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Abstract:

The endocannabinoid system (eCS) plays a critical role in a variety of homeostatic and
developmental processes. Generally, the eCS relies on the naturally produced compounds known
as endocannabinoids (eCBs), which are lipophilic signaling molecules that interact with
cannabinoid receptors to regulate biological activities of the central and peripheral systems. In
terms of its developmental roles, the eCS is becoming more well known for its involvement in
neural development and motor function; however, the role of eCB signaling in functional
sensorimotor development remains to be examined. One way to study the roles of eCB signaling
is to perturb the system by targeting the enzymes responsible for degrading the eCBs. Thus, the
two eCB catabolic enzymes known as fatty acid amide hydrolase (FAAH) and monoacylglycerol
lipase (MAGL) are of interest in many studies that investigate the roles of eCB signaling. The
two main eCBs are known as anandamide (AEA) and 2-arachidonoylglycerol (2-AG). FAAH is
responsible for degrading AEA, while MAGL breaks down 2-AG. In this thesis, the catabolic
enzymes FAAH and MAGL were inhibited either simultaneously, or individually, during the
first ~24 hours of zebrafish embryogenesis, and the properties of contractile events and
sensorimotor escape responses were studied in animals ranging in age from 1 day post-
fertilization (dpf) to 10 weeks. This perturbation of the eCS resulted in alterations to contractile
activity, which was observed at 1 dpf. Inhibition of MAGL using JZL 184, and dual inhibition of
FAAH and MAGL using JZL 195 decreased escape swimming activity at 2 dpf. Treatment with
JZL 195 also produced alterations in the properties of the 2 dpf short latency C-start escape
response. Furthermore, animals treated with JZL 195 exhibited deficits in escape responses
elicited by auditory/vibrational (A/V) stimuli at 5 and 6 dpf. A/V response deficits were also

present during the juvenile developmental stage (8—10-week-old fish), thus demonstrating a



prolonged impact to sensorimotor activities. Overall, from performing different sensorimotor
assessments, the results indicate that MAGL has a more significant role than FAAH does in
zebrafish sensorimotor development. These findings demonstrate that eCS perturbation affects
sensorimotor function and underscores the importance of eCB signaling in the development of

motor and sensory processes.

Since eCBs are known to interact with a variety of different receptor systems, the involvement of
canonical and non-canonical cannabinoid receptors was also studied in this thesis. In particular,
the CB1R and CB2R cannabinoid receptors, along with transient receptor potential (TRP)
channels, and the Sonic Hedgehog (SHH) signaling pathway were examined for their potential
roles in eCS-related sensorimotor development. To investigate the potential involvement of these
receptor systems, developing animals were co-treated with pharmacological inhibitors of the
CBIR, CB2R, TRPAI/TRPVI/TRPMS channels, and a Smoothened (SMO) agonist, alongside
the eCS enzyme inhibitors during the first ~24 hours of development. Escape swimming was
then assessed at 2 dpf. The CB1R antagonist AM 251 prevented locomotor deficits caused by
eCS perturbation, while the CB2R antagonist AM 630 was not effective in restoring locomotor
activity. Inhibition of TRPA1/TRPV1/TRPMS using AMG 9090 rescued the locomotor
reductions caused by JZL 195, but not the reductions caused by JZL 184. The SMO agonist
purmorphamine attenuated the effects of JZL 184 and JZL 195 on swimming distance, but not
mean swimming velocity. After observing the involvement of these receptor systems on the eCS-
related deficits in 2 dpf escape swimming, their roles in mediating the alterations to A/V-induced
escape responses at 6 dpf were also assessed. Here, none of the co-treatments produced a

detectable recovery to the reductions in A/V responsiveness caused by JZL 195. Overall, these



findings provide one of the first investigations examining the interactions between the eCS and

its non-canonical receptor systems in vertebrate sensorimotor development.

Taken together, this work provides an overview which demonstrates that the activity of the eCS
enzymes FAAH and MAGL are essential for different aspects of sensorimotor development in
zebrafish, and provides insight towards the canonical and non-canonical cannabinoid receptor

mechanisms that mediate eCS-related motor development.
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Chapter 1. Introduction

1.1 The endogenous cannabinoid system — introduction and history

Despite its evolutionary conservation and historical implications, the endocannabinoid system
(eCS) remains a fascinatingly complex and elusive system. For most, hearing of the eCS quickly
sparks a connection to cannabis and the cannabis plant: Cannabis sativa. This is especially
apparent today with the growing interest and prevalence for cannabis, as societal, political and
medical advancements continue; however, the use of cannabis actually dates back thousands of
years. Cannabis has been documented in ancient texts indicating its uses in African, Asian and
Middle Eastern regions in the pursuit of its therapeutic and euphoric capabilities, highlighting its
historical influence throughout human history (Friedman and Sirven, 2017; Mathre, 2010; Russo,
2014). To illustrate this, some of the earliest cannabis preparations were used as herbal remedies
to combat pain, rheumatism, seizures, and anxieties as far back as ~2700 BCE during the time of
the Chinese Emperor Shen Nung, with similar uses being reported in India around ~1500 BCE as
well. (Friedman and Sirven, 2017). From the history of these early periods, we see how humans
had taken advantage of the neurobiological effects of cannabis without truly realizing how it is
that our bodies are capable of responding to its influences (Russo, 2014). Thus, even without
having a modern biological understanding of the eCS, the effects of cannabis were still partially
understood by societies who utilized the plant’s drug compounds (hereafter referred to as

phytocannabinoids).

For a long time, the understanding of cannabinoids and their actions mostly lay within a
familiarization for how cannabis can be used, with only a limited recognition as to why cannabis

1



exerts its effects on our bodies. It wasn’t until the 1990s that the fundamental biology of the
endocannabinoid system had really begun to take off, as Matsuda and colleagues cloned the first
cannabinoid receptor in 1990 (Matsuda and Young, 1990). Following this discovery, a second
cannabinoid receptor was cloned shortly thereafter (Munro et al., 1993). Due to their interactions
with phytocannabinoids, the two receptors were aptly named cannabinoid receptor 1 and 2
(CBIR and CB2R), and these early findings quelled some of the mystery regarding how
cannabis exerts many of its effects. These discoveries encouraged further investigations of
cannabis; however, they also set the foundation towards building our understanding of the basic
biology surrounding the eCS. As this foundation developed, many more discoveries were made
along the way, and consequently, many intriguing questions towards the roles of the eCS have
been pondered. As a result of this, the eCS is now implicated in a wide variety of physiological
and developmental processes ranging from neurobiological development, metabolic activities,
and immune function, but it’s exact roles in these processes remains largely unknown, and is still
a subject of rigorous study (Berghuis et al., 2007; Liu et al., 2016; Lu and Mackie, 2016;
Martella et al., 2016; Pandey et al., 2009). With the goal of further unraveling the intricacies of
the eCS, the work explored in this thesis aims to provide foundational information towards
understanding the roles of the eCS, with a particular emphasis towards its involvement in early

sensorimotor development.



1.2 The endocannabinoid system — overview

1.2.1 Endogenous cannabinoids (endocannabinoids)

Although phytocannabinoids represent the drug compounds of C. sativa, another class of
cannabinoids known as endocannabinoids (eCBs) also exists. As the name suggests, eCBs are
lipophilic cannabinoid compounds that are produced endogenously in biological systems. There
are two main eCBs that act as eCS ligands: they are known as anandamide (AEA) and 2-
arachidonoylglycerol (2-AG). AEA was first identified as an endocannabinoid in work studying
the pig brain (Devane et al., 1992). The name “anandamide” is derived from the Sanskrit word
“Ananda,” meaning “bliss,” which calls back to the origins of cannabis and its relation to the
eCS. After AEA was first identified, the identification of 2-AG followed shortly after, where it
was first isolated from canine intestines, and from the brain of rats (Mechoulam et al., 1995;
Sugiura et al., 1995). The early work studying these endocannabinoids found that they act

similarly to phytocannabinoids in terms of receptor activity and behavioral effects.

With regard to the regulation of eCBs, they are produced and degraded based upon physiological
demand; therefore, the levels of eCBs must be tightly modulated by a set of enzymes that control
their synthesis and degradation. Synthesis of the eCBs is mediated by the enzymes N-acyl
phosphatidylethanolamine-specific phospholipase D (NAPE-PLD) and diacylglycerol lipase
(DAGL) for AEA and 2-AG respectively (Lu and Mackie, 2016). Furthermore, AEA is primarily
broken down by the enzyme fatty acid amide hydrolase (FAAH), while 2-AG is degraded by
monoacylglycerol lipase (MAGL) (Blankman et al., 2007; Cravatt et al., 1996). The enzymatic

regulation of eCBs and the related signaling is outlined in Fig. 1.1.



With respect to the cannabinoid receptors of the eCS, AEA is known to preferentially bind to
CBIR, while 2-AG has affinity towards both CB1R and CB2R (Zou and Kumar, 2018). A
consequence of FAAH/MAGL inhibition is increased levels of AEA or 2-AG within the central
nervous system (CNS), and it has been suggested that this represents an effective way to elevate
eCB signaling, thereby upregulating cannabinoid receptor activation within the eCS (Gobbi et
al., 2005; Griebel et al., 2015; Long et al., 2009a). Furthermore, indirect upregulation of eCB
signaling by targeting FAAH and MAGL has been a method used by the Ali Lab to further study

the developmental role of the eCS in zebrafish (Sufian, 2020).

1.2.2 Canonical cannabinoid receptors

Both the CB1R and CB2R cannabinoid receptors are inhibitory G-protein-coupled-receptors with
7 transmembrane domains (Galiegue et al., 1995). The CB1Rs are abundantly localized to
regions of the CNS, with high messenger ribonucleic acid (mRNA) expression in the
hippocampus, hypothalamus and telencephalon, and abundant receptor density within the
forebrain, basal ganglia, brainstem, and spinal cord (Herkenham et al., 1991; Julian et al., 2003;
Lam et al., 2006). CB2Rs on the other hand, are more extensively found in non-CNS regions
such as the spleen, skeletal system, and liver, indicating their prevalence in immune and
metabolic activities (Howlett, 2002; Munro et al., 1993). However, this differential distribution is
not always the case, as CB1Rs are also located in non-CNS regions such as the gastrointestinal

tract and liver, and CB2Rs are also present in the CNS in areas such as the hippocampus and in



glial cells, albeit at relatively low abundances when compared with CB1Rs. (Maccarrone et al.,

2015; Onaivi et al., 2012; Stempel et al., 2016; Zou and Kumar, 2018).

In the CNS, cannabinoid receptors are typically located on presynaptic terminals, where the
activation of these receptors initiates an inhibitory signaling mechanism which functions to
modulate synaptic activity (Fig. 1.1). This localization of cannabinoid receptors to presynaptic
sites is important because eCB signaling works in a retrograde fashion, where eCBs will first be
released from postsynaptic cells, to which they will then bind to and activate the presynaptic
cannabinoid receptors (Ohno-Shosaku et al., 2001; Tanimura et al., 2010). By activating
cannabinoid receptors, cannabinoids modulate synaptic activity with downstream mechanisms
that typically involve a suppression of neuronal activity (Mackie, 2008; Zou and Kumar, 2018).
This can occur through the blockage of voltage-gated Ca®* channels, which decreases the inflow
of Ca*" into the presynaptic terminal, resulting in decreased neurotransmitter release into the
synaptic cleft. Cannabinoid receptor activation can also lead to the inhibition of adenylyl cyclase,
which results in decreased production of cyclic adenosine monophosphate (cAMP), leading to
decreased activity of protein kinase A (PKA), which would be associated with the

downregulation of a number of biological processes (Fig. 1.2).

As already mentioned, eCBs are produced and broken down based on the physiological and
homeostatic demands of the overall system (Lu and Mackie, 2016). Thus, during periods of high
excitatory synaptic activity, eCBs will be synthesized and released across the synaptic cleft to

bind to cannabinoid receptors, initiating inhibitory signaling cascades to suppress neuronal



activity, with the ultimate result being decreased neurotransmitter release (Di Marzo et al., 1994;
Ohno-Shosaku et al., 2001; Stella and Piomelli, 2001). Although the interactions of eCBs with
the CBIR and CB2R represents the canonical and most well characterized mechanisms of eCS
activities, phytocannabinoids and eCBs are also known to interact with additional receptor
systems which include a G-protein coupled receptor known as GPRS55, as well as a variety of
different ion channels such as TRPA1, TRPV1, and receptors found in developmental signaling
pathways (Fig. 1.2) (Amin and Ali, 2019; Khaliullina et al., 2015; Zygmunt et al., 1999). These

alternative receptor systems are broadly referred to as non-canonical cannabinoid receptors.

1.2.3 Transient receptor potential ion channels as cannabinoid receptors

The transient receptor potential (TRP) family of ion channels are well known for being involved
in sensory systems and are often located on the neurons of sensory-related structures. In sensory
systems, TRP channels typically play a role in the detection and transduction of different stimuli,
as activation of these ion channels involves the influx of positively charged ions (Germana et al.,
2018). TRP channels are also known to be partially involved in neurobiological processes
associated with the eCS (Muller et al., 2019). For instance, in the CNS of mice, AEA activates
TRPV1 channels within the brain to induce long-term depression (LTD) in hippocampal
synapses (Chavez et al., 2010). In zebrafish, a variety of TRP channels are found in different
sensory structures including the retina, taste organs, olfactory epithelium, and the hair cells of
both the inner ear and lateral line system (Germana et al., 2018). The presence of TRP channels
in sensory organs is significant because cannabinoids (both endogenous and phytocannabinoids)
have an affinity for, and bind to and activate TRP channels (Morales et al., 2017; Muller et al.,

2017). Both AEA and 2-AG are capable of activating TRP channels, leading to increased Ca**



currents (Watanabe et al., 2003). Consequently, this suggests that the development and function
of neurobiological processes and sensory systems may be susceptible to altered eCS activity, as
critical sensory structures are abundant in TRP channels which are capable of interacting with
endocannabinoids. Because TRP channels are so intimately related to sensory function, there is a

need to further understand the connection between the eCS and sensorimotor processes.

