxation was
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independent of the endothelium (McNeish et al., 2012), which may explain the inability
of L-NAME and endothelial denudation alone to fully reverse the effects of cannabidiol.
We confirmed that exogenous CGRP, similar to cannabidiol, caused a concentration-
dependent inhibition of contraction to methoxamine, where the lower concentrations
of CGRP (I-10 nM) dextrally shifted the contraction curves, while the higher
concentration (100 nM) caused both a significant dextral shift and attenuation of Ryax.
This similar pattern of cannabidiol and exogenous CGRP on methoxamine curves is
compelling. It is however important to note that tissues used in this study were sourced
from only male rats, hence future studies should also include tissues from female rats

as there may be biological differences in tissue responses between the sexes.

O-1918, a cannabidiol analogue, has been claimed to inhibit a putative endothelial
cannabinoid receptor (CB.), which has been suggested to mediate the vasorelaxant
effects of various cannabinoids (Offertaler et al., 2003). In our study, O-1918 reversed
the effects of cannabidiol on contractions to 5-HT, while having no effect on
methoxamine-contracted arteries. The involvement of a potential CB. receptor should
be interpreted with caution as it is known today that O-1918 has several endothelium-
independent off-targets at concentrations (3-10 pM), which are the concentrations
normally used to verify the involvement of CB. receptors in the effects of cannabinoids
(Bondarenko, 2014). In our study, we observed that the incubation of small mesenteric
arteries with the higher concentration of O-1918 (10 uM) led to spontaneous spike-like
contractions of small mesenteric arteries prior to any addition of contractile agonists
(Figure 4-18). Similarly to cannabidiol, O-1918 is also a ligand to the putative receptors
GPRI8 and GPR55. O-1918 interacts with GPRIS as an antagonist (McHugh et al., 2010)
or as a biased agonist at GPRI8 (Console-Bram et al., 2014) and has been suggested to
interact with GPR55 as an antagonist (Henstridge, 2012). Hence, O-1918 may be

interacting with cannabidiol at the GPRI8 and GPR55 instead.

Cannabidiol (1-3 pM) caused concentration-dependent inhibition of calcium entry
through voltage-operated calcium channels in arteries stimulated with both
methoxamine (10 pM) and KCl (80 mM), in the absence of extracellular calcium. In

addition, cannabidiol blocked the L-type voltage-operated calcium channel agonist Bay
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K8644 from contracting arteries. Abnormal-cannabidiol, a synthetic cannabidiol
analogue, has also been reported to mediate some of its effects by inhibiting the entry
of calcium through voltage-operated calcium channels (Ho & Hiley, 2003). While CGRP
potently inhibited calcium contractions of arteries in the absence of extracellular
calcium, it is unlikely that CGRP is involved in the calcium inhibitory effects of
cannabidiol, as olcegepant did not reverse the effects of cannabidiol on calcium

contractions (Figure 4-12).

Spontaneous contractions induced by 0-1918 10 uM
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Figure 4-18. A representative LabChart trace displaying the effects of O-1918 (10 uM)
pretreatment on methoxamine concentration-contraction curves in rat isolated mesenteric
arteries (endothelium intact) in the presence of A. vehicle (DMSO 0.1%) or B. cannabidiol (3
pM), each added 30 min before beginning the curve.

0-1918 was added 60 min before adding the first methoxamine concentration and spontaneous
spike-like contractions began after about 30 min; these were no longer observed when tissues
were treated with cannabidiol. The additions of methoxamine (in half-log M units) are indicated
by dashed lines.
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4.4.2 Large arteries and non-vascular tissues

Our data show that cannabidiol and exogenous CGRP inhibit the contraction of small
arteries to methoxamine. In contrast, in the large saphenous artery, the weak inhibitory
action of cannabidiol was matched by the weak action of exogenous CGRP (100 nM).
The failure of therapeutic concentrations (1-3 pM) of cannabidiol to alter the effects of
contractile agents in large arteries is in stark contrast to the resistance arteries.
Moreover, the 10-100 times higher concentrations of cannabidiol that were almost
without effect on non-vascular tissues highlight a very targeted action of the drug in

small arteries.

4.4.3 Conclusions

Our study has quantified the potent effects of cannabidiol, at therapeutic
concentrations (1-3 pM), in inhibiting the contraction by multiple agents of small
resistance arteries, but not large conduit arteries. The sensitivity of the small resistance
arteries to cannabidiol involves CGRP and voltage-operated calcium channels. We also
show that non-vascular smooth muscles are generally unaffected by cannabidiol even
at 10-100 times the therapeutic plasma level. This high sensitivity of the resistance
arterial circulation to cannabidiol may offer a therapeutic opportunity in peripheral
vascular disease that excludes off-target sites of the heart and non-vascular smooth

muscle.
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Chapter 5

The haemodynamic effects of cannabidiol in anaesthetised rats
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5.1 Introduction

Phyto-, endo- and synthetic cannabinoids induce cardiovascular changes in humans
and animals by interacting with the endocannabinoidome in cardiovascular tissues and
associated nervous system (section 1.7). The potential therapeutic benefits of
cannabidiol are many, including in the cardiovascular system. The assumptions of the
cardiovascular benefits of cannabidiol stem from various preclinical cardiovascular
findings (Chapter 4; Booz, 2011; Stanley et al., 2013a; Sultan et al., 2017). However, the

haemodynamic effects of cannabidiol in vivo remain unclear.

5.1.1 The principles of haemodynamics

The term haemodynamics deals with the physical factors that govern blood flow, and is
defined as “the physical study of flowing blood and of all the solid structures through
which it flows” (reviewed in Secomb, 2016). The basic principle of haemodynamics is
often explained through the electronic-hydraulic analogy (Figure 5-1; Secomb, 2016;
Smith & Madigan, 2018). In a simple electrical circuit, a source of voltage drives current
through a conductive path. Similarly, in blood circulation, the heart supplies a force for
blood to flow through the intricate vascular network. In the electrical circuit analogy,
the pressure in the circulation (blood pressure; BP) corresponds to voltage (V), the
systemic blood flow (cardiac output; CO) corresponds to the current and the resistance
to blood flow through blood vessels (total peripheral resistance; TPR) corresponds to
electrical resistance (R; Figure 5-1). However, the electrical circuit analogy is an
oversimplification of haemodynamics since it assumes that if blood pressure and cardiac
output are known, the total peripheral resistance could be solved through a simple
arithmetic equation, as the analogy ignores the influence of heart rate by assuming that
systemic blood flow is constant over time (Figure 5-1; Smith & Madigan, 2018). In reality,
the systemic blood flow alters according to stroke volume (SV) and heart rate (section

5.1.1.4).
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V=IxR BP = CO xTPR

Figure 5-1. Electronic-hydraulic analogy of the cardiovascular circulation where blood pressure
(BP) is analogous to voltage (V), cardiac output to current flow (I) and total peripheral
resistance (TPR) to electrical resistance.

The figure was adapted from Smith and Madigan (2018).

5.1.1.1 Blood pressure

Blood pressure in animals can be measured with indirect and direct techniques
(reviewed in Kurtz et al, 2005). Indirect blood pressure measurements may be
performed with tail or limb cuffs. Cuff techniques are non-invasive as blood
measurements can be performed without surgery. As indirect techniques can only
measure blood pressure over a limited number of cardiac cycles, they are unable to
assess the average blood pressure over an extended period. Furthermore, the accuracy
of the cuff technique has been questioned as there is poor agreement between
simultaneous direct and indirect blood pressure measurements (reviewed in Kurtz et
al., 2005). Indirect measurements, particularly with tail cuffs, also have the
disadvantage of being poorly suited to measuring diastolic blood pressure and therefore
could skew average blood pressure estimations. In contrast, direct techniques are
accurate while being invasive, as they require surgery. Radiotelemetry and externally
connected fluid-filled catheters are the two main direct techniques. Radiotelemetry
devices are biocompatible radio transmitters that are surgically implanted in the
peritoneal cavity of rats or under the flank skin in mice (Huetteman & Bogie, 2009).

Remote and continuous blood pressure monitoring can be performed by inserting a
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flexible catheter in a major artery and connecting the end of the catheter to a radio
transmitter. The oldest method of measuring blood pressure in animals involves
externally connected fluid-filled catheters. Under surgical anaesthesia, heparin
solution-filled catheters are inserted into a major artery and coupled to an external
pressure transducer connected to an amplifier and recording device. Both direct
techniques have several advantages over indirect techniques. Firstly, they produce more
accurate blood pressure readings that can be collected over an extended study period.
In turn, this decreases the variation in mean blood pressure estimations and allows for
the detection of small blood pressure changes over time which may have an important
physiological or pathophysiological role. While radiotelemetry and fluid-filled
catheterisation mostly share the same advantages, they have differences that would
affect a researcher’s preference for one technique over the other. Fluid-filled
catheterisation has the advantage of allowing more accurate blood pressure readings,
as the transducer can be calibrated regularly to correct for any potential baseline shifts
that may happen during an experiment. In contrast, radiotelemetry cannot be calibrated
during an experiment and therefore any possible baseline shifts need to be evaluated
after the end of the experiment. Fluid-filled catheterisation is also advantageous from a
cost perspective, as it is relatively inexpensive. The main expense associated with this
technique is the high one-time cost of attaining a recording device and amplifier, which
are usually already available in a laboratory that performs cardiovascular research. The
high expense associated with radiotelemetry is attributed to the initial purchase of the
equipment and the maintenance, including battery changes and refurbishment.
Radiotelemetry is a preferred method of measuring blood pressure in conscious
animals, as it allows animals to move without restraint. In contrast, externally
connected fluid-filled catheters can restrict animals from freely moving in all directions
and therefore may cause the animal stress (stress itself will affect blood pressure and

heart rate).
In this study, fluid-filled catheterisation was the chosen method of measuring blood

pressure, as the animals were undergoing invasive non-recovery surgery to enable the

measurements of various other haemodynamic parameters.
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5.1.1.2 Blood flow

Understanding the physical factors that determine blood flow is key when dealing with
haemodynamics. Blood flowing through a blood vessel is analogous to the movement
of a fluid through a pipe (Mohrman & Heller, 2018; Pappano & Wier, 2019; Pollock et
al., 2020). The fluid will only flow through the pipe if there is a pressure difference
between the fluid coming in and out of the pipe. Blood flow is generally laminar
meaning that fluid in the middle of the pipe has the highest velocity, with a subsequent
gradient decrease of velocity the closer the fluid gets to the vessel walls. Blood closest
to the vessel wall will experience friction which creates resistance to the blood flow.
Hence, the blood flow is dependent on the pressure difference and resistance in a vessel

according to the following equation:

pressure difference

blood flow = . (4)
resistance

The blood flow of a particular vessel can be measured using an ultrasound Transonic
flow probe that is placed around the artery of interest without constricting the natural
blood flow (ADInstruments, 2020). The Transonic flow probe uses ultrasound to
measure the velocity of a passing fluid which is then converted to a volume blood flow
measured in ml/min (ADInstruments, 2020). Heart rate (section 5.1.1.4) and vascular

conductance (section 5.1.1.3) measurement can be derived from blood flow recordings.

5.1.1.3 Vascular conductance and resistance

Vascular conductance and resistance are used reciprocally to describe vascular tone
(Chapter 4). Vascular conductance is defined as “the ease with which blood flows
through a circulation (or vascular bed) at a given pressure difference”. Hence, vascular
resistance is defined as: “the hindrance to blood flow in the circulation (or a vascular
bed) at a given pressure difference” (Chapter 4; Joyce et al., 2019). Mathematically,

conductance is the inverse of resistance:

blood flow

conductance = - (5)
mean arterial pressure
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mean arterial pressure

resistance = blood flow (6)

The choice between conductance or resistance may alter the conclusion of a study
(Joyce et al., 2019). This is especially apparent when a strong vasoconstrictor drug is
used causing blood flow in a particular vascular bed to almost cease. Consequently, the
conductance in that vascular bed would approach O (Equation 1) while the
corresponding measurement of resistance would near infinity (Equation 2) as illustrated
in Figure 5-2. Hence, in this study, the effects of cannabidiol on vascular tone were
described in terms of vascular conductance as a wider range of drug-induced changes
of vascular tone are generally better portrayed by conductance (Joyce et al., 2019; Lautt,

1989; O'Leary, 1991; Wright et al., 1987).
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Figure 5-2. The hypothetical relationship between conductance, resistance and blood flow
under constant blood pressure.

In case A (blue bar) and case B (red bar) the blood flow increases by an equal amount (10
arbitrary units). The change in resistance is 12 times greater in case A compared to case B which
had a greater starting blood flow. The change in conductance is directly proportional to the
change in blood flow irrespective of the starting blood flow. The figure was reproduced from
Joyce et al. (2019).
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5.1.1.4 Heartrate

The cyclic contraction and relaxation of cardiac muscle create the forces necessary to
pump blood throughout the body. The number of contractions per time unit is defined
as heart rate. The heart rate and stroke volume are the physiological determinants of

cardiac output:

cardiac output = heartrate X stroke volume (7)

Heart rate measurements are derived from haemodynamic pulsatile measurements

such as blood pressure (section 5.1.1.1) and blood flow (section 5.1.1.2).

5.1.1.5 Cutaneous blood flow

Cutaneous blood flow has an important thermoregulatory role (Mohrman & Heller,
2018). Cutaneous blood flow can increase and decrease during dilation and constriction

of vessels as heat is being lost and retained, respectively.

Laser Doppler flowmetry is a non-invasive technique for measuring cutaneous blood
flow. Laser Doppler flowmetry relies on the Doppler effect (Choi & Bennett, 2003;
Tamura, 2014). To measure cutaneous blood flow, a laser Doppler surface probe is
attached to shaved skin such as on a hindpaw. As the laser is emitted, a monochromatic
and coherent beam will strike the surface under the laser Doppler probe. The beam can
be reflected in two ways depending on its target. If the beam strikes a stationary surface,
the light will be reflected with the same frequency as the transmitted light. However, if
the beam strikes a moving surface (e.g. a red blood cell), the reflected light will undergo
a frequency shift that corresponds to the movement of the object (Choi & Bennett,
2003). It is difficult to obtain reproducible cutaneous blood flow data with laser Doppler
flowmetry because of the heterogeneity in tissue perfusion and vascular geometry in
skin regions within and between animals (Tamura, 2014). It is also difficult to ensure
that the laser probe is placed in the same proximate area in different animals. Because
of these limitations, it is advisable to normalise the changes in cutaneous blood flow to

baseline values within each experiment.
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5.1.2 The appropriate anaesthesia for invasive haemodynamic studies

During invasive surgery, general anaesthesia is essential to alleviate the discomfort of
the animal. The choice of anaesthetic agent should be carefully considered to ensure
the appropriate depth of anaesthesia is achieved while maintaining the animal’s normal
physiological and pharmacological functions. The depth of anaesthesia may be
evaluated through toe, tail and abdominal pinches, where the lack of withdrawal or
movement indicates the loss of nociception. Field et al. (1993) evaluated and compared
the depth of anaesthesia of three animal anaesthetic agents including urethane,
pentobarbital and chloral hydrate. They concluded that intraperitoneal administration
of an anaesthetic drug to rats first led to the loss of muscle tone, palpebral reflex and
abdominal pinch response, followed by the disappearance of tail pinch response and
loss of corneal reflex. Field et al. (1993) concluded that the lack of response to tail and
toe pinches is an adequate indicator of the appropriate depth of anaesthesia for

moderate to markedly painful procedures.

Most anaesthetic agents induce cardiovascular changes as demonstrated in rats
administered with pentobarbital (60 mg/kg i.p.), isoflurane (2% in air vaporizer),
ketamine-xylazine (75 and 5 mg/kg, respectively, i.m.) and chloralose-urethane (100
and 500 mg/kg i.p.; Bencze et al., 2013). With the exception of pentobarbital, all
anaesthetic agents decreased blood pressure by blunting the sympathetic nervous
system. Blood pressure effects of isoflurane and chloralose-urethane are likely mediated
by an enhanced contribution of the renin-angiotensin system and/or decreased
contribution of the sympathetic nervous system and nitric oxide. Ketamine-xylazine
was the only anaesthetic agent that lowered the heart rate of rats. Pentobarbital is a
useful anaesthetic for rats as it preserves the resting blood pressure close to conscious
animal levels. However, it is known to blunt the parasympathetic nervous system, so its
use depends on the experimental question. Further, pentobarbital has become difficult
to obtain for laboratory use because of import bans due to illegal use of the drug in

human euthanasia.
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5.1.2.1 Urethane

Urethane is a widely used animal anaesthetic agent due to its long-lasting duration (6-
10 h) and limited effects on cardiorespiratory and spinal reflexes (Bauquier & Golder,
2010; Flecknell, 2015; Hara & Harris, 2002; Teppema & Baby, 2011). It is inappropriate
to use urethane for long-term chronic studies as it is carcinogenic. The mechanisms of
action behind urethane’s anaesthetic effects likely involve the enhancement of synaptic
inhibitory neurotransmission or inhibition of excitatory neurotransmission (Hara &
Harris, 2002). More specifically, urethane modestly potentiates the effects of neuronal
GABAA, nicotinic acetylcholine and glycine receptors, and inhibits NMDA and AMPA

receptors.

There is controversy regarding urethane’s anaesthetic effectiveness as
electroencephalograms after urethane administration are similar to those recorded in
conscious animals (reviewed in Bauquier & Golder, 2010). Adding to the controversy,
urethane’s ability to block gross purposeful movement to pain stimuli is not a sole
indicator of its anaesthetic efficiency since effective anaesthesia also involves blocking
sensory and perceptive components (Bauquier & Golder, 2010). The controversy
surrounding urethane prompted Bauquier and Golder (2010) to study its anaesthetic
properties. They concluded that intravenous urethane provided appropriate
anaesthesia at a high dose (1.5 mg/kg) by preventing gross movement in response to the
clamping of tail tips with a haemostat. Similarly, intraperitoneal administration of high
urethane doses (1.2 and 1.5 mg/kg) abolished motor responses to toe, tail and abdominal
pinch with an alligator clip for at least 2 h after urethane administration (Field et al.,
1993). They also noted that while urethane removed rats’ motor response to pain
stimuli, they retained occasional limb twitches, whisker movements and breathing over
the ventilator, indicating that urethane is unlikely to induce pain relief by solely
blocking motor functions (Bauquier & Golder, 2010). While studies generally claim that
urethane has limited cardiovascular effects, a recent study on cannabidiol’s
haemodynamic effects in rats observed that urethane-anaesthetised rats had 25 and 10%
lower systolic blood pressure and heart rate, respectively, compared to conscious rats

(Kossakowski et al., 2019).
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5.1.3 The haemodynamic effects of acute cannabidiol administration under

physiological cardiovascular conditions

Recent publications have reviewed the haemodynamic effects (heart rate, blood
pressure and blood flow) of cannabidiol in humans, dogs, piglets, rabbits, rats and mice
(Kicman & Toczek, 2020; Sultan et al., 2017). The publications noted extensive
heterogeneity between study protocols regarding species, dosage, route of
administration, the time between cannabidiol administration and measurements of
cardiovascular effects. Cannabidiol generally had little to no effect on haemodynamic

parameters under physiological conditions.

5.1.3.1 In humans

To date, nineteen studies have assessed the haemodynamic effects of cannabidiol in
humans under normal cardiovascular conditions (Table 5-1). While most studies report
that acute cannabidiol administration does not alter cardiovascular function, there are
some exceptions. For instance, one study reported that participants who received a
single oral dose of cannabidiol (600 mg) had a resulting lower heart rate (-10 beats/min;
Jadoon et al., 2017). Three studies reported a lower mean arterial pressure (-2 to -6
mmHg) in participants who were treated with oral cannabidiol (600 mg) or enhanced
cannabidiol delivery capsules (TurboCBDTM; 90 mg; Jadoon et al., 2017; Patrician et al.,
2019; Sultan et al., 2020). Two of the studies also reported that cannabidiol decreased
diastolic blood pressure (DBP; Jadoon et al., 2017; Patrician et al., 2019). While few
studies have assessed the effects of cannabidiol on blood flow, two studies reported that
cannabidiol (400 mg p.o.) and TurboCBD™ (90 mg p.o.) increased regional cerebral
blood flow (Crippa et al., 2004; Patrician et al., 2019). In contrast, one study reported

that cannabidiol (600 mg p.o.) decreased forearm skin blood flow (Jadoon et al., 2017).
While the cardiovascular effects of cannabidiol under physiological cardiovascular

conditions appear to be small, cannabidiol has been shown to blunt the haemodynamic

effects of stress in humans (Sultan et al., 2017).
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Studies of the cardiovascular effects of cannabidiol in humans have several limitations.
Firstly, there is a lack of diversity among participants as studies were mainly performed
on young white men (Table 5-1). As it is well-established that a patient’s response to a
drug may be heavily governed by the patient’s sex, race and ethnicity (Ramamoorthy et
al., 2015), it is important that future studies are performed in a more diverse population.

Another limitation is associated with the small sample size of participants.
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Table 5-1. Literature-reported haemodynamic effects of acute cannabidiol administration in human under physiological conditions

Participants (age) Dose' RoA HR MAP DBP BF Other Reference
113,49 320 pg/kg o o _ _ _ _ Belgrave et al
(18-24, %: 20.9) (17.5-30 mg) p-0- (1979)
65,29 1 mg/kg o o _ _ _ _ Zuardi et al
(20-38, %: 27) (67 mg)? p-0- (1982)
45,90 &~ &~ &~ <>CBF — .
120 mﬁ“ p.o Patrician et al
(%:24) TurboCBD e . . _ (2019)
45, 90 mg < v v a7
189,229 300 m o o _ _ _ _ Zuardi et al
(20-30, %: 22.8) 8 p-0- (1993)
108 Crippa et al
400 .0. — — — CBF —
(25-42, %: 29.8) me p-o T (2004)
143 ; White Borgwardt et al
600 .0. &~ — &~ —
(20-42, %: 26.) me p-o (2008)
150 . . . Bhattacharyya et
(%:26) 600 mg p-0- < < al. (2009)
153 ; White 600 m o o o . . . Fusar-Poli et al
(18-35, X: 26.7) 8 p-o- (2009)
153 ; White Bhattacharyya et
600 .0. &~ &~ — — —
(20-42, %: 26.7) me p-o al. (2010)
105 ; White, mixed (7:3) 600 m o s . s . . Hallak et al
(20-36) 8 p-o- o)
143 ; White 600 m o o o . . . Winton-Brown
(20-42, %: 26.7) 8 p-o- et al. (2011)
163 600 m o . . . . . Martin-Santos et
(20-42, %: 26.4) 8 p-o- al. (2012)
9d J Forearm ISV, <5C0O, Jadoon et al
(19-29, %: 23.7) 600 mg p-0- T v v SBF SET, LTPR  (2017)
_ . SV, <C0, Sultan et al
BJ (x:26.3) 600 mg p.o. > J > SET, OTPR (2020)

31 d & ?; Black, White, H ; I
mixed (15:12:4) 200, 400, 800 mg p.o. o — o — — (2?;2’)' e
(18-50, x: 29.1)

109 100, 600, 1200 mg p.o. e — e — — Gonget al. (1984)




(21-32)

Tomida et al
12 20,40 mg s.l. o » o (2006)

83 & 4 ?; Black, White, inhalation Kayser et al
Asian (2:9:1) 83 mg’ ) PN - PN PN — _ y: .
(21-48, %: 26.) (smoking) (2020)

313 &59 400 m inhalation o o o _ _ _ Solowij et al
(18-51) < (vapour) (2019)

CBF, cerebral blood flow; CO, cardiac output; EJT, ejection time; p.o., peroral; SBF, skin blood flow; s.l., sublingual; SV, stroke volume; TPR, total peripheral resistance; 1,
increase; NR decrease; &, no change; -, not reported; X, median; X, mean; ad, male; Q, female
'Cannabidiol dose o blue shade intensity. “Dose estimation based on average participant weight (67 kg). ’Enhanced cannabidiol delivery capsules which increase the bioavailability
of cannabidiol. *A trend towards decreased values at cmax of TurboCBD™ 90 mg. *Contained: 800 mg Cannabis 0.4% THC and 10.4% cannabidiol. This table was reproduced
from Kicman and Toczek (2020).