1.2.4 Sonic Hedgehog signaling and its interactions with cannabinoid signaling

The Sonic Hedgehog (SHH) signaling pathway is a critical pathway for early developmental
processes such as cell differentiation, organogenesis, and neural tube formation (Choudhry et al.,
2014; Ryan and Chiang, 2012). Vertebrate SHH signaling mainly occurs in the primary cilium of
cells and typically involves binding of the SHH ligand to the Patched (PTCH) receptor, leading
to its internalization and consequent activation of the transmembrane protein called Smoothened
(SMO). SMO is normally suppressed in the absence of SHH-PTCH binding. Activation of SMO
initiates a downstream signaling cascade that involves activation of Gli transcription factors to
influence the transcription of SHH-related genes (Fig. 1.3). This represents the most typical form
of SHH signaling known as canonical SHH signaling, whereas non-canonical SHH signaling
involves the activation of Gli transcription factors in the absence of the SHH ligand, and is

thought to function independently from the activation of SMO (Pietrobono et al., 2019).

Recent studies have found that eCBs and phytocannabinoids can act as potent inhibitors of SMO,
causing a disruption in SHH signaling. An in vitro analysis has found that eCBs inhibit SHH

signaling through suppressing the activity of SMO (Khaliullina et al., 2015). This study also used



a FAAH inhibitor to demonstrate that upregulation of eCB signaling results in a decrease in SHH
activity. Similar findings were shown by Fish and colleagues, who used zebrafish to show that
cannabinoid-induced microphthalmia could be rescued with S#2 mRNA injections, or by
treatment with CB1R antagonists (Fish et al., 2019). Likewise, another study also found that Shh
mRNA injection prevents behavioral alterations caused by inhibiting the eCS enzymes FAAH
and MAGL (Boa-Amponsem et al., 2019). An overview of the proposed signaling of the SHH
pathway and its interactions with cannabinoids is depicted in Fig. 1.3. Previous investigations
within the Ali Lab have also exemplified the developmental interactions of cannabinoids with
the SHH pathway in how the SHH pathway may mediate some of the teratogenic effects of
cannabidiol (CBD) (Son, 2021). These findings provide evidence to support that there is
interplay between the eCS and SHH signaling, where activity of the eCS influences components
of the SHH pathway, highlighting that both the eCS and SHH signaling together play significant

roles in neurobiological development.

1.3 Zebrafish as a model organism for studying vertebrate development

1.3.1 Overview of the zebrafish model

Zebrafish (Danio rerio) are a freshwater species of teleost fish that have been used in different
fields of biology for a variety of different purposes, serving as an extremely useful model
organism. For studying aspects of vertebrate development, the zebrafish model has several
advantages. First, zebrafish can be housed in large numbers and are inexpensive. They can also
breed frequently, where large quantities of fertilized eggs are easily obtainable, making high-

throughput studies far less cumbersome than in animal models which produce fewer offspring



during each brood (Kimmel et al., 1995; Lessman, 2011). Zebrafish chorions are transparent, and
the embryos themselves are semi-transparent, meaning that their development is very easily
observable, which would normally be problematic in mammalian models where the embryonic
development of animals such as rats or mice can only be directly observed through invasive
methods. Additionally, because zebrafish are externally fertilized and because they do not
develop within the mother, researchers can access the developing animals with ease. This
simplifies studies that are interested in observing the effects of different compounds or agents, as
they can be directly applied to the water containing the animals (Achenbach et al., 2020; Zhang
et al., 2015). Furthermore, this also makes certain imaging and molecular techniques easier to
perform, as whole-animal and whole-mount options may be much more efficient than being

required to isolate or section different cells or tissues (Thisse and Thisse, 2008).

Despite the many advantages, using zebrafish as a model organism also has drawbacks which
must be acknowledged. Although external fertilization and the lack of a maternal connection can
be an advantage, it is also a limitation if the embryonic-placental interactions are a crucial factor
that must be considered, illustrating a drawback when comparing embryonic findings in
zebrafish to mammalian models or humans. Thus, great care must be taken when translating or
extrapolating findings to mammalian organisms. Additionally, while exposure to toxicants or
pharmacological compounds is simplified in zebrafish embryos, the chorion membrane acts as a
physical barrier, and thus presents a clear limitation, as it may be challenging to ascertain exactly
how much of a compound crosses the chorion membrane to reach the tissues. This has been

studied to an extent, but the exact permeability of the chorion to different compounds may be



unclear in some cases, as this may vary depending on the composition and solubility of different

compounds (Wilson et al., 2020; Zhang et al., 2015).

1.3.2 Zebrafish embryonic development

Embryonic development in zebrafish occurs very rapidly and is classified into 7 stages: zygote,
cleavage, blastula, gastrulation, segmentation, pharyngula, and hatching (Fig. 1.4) (Kimmel et
al., 1995). Gastrulation is a very critical and sensitive period of embryonic development where
the controlled rearrangement and movement of cells produces three embryonic germ layers: the
ectoderm, endoderm, and mesoderm (Rohde and Heisenberg, 2007). In zebrafish, gastrulation
takes place approximately between 5.25 hours post-fertilization (hpf) and 10.75 hpf (Kimmel et
al., 1995). During gastrulation, the development of the notochord and muscle precursors begins.
During segmentation, which takes place between 10-24 hpf, the overall body structure becomes
more established as the notochord further develops and the somites give rise to muscle cells,
leading to a morphological appearance that now more closely resembles an aquatic vertebrate
(Ingham and Kim, 2005). Importantly, these early periods depend on a variety of developmental
signaling mechanisms to ensure that normal development occurs properly. Between 2 and 3 days
post-fertilization (dpf), hatching occurs, and after 3 dpf, the animals are typically referred to as
larvae. Larval development continues until the fish reach adolescence at ~4 weeks post-
fertilization, at which point they are then referred to as juveniles (Parichy et al., 2009). After ~11
weeks post-fertilization, the animals will be considered adults once they gain the ability to
reproduce and possess viable male/female gametes. At that point, they will also have developed
secondary sex characteristics (Parichy et al., 2009). Overall, many facets of zebrafish
development have been well characterized, and they are often relied on for studies that
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investigate questions regarding the mechanisms of physiological and developmental processes
due to their numerous advantages in usage, and from the wide array of different techniques that

can be utilized.

1.3.3 Zebrafish locomotor and sensorimotor development

Zebrafish possess a wide variety of locomotor and sensorimotor behaviors which are present at
different periods of their early life stages, and because of this, zebrafish are a useful model for
studying neuromuscular development, and for assessing the development of sensorimotor
function (McArthur et al., 2020; Sztal et al., 2016). Starting at ~18 hpf, zebrafish embryos
exhibit spontaneous bursts of contractile tail movements while still encased within their chorion
(Colwill and Creton, 2011a; de Oliveira et al., 2021). This motor activity provides one of the first
indicators of functional locomotor development, representing the early synaptic connections

within the neuromuscular system (Grunwald et al., 1988; Saint-Amant, 2006).

At 2 dpf, zebrafish embryos exhibit incredibly rapid escape behaviors in response to mechanical
stimuli (Saint-Amant and Drapeau, 1998). This response is a swift tail flip that is typically
referred to as a short latency C-start escape response, which is a hardwired reflex response that is
crucial for survival (Colwill and Creton, 2011b). This response is dependent on the reticulospinal
neuron circuits of the hindbrain with a significant excitatory input from the pair of Mauthner
cells (M-cells) and their homologues, MiD2cm/MiD3cm, whose activation is essential in
triggering an escape response (Burgess and Granato, 2007; Kimmel et al., 1990). Escape

responses begin with a C-shaped bend of the tail in the direction away from the stimulus,
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followed by bursts of swimming to propel the animal away from the perceived threat. This
escape response can be elicited by mechanical stimuli such as a light touch to their head. At this
early time point (2 dpf), embryos are not yet capable of performing continuous beat-and-glide
swimming, as this develops between 3 and 4 dpf, meaning that the swimming elicited by
mechanical stimuli can be observed from its onset, and tracked until it comes to a stop (Drapeau

et al., 2002).

In addition to mechanical stimuli, zebrafish also display short latency C-start escapes in response
to auditory/vibrational (A/V) stimuli (Kohashi et al., 2012). Unlike the locomotor behaviors at 2
dpf, this A/V response is not present until ~3 dpf, but it matures and becomes highly functional
as early as 6 dpf, as it is thought that auditory function and receptiveness becomes much more
robust during this short period of time due to a large increase in the number and density of inner
ear hair cells (Lu and DeSmidt, 2013). Similar to touch-evoked escape however, the M-cells are
required for the proper function of this sensorimotor response, as they communicate the efferent
response, and are needed for the recruitment of motor systems (Bang et al., 2002; Burgess and
Granato, 2007; Kohashi et al., 2012). Thus, zebrafish embryos and larvae are quite useful for

studying functional sensorimotor development.

1.3.4 Zebrafish as a model for studying the developmental role of the endocannabinoid

system

When it comes to studying eCS, zebrafish have been an attractive animal model due to the high

evolutionary conservation of the eCS (Elphick, 2012; Krug and Clark, 2015). In terms of the
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cannabinoid receptors, zebrafish and humans possess a degree of sequence identity, where
zebrafish and humans share a sequencing identity of 69% for nucleotides and 73.6% for the
amino acid sequence identity in the CB/ gene. (Lam et al., 2006). The amino acid sequencing of
the CB2 gene between zebrafish and humans however is less similar, as they only share 39% of
their amino acid sequence identity (Rodriguez-Martin et al., 2007). These patterns in sequence
identities for both of the cannabinoid receptors are also very similar when compared with rats
and mice (Lam et al., 2006; Rodriguez-Martin et al., 2007). Overall, zebrafish possess a
functional eCS, complete with nearly all the major endogenous receptors, enzymes, and ligands

found within the eCS of other vertebrates (Bailone, 2022).

Due to the utility of zebrafish as a model for studying drug toxicology, zebrafish have been used
in a variety of studies to assess the effects of phytocannabinoids and their potential impacts
through the eCS (Ellis, 2019). Previous studies in the Ali Lab have observed the effects of
phytocannabinoids and the role of the eCS by exposing embryonic zebrafish to different
phytocannabinoids to overstimulate the eCS during early development. In brief, exposure to A-9-
tetrahydrocannabinol (THC) and CBD alters synaptic activity of the neuromuscular junction and
leads to aberrant development of motor neurons and reticulospinal neurons (Ahmed et al., 2018;
Amin et al., 2020). Another group found that exposure to CBD in zebrafish caused
morphological defects and resulted in behavioral alterations (Pandelides et al., 2020).
Furthermore, hypolocomotion is also observed in zebrafish that have been exposed to
phytocannabinoids such as THC, (-)THC, and CBD during embryonic and larval development

(Akhtar et al., 2013; Amin et al., 2020; Carty et al., 2018; Kanyo et al., 2021).
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As the effects of phytocannabinoids have been studied in zebrafish, so too has the developmental
role of the eCS. Studies that perturb aspects of the endogenous system demonstrate a variety of
developmental alterations which are similar to those found in zebrafish phytocannabinoid
studies. There have been notable studies that employ the use of morpholino injections to knock
down the expression of specific eCS genes to study the role of the eCS in neuronal and motor
development. First, the study by Watson and colleagues demonstrated that a CB/ morpholino
results in defective axonal growth of reticulospinal neurons, along with dysfunctional
pathfinding of axons across the midline (Watson et al., 2008). Another study which used a dagla
morpholino also found that axonal growth across the midline was defective, where fewer axons
established proper contacts in the midbrain-hindbrain regions (Martella et al., 2016). Zebrafish
have also been used to study the role of the eCS in growth and metabolism. Exposure to AEA led
to an upregulation of eCS activity in which the genetic expression of the sterol regulatory-
element binding protein (SREBP), and the genetic expression of the insulin-like growth factors
IGF-1 and IGF-2 were increased, indicating that eCB signaling during early periods may
somehow interact with the regulation of factors involved in larval growth (Migliarini and

Carnevali, 2008).

Studies have also found that motor and behavioral alterations arise from perturbations of the
eCS, as embryonic inhibition of FAAH and MAGL causes behavioral alterations that are
observed in animals that have developed into their juvenile stage (Boa-Amponsem et al., 2019).
Additionally, research conducted in the Ali Lab has also used zebrafish to demonstrate that the
eCS is involved in neuronal and motor development, as blocking the CB1R and CB2R during

embryogenesis alters the morphology of primary motor neurons and leads to hypolocomotion
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(Sufian et al., 2019). Similar findings have also been reported through inhibiting the catabolic
enzymes FAAH and MAGL (Sufian et al., 2021). In their 2021 study in particular, Sufian and
colleagues observed defective branching in primary and secondary motor neurons in embryonic
zebrafish, and decreased free swimming in zebrafish larvae. These findings helped lay the initial
groundwork for understanding the roles of FAAH and MAGL as it pertains to zebrafish motor
development. However, these findings primarily focus on basic neuronal characteristics and
basal locomotive capabilities. Thus, our current understanding of how eCB signaling is involved
in the overall development and function of more complex motor and sensorimotor programs is
still limited. Although more expansive assessments will be required to further examine
functional development, the previous findings discussed above have utilized the zebrafish model
to greatly advance our foundational knowledge of the eCS, and given the current state of the
literature, it is clear that this system plays a significant role in different aspects of homeostatic

and neurobiological development.

1.4 Research objectives

Despite the previous findings, there is still much to explore regarding how eCB signaling
contributes to aspects of motor development and function during early life. Although the
previous investigations have shown that perturbations of the eCS influences motor development,
these studies have primarily examined neuronal and locomotor characteristics, thus it remains
unclear how some of these alterations truly influence the functionality of motor or sensorimotor
activities. Therefore, to address this gap in the current literature, the purpose of my thesis is to
explore how an early perturbation of the eCS - by inhibiting the enzymes FAAH and MAGL -

impacts functional sensorimotor development in young zebrafish. Furthermore, to extend this
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aim, this work also seeks to identify the potential receptor systems that are involved in

interacting with the eCS in sensorimotor development.

To investigate this overall purpose, my thesis is composed of two research objectives:

1. Overstimulate the endocannabinoid system during zebrafish embryogenesis by
inhibiting the enzymes that degrade endocannabinoids, then assess how locomotor
and sensorimotor function has been affected during embryonic, larval, and juvenile

stages.