5.1.3.2 In rats

There is a notable heterogeneity in study protocols of cannabidiol’s haemodynamic
effects in rats which may explain the mixed reports of cannabidiol’s cardiovascular
effects (Table 5-2). Cannabidiol (10 pg/kg to 20 mg/kg) administered locally to the bed
nucleus of the stria terminalis and cisterna magna, and via the intravenous and
intraperitoneal route, generally did not affect heart rate (Table 5-2). However, in pithed
and vagotomised rats, cannabidiol 1, 3 and 10 mg/kg (i.v.) increased heart rate and
systolic blood pressure by 50-100 beats/min and 20 mmHg, respectively, in both SHR
and WKY rats (Kossakowski et al., 2019). In contrast, diastolic blood pressure was dose-
dependently decreased by 5-10 mmHg. In the same study, rats were also rapidly injected
with cannabidiol (3, 10 and 30 mg/kg i.v.) which caused a dose-dependent decrease in
heart rate, systolic and diastolic blood pressure in SHR by 65, 20 and 65%, respectively.
All cardiovascular responses to cannabidiol were 30-40% smaller in WKY. Maximum
cardiovascular responses occurred within the first 30 s after cannabidiol administration.
In conscious rats, cannabidiol 10 mg/kg (i.p.) had no effect on cardiovascular
parameters measured via telemetry (section 5.1.1.1), however, one study reported that
cannabidiol (50 pg/kg i.v.) decreased mean arterial pressure (-16 mmHg) without
affecting heart rate in pentobarbital-anaesthetised Sprague-Dawley rats (Walsh et al.,
2015). No studies to date have investigated the effects of cannabidiol on blood flow in

Vivo.
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Table 5-2. Literature-reported haemodynamic effects of acute cannabidiol administration in rats

Animals Anaesthesia Dose' RoA HR MAP SBP DBP Reference
?5D Pentobarbital 50 pg/k: iv & J — — Walsh et al. (2015)

200-300 g e v '

FWi h

\g/é;t;rsﬁl;mo Thiopental 50 pg/kg iv. & & — — Gonca and Daria (2015)
5D Urethane 1 mg/k iv & & — — Graham and Li (1973)

180220 g 2 v

Jd Wistar . 0.003-5.7 ..

214455 g (% 350 g) Pentobarbital mg/kg ia., v o McQueen et al. (2004)
7 O—jZSOHgR&&Z\s/(ig9 0g Urethane (pithed?) 1, 3,10 mg/kg iv. ™ - ™ N2 Kossakowski et al. (2019)
7 O—jZSOHgR&&Z\s/(ig9 0g Urethane 3,10, 30 mg/kg i.v. (rapid) [ — [ N Kossakowski et al. (2019)

T Wistar — 10 mg/kg i.p. & & — — Resstel et al. (2006)
250 g
J'SHR & WKY
— 10 k i.p. e — e & K I ki et al. (2019
270320 g & 290-390 g mg/kg i.p ossakowski et al. ( )
J Wistar - 1,10, 20 mg/kg i.p. o o - - Resstel et al. (2009)
J Wistar 15, 30, 60 nmol . _ _ -
250-270 g (1976 pg/kgB) i.c. & & Granjeiro et al. (2011)
Jd Wistar 15, 30, 60 nmol . .
230-270 g (21-82 pg/kg’) Into BNST & © Gomes et al. (2012)
Jd Wistar 15, 30, 60 nmol . .
230-270 g (21-82 pg/kg’) Into BNST & © Gomes et al. (2013a)
& Wistar 60 nmol
— Into BNST e s — — Al t al. (2010
230-270 g (82 pg/l(gB) nto ves et a ( )

BNST, bed nucleus of the stria terminalis; i.a., intra-arterially; i.c., intracisternally; i.p., intraperitoneal; i.v., intravenous; SD, Sprague Dawley; SHR, Spontaneously Hypertensive Rats; WKY,
Wistar Kyoto Rat; ™, increase; 4, decrease; &, no change; - not reported; X, mean,; ad, male; Q, female
'Cannabidiol dose « blue shade intensity. “The central nervous system has been destroyed. *Dose estimation based on the lowest rat weight. The table was reproduced from Kicman and Toczek
(2020).



5.1.3.3 Allometric dose scaling

Interspecies dose extrapolation is important in biomedical research as it ensures safe
and effective drug treatment of both humans and animals. Drug dose scaling is not
simply based on dose per body weight since there are greater physiological differences
between species that need to be considered (reviewed in Nair & Jacob, 2016). To more
accurately predict the interspecies pharmacokinetic differences of a drug, the
interspecies surface area difference is used. The surface area of an animal is a strong
indicator of an animal’s metabolic rate. Allometric scaling has proven to be appropriate
for drugs with lesser hepatic metabolism, low volume of distribution, and are excreted
via the renal route, all characteristics that poorly fit the pharmacokinetic profile of
cannabidiol (section 1.5.3). Allometric scaling has been able to successfully predict the
renal clearance of drugs (Chaturvedi et al., 2001). In contrast, hepatic clearance has

proved difficult to predict with allometric scaling.

To convert doses between species, a species-specific correction factor (Km) is used. K,
is calculated by dividing an estimation of the average body weight of a species (kg) by
its body surface area (m?®). A human equivalent dose is calculated by multiplying the

animal dose with the Ky, ratio of the two different species:

Animal K,

Human equivalent dose (mg/kg) = Animal dose (mg/kg) X (8)

Human K,

In this study, the human equivalent dose for the rat cannabidiol doses of 10 and 30
mg/kg (i.v.) would be 1.9 and 5.7 mg/kg, respectively. The corresponding absolute dose
in a person that weighs 60 kg would be 114 and 341 mg, respectively (Table 5-3).
However, as cannabidiol is a poor candidate for allometric calculation, there is a great

risk of inaccuracy in this calculation.
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Table 5-3. Human equivalent cannabidiol dose calculations based on rat doses

Species Body weight Km Dose 1 Dose 2
(kg)
Rat 0.25 7 10 mg/kg 30 mg/kg
Human 60 37 1.9 mg/kg 5.7 mg/kg

Km: species-specific correction factor

5.1.4 Study aims

This study aimed to investigate the acute haemodynamic effects of intravenously
administered cannabidiol in urethane-anaesthetised rats. We measured the influence
of single and cumulative i.v. bolus cannabidiol (10-30 mg/kg) administration on heart
rate and mean arterial pressure, and importantly, on vascular conductance in two
vascular beds and on hindpaw cutaneous blood flow. We further investigated the
haemodynamic mechanisms of action of cannabidiol with administration of inhibitors

of various potential targets.
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5.2 Methods

5.2.1 Animals

The Animal Ethics Committee of the University of Melbourne approved experiments
(approval #1814705) in accordance with The Australian Code for the care and use of
animals for scientific purposes (8th edition, 2013, National Health and Medical Research
Council, Canberra). Male Sprague-Dawley rats (270-300 g, Biomedical Animal Facility,
Melbourne, Australia) were used in this study and housed in groups of 34 in standard
cages under constant climatic conditions (21°C, 12 h light/dark cycle), with food and

water ad libitum.

5.2.2 Experimental procedures

5.2.2.1 Anaesthesia

Rats were placed in an induction container and briefly anaesthetised with 5% isoflurane
(Baxter Healthcare, Old Toongabbie, NSW, Australia) in room air/O2 using an
isoflurane anaesthetic vaporiser (Penlon Sigma Delta; Penlon Limited, Abingdon,

UK) before being deeply anaesthetised with urethane (2 g/kg i.p.). Surgical procedures
were initiated once the rat stopped responding to toe pinches, demonstrating an

appropriate depth of anaesthesia (section 5.1.2.1).

5.2.2.2 Surgical procedures

The anaesthetised rat was placed in a supine position on a heating pad (Physiosuite,
Kent Scientific Corp., Torrington, CT, USA) connected to a rectal probe to monitor that
an appropriate body temperature was maintained (37.5-38.0°C). The local anaesthetic
lignocaine was administered (1% s.c.) to the shaved neck and abdomen, prior to

incisions.

5.2.2.2.1 Tracheotomy

Rats were tracheotomised to enable airway access for mechanical ventilation. A
horizontal incision between tracheal cartilages was made where a plastic Y-connector

attached to a tracheotomy tube was inserted. The tube was connected to a rodent
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respiratory pump (#7025 Rodent Ventilator, Ugo Basile, Comerio, VA, Italy) which
utilised room air supplemented with 100% oxygen to ventilate the animal. The stroke
volume was initially set at 6 ml/kg body weight and stroke rate at ~76 breaths/min and
were adjusted to maintain arterial pH at 7.4 + 0.2 as determined by regular
measurements of blood pH, Oz and CO: (ABL5, Radiometer Medical A/S, Copenhagen,

Denmark).

5.2.2.2.2 Measurement of haemodynamic parameters

The right jugular vein was isolated and catheterised with a saline-filled polyvinyl
chloride catheter (i.d. 0.50 mm and o0.d. 0.80 mm) for intravenous drug administration.
To enable blood pressure measurement, a heparinised (10 U/ml) saline-filled catheter
was inserted in the right carotid artery. The catheter was connected to a blood pressure
transducer (Argon Medical Devices, Athens, Greece) that continuously measured phasic
arterial blood pressure via a PowerLab data acquisition system (ADInstruments Pty.
Ltd., Bella Vista, NSW, Australia). The left carotid artery was exposed and carefully
isolated from the vagus nerve and surrounding tissues. An incision was made in the
midline abdomen and the superior mesenteric artery was isolated. Perivascular
Transonic flow probes (2.5 mm i.d., ADInstruments) were placed around the left carotid
and superior mesenteric arteries to measure volume blood flow. To measure hindpaw
cutaneous blood flow, a laser Doppler surface probe (MSP300XP, ADInstruments) was
attached to the shaved skin of one hindpaw using an adhesive ring for surface probes
(MSP140AR, ADInstruments). To ensure minimal interference of the ambient room
conditions, rats were covered with bubble wrap and the rat’s body temperature was
maintained with a heating pad. The blood pressure transducer and the flow probes were
calibrated, and stable haemodynamic parameters were measured for 20 min prior to

starting the experiment (section 5.2.2.3).
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5.2.2.3 Experimental protocol

5.2.2.3.1 Haemodynamic effects of cumulative or single cannabidiol
administration

For cumulative cannabidiol treatment, rats were either administered with cumulative
cannabidiol bolus doses (10 and 30 mg/kg iv.) or corresponding vehicle
(ethanol:cremophor:saline 2:2:6, 1 and 3 ml/kg i.v.) at 30 min intervals. For single
cannabidiol treatment, rats were administered with the antagonist vehicle
(ethanol:cremophor:saline 1:1:18, 1 ml/kg i.v.) prior to a single cannabidiol bolus dose,

30 mg/kg i.v., 30 min later. Bolus doses were administered slowly over 3-4 min.

5.2.2.3.2 Mechanisms of action of cannabidiol

To investigate the possible involvement of CB;, CB2, TRPV1, CGRP or 5-HTia receptors
in the effects of cannabidiol, rats were administered either i.v. rimonabant 3 mg/kg,
SR144528 1 mg/kg, capsazepine 1 mg/kg, rimegepant 2.5 mg/kg or WAY-100635 1
mg/kg, respectively, prior to a single bolus i.v. administration of cannabidiol 30 mg/kg

20 min later

5.2.2.4 Euthanasia

At the completion of the experimental protocol, each rat was euthanised with an
overdose of pentobarbitone (Lethobarb, >100 mg/kg i.v.) and a cut through the spinal

cord.

5.2.3 Data and statistical analyses

The haemodynamic variables assessed included heart rate (HR), mean arterial pressure
(MAP), carotid vascular conductance (CVC, carotid blood flow/MAP), mesenteric
vascular conductance (MVC, mesenteric blood flow/MAP) and hindpaw cutaneous laser
Doppler flux (LDF). All data are expressed as the mean + S.E.M. from n experiments. n
is the number of separate rats. Heart rate, mean arterial pressure, carotid and

mesenteric vascular conductance were expressed as absolute values while LDF was
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expressed as % from individual baseline values. Data plotting and statistical analyses

were performed with Prism 9 (Graphpad Software, La Jolla, CA, USA).

Baseline values prior to drug administration were compared between 2 different groups
with Student’s unpaired t-test (Figure 5-3). The effects of drug treatment compared to
baseline values within a treatment group were analysed using repeated measures one-
way ANOVA with Greenhouse-Geisser correction for lack of sphericity and Dunnett’s
post hoc test for multiple comparisons. The effects between drug treatments over time
were analysed using repeated measures two-way ANOVA with Greenhouse-Geisser
correction for lack of sphericity and Sidak’s post hoc test for multiple comparisons. P

values < 0.05 were considered significant.

Statistical analysis

Effect

®m Vehicle Student’s t-test
One-way ANOVA

O Drug Two-way ANOVA

] - Ll Ll L] b L] . L] - 1

0 10 20 30 40 50

Time after treatment (min)

Figure 5-3. Schematic presentation of the repeated and multiple comparisons statistical tests
performed in this study according to Ludbrook (1994) recommendations to minimise the risk
of type 1 errors (false positives).

Student’s unpaired t-test was performed to compare baseline levels between two different
groups prior to drug treatments. Repeated measures one-way ANOVA with Greenhouse-Geisser
correction for lack of sphericity and Dunnett’s post hoc test for multiple comparisons was
performed to compare the effects with baseline within a group over time. Repeated measures
two-way ANOVA with Greenhouse-Geisser correction for lack of sphericity and Sidak post hoc
test for multiple comparisons was performed to compare the effects of two different treatment
groups at different time points (Ludbrook, 1994).
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5.2.4 Drugs

Drugs used were: (-)-cannabidiol; rimegepant; rimonabant; SR144528 (all from Cayman
Chemical, Ann Arbor, MI, USA); capsazepine (Biomol, Hamburg, Germany); WAY-
100635 (AdooQ), Irvine, CA, USA). All drugs solution were prepared on the day of the
experiment except for WAY-100635 (1 mg/ml) which was dissolved in saline and single-
use aliquots were stored at -20°C. Cannabidiol (10 mg/ml) was dissolved in ethanol,
cremophor and saline (2:2:6). Capsazepine (1 mg/ml), rimonabant (3 mg/ml) and
SR144528 (1 mg/ml) were dissolved in ethanol, cremophor and saline (L:L:18).
Rimegepant (1 mg/ml) was dissolved in ethanol and PEG300 (1:9).
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5.3 Results

5.3.1 Haemodynamic effects of cumulative or single cannabidiol administration

There were no differences in baseline haemodynamic measurements prior to single or
cumulative bolus iv. cannabidiol (10-30 mg/kg) or corresponding vehicle
administration (P>0.05; Figure 5-4 and Figure 5-5), except for baseline heart rate values
(prior to cumulative vehicle or cannabidiol administration) where rats in the vehicle
group had higher baseline heart rates (+66 + 23 beats/min) compared with rats in the
cannabidiol group (P=0.014; Figure 5-4A).

The initial acute effects (at 1-3 min) of cumulative cannabidiol administration of 10 and
30 mg/kg included dose-dependent falls in heart rate of -50 + 10 and -70 + 15 beats/min,
respectively (P<0.01; Table 5-4 and Figure 5-4A). In comparison, a single cannabidiol
dose of 30 mg/kg acutely (at 2 min) decreased heart rate by 122 + 15 beats/min (Table
5-4; P=0.0002). Heart rate recovered to baseline levels after 30 min for single
cannabidiol 30 mg/kg administration (Figure 5-5A; P>0.05, compared with time O min).
The cumulative doses of cannabidiol 10 and 30 mg/kg also acutely decreased mean
arterial pressure by 17 + 4 mmHg and 17 + 5, respectively (P<0.05; Table 5-4). The
decrease in mean arterial pressure was transient and not apparent 5 min after each
cumulative cannabidiol administration (Figure 5-4B; P=0.10). The single cannabidiol 30
mg/kg dose acutely decreased mean arterial pressure by 16 + 5 mmHg (P=0.019; Table
5-4), before returning to baseline at 10 min (Figure 5-5B; P=0.11).

Cumulative cannabidiol 10 and 30 mg/kg doses acutely increased carotid vascular
conductance by 0.021 + 0.004 and 0.026 + 0.006 ml/min/mmHg, respectively (P<0.01;
Table 5-4). Single cannabidiol 30 mg/kg administration also caused an acute increase
in carotid vascular conductance (+0.016 + 0.003 ml/min/mmHg; P=0.0013; Table 5-4).
The increase in carotid vascular conductance was transient and only maintained for
single cannabidiol 30 mg/kg i.v administration (5 min; P=0.018; Figure 5-5C). The
carotid vascular conductance in response to single cannabidiol 30 mg/kg
administration is likely underestimated as the corresponding vehicle dose caused a

significant and maintained (25 min) decrease in carotid vascular conductance (P<0.05)
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before returning to baseline (P>0.05; Figure 5-5C). Neither cumulative nor single doses
of cannabidiol 30 mg/kg changed mesenteric vascular conductance acutely or over time
(P>0.05; Table 5-4; Figure 5-4D, Figure 5-5D). However, the vehicle corresponding to
the single cannabidiol 30 mg/kg dose acutely decreased mesenteric vascular
conductance by 0.029 + 0.009, which recovered to baseline levels after 15 min (P>0.05;
Figure 5-5D). On the other hand, the lower cumulative dose of cannabidiol (10 mg/kg)
acutely increased mesenteric vascular conductance by 0.012 + 0.003 (P=0.0086; Table
5-4) which was maintained for 25 min (P<0.05; Figure 5-4D). Cannabidiol did not
change hindpaw laser Doppler flux compared to baseline (P>0.05; Table 5-4, Figure
5-4E, Figure 5-5E). In contrast, vehicle corresponding to the single cannabidiol 30
mg/kg dose significantly decreased hindpaw laser Doppler flux by 16 + 4 (P=0.016) and
18 + 5% (P=0.043) at 10 and 15 min, respectively (P<0.05; Figure 5-5E).
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Figure 5-4. Effects of cumulative i.v. bolus administration of cannabidiol 10 and 30 mg/kg (n=6-
8) and corresponding vehicle (ethanol, cremophor and saline; 2:2:6; 1 and 3 ml/kg; n=6) on rat
haemodynamic parameters including heart rate (HR; A), mean arterial pressure (MAP; B),
carotid vascular conductance (CVC; C), mesenteric vascular conductance (MVC; D) and
hindpaw laser Doppler flux (LDF, values are expressed as a % of the within rat baseline at time
O min; E).

Baseline recordings were taken at -10 to O min, followed by cannabidiol 10 mg/kg
administration just after O min and cumulative administration of cannabidiol 30 mg/kg after
30 min. Data are mean + S.E.M. *P<0.05 compared with vehicle baseline responses at 0 min;
Student’s unpaired t-test. *P<0.05 or **P<0.01 compared with baseline (at O min); repeated
measures one-way ANOVA with Greenhouse-Geisser and Dunnett’s post hoc test for multiple
comparisons. 1P<0.01, "P<0.001 or "P<0.0001 compared with vehicle treatment at each
time point; repeated measures two-way ANOVA with Greenhouse-Geisser and Sidak’s post hoc
test for multiple comparisons. n, number of rats.
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Figure 5-5. Effects of single i.v. bolus administration of cannabidiol 30 mg/kg (n=7) or
corresponding vehicle (ethanol, cremophor and saline 2:2:6; 3 ml/kg; n=7) on rat
haemodynamic parameters including heart rate (HR; A), mean arterial pressure (MAP; B),
carotid vascular conductance (CVC; C), mesenteric vascular conductance (MVC; D) and
hindpaw laser Doppler flux (LDF, values are expressed as a % of the within rat baseline at time
O min; E).

Baseline recordings were taken at -30 to -20 min, followed by antagonist vehicle administration
(ethanol, cremophor and saline 1:1:18; 1 ml/kg) after -20 min and a single cannabidiol 30 mg/kg
administration after O min. Data are mean + S.E.M. *P<0.05 or **P< 0.0l compared with pre-
antagonist vehicle (at -20 min) or cannabidiol 30 mg/kg (at O min) administration; repeated
measures one-way ANOVA with Greenhouse-Geisser and Dunnett’s post hoc test for multiple
comparisons. 'P<0.05 compared with vehicle treatment at each time point; repeated measures
two-way ANOVA with Greenhouse-Geisser and Sidak’s post hoc test for multiple comparisons.

n, number of rats.
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Table 5-4. Peak

haemodynamic changes to single or cumulative iv. bolus cannabidiol

administration
Single i.v.
Cumulative i.v. cannabidiol s e'1 V
cannabidiol
Haemodynamic
10 mg/kg 30 mg/kg 30 mg/kg
parameters
HR (beats/min) -50 = 10** -70 = 15** -122 + 15%%*
Time (min) 1.2+0.2 1.6 £ 0.2 1.7+0.2
n 8 8 7
MAP (mmHg) -17 £ 4** -17 £ 5* -16 + 5*
Time (min) 0.8+04 1.0 £ 0.3. 24+04
n 8 8 7
CVC (ml/min/mmHg) 0.021 £ 0.004** 0.026 £ 0.006** 0.016 + 0.003**
Time (min) 1.1£03 1.4+04 2404
n 8 8 7
MVC (ml/min/mmHg) 0.012 = 0.003* 0.001+ 0.017 0.019 = 0.011
Time (min) 2.0+03 1.7+ 03 3.0+£0.5
n 8 8 7
LDF (%) 20+ 8 B3+8 3+5
Time (min) 1.3+04 0.8+0.3 24 +0.7
n 6 6 7

HR, heart rate; MAP, mean arterial pressure; CVC, carotid vascular conductance; MVC, mesenteric vascular
conductance; LDF, laser Doppler flux. Peak haemodynamic changes from respective pre-dose baseline values
to single cannabidiol (30 mg/kg i.v.) or cumulative cannabidiol (10-30 mg/kg i.v.) treatment and the time
from the end of cannabidiol administration (Figure 5-6) to peak changes are expressed as mean + S.E.M.
*P<0.05, **P<0.01 or ***P<0.001 compared with the respective baseline measurement (0 min). Cumulative
cannabidiol 10-30 mg/kg compared to baseline measurements (O min); repeated measures one-way ANOVA
with Greenhouse-Geisser correction and Dunnett’s post hoc test for multiple comparisons. Single cannabidiol
30 mg/kg administration compared to baseline measurements (0O min); Student’s paired t-test. n, number of
rats.
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Figure 5-6. Representative recording of the acute effects of a single i.v. bolus of cannabidiol 30 mg/kg on rat haemodynamic parameters including:
phasic arterial pressure (AP; mmHg), mean arterial pressure (MAP; mmHg), heart rate (HR; beats/min), carotid blood flow (ml/min), mean carotid
blood flow (ml/min), carotid vascular conductance (CVC; ml/min/mmHg), mesenteric blood flow (ml/min), mean mesenteric blood flow (ml/min),
mesenteric vascular conductance (MVC; ml/min/mmHg) and hindpaw laser Doppler flux (LDF; mV).

The carotid and mesenteric conductance (ml/min/mmHg) were calculated by dividing the respective vascular blood flow (ml/min) by MAP
(mmHg).



5.3.2 The potential haemodynamic mechanisms of action of cannabidiol

To test the potential haemodynamic mechanisms of action of cannabidiol, rats were
pre-administered with the CBi receptor antagonist rimonabant (3 mg/kg i.v.), CB2
antagonist SR144528 (1 mg/kg i.v.), TRPVI antagonist capsazepine (1 mg/kg i.v.), CGRP
antagonist rimegepant (2.5 mg/kg i.v.) or 5-HTia antagonist WAY-100635 (1 mg/kg i.v.)
followed 20 min later by a single bolus i.v. administration of cannabidiol 30 mg/kg.
There was no difference in baseline (-20 min) haemodynamic values prior to treatment

with either vehicle or antagonists (P>0.05; Figure 5-7, Figure 5-9 and Figure 5-10).