Rationale: Previous studies make use of the pharmacological compounds URB 597, JZL 184,
and JZL 195 as selective inhibitors of FAAH and MAGL. Given the findings of these studies, it
is clear that these are tools which can be used to upregulate or overstimulate eCB signaling.
Furthermore, since the previous literature that investigated developmental exposures to
phytocannabinoids demonstrated a range of alterations to neurobiological development,
including neuronal and synaptic defects, motor deficits, and changes to sensory activities,
targeting the endogenous components of the eCS is critical to further understand the role of the
eCS in the development of functional sensorimotor activities. Thus, I hypothesize that perturbing
the eCS during embryogenesis by using inhibitors of the eCS catabolic enzymes FAAH and
MAGL will upregulate eCB signaling. I also hypothesize that an upregulation of eCB signaling
during embryogenesis will reduce locomotor activity and alter sensory responsiveness in which

the zebrafish C-start escape response will be negatively impacted.
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2. Identify which receptor systems are involved in mediating the sensorimotor

alterations caused by the inhibition of endocannabinoid degradation enzymes

Rationale: Although prior studies have identified that phytocannabinoids and eCBs interact with
multiple different receptor systems and signaling pathways, how these receptor systems and
pathways interact with the eCS to facilitate normal neurobiological development is largely
unknown. More specifically, it is unclear whether there is interplay between the eCS and non-
canonical cannabinoid receptor systems when it comes to the motor and sensorimotor aspects of
early development. Thus, I first hypothesize that FAAH and MAGL inhibition will broadly result
in an increased activation of the receptors which bind to the endocannabinoids AEA and 2-AG.
From the known binding affinities of AEA and 2-AG, I also hypothesize that deficits in C-start
escape behaviors induced by FAAH/MAGL inhibition will be mediated through preferential

interactions with the CB1R, as well as TRP channels, and the SHH signaling pathway.

In pursuit of these research objectives, this thesis investigates the important role that the eCS
plays in sensorimotor development. To do this, sensorimotor assessments were studied at a range
of time points during early periods of zebrafish development, and the effects of eCS perturbation
on these sensorimotor activities was examined. Importantly, this work supports and further
expands upon the foundational information pertaining to the neurobiological role of the eCS by
first examining an array of specific behavioral activities, and by investigating the role of
canonical and non-canonical cannabinoid receptors in mediating functional sensorimotor

development.
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Figure 1.1: Schematic of endocannabinoid synthesis, degradation, and signaling at a
synapse. The synthesis and degradation of the endocannabinoids (¢CBs) anandamide (AEA) and
2-arachidonoylglycerol (2-AG) are tightly regulated by the anabolic enzymes known as N-acyl
phosphatidylethanolamine-specific phospholipase D (NAPE-PLD) and diacylglycerol lipase
(DAGL) that are involved in synthesizing AEA and 2-AG respectively. The catabolic enzymes
fatty acid amide hydrolase (FAAH) degrades AEA, while monoacylglycerol lipase (MAGL)
degrades 2-AG. These enzymes regulate the retrograde signaling of eCBs, where the eCBs are
synthesized and released from a postsynaptic cell into the synaptic cleft. The eCBs then bind to
and activate cannabinoid receptors located on presynaptic terminals to modulate neurotransmitter

(NT) release and synaptic activity. This figure was adapted from Zou and Kumar, (2018).
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Figure 1.2: Endocannabinoids interact with a variety of receptor mechanisms that include
but are not limited to the CB1R and CB2R cannabinoid receptors. Cannabinoids are known
to be capable of interacting with different receptor systems with notable examples being the
CBIR/CB2R canonical cannabinoid receptors, TRPV and TRPA families of cation channels, and
GPRS55. Not all intracellular mechanisms that result from cannabinoid binding are known, but
the most well characterized effects of cannabinoid activity involve inhibitory signaling cascades
that begin with the downregulation of adenylyl cyclase (AC) leading to decreased production of
cyclic adenosine monophosphate (cAMP). Typically, this results in reduced activity of protein
kinase A (PKA), which normally is involved in modulating the activity of downstream factors in

different biological processes. This figure was adapted from Amin and Ali, (2020).
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Figure 1.3: Overview of mechanisms of canonical Sonic hedgehog (SHH) signaling and its
proposed interactions with cannabinoids. (A) Under normal conditions within the primary
cilium of vertebrates, the pathway becomes stimulated by the SHH ligand. The Patched (PTCH)
receptor normally suppresses the activity of Smoothened (SMO), however when SHH binds to
the PTCH receptor, the suppression of SMO is relieved, and SMO now becomes active. Once
SMO is active, an intracellular signaling cascade is initiated, where the activity of adenylyl
cyclase (AC) is inhibited, leading to the decreased production of cyclic adenosine
monophosphate (cAMP). Decreased cAMP results in reduced activity of protein kinase A
(PKA). When PKA activity is reduced, this leads to Gli transcription factors being
predominantly in their active (Gli A) state, where they will translocate into the nucleus leading to
an upregulated transcription of SHH target genes. (B) Proposed mechanisms of SHH signaling in
the presence of cannabinoids. Cannabinoids are believed to inhibit SMO by directly binding to it
causing the opposite effect of canonical SHH activation. When cannabinoids bind, PKA becomes
more active through an increase in AC activity, which leads to a reduction in Gli A translocation,
ultimately resulting in a downregulation of SHH target genes. This image was created using

BioRender.com by Son, (2021), and is originally adapted from Fish et al., (2019).
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Figure 1.4: Early developmental stages of zebrafish embryonic development. The rapid
development of zebrafish (Danio rerio) is depicted by Kimmel et al., (1995), where the
morphological changes are outlined over the first 48 hours of embryogenesis. During this period
of 48 hours, the developmental stages of zygote, cleavage, blastula, gastrulation, segmentation,
and pharyngula occurs, where hatching typically occurs soon after 48 hours post-fertilization

(hpf). This image was adapted from Kimmel et al., (1995).
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Chapter 2. Materials and methods

2.1 Animal care

The animals used in this study were wild type zebrafish (Danio rerio) of the Tubingen Longfin
(TL) strain. All animal housing and experimental procedures in this study were approved by the
Animal Care and Use Committee of the University of Alberta (AUP #00000816) and was in
compliance with the Canadian Council on Animal Care guidelines of the humane use of animals
for research purposes. For breeding and egg collection, adult male and female zebrafish were
placed in breeding tanks on the evening before eggs were required. The following morning, eggs
were collected immediately after fertilization. Embryos and larvae were housed in a 28.5°C
incubator set on a 12-hour light/dark cycle. Embryos and larvae were provided with embryo

media (60 mg/ml Instant Ocean, pH 7.0).

2.2 Pharmacological drug exposure paradigm

The main pharmacological compounds used in this study (all obtained from Adooq Bioscience,
CA, USA) are the selective FAAH inhibitor URB 597 (Catalog Number: A11049) at the
concentrations of 1, 2, 5, 10, and 20 pM, the selective MAGL inhibitor JZL 184 (Catalog
Number: A12747) at the concentrations of 1, 2, 5, 10, and 20 uM, and the dual FAAH/MAGL
inhibitor JZL 195 (Catalog Number: A12390) at the concentrations of 1, 2, and 5 uM. A
schematic outlining the enzyme targets of these compounds is depicted in Fig. 2.1. Fewer
concentrations of JZL 195 were used due to it having similar effects as the combined treatment
with both URB 597 and JZL 184 (Figs. 3.7 & 3.8). In chapter 4 of this thesis, animals were co-

treated with the CB1R antagonist AM 251 (Selleck Chemicals, TX, USA, Catalog Number:
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S2819), the CB2R antagonist AM630 (Adooq Bioscience, CA, USA, Catalog Number: A14993),
the TRPA1/TRPV1/TRPMS inhibitor AMG 9090 (Alomone Labs, Jerusalem, Israel, Catalog
Number: A-300), or the SMO agonist purmorphamine (Sigma-Aldrich, MO, USA, Catalog
Number: SMLO0868). The concentrations used for these four drugs were 10 nM for AM 251, 1
uM for AM 630, 0.01 uM for AMG 9090, and 5 uM for purmorphamine. All compounds listed
here were dissolved in dimethyl sulfoxide (DMSO), and 0.1% DMSO was used as the vehicle
control. Drug exposures took place immediately after egg fertilization until 24 hpf, effectively
spanning from ~0-24 hpf (Sufian et al., 2021). This exposure paradigm is outlined in Fig. 2.2.
Embryos were exposed to compounds via the embryo media. At 24 hpf, all exposure media was
washed-out and replaced with fresh embryo media. Following the exposure period, animals were
allowed to develop until needed for further experiments at the ages of 1-6 dpf for embryos and

larvae, and 8-10 weeks for juvenile animals.

2.3 Spontaneous coiling activity at 1-day post-fertilization

At 1 dpf, the assessments of spontaneous coiling activity were performed using DanioScope 1.1
(Noldus, Wageningen, The Netherlands) to analyze video recordings of embryos still encased
within their chorion membrane (de Oliveira et al., 2021; Zindler et al., 2019). Video recordings
of the 1 dpf embryos were taken under a dissecting microscope connected to a high-speed
camera (AOS S-PRI 1995, AOS Technologies, Dattwil, Switzerland). This motor activity was
assessed immediately after the wash-out of exposure compounds. Spontaneous coiling activity
(%) was measured to indicate the proportion of time that embryos were actively contracting,
while the burst count/min represents the mean number of contractions performed by embryos

averaged per minute. This experiment was performed in chapter 3 of this thesis.
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2.4 Escape swimming performance at 2 days post-fertilization

To assess escape swimming following a C-start escape response, individual 2 dpf embryos were
positioned in the center of a 140 mm Petri dish containing embryo media. The Petri dish was set
on top of an infrared backlight source to be viewed by a Basler GenlCam scanning camera
(Basler acA1300-60gm) with a 75 mm 2.8 C-mount lens, provided by Noldus. Escape
swimming in zebrafish embryos was triggered by delivering an acute mechanical stimulus to the
head of the embryo by using a thin fishing line (Berkley Fishing, Spirit Lake, IA, USA; model #
BGQS60C-15). Each embryo was tested alone in this open field to minimize the potential
interactions with other fish, and to avoid any obstacles in the swimming paths. Swimming
performance was analyzed using the movement tracking software EthoVision XT-11.5 (Noldus,
Wageningen, The Netherlands). Mean swimming distance (cm) and mean swimming velocity
(cm/s) were analyzed as metrics of locomotion when assessing escape swimming performance.

This experiment was performed in chapter 3 and in chapter 4 of this thesis.

2.5 Embedded escape response assessments at 2 days post-fertilization

To assess parameters that represent the characteristics of the initial C-start escape response,
embryos at 2 dpf were partially immobilized using 2% low-melting point agarose (LMPA) at 26-
30°C. The LMPA gel was cut away from the tails of the embryos allowing for the tail’s full
range of motion, while leaving the head embedded in place — similar to methods used previously
(Shan et al., 2015). The embryos were immersed in embryo media and were allowed to acclimate

for 20 minutes. Mechanical stimuli were applied by ejecting a 15 ms pulse of 2% phenol red
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(Sigma-Aldrich) from a Picospritzer II (General Valve Corporation). The pulse was delivered
through borosilicate glass micropipettes (Stutter Instrument; O.D.: 1.2 mm, .D.: 094 mm,
length: 10 cm), which were pulled using a Flaming/Brown Stutter Instrument micropipette puller
(Stutter Instrument model P-97). The pipettes were positioned above the embryo’s otolith, and
delivered a single acute stimulus to the head, which evoked a C-start tail flip. This behavior was

video recorded using the AOS S-PRI 1995 high-speed camera noted in section 2.3.

Video recordings were analyzed using the motion analysis software ProAnalyst (Xcitex Inc.,
Woburn, MA, USA). Focusing on the C-shaped bend of the embryo’s tail, the following
parameters were assessed: latency to initiate C-start escape response (ms), maximum speed of
tail contraction (mm/ms), maximum acceleration of tail contraction (mm/ms?), angle of C-bend
(degrees), time to achieve maximum C-bend angle (ms), and angular velocity (degrees/ms). This

experiment was performed in chapter 3 of this thesis.

2.6 Assessing the responsiveness to auditory/vibrational stimuli at 3-6 days-post

fertilization

Embryos and larvae aged 3, 4, 5, and 6 dpf were assessed for their responsiveness to
auditory/vibrational (A/V) stimuli in a manner similar to previous methods (Ahmed et al., 2018;
Kohashi et al., 2012). Six fish were placed into a 35 mm x 10 mm Petri dish containing embryo
media and were allowed to acclimate for 20 minutes prior to the application of the stimulus. The
A/V stimulus was created using Audacity (version 2.2.1) to generate a sawtooth waveform audio

tone of 500Hz at 95-100 decibels — measured at its source — and was played through a set of
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computer speakers (Logitech Z150, Logitech, Newark, CA, USA). Escape responses triggered by
the A/V stimulus were video recorded using an AOS S-PRI 1995 high-speed camera. Following
the delivery of the A/V stimulus, the proportion of animals that performed a short latency C-start
escape in response to the stimulus was recorded, and the auditory response rate (%) was then
determined from the proportion of responding animals. This experiment was performed in

chapter 3 and in chapter 4 of this thesis.

2.7 Assessment of the responsiveness to auditory/vibrational stimuli in 8—10-week-

old juveniles

Juvenile zebrafish between the ages of 8 and 10 weeks were used for A/V response assessments.
This experiment used an identical set-up in terms of 20-minute acclimation period, stimulus
delivery, and video recording as the larval assessments, however, the juvenile fish were tested
individually and were placed in a modified 120 mL glass specimen jar (Fisher Scientific) filled
with 50 mL of 28.5°C dechlorinated water. This set-up was used as opposed to a Petri dish to
appropriately accommodate for the increased size of the juvenile animals. This experiment was

performed in chapter 3 of this thesis.

2.8 Statistics

All experimental replicates represent separate cohorts of fish which were obtained from
independent breeding sets. All data and statistical analyses were performed using GraphPad
Prism (version 9.2.0., GraphPad Software, San Diego, CA, USA). Normality of data was
examined using the Shapiro-Wilk test. In chapter 3 of this thesis, all data values are reported as
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mean values =+ standard error of the mean (SEM). For statistical testing, One-Way ANOVA
followed by Dunnett’s multiple comparisons test against the 0.1% DMSO vehicle control was
performed to determine statistical differences (p<0.05). For the notation of statistical
significance, * indicates the treatment groups which are significantly different from the vehicle

control group where: * p<0.05, ** p <0.01, *** p<0.001.