5.3.2.1 The possible involvement of cannabinoid receptors

Rimonabant increased resting heart rate and mean arterial pressure by 30 + 9 beats/min
and 26 + 4 mmHg, respectively (P<0.05; Figure 5-7A, B). Neither the effects of
rimonabant on heart rate nor mean arterial pressure recovered to baseline levels prior
to the administration of cannabidiol 20 min later. SR144528 alone did not have an effect
on heart rate or mean arterial pressure (P>0.05). Furthermore, neither rimonabant nor
SR144528 attenuated the effects of cannabidiol on heart rate and mean arterial pressure
(P>0.05; Figure 5-7A, B). Rimonabant and SR144528 alone had opposite effects on
carotid vascular conductance. More specifically, rimonabant decreased carotid vascular
conductance (-0.011 + 0.003; P=0.021) while SR144528 slightly increased carotid
vascular conductance (+0.0059 + 0.001; P=0.025) at 10 and 5 min after administration,
respectively (Figure 5-7C). Interestingly, rimonabant caused a 3.2-fold potentiation of
the cannabidiol-induced increase in carotid vascular conductance (Figure 5-7C; Figure
5-8C; P=0.020). Rimonabant also maintained the cannabidiol-induced carotid vascular
conductance increase throughout the experiment (30 min; P<0.05). In contrast,
SR144528 inhibited the cannabidiol-induced increase in carotid vascular conductance
at the 5 min time point (Figure 5-7C; Figure 5-8C; P=0.60). Rimonabant and SR1441528
generally had no effect on mesenteric vascular conductance and hindpaw laser Doppler
flux, neither prior nor after the administration of cannabidiol (P>0.05; Figure 5-7D, E),
with the exception of SR144528 which caused a transient increase in mesenteric
vascular conductance (+0.015 + 0.001; P=0.0003) 5 min after drug administration
(Figure 5-7D).
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Figure 5-7. Effect of single i.v. bolus administration of cannabidiol 30 mg/kg in rats pretreated
with the CB; antagonist rimonabant (3 mg/kg i.v.; n=6) and CB; antagonist SR144528 (1 mg/kg
i.v.; n=5) on rat haemodynamic parameters including heart rate (HR; A), mean arterial pressure
(MAP; B), carotid vascular conductance (CVC; C), mesenteric vascular conductance (MVC; D)
and hindpaw laser Doppler flux (LDF, values are expressed as a % of the within rat baseline at
time O min; E).

Baseline recordings were taken at -30 to -20 min, followed by administration of antagonists
after -20 min and a single cannabidiol (30 mg/kgi.v.) administration after O min. As a reference,
the cannabidiol 30 mg/kg responses in the absence of antagonists (n=7) are reproduced from
Figure 5-5. Data are mean + S.E.M. *P<0.05, **P<0.01, ***P<0.001 or ****P<0.0001 compared
with pre-antagonist (at -20 min) or cannabidiol 30 mg/kg (at O min) administration; repeated
measures one-way ANOVA with Greenhouse-Geisser and Dunnett’s post hoc test for multiple
comparisons. n, number of rats.
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Figure 5-8. The haemodynamic effects of cannabidiol 30 mg/kg (single i.v. bolus) 5 min after administration in rats pretreated with antagonist
vehicle (ethanol, cremophor and saline 1:1:18; 1 ml/kg; n=7), CB; antagonist rimonabant (3 mg/kg i.v.; n=6), CB, antagonist SR144528 (1 mg/kg i.v.;
n=5), TRPVI antagonist capsazepine (1 mg/kg; n=5), CGRP antagonist rimegepant (2.5 mg/kg; n=4-5) or 5-HTia antagonist WAY-100635 (1 mg/kg;
n=6-7).

Haemodynamic parameters measured include heart rate (HR; A), mean arterial pressure (MAP; B), carotid vascular conductance (CVC; C),
mesenteric vascular conductance (MVC; D) and hindpaw laser Doppler flux (LDF; E). Data are A (change) mean + S.E.M at 5 min after cannabidiol
30 mg/kg administration from baseline (O min; Figure 5-7 to Figure 5-10). *P<0.05, **P<0.01 or **** P<0.0001, compared with pre-cannabidiol 30
mg/kg (at O min) administration; repeated measures one-way ANOVA with Greenhouse-Geisser and Dunnett’s post hoc test for multiple
comparisons. P<0.01 compared with cannabidiol 30 mg/kg only treatment (white bar); one-way ANOVA with Dunnett’s post hoc test. n, number

of rats.



5.3.2.2 The possible involvement of TRPV1 and CGRP

Rimegepant (2.5 mg/kg) treatment had various haemodynamic effects on its own which
included decreasing heart rate and carotid vascular conductance while also transiently
increasing mean arterial pressure (P<0.05; Figure 5-9A-C). However, data from a pilot
experiment suggest that it is the rimegepant vehicle (ethanol and PEG300 1:9; 2.5
ml/kg) that causes these haemodynamic changes rather than the interaction of

rimegepant with CGRP receptors (data not shown).

Capsazepine (1 mg/kg) on its own did not affect heart rate (P>0.05) but did cause a
transient increase in mean arterial pressure of 11 + 3 mmHg at 5 min (P=0.037; Figure
5-8A). Rimegepant potentiated the cannabidiol-induced decrease in mean arterial
pressure by prolonging the blood pressure-lowering effects for 25 min (Figure 5-8B).
Neither capsazepine nor rimegepant affected cannabidiol-induced changes in heart rate
(P>0.05; Figure 5-8A). While not significant, rats treated with capsazepine had lower
mean arterial blood pressure (Figure 5-8B; -1l mmHg; P=0.082) and cannabidiol did not
decrease mean arterial pressure from this lower starting pressure (Figure 5-9B; P=0.39).
Capsazepine alone did not affect carotid vascular conductance but extended the
cannabidiol-induced increase in conductance over a 25 min period (P<0.05). Neither
rimegepant nor capsazepine affected mesenteric vascular conductance or hindpaw laser

Doppler flux (Figure 5-9D, E; P>0.05).
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Figure 5-9. Effect of single i.v. bolus administration of cannabidiol 30 mg/kg in rats pretreated
with TRPVI antagonist capsazepine (1 mg/kg; n=5) or CGRP antagonist rimegepant (2.5 mg/kg;
n=4-5) on rat haemodynamic parameters including heart rate (HR; A), mean arterial pressure
(MAP; B), carotid vascular conductance (CVC; C), mesenteric vascular conductance (MVC; D)
and hindpaw laser Doppler flux (LDF, values are expressed as a % of the within rat baseline at
time O min; E).

Baseline recordings were taken at -30 to -20 min, followed by administration of antagonists
after -20 min and a single cannabidiol 30 mg/kg administration after O min. As a reference,
antagonist vehicle (ethanol, cremophor and saline 1:1:18; 1 ml/kg rat) and cannabidiol 30 mg/kg
responses in the absence of antagonists (n=7) are reproduced from Figure 5-5. Data are mean +
S.E.M. *P<0.05 or **P<0.01, compared with pre-antagonist (at -20 min) or cannabidiol 30
mg/kg (at O min) administration; repeated measures one-way ANOVA with Greenhouse-
Geisser and Dunnett’s post hoc test for multiple comparisons. 'P<0.05 compared with reference
antagonist vehicle and cannabidiol 30 mg/kg responses at each time point.; repeated measures
two-way ANOVA with Greenhouse-Geisser and Sidak’s post hoc test for multiple comparisons.
n, number of rats.
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5.3.2.3 Theinvolvement of 5-HT1A receptors

WAY-100635 1 mg/kg did not affect basal heart rate or cannabidiol-induced decreases
in heart rate (P>0.05; Figure 5-10A). However, WAY-100635 decreased mean arterial
pressure by 19 + 3 at 5 min after administration which did not recover to baseline levels
prior to cannabidiol administration (P>0.05; Figure 5-10B). WAY-100635 attenuated
the cannabidiol-mediated decrease in mean arterial pressure (Figure 5-10B; Figure 5-8B;
P>0.05). WAY-100635 alone did not affect hindpaw laser Doppler flux, carotid or
mesenteric vascular conductance (Figure 5-10C-E). However, WAY-100635 inhibited
the cannabidiol-induced increase in carotid vascular conductance (Figure 5-8C; Figure

5-10C; P=0.21).
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Figure 5-10. Effect of single i.v. bolus administration of cannabidiol 30 mg/kg in rats pretreated
with the 5-HTia antagonist WAY-100635 (1 mg/kg; n=6-7) on rat haemodynamic parameters
including heart rate (HR; A), mean arterial pressure (MAP; B), carotid vascular conductance
(CVC; C), mesenteric vascular conductance (MVC; D) and hindpaw laser Doppler flux (LDF,
values are expressed as a % of the within rat baseline at time 0 min; E).

Baseline recordings were taken at -30 to -20 min, followed by administration of antagonist after
-20 min and a single cannabidiol 30 mg/kg administration after O min. As a reference,
antagonist vehicle (ethanol, cremophor and saline; 1:1:18; 1 ml/kg) and cannabidiol 30 mg/kg
responses in the absence of antagonists (n=7) are reproduced from Figure 5-5. Data are mean +
S.E.M. *P<0.05 or **P<0.01, compared with pre-antagonist (at -20 min) or cannabidiol 30
mg/kg (at O min) administration; repeated measures one-way ANOVA with Greenhouse-
Geisser and Dunnett’s post hoc test for multiple comparisons. n, number of rats.
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5.4 Discussion

The in vivo haemodynamic effects of cannabidiol are not well-characterised. Extensive
study heterogeneity may contribute to the reported disparity in cannabidiol’s effects
(Table 5-1, Table 5-2). Studies to date indicate that cannabidiol has little to no
haemodynamic effects in animals and humans under resting physiological conditions
(Kicman & Toczek, 2020; Sultan et al., 2017). The influence of cannabidiol is mainly

apparent during stress-induced cardiovascular changes.

This study aimed to characterise the haemodynamic effects and mechanisms of action
of cannabidiol in anaesthetised rats. We also wanted to investigate whether the

previously reported ex vivo vascular effects were apparent in the vasculature in vivo.

5.4.1 Haemodynamic effects of cannabidiol in urethane-anaesthetised rats

The cardiovascular responses to acute cannabidiol administration were generally
transient. Therefore, the haemodynamic values returned to baseline levels within 30
min after cannabidiol administration (Figure 5-4 and Figure 5-5). All doses of
cannabidiol (10-30 mg/kg i.v.) dose-dependently decreased heart rate. Single
cannabidiol 30 mg/kg administration decreased heart rate by 122 + 15 beats/min which
recovered to baseline levels 25 min after cannabidiol administration. Bradycardia in
response to cannabidiol has also recently been reported in urethane-anaesthetised SHR
and WKY rats which were rapidly intravenously injected with cannabidiol 30 mg/kg
(Kossakowski et al., 2019). In the study, cannabidiol decreased the heart rate of SHR
and WKY by 225 and 150 beats/min, respectively. It is important to note that they
reported the maximum effect was achieved within 10 to 30 s after cannabidiol
administration (Kossakowski et al., 2019), while in the current study, we characterised
the haemodynamic effects of cannabidiol over a 30 min period with peak recorded
values at 1.7 + 0.2 min (Table 5-4) after the end of i.v. (slow) bolus administration. We
also showed that cannabidiol 30 mg/kg (i.v.) administered as a cumulative or single
dose decreased mean arterial pressure by 17 + 5 or 16 + 5 mmHg, respectively (P<0.05;
Table 5-4). The effects were transient as they only lasted for 5-10 min. In comparison,

in urethane-anaesthetised SHR and WKY rats, rapid cannabidiol 30 mg/kg (i.v.)
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injections decreased systolic blood pressure by 25 and 20 mmHg and diastolic blood
pressure by 45 and 30 mmHg, respectively (achieved within 10 to 30 s after

administration) (Kossakowski et al., 2019).

This is the first study to investigate the in vivo haemodynamic effects of cannabidiol.
We have previously reported that cannabidiol has prominent vascular effects ex vivo by
both potently inhibiting the contraction and inducing potent relaxation of small
mesenteric and saphenous arteries (Chapter 4; Mazeh et al.,, 2021). In this study, we
showed single cannabidiol 30 mg/kg i.v. or cumulative cannabidiol 10-30 mg/kg i.v.
administration induced transient increases in carotid vascular conductance without
changing mesenteric vascular conductance with the exception of the lower cannabidiol
10 mg/kg dose which caused a prolonged increase in mesenteric vascular conductance
(25 min). We also showed for the first time that cannabidiol (30 mg/kg), compared to

vehicle, increased hindpaw cutaneous blood flow in rats.

5.4.1.1 The challenge with the hydrophobicity of cannabidiol

Our findings of the vascular effects of cannabidiol are likely underestimated as
corresponding vehicle controls (ethanol, cremophor and saline 2:2:6) induced opposite
effects by decreasing carotid and mesenteric vascular conductance while also decreasing
hindpaw cutaneous blood flow (Figure 5-4 and Figure 5-5). As cannabidiol is highly
hydrophobic (log P 6.3; section 1.5.3.6) (Odi et al., 2020), there are great difficulties
associated with dissolving the drug in a hydrophilic and inert vehicle. We were
unsuccessful in dissolving cannabidiol in one part ethanol, one part cremophor and
eighteen parts saline, which has previously been used by our laboratory to dissolve
hydrophobic cannabinoid compounds as this vehicle combination does not have any
apparent influence on haemodynamic parameters (Angus & Wright, 2019), as also
apparent in this study (Figure 5-5). Increasing the ratio of ethanol and cremophor

created a homogenous dissolved cannabidiol solution.
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5.4.2 The potential mechanisms of action of cannabidiol

We attempted to investigate the haemodynamic mechanisms of action of cannabidiol
by intravenously pretreating rats with various inhibitors of targets of interest followed
by single bolus cannabidiol (30 mg/kg i.v.) administration 20 min later. None of the
inhibitors attenuated cannabidiol’s heart rate effects (Figure 5-8A). However, both
capsazepine and WAY-100635 attenuated cannabidiol’s effects on mean arterial
pressure (Figure 5-8B). These results may have been confounded by the lower baseline
mean arterial pressure in capsazepine and WAY-100635 animal groups (at O min) of 74
+ 3 and 72 + 3 mmHg (Figure 5-9B, Figure 5-10B), respectively, compared to the basal
mean arterial pressure of 83 + 5 mmHg in the absence of inhibitors (Figure 5-5B).
Furthermore, treatment with WAY-100635 or SR144528 attenuated the cannabidiol-
induced increase in carotid vascular conductance (Figure 5-8C). The possible
involvement of 5-HTia and CB; receptors in the vascular effects of cannabidiol should
only be carefully considered at this stage. Interestingly, while rimonabant did not have
any effect on carotid vascular conductance on its own, pretreatment with rimonabant
potentiated the cannabidiol 30 mg/kg-induced increase in carotid vascular
conductance. Due to the inhibitory interaction of cannabidiol and rimonabant with CB;
receptors (Chapter 3), it would be interesting to investigate the interaction of a selective
CB: agonist and cannabidiol in the vasculature. There was a big variation in hindpaw
cutaneous blood flow between animals and over time, complicating the study of the

effects of cannabidiol in this vascular bed.

5.4.3 Limitations

The clinical relevance of pharmacological findings is highly dependent on the
doses/concentrations used in an experiment. Following an intravenous administration
of a drug, the bioavailability should be 100%. Considering rats in this study weighed
270-300 g they would have an approximate blood volume of 17-19 ml (Equation 6; Lee
& Blaufox, 1985). Hence a cannabidiol 30 mg/kg dose would approximately correspond
to a blood concentration of 1.5 mM, which is 500 times higher than what is considered
clinically plausible in blood plasma (Chapter 4; Devinsky et al., 2018; Geffrey et al.,
2015).
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Blood volume (ml) = 0.06 X body weight (g) + 0.77 9)

We collected blood plasma samples from rats treated with cannabidiol which will allow
us to confirm the actual blood plasma concentrations of cannabidiol in our study in the

future. We did not have access to these measurements in time for this thesis.

Further, to obviate the haemodynamic effects of the vehicle used to dissolve
cannabidiol, we need to explore other vehicle options that would allow a cannabidiol

solution with minimal haemodynamic effects.

5.4.4 Conclusions

This work has confirmed previous observations that intravenously administered
cannabidiol 10-30 mg/kg causes acute bradycardia and hypotension. We have also
demonstrated that cannabidiol modulates vascular tone by increasing vascular
conductance and cutaneous blood flow. As this study is preliminary and has not been
able to elucidate the in vivo mechanisms of action of cannabidiol, future experiments
will investigate the involvement of various suggested cardiovascular targets.
Furthermore, future experiments should also investigate the haemodynamic effects of

cannabidiol in female rats.
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Chapter 6

General summary
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6.1 Main study findings

Greater access to cannabidiol products and decades of Cannabis prohibition have
hampered medicinal research. We sought to contribute to the limited knowledge of the
cardiovascular effects of cannabidiol and its potential cardiovascular (section 6.1.2) and

non-cardiovascular (section 6.1.1) pharmacological targets.

6.1.1 Pharmacological characterisation of the CB; receptor activity of

cannabidiol

Over 65 different pharmacological targets have been reported for cannabidiol. These
targets are part of the endocannabinoid system, the expanded endocannabinoid system
(endocannabinoidome), and targets beyond the endocannabinoidome. The nature of
cannabidiol-target interactions remains elusive. One of the targets of cannabidiol, the
CB receptor, is highly expressed in neurons in the central nervous system as well as in
the periphery, including in neurons of the urogenital smooth muscle, the vas deferens.
The subsequent activation of CB; receptors in these neurons suppresses

neurotransmitter release.

Cannabidiol is reported to modulate CB; receptor agonist activity at concentrations well
below its reported affinity. This has been attributed to the ability of cannabidiol to
behave as a non-competitive allosteric modulator. CB; receptor efficacy studies in tissue
bioassays are limited to two published studies performed in mouse vas deferens. We
expanded the efficacy study to a non-mouse assay, namely the rat vas deferens, given
the intra- and interspecies differences in CB; receptor density and location. Before
studying the CB receptor activity of cannabidiol in the vas deferens bioassay, we
standardised the bioassay by evaluating the effects of varying Mg** concentrations on
neurotransmitter-induced contractions, as most previous studies in the isolated vas
deferens have been performed in modified physiological salt solution (PSS) without
Mg**. Nerve stimulation of the vas deferens induces the release of the cotransmitter
agents ATP and noradrenaline from postganglionic sympathetic nerves, causing
biphasic contractions. Our results showed that the exclusion of Mg** in PSS enhanced

ATP-mediated contractions compared to normal PSS (Mg** 1.2 mM), while not affecting
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noradrenaline-induced contractions. Considering that non-physiological conditions of
the bioassay may affect tissue responses to nerve stimulation, the CB; receptor activity
of cannabidiol was studied here in the vas deferens using PSS with normal Mg** (1.2
mM). In our study, cannabidiol antagonised CB; receptor-mediated inhibition of rat
isolated electrically stimulated vas deferens in a manner consistent with simple
competitive antagonism where the potency of cannabidiol matched its reported affinity,
in contrast to previous literature accounts. The resulting pKz values were 5.90 or 5.29
when ATP or noradrenaline was the effector neurotransmitter agent, respectively. This
suggests that cannabidiol at clinical concentrations (1-3 pM) may modulate

prejunctional CB; receptors and hence alter endocannabinoid function.

6.1.2 Cardiovascular effects of cannabidiol

Preclinical studies have demonstrated beneficial cardiovascular effects of cannabidiol
in animal models with myocarditis, cardiomyopathy, stroke and myocardial infarction.
Due to the ability of cannabidiol to relax isolated arteries, it has also been suggested
that cannabidiol may be beneficial in treating vascular diseases. The majority of studies
on the vascular effects of cannabidiol have been performed in rat and human large
conduit arteries. We aimed to examine the vascular effects of cannabidiol in rat small
resistance arteries as they, unlike larger arteries, are the main contributors to peripheral
vascular resistance and subsequent blood pressure regulation. We demonstrated that
cannabidiol, at clinically relevant concentrations (1-3 uM), potently inhibited the
contraction of small resistance arteries to multiple agents while being devoid of activity
in large conduit arteries. We also investigated the involvement of various suggested
cardiovascular targets and demonstrated for the first time that cannabidiol is likely
inhibiting vascular contraction by potentiating the effects of CGRP, a potent
endogenous vasodilator peptide. We also showed that cannabidiol is likely inhibiting L-
type voltage-operated calcium channels and subsequent vascular smooth muscle
contraction. The vascular effects of cannabidiol were compared with the contraction of
various non-vascular tissues including bronchial, urogenital, cardiac and skeletal
muscles. The contraction of non-vascular tissues was generally unaffected by

cannabidiol even at 10-100 times therapeutic plasma levels, highlighting that
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cannabidiol has effects that appear to be selective for the vasculature. Given the potent
vascular effects of cannabidiol, we also investigated the in vivo haemodynamic effects in
anaesthetised rats. Cannabidiol at a high bolus dose (10-30 mg/kg i.v.) caused acute
transient bradycardia and hypotension. Cannabidiol also modulated vascular tone by
increasing vascular conductance and cutaneous blood flow. We were unable to
elucidate the haemodynamic mechanisms of action of cannabidiol. However, we found
that in rats pretreated with rimonabant, a CBj antagonist, cannabidiol induced a marked
3.2-fold greater increase in carotid vascular conductance, compared to cannabidiol
only-treated rats. The possible involvement of CB; receptors in this finding remains to

be further investigated.

6.2 Concluding remarks

This project has attempted to fill the research gap on the cardiovascular effects and
potential of cannabidiol. It would be untrue to state that the findings of this study
completely filled that gap. We have however been able to thoroughly quantify the
vascular effects of cannabidiol at clinically relevant concentrations. This study was
limited in the number of vascular beds examined, hence we have expanded the study
by also assessing other vascular beds, as there is a discrepancy in receptor expression,

perivascular innervation and the subsequent responses.

Considering the in vivo haemodynamic effects of cannabidiol in rats were only observed
at high intravenous bolus doses (30 mg/kg), the clinical relevance of these findings
remains to be assessed. Furthermore, acute administration of cannabidiol in vivo does
not account for the complex pharmacokinetic profile of cannabidiol which can usually

only be revealed during chronic treatment.
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Appendix 1

Pharmacological characterisation of the CB; receptor activity of Cannabis
phytochemicals in the Rat Basophilic Leukemia 2H3 cell line
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A.1 Introduction

Ligand interactions with CB; receptors have been associated with therapeutic benefits
in pain management and diseases with neuroinflammatory and neurodegenerative
components (reviewed in Dhopeshwarkar & Mackie, 2014). CB2 receptors were
discovered and isolated shortly after CB; receptors in a human promyelocytic leukemia
cell line (HL60; Munro et al., 1993). Since then, CB; receptors have also been isolated
from mouse, rat, dog, pufferfish and zebrafish (Howlett & Abood, 2017). Unlike CB;
receptors, there is less CBz receptor homology between different species. While CB:
receptors are mainly expressed in immune cells, they are also expressed to a small
degree in neurons in the central and peripheral nervous system, whereas CB; receptors
are mainly expressed in neuron terminals in the central and peripheral nervous system
(Chapter 3) and to a very small degree in other cells including immune cells (Pertwee et

al., 2010).

Cannabis phytochemicals including cannabinoids (section 1.3.2) like cannabidiol
(section 1.3.2) and terpenes (section 1.3.3) like SB-caryophyllene (section A.1.3.1) can
mediate anti-inflammatory effects by interaction with CB> receptors (reviewed in

Turcotte et al., 2016).