In chapter 4 of this thesis, the data for the 2 dpf escape response experiments (Figs. 4.1-4.4) did
not pass the Shapiro-Wilk normality test, and therefore was treated as non-parametric. Thus, the
results in Figs 4.1-4.4 are presented as box-and-whisker plots where the median value is
represented by the horizontal line within each box, while the box around the median indicates the
interquartile range. Error bars (whiskers) indicate the maximum and minimum values for each
group. To determine whether swimming distance (cm) or mean swimming velocity (cm/s) was
altered by individual drug treatments and co-treatments, nonparametric analysis was performed
using either the Mann-Whitney test only if a single comparison was to be made, or in most cases
by using the Kruskal-Wallis test followed by Dunn’s multiple comparisons test to determine
statistical differences between treatment groups (p<0.05). The 6 dpf A/V response data in
chapter 4 (Figs. 4.5-4.7) passed the Shapiro-Wilk test and are presented as bar graphs
representing the mean values £ SEM, where statistical analysis was performed using One-Way
ANOVA followed by Tukey’s post-hoc test to determine whether A/V escape response rate (%)
was significantly altered by individual drug treatments and co-treatments (p<0.05). For the
notation of statistical significance, columns which share the same letter(s) of the alphabet are not

statistically different from one another.
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Figure 2.1: Exposure paradigm and experiment outline. Wildtype zebrafish (Danio rerio) of
the TL strain were used in all experiments. Adult males and females were arranged in breeding
tanks and eggs were collected the following morning. Drug exposure began immediately after
egg collection within the first hour of fertilization, effectively spanning the duration of ~0 to 24
hours post-fertilization (hpf). At 24 hpf, drug solutions were washed-out thoroughly with embryo
media and the embryos were provided with fresh embryo media and incubated at 28.5°C until
reaching the respective age for each experiment. Experiments assessing the spontaneous coiling
activity were performed at 1-day post-fertilization (dpf). Escape swimming and embedded C-
start escape experiments were performed at 2 dpf. Auditory escape experiments were performed

between 3-6 dpf and were also performed in animals that reached the age of 8-10-weeks.

33



RN
Anandamide (AEA)

b

2-Arachidonoylglycerol (2-AG)

L*

Fatty acid amide hydrolase (FAAH) | | JZL 195 — | Monoacylglycerol lipase (MAGL) |

Arachidonic acid (AA)
+

Ethanolamine (EtNH,)

Arachidonic acid (AA)
+

Glycerol

34



Figure 2.2: Schematic of pharmacological inhibitors of endocannabinoid catabolic
enzymes. The enzymes fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase
(MAGL) are the primary enzymes mediating the breakdown of anandamide (AEA) and 2-
arachidonoylglycerol (2-AG). FAAH hydrolyzes AEA into arachidonic acid (AA) and
ethanolamine (EtNH>), while MAGL hydrolyzes 2-AG into AA and glycerol. URB 597 is a
selective inhibitor of FAAH, and when used, it is expected to reduce the degradation of AEA.
JZL 184 is a selective inhibitor of MAGL, and when used, it is expected to reduce the
degradation of 2-AG. JZL 195 is a dual inhibitor of both FAAH and MAGL, and when used, it is
expected to simultaneously reduce the degradation of both AEA and 2-AG. Overall, these
pharmacological compounds are expected to upregulate endocannabinoid (eCB) signaling by

inhibiting the enzymes that degrade the eCBs.
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Chapter 3. Results: Inhibiting the endocannabinoid degrading enzymes
FAAH and MAGL during zebrafish embryogenesis alters sensorimotor

function

3.1 Inhibition of eCB degradation enzymes reduces contractile activity in embryos

Because zebrafish motor development is known to be affected by eCS perturbation, my first
assessments revolved around examining one of the earliest observable locomotor processes
known as burst activity (Colwill and Creton, 2011a; de Oliveira et al., 2021). This spontaneous
coiling activity provides the earliest indication of locomotor development, representing the initial
formation of immature synaptic contacts between the CNS and muscle fibers at the
neuromuscular junction (Grunwald et al., 1988; Saint-Amant, 2006). The experiments in the

following section were replicated 4 times (N=4).

Vehicle-treated embryos exhibited a mean burst activity of 4.1 £ 0.4% (n=93) (Fig. 3.1A, C, E).
Treatment with 1, 2, and 5 pM URB 597 did not significantly affect burst activity (Fig. 3.1A).
However, embryos treated with 10 and 20 pM URB 597 exhibited a significant reduction in
burst activity at (1.7 = 0.3%) (p<0.001, n=41) and (2.0 + 0.4, p<0.01, n=60) respectively.
Animals treated with 1, 2, 5, 10, and 20 uM JZL 184 experienced a significant decrease in burst
activity relative to the vehicle-treated animals (p<0.05), with the largest reductions occurring in
the 20 uM JZL 184 group (2.1 £ 0.3%, p<0.001, n=80) (Fig. 3.1C). These reductions appear to
display a dose-dependent trend. With regards to the dual FAAH/MAGL inhibitor JZL 195,

treatment with 1 pM JZL 195 did not cause significant impacts to burst activity. However,
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treatment with 2 and 5 uM JZL 195 resulted in decreased burst activity with mean activity

percentages of 1.8 = 0.2% and 2.2 + 0.3% (p<0.001, n=63 and n=75), respectively (Fig. 3.1E).

The burst count showed a similar trend to the burst activity. Vehicle treated embryos displayed a
mean count of 4.1 = 0.4 bursts per minute (n=93) (Fig. 3.1B, D, F). 10 and 20 uM URB 597
treated animals experienced a significant reduction in mean burst count/min (2.1 + 0.4, p<0.01,
n=41 and 2.9 + 0.4, p<0.01, n=60, respectively) (Fig. 3.1B). JZL 184 treatment resulted in a
reduction in mean burst count/min in all tested concentrations (p<0.05) (Fig. 3.1D). Lastly,
treatment with 2 and 5 uM JZL 195 resulted in a significantly decreased burst count/min of 2.1 £+

0.2 (p<0.001, n=63) and 2.9 + 0.4 (p<0.05, n=75), respectively (Fig. 3.1F).

3.2 Escape swimming is negatively impacted by MAGL inhibition and by dual

FAAH/MAGL inhibition

Developing as a more advanced contractile movement, the C-shaped tail flip elicited at the onset
of C-start escapes is a hardwired reflex response that is crucial for survival (Colwill and Creton,
2011b). Escape swimming begins with a C-start, followed by bursts of swimming to quickly
propel the animal away from the aversive stimulus. In this next series of experiments, I analyzed
the escape swimming that takes place after a C-start has been performed by 2 dpf embryos. The
experiments in this section were replicated a total of 4 times (N=4). The traces in Fig. 3.2A

outline the swimming paths taken by individual animals following a C-start escape response.
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Vehicle-treated embryos displayed a mean swimming distance of 6.4 £ 0.6 cm (n=49) (Fig. 3.2B,
D, F). Animals exposed to URB 597 (any concentration) did not experience significant
alterations to escape swimming relative to the vehicle control (p>0.05) (Fig. 3.2B). However,
treatment with JZL 184 at concentrations equal to or greater than 5 uM resulted in significantly
shorter swimming distances compared with controls (Fig. 3.2D) (p<0.01). 24-hour treatment
with JZL 195 resulted in severe reductions with mean swimming distances of 3.8 = 0.5 cm
(p<0.001, n=38) in the 1 uM JZL 195 group, to values as low as 0.7 £ 0.1 cm (p<0.001, n=38) in

the 5 uM treated group (Fig. 3.2F).

The mean velocity of escape swimming in vehicle-treated embryos was 0.30 £ 0.03 cm/s (n=49)
(Fig. 3.2C, E, G). URB 597 and JZL 184 treatments did not affect mean swimming velocity in a
statistically significant manner (p>0.05, n=37-49) (Fig. 3.2C, E), however animals treated with
JZ1 195 experienced significant reductions in escape swimming escape velocity (Fig. 3.2G). For
instance, embryos treated with 1 uM JZL 195 had a mean velocity of 0.19 + 0.02 cm/s (p<0.01,
n=38), while 2 uM and 5 uM JZL 195 treated animals demonstrated mean velocities of 0.14 +
0.02 cm/s (p<0.001, n=37), and 0.04 = 0.01 cm/s (p<0.001, n=38), respectively. These results
indicate that singular inhibition of FAAH does not have an effect on escape swimming at 2 dpf,
whereas inhibition of MAGL alters swimming distance, and dual inhibition of FAAH/MAGL

together has a profound impact on escape swimming.
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3.3 C-start escape properties are adversely affected primarily by dual

FAAH/MAGL inhibition

Next, I investigated parameters associated with the C-start escape response evoked by
mechanical stimuli. To do this, I embedded 2 dpf embryos in 2% LMPA gel to isolate the initial
C-shaped contraction. Representative time-lapse photos of a C-bend response is shown in Fig.
3.3A. Here, I used concentrations of enzyme inhibitors that had intermediate and maximal effects
on escape swimming as determined in the previous set of experiments. I then assessed
parameters such as the latency of the response, peak velocity, peak acceleration, rotational angle,
and time to maximum bend (Figs. 3.3 & 3.4). The experiments described within this section were

replicated 5 times (N=5).

Vehicle treated embryos demonstrated a mean C-start response latency of 10.2 + 0.7 ms (n=20)
(Fig. 3.3B). A significant increase in response latency relative to the vehicle control was seen in
embryos treated with 20 uM JZL 184 (13.0 = 1.2 ms, p<0.05, n=16) and 5 uM JZL 195 (17.8 £+
1.3 ms, p<0.001, n=15). In terms of the maximum speed of the tail during the C-bend, vehicle
treated animals achieved a maximum speed of 0.23 + 0.01 mm/ms (n=20) (Fig. 3.3C) and only
animals treated with 5 uM JZL 195 had a reduced max speed of 0.19 £ 0.02 mm/ms (p<0.05,
n=15). No other treatment resulted in changes to this metric. With respect to peak acceleration of
the C-bend, vehicle control embryos displayed a maximum acceleration of 0.11 + 0.01 mm/ms?
(n=20) (Fig. 3.3D), and the only treatment that resulted in a change to this parameter was 5 uM

JZL 195, where the peak acceleration was 0.08 = 0.01 mm/ms? (p<0.01, n=15).
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The mean rotational angle achieved by the tail was 158 £ 9.9 degrees in vehicle treated embryos
(n=20) (Fig. 3.4A). Treatment with 5 uM JZL 195 resulted in a small but significant reduction in
the C-bend angle (129 + 6.6 degrees, p<0.05, n=15). Despite this significant reduction in the
angle of the C-bend caused by 5 uM JZL 195, there was no significant impact on the time to
complete a full C-bend (Fig. 3.4B). Finally, vehicle control embryos exhibited an angular
velocity of 5.4 + 0.4 degrees/ms (n=20), which was significantly reduced by 5 uM JZL 195 (4.3
+ 0.3 degrees/ms, p<0.05, n=15) (Fig. 3.4C). These findings show that inhibition of MAGL, and
the inhibition of both FAAH and MAGL together leads to altered properties in the C-start escape

response of embryonic zebrafish.

3.4 Dual inhibition of FAAH/MAGL produces deficits to auditory/vibrational

responsiveness

Short latency C-start escapes also occur in response to auditory stimuli which can be evoked by
delivering an auditory/vibrational (A/V) stimulus (Burgess and Granato, 2007; Kohashi et al.,
2012). A/V stimuli-induced responses develop after 3 dpf and are functionally mature by 6 dpf
(Kohashi et al., 2012). The experiments described here on 3 and 4 dpf animals were replicated 4

times (N=4), while experiments on 5 and 6 dpf fish were replicated 5 times (N=5).

Examining the A/V responsiveness in embryos and larvae from 3-6 dpf revealed that vehicle
treated animals demonstrate a mean A/V escape response rate of 12.5 +4.2% at 3 dpf (n=24)
(Fig. 3.5A), and a response rate of 37.5 = 4.2% at 4 dpf (n=24) (Fig. 3.5B). There were no

statistically significant differences amongst any of the treatments at 3 and 4 dpf, indicating that at
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these stages, the functional development of this response proceeds normally. At 5 dpf, vehicle
control larvae exhibited a mean A/V escape response rate of 80 + 6.2% (n=30) (Fig. 3.5C).
Treatment with URB 597 or JZL 184 had no effect on the response rate while treatment with 2
uM JZL 195 caused A/V response deficits with a mean response rate of 46.7 + 9.7%, (p<0.05,
n=30). The treatment of 5 uM JZL 195 also caused a reduction, as the mean response rate was
43.3 +4.0% (p<0.01, n=30). At 6 dpf, the responsiveness to A/V stimuli in control animals
became more robust with a mean response rate of 93.3 + 4.0% (n=30) (Fig. 3.5D). Treatment
with 5 or 20 uM of either URB 597 or JZL 184 once again did not produce any significant
alterations to A/V responsiveness, whereas treatment with 2 and 5 uM JZL 195 both caused a
significant decline in the responsiveness to A/V stimulus with response rates of 60.0 + 11.3%

(p<0.05, n=30), and 53.3 + 8.2% (p<0.05, n=30) for 2 and 5 uM JZL 195 respectively.

3.5 Juvenile zebrafish experience response deficits to auditory/vibrational stimuli

following FAAH/MAGL inhibition

To determine whether the impairments to A/V responsiveness displayed by JZL 195 treated
larvae were also experienced in older animals, I raised fish into their late juvenile stages (8-10
weeks) and tested them for A/V responsiveness across 3 cohorts (N=3) (Fig. 3.6A). Animals
treated with 2 uM JZL 195 were tested here, as this was the minimal concentration that altered
A/V responsiveness at 5 and 6 dpf. Vehicle control animals demonstrated an A/V escape
response rate of 85 £ 2.6% (n=26) (Fig. 3.6B), while juvenile zebrafish that had previously been
exposed to 2 uM JZL 195 during embryogenesis displayed a significantly reduced response rate

of 55.1 £ 6.2% (p<0.05, n=25), which was similar to larval fish. This finding shows that the
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sensorimotor deficits caused by eCS perturbation persists into the late juvenile period of

development.
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Figure 3.1: Contractile activity of embryos is reduced from inhibiting endocannabinoid
degrading enzymes. Spontaneous coiling activity of embryos at the age of 1-day post-
fertilization (dpf) was video-recorded and analyzed using DanioScope 1.1. (A and B) Effects on
activity (%) and burst count/min for untreated animals (n=92), the vehicle (n=93) and treatment
concentrations of 1, 2, 5, 10, and 20 uM for URB 597 (n=62, 44, 58, 41, and 60, respectively).
(C and D) Effects on activity (%) and burst count/min for the vehicle (n=93) and treatment
concentrations of 1, 2, 5, 10, and 20 uM for and 1, 2, 5, 10, and 20 uM for JZL 184 (n=49, 53,
68, 54, and 80, respectively). (E and F) Effects on activity (%) and burst count/min for the
vehicle (n=93) and treatment concentrations of 1, 2, and 5 uM JZL 195 (n=45, 63, and 75,
respectively). All treatments were run together, but for ease of viewing, the graphs are separated
according to the compound being tested. Thus, the controls in A, C, and E are similar, and the
controls in B, D, and F are similar. Activity (%) represents the proportion of time spent
performing coiling movements over the recording period, while burst count/min represents the
average number of individual contractions per minute. N=4 experiments with 11-23 animals per
experiment for each treatment. * Indicates treatment groups which are significantly different
from the vehicle control group where: * p<0.05, ** p <0.01, *** p<0.001 (One-Way ANOVA,
followed by Dunnett’s multiple comparisons test). Columns indicate mean values, while error

bars represent standard error of the mean (SEM).
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Figure 3.2: Escape swimming is severely reduced by MAGL and dual FAAH/MAGL
inhibition. Escape swimming at 2 days post-fertilization (dpf) was assessed following an acute
touch stimulus. (A) Representative tracings of the swimming path are shown for: untreated
animals, vehicle, 5 uM URB 597, 5 uM JZL 184, and 2 uM JZL 195. (B and C) The effects of
untreated animals (n=44), the vehicle (n=49), 1, 2, 5, 10, and 20 uM URB 597 (n=39, 45, 49, 42,
and 43, respectively) on swimming distance and velocity. (D and E) The effects of vehicle
(n=49), 1,2, 5,10,and 1, 2, 5, 10, and 20 uM JZL 184 (n=37, 41, 46, 40, and 40, respectively)
on swimming distance and velocity. (F and G) The effects of vehicle (n=49), 1, 2, 5, 10, and 1,
2,and 5 uM JZL 195 (n=38, 37, and 38, respectively) on swimming distance and velocity was
analyzed using EthoVision XT-11.5. All treatments were run together, but for ease of viewing,
the graphs are separated according to the compound being tested. Thus, the controls in B, D, and
F are similar, and the controls in C, E, and G are similar. Swimming distance (mm) and mean
velocity of burst swimming (mm/s) was examined by testing each animal individually. N=4
experiments with 9-13 animals per experiment for each treatment. * Indicates treatment groups
which are significantly different from the vehicle control group where: ** p <0.01, *** p<0.001
(One-Way ANOVA, followed by Dunnett’s multiple comparisons test). Columns indicate mean

values, while error bars represent standard error of the mean (SEM).
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Figure 3.3: C-start escape is partially altered by exposure to high concentrations of JZL
184, and is severely altered by high concentrations of JZL 195. Embryos at the age of 2 days
post-fertilization (dpf) were partially embedded in 2% low-melting point agarose (LMPA) and
acclimated for 20-minutes before using a Picospritzer II to deliver an acute pulse of 2% phenol
red solution to the head as a mechanical stimulus. (A) Representative images depicting the C-
shaped tail flip performed by an immobilized vehicle control embryo after being stimulated. The
time scale (ms) of the C-start is shown from its onset to its peak. (B to D) Bar graphs depict the
results for untreated animals (n=20), the vehicle control (n=20) and treatments with 5 and 20 uM
URB 597 (n=15 and 19), 5 and 20 uM JZL 184 (n=18 and 16), or 2 and 5 uM JZL 195 (n=14
and 15). The following metrics were assessed: (A) response latency (ms) to initiate C-start
escape after being stimulated, (B) maximum speed achieved by the tail during the C-start escape
(mm/s), and (C) maximum acceleration achieved by the tail during the C-start escape (mm/s?).
N=5 experiments with 3-5 animals per experiment. * Indicates treatment groups which are
significantly different from the vehicle control group where: * p<0.05, ** p <0.01, *** p<0.001
(One-Way ANOVA, followed by Dunnett’s multiple comparisons test). Columns indicate mean

values, while error bars represent standard error of the mean (SEM).

48



B)

<

*
K
G
— 1 % Q&.@ 2
g 2 = = ° % o
(sw) puag-9 @&.@
wnwixew o} awi) QNV
il [# \.ﬂv\\“wﬂ.
HH .&vw‘v;\m,w_.
........................................ ﬂ&u@&‘
. % Q@‘o
..V“\G ]
._oe.v.u
T T T 1 ()
= - ~ = Y,
(swysaaibep) @
Ajoojaa leinbBuy
)
s w =
E o % ¥
(seasbap)
—  buag- jo ajbuy

49



Figure 3.4: Dual FAAH/MAGL inhibition produces deficits to the C-bend properties of the
tail. Immobilized embryos at the age of 2 days post-fertilization (dpf) were subjected to an acute
mechanical stimulus and were assessed for their C-bend properties. (B to D) Bar graphs depict
the results for untreated animals (n=20), the vehicle control (n=20) and treatments with 5 and 20
uM URB 597 (n=15 and 20), 5 and 20 uM JZL 184 (n=18 and 17), and 2 and 5 pM JZL 195
(n=15 and 15). The assessed metrics include: (A) angle of C-bend, which is depicted in terms of
degrees, (B) the length of time to achieve the maximum C-bend angle (ms), and (C) angular
velocity which represents the maximum C-bend angle over the time it takes to achieve it
(degrees/ms). N=5 experiments with 3-5 animals per experiment. * Indicates treatment groups
which are significantly different from the vehicle control group where: * p<0.05 (One-Way
ANOVA, followed by Dunnett’s multiple comparisons test). Columns indicate mean values,

while error bars represent standard error of the mean (SEM).
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Figure 3.5: Embryonic and larval responsiveness to auditory/vibrational stimuli is altered
by dual FAAH/MAGL inhibition. A 500Hz audio tone was delivered to embryos/larvae to
assess their responsiveness to auditory/vibrational stimuli (A/V). Animals were tested in groups
of 6 and were allowed 20-minutes of acclimation prior to receiving the stimulus. C-start escape
responses were recorded and the proportion of responding larvae is shown as the response rate
(%). Bar graphs depict the A/V response rates for untreated animals, the vehicle control and
treatments with 5 and 20 uM URB 597, 5 and 20 uM JZL 184, and 2 and 5 pM JZL 195 in (A) 3
dpf embryos, (B) 4 dpf larvae, (C) 5 dpf larvae, and (D) 6 dpf larvae. N=4 experiments for 3 and
4 dpf, and N=5 experiments for 5 and 6 dpf with 6 animals per experiment for each treatment,
thus n=24 animals for 3 and 4 dpf assessments, and n=30 animals for 5 and 6 dpf assessments. *
Indicates treatment groups which are significantly different from the vehicle control group
where: * p<0.05, ** p <0.01 (One-Way ANOVA, followed by Dunnett’s multiple comparisons
test). Columns indicate mean values, while error bars represent standard error of the mean

(SEM).
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Figure 3.6: The auditory/vibrational response deficits caused by dual FAAH/MAGL
inhibition are present in 8—10-week-old juvenile zebrafish. Following the ~24-hour exposure
period, animals were raised to their juvenile developmental stage and were assessed individually
for their responsiveness to auditory/vibrational (A/V) stimuli at 8-10 weeks of age, as depicted in
the schematic (A). (B) The bar graph depicts the A/V escape response rate (%) of untreated
animals (n=26), vehicle (n=26) and 2 uM JZL 195 (n=25) treated animals. N=3 experiments with
7-10 animals per experiment for each treatment. * Indicates treatment groups which are
significantly different from the vehicle control group where: * p<0.05 (One-Way ANOVA,
followed by Dunnett’s multiple comparisons test). Columns indicate mean values, while error
bars represent standard error of the mean (SEM). Graphics in (A) were created with

BioRender.com.
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Figure 3.7. Treatment with both URB 597 and JZL 184 produces similar deficits to 2 dpf
escape swimming locomotion as JZL 195 does. This supplementary image depicts the
swimming distance (cm) and mean swimming velocity (cm/s) during escape swimming of
animals treated with 5 uM URB 597 + 5 uM JZL 184. Deficits to escape swimming performance
caused by combining URB 597 and JZL 195 treatments are comparable to the deficits caused by

2 uM JZL 195.
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Figure 3.8. Treatment with both URB 597 and JZL 184 produces similar deficits to 6 dpf
auditory/vibrational responsiveness as JZL 195 does. This supplementary image depicts the
auditory vibrational (A/V) escape response rate (%) of animals treated with 5 puM URB 597 + 5
uM JZL 184 in how this combined treatment results in A/V response deficits to 6 dpf larvae

which are comparable to the deficits caused by 2 uM JZL 195.
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motor and sensorimotor activities.

Table 3.1: Summary of the effects of endocannabinoid catabolism inhibitors on zebrafish

Effectof | Effectof | 7o
Experimental Parameter URB 597 JZ1. 184 (FAAH +
assessment (FAAH (MAGL MAGL
inhibition) | inhibition) | ., . ..
inhibition)
Spontaneous coiling Activity (%) ! ! i
(1 dpf) Burst count/min | | !
. . Swimming distance | |
Escape swimming (cm) «
(2 dpf) Mean velocity (cm/s) — > !
Response latency (ms) > 1 1
Max speed (mm/ms) > > !
Embedded Max accelerzation - - |
C-start escape (mm/ms")
response Anglccla of C-bend o o |
@ dpf) ‘ (degrees)
Time to C-bend (ms) > > >
Angular velocity
(degrees/ms) < < !
Larval A/V escape Auditory response rate |
response (%) > “—
(3-6 dpf)
Juvenile A/V escape .
response Auditory response rate N/A N/A |

(8-10 weeks old)

(%)
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Chapter 4. Results: The endocannabinoid system’s role in motor development
involves cannabinoid receptors, transient receptor potential channels, and

Sonic Hedgehog signaling systems

4.1 Blocking CB1R prevents swimming deficits caused by singular inhibition of

MAGL and dual inhibition of FAAH/MAGL

With the 2 dpf escape swimming locomotor assay, I was interested in establishing whether co-
treatment of particular drugs could offset the locomotor deficits that are experienced by 2 dpf
embryos that had been exposed to inhibitors of eCB degradation enzymes. Due to FAAH and
MAGL inhibition being linked to increased eCB levels, my investigation began by targeting the
cannabinoid receptors that eCBs primarily bind to: CB1R and CB2R (Griebel et al., 2015; Zou
and Kumar, 2018). For this series of experiments, the effects 5 uM URB 597, and the effects of 5
uM JZL 184 and 2 uM JZL 195 in combination with 10 nM AM 251 on escape swimming
performance was assessed in 2 dpf larvae. The experiments in the following section were

replicated 4 times (N=4).

First, I note that singular inhibition of FAAH using URB 597 did not produce significant
alterations to swimming distance or to swimming velocity, relative to the vehicle control
(p=0.175 and p=0.218, respectively) (Fig. 4.1A, B). Consequently, the rest of my assessments
focus on the effects caused by JZL 184 and JZL 195. Here, the CBIR antagonist AM 251 was

selected for co-treatment with the eCB degradation inhibitors: JZL 184, and JZL 195.
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The individual treatment with the MAGL inhibitor JZL 184 caused a significant reduction to
swimming distance relative to the vehicle control (p<0.001) (Fig. 4.1C). Compared to the
swimming reductions caused by JZL 184 however, co-treatment of JZL 184 with the CB1R
antagonist AM 251 rescued the deficits caused by JZL 184 (p<0.001), indicating that blocking
CBIR prevents the hypolocomotion effects caused by MAGL inhibition. No statistically
significant effect on mean swimming velocity was observed from individual and combined drug

treatments (Fig. 4.1D).

Dual inhibition of FAAH/MAGL with JZL 195 caused a significant reduction of swimming
distance relative to the vehicle control (p<0.001) (Fig. 4.1E). Co-treatment of JZL 195 with AM
251 resulted in an increase in swimming distance, relative to singular JZL 195 treatments
(p=0.020). Similarly, JZL 195 caused a reduction to mean swimming velocity relative to the
vehicle control (p<0.001). The combined treatment of JZL 195 with AM 251 prevented the
reduction in swimming velocity caused by JZL 195 alone (p=0.015) (Fig. 4.1F). This finding
demonstrates that blocking CB1R prevents the locomotor deficits caused by FAAH/MAGL
inhibition, and overall that CB1R is involved in the motor deficits induced by perturbed eCB

signaling, shown from both singular MAGL inhibition and from dual FAAH/MAGL inhibition.

It should be noted that throughout the 2 dpf experiments in this chapter (Figs. 4.1-4.4), JZL 184
and JZL 195 both caused a significant reduction to swimming distance, while only JZL 195
reduced mean velocity in a statistically significant manner. Therefore, to avoid repetition, I will
not indicate the significant reductions caused by individual treatment with either of these 2

compounds throughout the remaining sections of these results and the focus will be directed
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towards the effects of combined drug treatments of JZL 184 or JZL 195 with the co-treated

compound.

4.2 Swimming deficits caused by FAAH/MAGL suppression are still present when

blocking CB2R

After assessing the influence of CB1R by examining the effects of AM 251 co-exposure, I next
examined the effects of JZL 184 or JZL 195 in conjunction with the CB2R antagonist AM 630.
Here, the effects of 5 uM JZL 184 and 2 uM JZL 195 in combination with 1 uM AM 630 on
escape swimming performance was assessed in 2 dpf larvae. The experiments in the following

section were replicated 4 times (N=4).

With the combined treatment of JZL 184 and AM 630, there was no statistically significant
effect on swimming distance relative to the individual treatment with JZL 184 (p>0.99),
indicating that AM 630 does not offset the deficits caused by JZL 184 (Fig. 4.2A). In terms of
mean swimming velocity, animals co-treated with JZL 184 + AM 630, and animals treated with
only JZL 184 had similar swimming velocity in their escape responses (p>0.99) (Fig. 4.2B). The
JZL 184 + AM 630 group did however exhibit a significant reduction in velocity relative to the

vehicle control group and the AM 630 control group (p=0.004 and p=0.011, respectively).

For animals co-treated with JZL 195 and AM 630, similar results were observed in that there was
no significant difference in swimming distance relative to treatment with JZL 195 alone (p>0.99)
(Fig. 4.2C). But in observing mean swimming velocity, the reduction in velocity was not

significantly different from the JZL 195 + AM 630 co-treatment group (p>0.99) (Fig. 4.2D).
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Thus, my findings indicate that motor deficits experienced in 2 dpf embryos caused by eCS

perturbation are not mediated through the activity of CB2R.