A.1.1 Rat basophilic leukemia 2H3 cell line

The immortalised rat basophilic leukemia (RBL) cell line was accidentally discovered in
1973 when a rat was injected with the potent carcinogen f-chlorethylamine (Eccleston
et al., 1973). As a result, rats developed a rare form of granulocytic leukaemia which is
characterised by abnormally high levels of basophils in the blood termed peripheral
blood basophilia. The rat ended up dying from basophilic leukaemia which had
infiltrated various tissues including the lungs, liver, spleen, lymph nodes and bone
marrow. Cytochemical analysis of these granulocytes revealed that they had the same
features as basophils. The basophilic leukemia was serially transplanted (i.p.
heparinised whole blood) in rats for 20 generations without changing the phenotype of
leukemia (Leonard et al., 1971). The cells were consequently cultured by subcutaneously

transplanting newborn mice with tumour cells that were removed once the basophil-
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rich tumour was appropriately sized when the rats were at the age of 2-3 weeks
(Kulczycki et al., 1974). This new cell line was named Rat Basophilic Leukemia (RBL-1).
Due to exocytosis problems with RBL-1 cells, various sublines were eventually cloned
with different degranulation characteristics, which eventually resulted in the most

commonly used subline: RBL-2H3 - a hybrid basophil and mast cell line (section A.1.1.1).

RBL-2H3 cells have mainly been purposed to study the antiallergy properties of drugs
by testing their ability to modulate mediator release (Passante & Frankish, 2009). In
vivo, the exposure of B-cells or other antigen-presenting cells to allergens results in the
production of antigen-specific antibodies (IgE; Elieh Ali Komi et al., 2020). The IgE bind
to high-affinity IgE receptors (FceRI) expressed on the surface of mast cells and
basophils, which sensitise the cells to release mediators that can promote or
downregulate inflammation (Galli & Tsai, 2012). In a monotypic basophil/mast cell line,
the cells are primed with antigen-specific antibodies which upon the exposure to
antigen (e.g. trinitrophenyl hapten conjugated to Bovine Serum Albumin; TNP-BSA)
bind to FceRI on the cell surface to induce the release of mediators (Figure A-1). Mast
cells and basophils release various mediators including biogenic amines like histamine
and serotonin, proteases, lysosomal enzymes like pB-hexosaminidase and f-
glucuronidase, and some cytokines like TNF and IL-4 (Moon et al., 2014; Passante &
Frankish, 2009). B-Hexosaminidase is the mediator commonly used to monitor the
degranulation of mast cells and is usually released in parallel with histamine (Passante
& Frankish, 2009). The biological role of S-hexosaminidase in mast cells remains

unknown.
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TNP-BSA

B-hexosaminidase
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Figure A-1. A simplified schema of RBL-2H3 mast cell degranulation in response to the exposure
of an exogenous antigen (trinitrophenyl hapten conjugated to Bovine Serum Albumin; TNP-
BSA) which will crosslink the antibodies (IgE) and the high-affinity IgE receptor (FceRI)
triggering the degranulation of various mediators, including -hexosaminidase.
B-Hexosaminidase is a mediator used in this cell assay to monitor the degranulation of RBL-
2H3. CB; receptor activation in RBL-2H3 cells negatively modulates mast cell activation and
hence degranulation (Facci et al., 1995).

A.1.1.1 Controversy: RBL-2H3 cell line: a basophil or mast cell model?

RBL-2H3 cells are often mistakenly referred to as a mast cell line when they in reality
are better described as sharing characteristics of both mast cells and basophils without
completely representing either (Passante & Frankish, 2009). This misconception is a
result of inaccurate reports about the development of a new mastocytoma cell line
(MCT-1) which was later proven to originate from the RBL cell line (Siraganian &
Metzger, 1978; Taurog et al., 1977). This was also evident as i.p. inoculation of rats with
MCT-1 cells caused the development of basophilic tumours rather than mastocytoma.

The RBL-2H3 cell line has proven to share characteristics common to both mast cell
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and basophils while also diverging from both immune cell types. Mast cells and
basophils have several biochemical and functional similarities (Galli et al, 2020;
Passante & Frankish, 2009). Both immune cells are involved in provoking immune
allergic responses where degranulation is carried out as a result of FceRI activation
through IgE crosslinking of allergens which results in the release of various granular
mediators including histamine, serotonin and -hexosaminidase (Figure A-1). Further,
both mast cells and basophils stain metachromatically to alcian blue. However, in
contrast to mast cells which reside in tissues, basophils are circulating cells and are
recruited into tissues in response to inflammation (Galli et al, 2020; Passante &
Frankish, 2009). Furthermore, unlike long-lived mast cells, basophils appear to
undergo apoptosis after responding to tissue inflammation. The hematopoietic lineage
relationship of mast cells and basophils is not fully established. Galli et al. (2020)
suggest that mast cells and basophils should be considered as distinct hematopoietic

lineages with many similar functional characteristics.

A.1.2 RBL-2H3 —a potential CB, receptor cell assay?

The anti-inflammatory effects of cannabinoids have partly been ascribed to CB receptor
activation in mast cells as they play a key role in inflammation. Facci et al. (1995) were
first to present evidence of the existence of both CB; mRNA and a functional receptor
that negatively modulated degranulation in RBL-2H3 cells when activated (Figure A-1).
Later studies have also confirmed the low expression of both mRNA and a functional
protein for the CB; receptor in RBL-2H3 cells (Giudice et al., 2007; Samson et al., 2003).
Furthermore, RBL-2H3 cells do not appear to express mRNA for TRPVI, PPARa and

GPR55, which are other common targets for cannabinoids.

The RBL-2H3 cell line has been utilised to study the effects of various phyto-, endo- and
synthetic cannabinoids on “mast cell” degranulation (Giudice et al., 2007; Granberg et
al., 2001; Petrosino et al., 2019; Yoo et al., 2013). Endocannabinoids anandamide, 2-AG
and endogenous endocannabinoid-like compound palmitoylethanolamide generally
only affected degranulation of RBL-2H3 cells at high concentrations (Granberg et al.,
2001; Yoo et al., 2013). More specifically, 2-AG (10-100 uM) increased the release of both
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5-HT and 3-hexosaminidase (Granberg et al., 2001; Yoo et al., 2013), while anandamide
up to 100 uM did not affect cell degranulation (Granberg et al., 2001). In contrast,
palmitoylethanolamide (100 uM) decreased degranulation release of both 5-HT and j3-
hexosaminidase, while 10 uM decreased release of only 5-HT (Granberg et al., 2001).
Facci et al. (1995) further showed that the ability of palmitoylethanolamide to suppress
degranulation of antigen-activated RBL-2H3 cells is highly dependent on the solvent
(DMSO) concentration, where palmitoylethanolamide dissolved in 1% DMSO
decreased serotonin release with an ECso value of 0.27 pM, while

palmitoylethanolamide dissolved in 0.2% of DMSO had no effect on degranulation.

A.1.3 CB; receptor-mediated anti-inflammatory properties of phytochemicals
The Cannabis phytochemicals 3-caryophyllene (section A.1.3.1) and cannabidiol (section
A.13.2) have demonstrated anti-inflammatory effects in vivo by interacting with CB:

receptors.

A.1.3.1 B-caryophyllene — a CB; active dietary terpene

(E)-B-caryophyllene is a bicyclic sesquiterpene (section 1.3.3) found in large amounts in
essential oils of food and spices such as cinnamon, rosemary, black pepper, clove, thyme
and oregano and is generally just referred to as B-caryophyllene (Gertsch et al., 2008).
Cannabis essential oils contain high amounts of S-caryophyllene (up to 35%). In
essential oils with (E)-B-caryophyllene there is usually also smaller quantities of the
isomers (Z)-B-caryophyllene and o-humulene, but also B-caryophyllene oxide, a -
caryophyllene oxidation product (Figure A-2; Gertsch et al., 2008). As B-caryophyllene
is classified as a terpene, the Therapeutic Goods Administration has not applied the
same strict scheduling criteria as for cannabinoids (section 1.4.2; Therapeutic Goods

Administration, 2017).

p-Caryophyllene mediates anti-inflammatory and analgesic effects by activating CB2
receptors (Ki 155 nM) (Gertsch et al., 2008; Klauke et al., 2014). In a study on the
potential anti-inflammatory effects of 5-caryophyllene, an oral dose of 5 and 10 mg/kg

inhibited the formation of carrageenan-stimulated oedema in wild-type mice by 70 and
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50%, respectively. These effects were not observed in CB: receptor-deficient mice
(Cnr2-/--mice; Gertsch et al., 2008). In another study on the potential analgesic effects
of B-caryophyllene, oral administration of -caryophyllene (0.1-10 mg/kg) decreased
both inflammatory and neuropathic pain in mice (Klauke et al., 2014). In both studies,
p-caryophyllene was more effective than the synthetic CB; receptor agonist JWH-133
(Klauke et al, 2014). B-Caryophyllene has also been suggested to attenuate
inflammation and metabolic dysregulation in mice models of alcoholic steatohepatitis

(Varga et al., 2018).
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Figure A-2. The chemical structure of different bicyclic BCP (B-caryophyllene) compounds
found in dietary essential oils including the Cannabis plant (Gertsch et al., 2008).

A.1.3.2 Cannabidiol

While cannabidiol has poor affinity at the CB; receptor (pooled Ki 3.6 pM, n=6; reviewed
in McPartland et al, 2015), similar to its CB; activity (Chapter 3), cannabidiol
antagonises the effects of the CBz agonist CP55,940 with higher potency (Ks) than its
affinity (Ki) at CB orthosteric sites in human CHO (K 65 nM) and HEK293A (Kg 641
nM) cells (Tham et al., 2018). Cannabidiol likely displays CB: receptor antagonism by
acting as an inverse agonist (section 1.6.1.2; Thomas et al., 2007). The inverse agonist
activity of cannabidiol at CB: receptors may contribute to its anti-inflammatory actions
since inverse CB: inverse agonism can inhibit immune cell migration (Lunn et al.,
2006). For example, Sch.336, a synthetic human CB: inverse agonist, prevented the

migration of immune cells in membrane assays expressing CB; receptors (Lunn et al.,
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2006). Sch.336 also inhibited leukocyte trafficking in vivo as apparent in a mouse model
of allergic asthma where oral administration of Sch.336 (2-5 mg/kg) blocked ovalbumin-
induced lung eosinophilia (Lunn et al., 2006). Another synthetic CB; inverse agonist
JTE-907 inhibited carrageenin-induced mouse paw oedema when orally administered
(0.001-1 mg/kg; Iwamura et al., 2001). As immune cell migration is important in
ensuring that immune cells can make it to the site of infection, inhibition of this
migration would cause anti-inflammatory effects (Moreau et al., 2018). The immune-
cell leukocytes are particularly important in providing tissues with the initial rapid

immune defence through direct migration to the site of infection (Moreau et al., 2018).

Cannabidiol’s anti-inflammatory activity can be antagonised by selective CB:
antagonists (reviewed in Atalay et al., 2019). In polyinosinic-polycytidylic acid [poly-
(I:C)]-stimulated human keratinocytes (HaCaT) cells, cannabidiol concentration-
dependently elevated anandamide levels resulting in a decrease in the release of
inflammatory chemokines and cytokines (e.g. IL-6, IL-8 and TNF-a) (Petrosino et al.,
2018). The effects of cannabidiol were reversed by AM630, a selective CB; receptor
antagonist, indicating that cannabidiol induces anti-inflammation through the indirect

activation of CB3 receptors.

A.1.4 Study aims

We aimed to assess the appropriateness of the RBL-2H3 cell assay in pharmacologically
characterising the CBz receptor activity of Cannabis phytochemicals including the
cannabinoid cannabidiol and terpene [-caryophyllene. The effects of these

phytochemicals were compared to known CBa-active synthetic cannabinoids.
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A.2 Methods

A.2.1 Culture of RBL-2H3 cells
RBL-2H3 cells (American Type Culture Collection, USA) were cultured in 75 cm? flasks

in medium consisting of Minimum Essential Media (MEM), 5% Fetal Calf Serum (FCS),
GlutMAX™ (1%), penicillin (5000 U/ml)/streptomycin (5000 pg/ml). Flasks were kept
at 37°C in humidified incubators (5% COz). When cultures reached 90% confluence,

cells were detached by trypsin-EDTA (0.05%) and sub-cultured into fresh media.