4.3 Blocking the activity of TRP channels prevents locomotor deficits caused by dual

FAAH/MAGTL inhibition, but not deficits caused by singular MAGL inhibition

Next, | wanted to determine if TRP channels are involved in mediating the embryonic motor
deficits caused by eCS perturbation. AMG 9090 has inhibitory actions on the TRPA1, TRPV1,
and TRPMS cation channels (Klionsky et al., 2007; Miller et al., 2014). Both TRPA1 and
TRPV1 are capable of interacting with cannabinoids (Morales et al., 2017; Muller et al., 2019).
In this set of experiments, I examined the effects of 5 uM JZL 184 and 2 uM JZL 195 in
combination with 0.01 uM AMG 9090 on escape swimming performance in 2 dpf embryos. The

experiments in the following section were replicated 4 times (N=4).

In a similar manner to AM 630, co-treatment of JZL 184 with AMG 9090 did not result in
significant alterations to swimming distance relative to the deficits caused by JZL 184 alone
(p>0.99) (Fig. 4.3A). The resulting mean velocity of animals treated with JZL 184 + AMG 9090
was significantly reduced relative to the vehicle control (p=0.039), but was statistically similar to
JZL 184 alone (p>0.99), and to the AMG 9090 control group (p=0.747) (Fig. 4.3B). These
findings indicate that TRP channel inhibition does not prevent the locomotor deficits caused by

JZL 184.

Interestingly, in the case of dual FAAH/MAGTL inhibition with JZL 195, animals co-treated with

JZL 195 and AMG 9090 experienced a recovery to escape swimming performance. For instance,
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swimming distance was significantly greater in animals treated with JZL 195 + AMG 9090
compared with those treated with JZL 195 alone (p=0.015) (Fig. 4.3C). Additionally, mean
swimming velocity was also significantly greater (p=0.003) (Fig. 4.3D). These results indicate
that blockage of TRP channels using AMG 9090 counteracts the locomotor deficits caused by
dual FAAH/MAGL inhibition, but not singular MAGL inhibition. This suggests that TRP
channels may play a partial role in mediating the locomotor alterations caused by eCS

perturbation.

4.4 SMO agonism rescues the attenuates the alterations to 2 dpf swimming caused
by singular MAGL inhibition and partially attenuates the alterations caused by dual

FAAH/MAGL inhibition

Since the SHH signaling pathway is critical in developmental neurobiological processes, and
because it has known connections to eCB signaling, I also sought to determine if upregulating
SHH activity offsets the locomotor deficits caused by eCS perturbation (Boa-Amponsem et al.,
2019; Choudhry et al., 2014; Ericson et al., 1996; Khaliullina et al., 2015). Here, | examined the
escape swimming performance of 2 dpf embryos that had been exposed to either 5 uM JZL 184
or 2 uM JZL 195 in combination with the SMO agonist purmorphamine (5 pM). The

experiments in the following section were replicated 4 times (N=4).

The co-treatment of JZL 184 with purmorphamine resulted in an increase in swimming distance,
relative to the reduction caused by JZL 184 alone (p<0.007) (Fig. 4.4A). There was no
statistically significant effect of any JZL 184 treatments on mean swimming velocity (p>0.05)
(Fig. 4.4B).
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For the dual inhibitor JZL 195, purmorphamine co-treatment resulted in a statistically significant
increase in swimming distance relative to the distance swam by embryos exposed to JZL 195
alone (p=0.011) (Fig. 4.4C). Co-treatment with purmorphamine did not increase mean swimming
velocity in a statistically significant manner relative to JZL 195 alone (p=0.928), and the
swimming velocity of animals exposed to JZL 195 + purmorphamine also was not statistically
different from the purmorphamine control group (p=0.130) (Fig. 4.4D). However, mean
swimming velocity of the JZL 195 + purmorphamine treatment group was different from the
vehicle control in a statistically significant manner (p=0.003). These findings demonstrate a
purmorphamine-associated recovery from the deficits to swimming distance caused by JZL 184
and JZL 195. For JZL 195, this recovery is partial in that purmorphamine is capable of restoring
swimming distance, but not velocity. Despite this, the observations reported here supports the
involvement of the SHH signaling pathway in mediating the developmental influence of the eCS

on motor development.

4.5 Co-treatment with AM 251 or AM 630 did not result in observable recoveries to

the 6 dpf A/V response deficits caused by JZL 195 treatment

After assessing the possible receptor mechanisms involved in the 2 dpf escape swimming deficits
caused by perturbation of eCB signaling, I next sought to determine if inhibition of CBIR or
CB2R during the ~0-24 hpf exposure period would prevent the deficits to A/V responsiveness
experienced by 6 dpf larvae that were exposed to the dual FAAH and MAGL inhibitor, JZL 195.

In this section, the effects of 2 uM JZL 195 in combination with either 10 nM AM 251 or 1 uM
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AM 630 on auditory response rate (%) was assessed in 6 dpf larvae. The experiments in the

following section were replicated 6 times (N=6).

It should be noted that JZL 195 treatment caused a statistically significant reduction in auditory
response rate relative to the vehicle control (p<0.01). This reduction occurred in all cases for the
6 dpf co-treatment experiments (Figs. 4.5-4.7). Therefore, this significant reduction caused by
the individual treatment of JZL 195 will not be mentioned again throughout the remaining

sections of this chapter.

Animals treated with JZL 195 in combination with AM 251 did not result in a statistically
significant effect on A/V escape response rate compared to treatment with JZL 195 alone
(p=0.65), indicating that AM 251 is unable to prevent the A/V response deficits caused by JZL
195 (Fig. 4.5A). Next, the effect of AM 630 co-treatments was examined. Similar to AM 251,
treatment with JZL 195 + AM 630 did not affect auditory response rates, relative to singular
treatment with JZL 195 (p=0.96), which indicates that AM 630 is also unable to prevent the
deficits to 6 dpf A/V responsiveness that are caused by early exposure to JZL 195 (Fig. 4.5B).
Thus, in examining this behavior at 6 dpf, co-treatment of zebrafish during ~0-24 hpf with JZL
195 and either the CB1R antagonist AM 251, or the CB2R antagonist AM 630, does not produce

a detectable recovery to the decreased A/V responsiveness caused by JZL 195.
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4.6 Co-treatment with AMG 9090 fails to produce a detectable recovery of 6 dpf

A/V response deficits caused by JZL 195 treatment

After being unable to detect observable recoveries from AM 251 and AM 630, the effects of the
TRP channel inhibitor AMG 9090 on JZL 195-induced A/V response deficits was examined

next. The experiments in the following section were replicated 6 times (N=6).

Animals which had been exposed to both JZL 195 and AMG 9090 together did not display any
alterations to their reduced auditory response rates compared to animals treated with JZL 195
(p>0.99), (Fig. 4.6). This lack of statistically significant effects of AMG 9090 co-treatment on 6
dpf A/V responsiveness indicates that TRP channel inhibition with AMG 9090 does not lead to

observable effects on the JZL 195-induced reductions to A/V responsiveness.

4.7 Deficits to A/V responsiveness caused by JZL 195 are not prevented by

treatment with purmorphamine

Lastly, the effects of co-treatment with the SMO agonist purmorphamine on A/V responsiveness
was tested. The experiments in the following section were replicated 5 times (N=5). Treatment
with purmorphamine + JZL 195 did not affect the auditory response rate of 6 dpf larvae in a
statistically significant manner when compared to animals treated with JZL 195 alone (p>0.99),
(Fig. 4.7). This result indicates that the deficits to A/V responsiveness observed at 6 dpf that are
caused by JZL 195 are not prevented through combined treatment with the SMO agonist

purmorphamine.
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When all the results in this chapter are viewed together, the data that I have presented indicates
that 2 dpf swimming deficits caused by eCS perturbations partially occurs through CBIR, TRP
channels, and the SHH signaling pathway. However, when examining the A/V response deficits
at 6 dpf, this was not observed, as there was no detectable recovery to the A/V escape response

when co-treating animals with AM 251, AM 630, AMG 9090, or purmorphamine.
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Figure 4.1: Escape swimming deficits caused by singular MAGL or dual FAAH/MAGL
inhibition are rescued by blocking CB1R. Escape swimming in response to an acute touch
stimulus was assessed in zebrafish embryos at 2 days post-fertilization (dpf). The effect of ~24-
hour drug treatment on embryonic escape swimming distance (cm) and mean velocity (cm/s) was
measured and mean ranks of treatment groups were compared against each other. In each
respective treatment group, the horizontal line within its box plot represents the median value
which is surrounded by the interquartile range, while the error bars represent the maximum and
minimum values. (A and B) The effects of 5 uM URB 597 (n=38) on escape swimming is
compared relative to the vehicle control (n=34), where ns = not statistically significant (Mann-
Whitney test — where statistical significance was determined as p<0.05). (C and D) The effects
of the vehicle control (n=34), 5 uM JZL 184 (n=30), 10 nM AM 251 (n=33), and JZL 184 in the
presence of AM 251 (n=43) on escape swimming were compared. (E and F) The effects the
vehicle control (n=34), 2 uM JZL 195 (n=39), 10nM AM 251 (n=33), and JZL 195 in the
presence of AM 251 (n=34) on escape swimming were compared. N=4 experiments with 8-11
animals per experiment for each treatment. For panels C-F, columns which share the same
letter(s) of the alphabet are not statistically different from one another (Kruskal-Wallis, followed

by Dunn’s multiple comparisons test — where statistical significance was determined as p<0.05).
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Figure 4.2: Reductions to swimming performance caused by singular MAGL or dual
FAAH/MAGL inhibition are still observed when blocking CB2R. Escape swimming in
response to an acute touch stimulus was assessed in zebrafish embryos at 2 days post-fertilization
(dpf). The effect of ~24-hour drug treatment on embryonic escape swimming distance (cm) and
mean velocity (cm/s) was measured, and mean ranks of treatment groups were compared against
each other. In each respective treatment group, the horizontal line within its box plot represents
the median value which is surrounded by the interquartile range, while the error bars represent
the maximum and minimum values. (A and B) The effects of the vehicle control (n=35), 5 uM
JZL 184 (n=36), | uM AM 630 (n=52), and JZL 184 in the presence of AM 630 (n=36) on
escape swimming were compared. (C and D) The effects the vehicle control (n=35), 2 uM JZL
195 (n=36), IuM AM 630 (n=52), and JZL 195 in the presence of AM 630 (n=28) on escape
swimming were compared. N=4 experiments with 7-13 animals per experiment for each
treatment. Columns which share the same letter(s) of the alphabet are not statistically different
from one another (Kruskal-Wallis, followed by Dunn’s multiple comparisons test — where

statistical significance was determined as p<0.05).
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Figure 4.3: Blocking TRP channels with AMG 9090 prevents the escape swimming deficits
caused by dual FAAH/MAGL inhibition, but not deficits caused by singular MAGL
inhibition. Escape swimming in response to an acute touch stimulus was assessed in zebrafish
embryos at 2 days post-fertilization (dpf). The effect of ~24-hour drug treatment on embryonic
escape swimming distance (cm) and mean velocity (cm/s) was measured, and mean ranks of
treatment groups were compared against each other. In each respective treatment group, the
horizontal line within its box plot represents the median value which is surrounded by the
interquartile range, while the error bars represent the maximum and minimum values. (A and B)
The effects of the vehicle control (n=35), 5 uM JZL 184 (n=33), 0.01 uM AMG 9090 (n=40),
and JZL 184 in the presence of AMG 9090 (n=40) on escape swimming were compared. (C and
D) The effects the vehicle control (n=35), 2 uM JZL 195 (n=38), 0.01 uM AMG 9090 (n=40),
and JZL 195 in the presence of AMG 9090 (n=39) on escape swimming were compared. N=4
experiments with 8-10 animals per experiment for each treatment. Columns which share the
same letter(s) of the alphabet are not statistically different from one another (Kruskal-Wallis,
followed by Dunn’s multiple comparisons test — where statistical significance was determined as

p<0.05).
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Figure 4.4: Activation of smoothened rescues locomotor deficits caused by MAGL
inhibition and partially rescues escape swimming deficits caused by dual FAAH/MAGL
inhibition. Escape swimming in response to an acute touch stimulus was assessed in zebrafish
embryos at 2 days post-fertilization (dpf). The effect of ~24-hour drug treatment on embryonic
escape swimming distance (cm) and mean velocity (cm/s) was measured, and mean ranks of
treatment groups were compared against each other. In each respective treatment group, the
horizontal line within its box plot represents the median value which is surrounded by the
interquartile range, while the error bars represent the maximum and minimum values. (A and B)
The effects of the vehicle control (n=34), 5 uM JZL 184 (n=37), 5 uM purmorphamine (n=34),
and JZL 184 in the presence of purmorphamine (n=34) on escape swimming were compared. (C
and D) The effects the vehicle control (n=34), 2 uM JZL 195 (n=38), 5 uM purmorphamine
(n=34), and JZL 195 in the presence of purmorphamine (n=33) on escape swimming were
compared. N=4 experiments with 8-10 animals per experiment for each treatment. Columns
which share the same letter(s) of the alphabet are not statistically different from one another
(Kruskal-Wallis, followed by Dunn’s multiple comparisons test — where statistical significance

was determined as p<0.05).
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Figure: 4.5: Co-treatment with cannabinoid receptor antagonists do not produce a
detectable recovery in auditory/vibrational response deficits caused by JZL 195 exposure.
A 500Hz audio tone was delivered to larvae at the age of 6 days post-fertilization to assess their
responsiveness to auditory/vibrational stimuli. Larvae were tested in groups of 6 and allowed 20-
minutes of acclimation prior to receiving the stimulus. Whether larvae responded with a short-
latency C-start escape was recorded and the proportion of responding larvae is shown as the
auditory response rate (%). Response rates were assessed in animals co-treated with either the
(A) CBIR antagonist AM 251, or the (B) CB2R antagonist AM 630. The concentrations of co-
treated compounds were 10 nM for AM 251 and 1 uM for AM 630. Exposure to either
antagonist took place from ~0-24 hpf during the same period of time that animals were exposed
to 2 uM JZL 195: a dual FAAH and MAGL inhibitor. N=6 with 6 animals per experiment for
each treatment (n=36 animals). Columns which share the same letter(s) of the alphabet are not
statistically different from one another (One-Way ANOVA, followed by Tukey’s multiple
comparisons test — where statistical significance was determined as p<(0.05). Columns indicate

mean values, while error bars represent standard error of the mean (SEM).
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Figure 4.6: Co-treatment with the TRP channel inhibitor AMG 9090 does not produce
observable recoveries in JZL 195-induced auditory/vibrational response deficits. A 5S00Hz
audio tone was delivered to larvae at the age of 6 days post-fertilization to assess their
responsiveness to auditory/vibrational stimuli. Larvae were tested in groups of 6 and allowed 20-
minutes of acclimation prior to receiving the stimulus. Whether larvae responded with a short-
latency C-start escape was recorded and the proportion of responding larvae is shown as the
auditory response rate (%). Response rates were assessed in animals co-treated with 0.01 uM
AMG 9090. Exposure to AMG 9090 took place from ~0-24 hpf during the same period of time
that animals were exposed to 2 uM JZL 195: a dual FAAH and MAGL inhibitor. N=6
experiments with 6 animals per experiment for each treatment (n=36 animals). Columns which
share the same letter(s) of the alphabet are not statistically different from one another (One-Way
ANOVA, followed by Tukey’s multiple comparisons test — where statistical significance was
determined as p<0.05). Columns indicate mean values, while error bars represent standard error

of the mean (SEM).
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Figure 4.7: Co-treatment with the Smoothened agonist purmorphamine does not result in a
detectable recovery in auditory/vibrational response deficits caused by JZL 195. A 500Hz
audio tone was delivered to larvae at the age of 6 days post-fertilization to assess their
responsiveness to auditory/vibrational stimuli. Larvae were tested in groups of 6 and allowed 20-
minutes of acclimation prior to receiving the stimulus. Whether larvae responded with a short-
latency C-start escape was recorded and the proportion of responding larvae is shown as the
auditory response rate (%). Response rates were assessed in animals co-treated with 5 uM
purmorphamine. Exposure to purmorphamine took place from ~0-24 hpf during the same period
of time that animals were exposed to 2 uM JZL 195: a dual FAAH and MAGL inhibitor. N=5
experiments with 6 animals per experiment for each treatment (n=30 animals). Columns which
share the same letter(s) of the alphabet are not statistically different from one another (One-Way
ANOVA, followed by Tukey’s multiple comparisons test — where statistical significance was
determined as p<0.05). Columns indicate mean values, while error bars represent standard error

of the mean (SEM).
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Table 4.1: Summary of the observed receptor systems in which endocannabinoid-

associated sensorimotor deficits occur through. The receptor systems assessed include: CB1R,

CB2R, TRP channels, and SHH signaling (SMO receptor), and their involvement in mediating

the effects of JZL 184 and JZL 195 are depicted.

Effect of JZL 184

Effect of JZL 195

Experimental Parameter (MAGL inhibition) (FAAH * MAGL
assessment inhibition) occurs
occurs through:
through:
Swimming distance CBIR CBIR
o TRP channels
Escape swimming (cm) SHH (SMO)
SHH (SMO)
(2 dpf)
M locity (cm/s) N/A CBI1R
ean velocity (cm/s TRP channels
None of the selected
Larval A/V escape Auditory response receptor systems
response rate (%) N/A were capable of
(6 dpf) preventing A/V

response deficits
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Chapter 5. Discussion

5.1 Summary of overall findings

In this thesis, I have presented data to show that an early perturbation of the eCS by inhibiting
the activity of FAAH or MAGL individually, or by inhibiting both FAAH and MAGL
simultaneously during embryogenesis alters aspects of locomotor and sensorimotor function. The
aim of my project was to provide a more comprehensive foundation to investigate how the eCS
is involved in functional locomotor and sensorimotor development. Overall, the work explored
by this thesis seeks to expand the existing body of information regarding the endocannabinoid
system’s role in motor development by investigating the function of specific sensorimotor
activities such as escape responses that are elicited by specific stimuli. Importantly, the majority
of activities assessed here are driven by specific cues and they represent the functionality of
escape response circuits (Carmean and Ribera, 2010; Kohashi et al., 2012; Saint-Amant and
Drapeau, 1998). With this in mind, the work presented here involves assessing complex motor
and sensorimotor programs to build upon the initial foundation set up by previous studies that
explored the role the eCS in neuronal development and basic locomotor function. Understanding
these complex processes is crucial for continuing to expand the current body of literature

revolving around the connection between the eCS and vertebrate neurobiology.

My results on the effects of the dual inhibitor JZL 195 shows that activity of both FAAH and
MAGL is important for normal sensorimotor activities, as demonstrated from reduced contractile
activity at 1 dpf, altered escape responses at 2 dpf, and deficits to A/V responsiveness which first

appear at 5 dpf, and are still present during adolescence (summarized in Table 3.1). Singular
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inhibition of FAAH had little overall effect on sensorimotor function, whereas inhibition of
MAGL alone resulted in small but significant effects on the development of locomotor
behaviors. Importantly, these results show that the activity of both FAAH and MAGL together is
essential for normal sensorimotor development, which suggests a synergistic dynamic between
these two catabolic enzymes. Additionally, in terms of early vertebrate motor development, my
thesis provides some of the first evidence implicating the interplay between eCB signaling with
TRP channels and the SHH pathway (summarized in Table 4.1). In particular, I observed escape
swimming behaviors in 2 dpf embryos and the responsiveness to A/V stimuli in 6 dpf larvae
which were altered by eCS perturbations. By focusing on these experiments, I aimed to further
evaluate the mechanisms behind these locomotor and sensorimotor alterations and to establish
whether non-canonical eCB signaling mechanisms play a role in mediating eCS-related

sensorimotor deficits in developing zebrafish.

With regard to canonical eCB signaling, my findings suggest that hypolocomotion caused by
inhibiting MAGL and by dual FAAH/MAGL inhibition occurs through a CB1R mechanism, as
opposed to a CB2R mechanism. Furthermore, in terms of non-canonical eCB signaling, I found
that locomotor deficits caused by dual FAAH/MAGL inhibition are attenuated through blocking
TRPA1/TRPV1/TRPMS, indicating their involvement here as well. Additionally, SHH signaling
is also shown to be involved, as SMO activation rescued the swimming impairments caused by
inhibition of MAGL and dual inhibition of FAAH and MAGL. Importantly, these results provide
a brief overview that suggests that the endocannabinoid system interacts with multiple receptor
and signaling mechanisms during embryogenesis and highlights the importance of non-canonical

eCB signaling mechanisms in motor development. Interestingly, when investigating the

85



alterations to A/V escape responses of 6 dpf fish induced by early JZL 195 treatment, there was

no functional recovery when targeting the receptor systems examined in this study.

5.2 Inhibition of FAAH and MAGL perturbs eCB signaling

Targeting eCB catabolic enzymes is a very useful approach for studying the role of eCB
signaling and this has been reported in literature that uses rodent models (Zou and Kumar, 2018).
In mice, blocking FAAH using SSR411298 caused an increase in hippocampal AEA in a dose-
dependent manner, without affecting the levels of 2-AG (Griebel et al., 2018). Additionally,
similar findings are seen from administering URB 597 to rats, where blocking FAAH activity
causes a significant rise in the FAAH substrates: AEA, palmitoylethanolamide (PEA), and
oleoylethanolamide (OEA) (Danandeh et al., 2018). Inhibiting MAGL activity in mice with
SAR127303 substantially increases hippocampal levels of 2-AG without altering the levels of
AEA (Griebel et al., 2015). Meanwhile, blocking MAGL with JZL 184 in mice resulted in an 8-
fold increase in the levels of 2-AG in the brain, without any significant alterations to AEA levels
(Long et al., 2009a). Lastly, dual inhibition of FAAH/MAGL using JZL 195 elevated the levels

of both 2-AG and AEA in the brain of mice in a dose-dependent manner (Long et al., 2009b).

My results suggest that in terms of eCB catabolic enzymes, the activity of MAGL has a more
significant role than FAAH in sensorimotor development, which has implications for the
abundances of AEA and 2-AG. During early development, the levels of AEA are relatively low
compared to 2-AG (Fride, 2008). Furthermore, in zebrafish embryos, 2-AG is maintained at

levels over 10-fold higher than AEA, indicating that 2-AG is vastly more abundant and likely has
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a greater influence on receptor systems during embryogenesis (Martella et al., 2016). Although
the activity of FAAH and MAGL appear to have a degree of synergy, the greater potential for 2-
AG-related receptor interactions supports the implications of my results, where MAGL inhibition
was capable of significantly altering aspects of 2 dpf escape swimming and the C-start escape
response, which was in contrast to FAAH inhibition, as inhibiting FAAH did not alter the

measured parameters of these responses.

5.3 Critical cell types involved in zebrafish sensorimotor functions

In zebrafish, primary motor neurons originate at ~9 hpf during gastrulation (Westerfield et al.,
1986). These developing motor axons then extend outwards from the spinal cord to innervate
muscle cells. It is likely that the locomotor deficits observed at 1 and 2 dpf are partially due to
motor neuron defects caused by FAAH/MAGL inhibition, which was demonstrated previously in
zebrafish embryos (Sufian et al., 2021). In particular, Sufian and colleagues revealed that
primary and secondary motor neuron branching was decreased due to FAAH/MAGL inhibition.
Given that the eCS is involved in axonal pathfinding, and considering the decreased motor
neuron branching, this perturbation has likely led to fewer synaptic contacts being established,
potentially leading to an overall reduction in neurotransmission within the neuromuscular system
(Berghuis et al., 2007; Watson et al., 2008). As motor neurons establish neuromuscular
connections, this coincides with the formation of functional networks for locomotor activities in
zebrafish (Drapeau et al., 2002). For instance, embryonic white muscle fibers play a significant
role in early locomotion, as white fibers are predominantly recruited during rapid and reflexive
movements, which make up the zebrafish’s motor repertoire during the 1-3 dpf period of

development (Buckingham and Ali, 2004; Buss and Drapeau, 2002). Meanwhile, as larval
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development progresses, the more tonic role of embryonic red muscle fibers further emerges, as
rhythmic beat-and-glide swimming first develops between 3 and 4 dpf (Ahmed and Ali, 2016;
Drapeau et al., 2002). Thus, functional motor neurons are critical for facilitating these diverse
neuromuscular programs, and when it comes to muscular development, the innervation and
morphology of white muscle is likely impacted by eCS perturbation more heavily than red
muscles, especially when considering the larger role of white fibers in escape movements.
Besides motor neurons and muscle fibers, the transient Rohon-Beard neurons, which typically
begin undergoing apoptosis after ~34 hpf are also known to play an important role in controlling
embryonic movement in zebrafish (Slatter et al., 2005). Rohon-Beard neurons, along with
cerebrospinal fluid-contacting neurons are thought to control and mediate motor neuron
activation in early sensorimotor processes (Henderson et al., 2019). However, it is unclear if the

eCS is involved in the development and function of these cells.

Another critical cell type developing within the first 24 hours of zebrafish embryogenesis is the
M-cell and its homologs MiD2cm and MiD3cm found within the hindbrain (Kimmel et al.,
1990). These large neurons which begin developing at 8 hpf are essential for initiating
sensorimotor escape responses, and are crucial for controlling locomotor functions and for
relaying incoming mechanosensory and auditory information (Bang et al., 2002). As M-cells
develop, they form complex escape circuits which involve synaptic contacts with motor neurons
to orchestrate rapid escape movements (Kimmel et al., 1990). In order to coordinate escape
responses, when an M-cell is stimulated by mechanical or acoustic stimuli, it transmits excitatory
glutamatergic signals to the contralateral motor neurons, resulting in muscular contractions that

propel the animal away from the source of the stimulus (Brownstone and Chopek, 2018).
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Conversely, ipsilateral motor neurons are inhibited, leading to the inhibition of ipsilateral muscle
fibers, which enables an agonist-antagonist muscular relationship to facilitate rapid escapes.
Previous work shows that axonal growth and fasciculation of M-cells and hindbrain
reticulospinal neurons is altered by knocking down expression of the CB1R in zebrafish (Watson
et al., 2008). Furthermore, embryonic exposure to THC reduces the diameter of M-cell axons,
likely suggesting that the electrophysiological properties of the M-cells have been also altered
(Amin et al., 2020). These findings highlight the importance of the eCS in M-cell development.
Thus, the increased response latencies observed here may be indicative of defects in the synaptic
contacts of M-cells, leading to altered M-cell-mediated communication. Because this reflex
response occurs on the order of milliseconds, alterations to M-cell morphology or synaptic
communications may impose deficits to escape response latency. With all this in mind, the
known impacts of FAAH/MAGL inhibition on motor neurons in conjunction with the potential
for effects on cell populations such as Rohon-Beard neurons and M-cells must also be

investigated.

5.4 Development and functionality of the A/V escape response

Within the first 7 days of zebrafish embryonic/larval development, the inner ear undergoes a
large increase in the population and density of hair cells, rendering them more sensitive to
auditory stimuli (Lu and DeSmidt, 2013). Additionally, M-cells also become receptive to
auditory information around ~3 dpf, when synaptic connections between the M-cells and the
otoliths become established (Bang et al., 2002). These developments are associated with
increased receptiveness to auditory inputs, therefore, I sought to establish in general, how this

aspect of sensory development is functionally affected by FAAH/MAGL inhibition. I observed

89



larval A/V response deficits in animals treated with the dual FAAH/MAGL inhibitor JZL 195,
demonstrating that eCS activity is pertinent for the development of functional auditory-escape
circuits. Because there was no significant effect from singular inhibition of FAAH or MAGL, my
findings suggest a possible synergy between the activity of both FAAH and MAGL in the early
development of auditory escape. Notably, significant effects of FAAH/MAGL inhibition on A/V
responsiveness were observed at 5 and 6 dpf, but not at 3 and 4 dpf. M-cell synaptic contacts are
still undergoing early development between 3 and 4 dpf when inner ear hair cells are still at an
immature stage, therefore the sensitivity to A/V inputs is likely low. Perhaps the escape response
circuit becomes more susceptible to alterations as development proceeds and the synaptic
connections become more advanced by 5 and 6 dpf. However, the exact reason for the effects

being experienced at 5 and 6 dpf and not at 3 and 4 dpf is unclear at this time.