A.2.2 Immune activation of RBL-2H3 cells

The day before an experiment, the cells were plated into 96-well flat-bottomed plates
at a density of 10° cells/well in 200 pl medium (with 2% FCS) and TIB-142 IgE (mouse
IgE; 2%). The plates were incubated overnight at 37°C in a humidified incubator (5%
COs2). On the day of an experiment, the cells were washed out twice with warm (37°C)
pH-adjusted Hanks' release buffer with the following composition: NaHCOs 0.14%,
HEPES 10 mM, glucose 5.5 mM, BSA 0.05%, MgSO4 0.7 mM and CaCl; 1.8 mM (pH 7.4
+0.03).

A.2.2.1 Experimental protocol

RBL-2H3 cells were incubated with different concentrations of the following
compounds: WIN 55,212-2, CP 55,940, HU-210, HU-308, 3-caryophyllene (0.1, 0.3, 1, 3
and 10 pM) or cannabidiol (1, 2.5, 5, 7.5 and 10 pM) and corresponding vehicle (DMSO
0.1%) for 10 min. In some experiments, cells were also treated with CB; and CB:
inhibitors rimonabant (0.3 pM) or AM630 (1 uM), respectively, 10 min prior to
cannabinoid agonist additions or the corresponding vehicle (DMSO 0.2%). Each cell
plate included cell wells treated with the surfactant Triton X-100 (0.1%) which
permeates cell membranes and causes a complete release of granules. During the
incubation of drugs, the plates were kept covered at 37°C in an oscillator incubator
(Ratek Instruments®) before cells were stimulated with a trinitrophenyl hapten
conjugated to Bovine Serum Albumin (TNP-BSA; 3 ng/ml) or vehicle (MilliQ) for 45

min at 37°C.
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A.2.2.2 Measurements of 8-hexosaminidase release

pB-Hexosaminidase enzyme activity was measured by carefully transferring 25 pl of
supernatant to a flat-bottomed 96-well plate containing 75 pl of p-nitrophenyl N-acetyl-
B-D-glucosaminide (pNAG 2 mM; pH 4.5; Figure A-3) in phosphate-citrate buffer (0.2
M). The plate was incubated for 2 h at 37°C in an oscillator incubator (Ratek
Instruments®; 70 rpm). The reaction between pNAG and f3-hexosaminidase was stopped
by the addition of glycine (100 pul; 0.4 M; pH 10.7; Figure A-3). The plate was read at an
absorbance of 405 nm in a multi-plate reader (Multiskan Ascent; ThermoFisher

Scientific).

p-nitrophenyl N-acetyl-B-D-glucosaminide (pPNAG) (pH 4.5)
B-hexosaminidase
p-nitrophenol
glycine (pH 10.4)

p-nitrophenoxide

Figure A-3. f-Hexosaminidase release from RBL-2H3 cell experiments is quantified by mixing
supernatant with p-nitrophenyl N-acetyl-B-D-glucosaminide (pNAG) in a phosphate-citrate
buffer which is converted to p-nitrophenyl by the S-hexosaminidase in the supernatant.

The reaction is stopped by adding glycine which allows for an absorbance reading to be made
at 405 nm.
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A.2.3 Data and statistical analysis

Three replicates of each cell treatment were analysed in each cell plate experiment.
Experiments were excluded if the spread between replicates was more than 10%. All
data are expressed as mean % of maximum f3-hexosaminidase release induced by Triton-
X-100 + S.E.M. of n experiments (cells from separate cell passages). Repeated measures
one-way ANOVA with Dunnett post hoc test was performed comparing the effects of
various cannabinoid concentrations with the corresponding vehicle (at concentration O
pM in graphs). Data were plotted and analysed using Prism 8 (GraphPad Software, La

Jolla, CA, USA). Statistical significance was taken as P < 0.05.

A.2.4 Drugs

Drugs used were: CaCly; glycine; Hank's buffered salts; HEPES; MgSO4; NaHCOs; pNAG;
Triton-X-100 (all from Sigma-Aldrich, St Louis, MO, USA); 2,4,6-trinitrophenyl hapten
conjugated to Bovine Serum Albumin (BioSearch Technology, USA); Trypsin-EDTA
(Invitrogen, USA); GlutMAX™ (100X) supplement; phosphate-buffered saline (PBS);
penicillin 5000 U/ml/streptomycin 5000 pg/ml (all from ThermoFisher Scientific,
Waltham, USA) AM630; (-)-cannabidiol; rimonabant (all from Cayman Chemical, Ann
Arbor, MI, USA); HU-210; HU-308; WIN 55,212-2 mesylate (all from Tocris Bioscience,
Bristol, UK); S-caryophyllene (Tokyo Chemical Industry, Chuo-ku, Tokyo). All drugs
were prepared as 10x stock solutions by initially being dissolved in DMSO and then
dissolved in Hank’s buffer. All cannabinoid aliquots were stored at -20°C as single-use

10~ M aliquots.
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A.3 Results

A.3.1 The effects of synthetic cannabinoids on B8-hexosaminidase release in

RBL-2H3 cells
The synthetic CB; and CB2 agonists WIN 55,212-2 (0.1-10 pM) and CP 55,940 (0.1-10 upM

did not modulate 3-hexosaminidase release in either FceRI-activated cells (+ TNP-BSA)
or on their own (Figure A-4A; P>0.05). The CB; and CB; agonist HU-210 (0.1-10 uM)
and CB; agonist HU-308 (0.1-10 uM) did not modulate B-hexosaminidase release and
neither did the lower concentrations (0.1-3 uM) in the presence of TNP-BSA (P>0.05;
Figure A-4B). However, the higher concentrations of HU-210 (10 uM) and HU-308 (10
pM) increased FceRI-mediated -hexosaminidase release by 11.2 + 2.0 (P<0.0001) and
5.9 + 0.8% (P=0.040), respectively (Table A-1).
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Figure A-4. The effects of synthetic cannabinoids on pB-hexosaminidase release of antigen
sensitised (empty symbols) and unsensitised (filled symbols) RBL-2H3 cells in response to the
synthetic cannabinoids A. WIN 55,212-20 (0.1-10 pM; n=5-7), CP 55.940 (0.1-10 uM; n=5-7) and
B. HU-210 (0.1-10 pM; n=6), HU-308 (0.1-10 uM; n=6).

p-Hexosaminidase release is expressed as % maximum release in response to cell lysis with
Triton X-100 (0.1%). n is from separate cell passages. Error bars are + S.E.M. *P<0.05 or
****P<(0.0001 compared with vehicle control (DMSO 0.1%; O uM on graph). Repeated measures
one-way ANOVA with Dunnett post hoc test was performed.
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Table A-1. Synthetic- and Cannabis phytochemical-induced % f3-hexosaminidase release

in RBL-2H3 cells

Phytochemicals [10 pM] -antigen n +antigen n
WIN 55,212-2 1.5+1.2 5 0.9+1.2 7
CP 55,940 1.2+1.2 5 1.2+11 7
HU-210 54+14 6 1L.2 £ 2.0%*** 6
HU-308 31+24 6 59+0.8* 6
Cannabidiol 19.8+5.0* 8 26.0 +3.2% 10
p-Caryophyllene 29+0.7F 8 1.0 £ 1.4* 10
B-Caryophyllene + rimonabant 0.3 pM | — — 10.0 £ 1.1** 4
p-Caryophyllene + AM630 1 uM — — 42+10 4

Data are expressed as mean + S.E.M. from vehicle responses (at O pM; Figure A-4-Figure A-6).
*P<0.05 or **P<0.01 compared to vehicle responses; repeated measures one-way ANOVA with
Dunnett’s post hoc test. n is from separate cell passages.

A.3.2 The effects of Cannabis phytochemicals on 8-hexosaminidase release in

RBL-2H3 cells

Cannabidiol increased p-hexosaminidase release of both antigen-stimulated and
unstimulated cells (Figure A-5A). In the absence of antigen, cannabidiol 7.5 and 10 uM
increased fB-hexosaminidase release by 10.9 + 2.6 and 19.8 + 5.0%, respectively (Figure
A-5A). In antigen-stimulated cells, cannabidiol (2.5-10 uM) concentration-dependently
increased 3-hexosaminidase release by 10.8 + 1.7 to 26.0 + 3.2% (P<0.05).

Similar to cannabidiol, B-caryophyllene (3-10 uM) increased 3-hexosaminidase release
in antigen-stimulated cells by 5.7 + 1.3 to 1.0 + 1.4% (P<0.05; Figure A-5B). In
unstimulated cells, only 5-caryophyllene 10 ptM modulated 3-hexosaminidase release by
slightly increasing it by 2.9 + 0.7% (P=0.011; Figure A-5B).
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Figure A-5. The effects of Cannabis phytochemicals on -hexosaminidase release of antigen
sensitised (empty symbols) and unsensitised (filled symbols) RBL-2H3 cells in response to the
phytochemicals A. cannabidiol (1-10 pM; n=8-10) and B. 3-caryophyllene (0.1-10 uM; n=8-10).
B-Hexosaminidase release is expressed as % maximum release in response to cell lysis with
Triton X-100 (0.1%). n is from separate cell passages. Error bars are + S.E.M. *P<0.05, **P<0.01,
***P<0.001 or ****P<(0.0001 compared with vehicle control (DMSO 0.1%; O uM on graph).
Repeated measures one-way ANOVA with Dunnett post hoc test was performed.

A.3.2.1 The involvement of CB; and CB; receptors

To study the involvement of CB; and CB: receptors in the effects of cannabidiol and S-
caryophyllene, antigen-stimulated and unstimulated cells were incubated with the
respective inhibitors rimonabant (0.3 pM) and AM630 (1 uM) prior to treatment with
the Cannabis phytochemicals (Figure A-6). Due to the low replicate numbers (n=2), no
statistical analysis was performed on the influence of cannabinoid receptor antagonist
on the effects of cannabidiol (Figure A-6A). However, the inhibitors do not appear to
have attenuated the effects of cannabidiol (2.5-10 pM) in either antigen-stimulated or
unstimulated cells. While not apparent, both CB; and CB: receptor inhibitors may have
slightly attenuated the -hexosaminidase release induced by cannabidiol 10 pM (Figure
A-6A). The CB; receptor antagonist AM630 attenuated the [S-caryophyllene-induced
increase of B-hexosaminidase release in antigen-stimulated cells to the same level as
vehicle treatment (P=0.32), while inhibition of CB; receptors with rimonabant did not
change the B-hexosaminidase modulatory effects of cannabidiol (10 pM; P=0.0014;
Figure A-6B).
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Figure A-6. The effect of rimonabant (0.3 pM; square symbol) and AM630 (1 pM; triangle
symbol) on A. cannabidiol (1-10 pM; n=2) and B. S-caryophyllene (0.1-10 pM; n=4) on B-
hexosaminidase release of antigen sensitised (empty symbols) and unsensitised (filled symbols)
RBL-2H3 cells.

As a reference, the effects of cannabidiol and 3-caryophyllene in the absence of antagonists from
Figure A-5 are plotted in black symbols. f-Hexosaminidase release is expressed as % maximum
release in response to cell lysis with Triton X-100 (0.1%). n is from separate cell passages. Error
bars are + S.E.M. **P<0.01 compared with vehicle control (DMSO 0.1%; O uM on graph).
TP<0.01 compared to B-caryophyllene + antigen. Repeated measures one-way ANOVA with
Dunnett post hoc test was performed.
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A.4 Discussion and preliminary conclusions

This study has not fulfilled the aim of evaluating the appropriateness of the RBL-2H3
cell line in pharmacologically characterising the CB> receptor activity of Cannabis
phytochemical. Many questions remain unanswered. Firstly, the expression of
functional CB; receptors in our cell line has not been confirmed. Secondly, we have not
investigated how well the interaction with CBa receptors correlates with the modulation
of degranulation, which is necessary for the examination of the CB: receptor activity of
compounds. Thirdly, the possible involvement of endogenous cannabinoids in

phytochemical-mediated RBL-2H3 cells degranulation has not been examined.

In this study, cannabidiol and p-caryophyllene potentiated degranulation of [-
hexosaminidase in both antigen-simulated and unstimulated RBL-2H3 cells at high
concentrations (>2.5 pM). Neither CBi nor CB; receptors were majorly involved in the
effects of cannabidiol. CB; receptors may however be involved in the effects of [3-
caryophyllene. The possible cannabinoid receptor-independent effects remain to be

evaluated.
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