Despite being adolescent animals, juvenile zebrafish exhibit most of their adult characteristics,
with the exception of male/female sexual differentiation (Parichy et al., 2009). Juveniles at ~8
weeks of age possess functionally mature lateral line and inner ear hair cells, indicating that
auditory receptiveness of juvenile zebrafish likely reflects that of fully developed adults (Olt et
al., 2014). Interestingly, despite the functional maturation of these cells, juveniles experienced
the same response deficits as larval animals after treatment with JZL 195, indicating that there
was no recovery from the effects of eCS perturbation on A/V responses. In mammals, CB1Rs are
shown to be expressed in the cochlea (Zheng et al., 2007), while CB2Rs are expressed in inner
ear hair cells, and to a smaller extent, in outer ear hair cells (Martin-Saldafia et al., 2016). Since a
likely consequence of JZL 195 treatment would be the abnormal activation of cannabinoid

receptors located within the inner and outer ear, it is possible that this leads to hair cell
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dysfunction. Furthermore, given the prevalent expression of TRPA1 and TRPV4 channels in the
hair cells of the zebrafish lateral line and inner ear organs, and the known agonistic actions of
eCBs with TRPA1, TRPV1, and TRPV4 (Germana et al., 2018), eCS perturbation may impact
auditory development through TRP channel interactions (Amato et al., 2012; Corey et al., 2004;
Watanabe et al., 2003). Over-activation of eCB signaling likely exhibits premature and extensive
activation of these receptor systems, consequently impinging upon auditory function during early

life as well as during later developmental stages.

5.5 Canonical cannabinoid receptor mechanisms involved in mediating locomotor

development

In terms of the canonical cannabinoid receptors CBI1R and CB2R, their genetic expression is
detectable at very early periods of development. For example, in rat embryos, CBIR mRNA
expression is detected as early as gestational day 11, and CB2R mRNA expression is detected at
gestational day 13 (Buckley et al., 1997). In zebrafish, genetic expression of CB1R and CB2R is
present as early as 1 hpf, indicating that the primary eCS receptors are likely sensitive to the
effects of eCBs within the time frame of my exposure paradigm (Oltrabella et al., 2017).
Previous work in rodent models studying the effects of dysregulated eCB signaling found that
the anxiolytic effects and locomotor alterations caused by FAAH/MAGL inhibition are
prevented through blocking CB1R. In rats, the anti-anxiety effects induced by the FAAH
inhibitor URB 597 can be blocked with the CBIR antagonist rimonabant (Danandeh et al., 2018;
Kathuria et al., 2003). In zebrafish, the increased risk-taking and exploratory locomotor
behaviors caused by the dual FAAH/MAGL inhibitor JZL 195 was partially blocked by

treatment with the CB1R antagonist SR141716A (Boa-Amponsem et al., 2019). Lastly,

91



hypolocomotion in adult rats caused by treatment with the MAGL inhibitor JZL 184 and JZL
195 was prevented by treatment with SR141716A (Seillier et al., 2014). Furthermore, activity of
CBIR is critical for the development of reticulospinal neurons involved in locomotor and
sensorimotor programs (Rodriguez de Fonseca et al., 1998; Watson et al., 2008). The findings
outlined here indicate the prevalent involvement of CB1R when it comes to the role of eCB
signaling in sensorimotor processes. Additionally, similar to my findings, eCS-related locomotor
alterations do not appear to occur through the CB2R (Sufian et al., 2021). With respect to
binding affinity, AEA is known to preferentially bind to the CBIR, while 2-AG is known to have
affinity towards both the CBIR and CB2R (Zou and Kumar, 2018). Given the preferential
binding of the eCBs, and my results which indicate that eCS-related sensorimotor alterations are
partially occurring through activation of the CB1R, this further exemplifies the prevalence of

CB1R’s involvement in early sensorimotor development.

5.6 Non-canonical cannabinoid receptor mechanisms involved in mediating

locomotor development

In terms of zebrafish motor development, the involvement of TRP channels is not well
characterized, as they are primarily recognized as mediators of ionic homeostasis and act as
crucial receptor mechanisms in sensory systems (Nilius and Owsianik, 2011). In zebrafish,
TRPALI is abundant in the lateral line neuromast hair cells, serving as mechanosensory receptors
(Germana et al., 2018). In terms of locomotor activity, the presence of these channels likely
plays an important role for sensing water motion, thus facilitating functional movement
(Moorman, 2001). My findings provide evidence that the facilitation of functional locomotor

development is associated with the interplay between TRP channels and eCB signaling. It
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remains unclear how exactly TRP channels are associated with eCBs to facilitate functional
motor systems. However, a recent study in the Ali Lab used whole-mount in-situ hybridization to
demonstrate that /7pvI expression is detectable as early as 1 dpf within the trigeminal neurons,
lateral line, and Rohon-Beard neurons, therefore indicating that during embryogenesis, these
receptor systems are located on key mechanosensory structures involved in motor and
sensorimotor activities (McArthur et al., 2020; Son and Ali, 2022). Trigeminal neurons in
particular are involved in relaying mechanical stimuli, along with chemical and temperature-
related information across the spinal cord and hindbrain (Pan et al., 2012). Consequently, in
terms of sensory function, because AEA and its derivatives are not only limited to CB1R
interactions, and may also act as high affinity agonists of TRPA1 and TRPV1, these receptor
systems are of great interest for further exploration, especially given my observations presented
in this thesis (Morales et al., 2017; Muller et al., 2019). Given the affinities of eCBs for TRPA1
and TRPV1, my findings suggest that a potential consequence of FAAH/MAGL inhibition
would be the precocious activation of TRPA1/TRPV1 located on structures such as trigeminal
neurons, the lateral line, or Rohon-Bead neurons (Muller et al., 2019; Watanabe et al., 2003).
This activation has likely led to the altered development or defective functionality of these

structures, potentially resulting in the observed alterations to escape swimming.

My results indicated that TRP channel blockade was able to prevent deficits caused by dual
FAAH/MAGTL inhibition, but not by single MAGL inhibition. Although this potentially
implicates the roles of AEA and the FAAH enzyme, my findings here demonstrate that singular
FAAH inhibition does not alter this particular aspect of locomotion. Overall, my results suggest a

more dominant influence from 2-AG signaling, but AEA’s potential role here is still elusive and
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must be studied further. In terms of preventing the effects of dual inhibition by JZL 195, this
result might be explained through the greater extent of cannabinoid receptor activation due to the
elevation of both AEA and 2-AG signaling, which potentially relates to a greater extent of eCS-
TRP channel interactions. For instance, in the mouse brain, CB1Rs colocalize with TRPV 1
(Cristino et al., 2006). Furthermore, this colocalization is detected in the cerebellum, implicating
a relation to motor function/coordination. Additionally, CB2Rs and TRPV1 have been shown to
colocalize in human dorsal root ganglia, further highlighting the interplay between these receptor
systems and the eCS ligands (Anand et al., 2008). With this in mind, centrally and peripherally
located TRPV1 channels may undergo crosstalk with activated CB1Rs/CB2Rs as a consequence
of JZL 184 or JZL 195 treatment. In my experiments, AMG 9090 was used to block TRP
channels in a system where eCB signaling has been increased, causing locomotor deficits. These
deficits are also shown to occur in part through CB1Rs. Thus, using AMG 9090 to inhibit these
TRP channels may mitigate this potential for the widespread activation of TRPV1 channels that
are colocalizing with activated CB1Rs. Despite the interpretations proposed here, further
embryonic studies must be done in zebrafish to ascertain how eCBs specifically interact with

these particular TRP subtypes to influence motor development.

The SHH pathway has been recently shown to possess the capacity to interact with cannabinoids
(Boa-Amponsem et al., 2019; Khaliullina et al., 2015). Proximity ligation experiments
demonstrated that CB1R and SMO form a heteromer, illustrating the potential for eCB-SHH
interactions (Fish et al., 2019). Both the CB1R and SHH signaling serve as critical components
in neural development (Choudhry et al., 2014; Watson et al., 2008). For instance, the CB1R is

important for the development of hindbrain reticulospinal neurons in zebrafish, which are crucial
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for sensorimotor function as mentioned previously (Watson et al., 2008). Previous work also
demonstrates that perturbations of the eCS in embryonic zebrafish leads to alterations in the
development of reticulospinal and motor neurons, and these findings are also coupled with
locomotor deficits (Ahmed et al., 2018; Amin et al., 2020; Sufian et al., 2019). Meanwhile, SHH
signaling is crucial for neural tube formation and is required for motor neuron differentiation
(Ericson et al., 1996). Furthermore, to study SHH signaling as it relates to functional motor
activity in mice, one study used CTB-saporin, which is a type of cholera toxin that can be
injected into the limbs to induce degeneration of motor neurons (Gulino et al., 2017). This study
found that the functional motor recovery after the CTB-saporin-induced depletion of motor
neurons was correlated with increased SHH expression in the lumbar spinal cord of mice (Gulino
et al., 2017). Therefore, it is clear that while the eCS and SHH pathway play important roles in
the neurobiology of locomotor function, my findings suggest that their influences likely
converge when it comes to functional locomotor development. In my experiments, the SMO
agonist purmorphamine was effective in preventing swimming deficits caused by JZL 184 and
JZL 195. This indicates that 2-AG signaling is likely coupled with SMO activity, and that this
dynamic must be appropriately regulated to facilitate normal motor development. Overall, the
recent findings suggesting that SHH signaling is a mechanism of action for cannabinoids

supports my observations of an eCS-SMO interaction in the motor development of zebrafish.

5.7 Canonical and non-canonical cannabinoid receptor systems involved in

mediating the development of A/V escape responses

Despite the recoveries associated with AM 251, AMG 9090, and purmorphamine treatments on 2

dpf escape swimming, the same was not observed when assessing A/V responsiveness at 6 dpf.
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This result was unexpected because most of the previously observed effects of JZL 195 have
been identified to at least occur partially through the CB1R, as seen when examining locomotor
behaviors in zebrafish and rats (Boa-Amponsem et al., 2019; Seillier et al., 2014). These findings
were further supported through zebrafish embryonic studies done by a previous graduate student
in the Ali Lab, which found JZL 195-induced motor neuron aberrations at 2 dpf, and
hypolocomotion at 5 dpf are in part mediated through the CB1R (Sufian et al., 2021).
Furthermore, the 2 dpf findings that I have reported also support this notion as well. From the 6
dpf A/V escape response assessments however, it appears that either the effects of JZL 195
bypasses the influence of the co-treated drugs, or that JZL 195 may be impacting different
signaling systems than those considered in my experimental design. Although the escape
responses at 2 dpf and 6 dpf are similar in overall function, serving as avoidance to aversive
stimuli, it must be emphasized that these are complex responses that act and develop separately
from each other. These responses rely upon distinct cell types, and thus involve different

neuronal circuits that act through multiple cellular pathways.

The A/V-induced escape response at 6 dpf involves synaptic integration with the lateral line hair
cells, as well as connections to inner ear hair cells of the otoliths — importantly, these inner ear
hair cells are not present at 2 dpf (Bang et al., 2002; Kohashi et al., 2012). Hair cells of the
lateral line and inner ear develop through developmental programs that are initiated through the
regulation of notch-delta signaling (Baek et al., 2021; Ma and Raible, 2009). Additionally,
modulation of Wnt signaling is also important for regulating hair cell proliferation, indicating
that the involvement of these pathways is critical for auditory development (Head et al., 2013;

Romero-Carvajal et al., 2015). One study has shown that activation of Wnt signaling leads to an
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increase in hair cell proliferation, while inhibition of Wnt signaling with the Wnt antagonist
IWR-1 results in decreased hair cell proliferation in the zebrafish lateral line organ (Jacques et
al., 2014). Interestingly, this group also reported that IWR-1 treatment led to reduced
functionality of startle responses, where the authors state that startle responses were delayed, but

swimming appeared normal (Jacques et al., 2014).

Endocannabinoids and the Wnt signaling pathway appear to have interactions, as treatment with
AEA resulted in an increase in the relative genetic expression of Wnt 5a in cholangiocarcinoma
cells (DeMorrow et al., 2008). Moreover, treatment with recombinant Wnt 5a decreased the
proliferation in these cancerous cells, while treatment with AEA was shown to also result in
decreased proliferation in a similar manner as upregulating Wnt signaling. This indicates that
eCBs may have potential interactions with the Wnt signaling pathway in terms of cellular
proliferation. With regard to inner ear development as it relates to JZL 195 exposure, perhaps an
increase in eCB activity has perturbed Wnt signaling, leading to defects in hair cell proliferation.
As the eCS appears to have interactions with aspects of the Wnt signaling pathway, how these
interactions play a role in zebrafish hair cell development still remains unclear. Although this
may illustrate a possible mechanism by which auditory responsiveness is altered by JZL 195
treatment, more work in studying these signaling pathways is essential to better understand how

the eCS impacts functional auditory development

In relation to investigating the involvement of different receptor mechanisms and signaling

pathways, another point to consider when co-treating animals with the receptor
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antagonists/agonists, is the time frame from the point of initial exposure to the time of endpoint
assessment. This is important to acknowledge due to the limitations posed by using
pharmacological compounds. For instance, recoveries may not be seen at 6 dpf because in terms
of time, the effects of JZL 195 may outlast the effects of AM 251, AM 630, AMG 9090, and/or
purmorphamine. The FAAH inhibitor URB 597 and the MAGL inhibitor JZL 184 have both
been described to bind irreversibly to inactivate their respective enzyme targets (Gil-Ordofiez et
al., 2018; Lodola et al., 2013; Tripathi, 2020). Currently it is unclear whether JZL 195 also binds
in an irreversible manner, as it appears this has not yet been conclusively examined. Still, if we
are to assume that JZL 195 is similar to the singular inhibitors in terms of its capacity for
inactivation of FAAH and MAGL, then it is very likely that the consequences of dual
FAAH/MAGL inhibition are having effects that last beyond the time frame of the drug exposure.
Furthermore, a study showed that in mice, MAGL inhibition with JZL 184 led to increased 2-AG
levels in the brain which was observed 24-hours after the drug administration — this has
implications towards examining the effects at different time points (Kinsey et al., 2013). Thus,
eCB homeostasis at later time points such as 5 and 6 dpf may still be altered, and it may lie
outside of its normal range due to the exposure of the eCS enzyme inhibitors. In terms of
attempting to resolve this uncertainty using the zebrafish model, one important piece of
information would be to measure and compare the enzymatic activities of FAAH and MAGL
between control and JZL 195-treated animals at multiple time points ranging from 2-6 dpf, as
this will provide details on how the enzyme activity fares across this developmental period. This
analysis will be useful when measuring endpoints at 2 dpf and beyond, in order to more
appropriately estimate how JZL 195 is affecting the activity of eCB catabolic enzymes after the

exposure period has ended.
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Chapter 6. Future directions and conclusions

6.1 Future directions

Broadly speaking, my experimental observations involved a focus on studying behaviors
representative of early zebrafish locomotor and sensorimotor development. With consideration
for sensorimotor development and the role of the eCS, there are many avenues for further
investigation that can be proposed to build upon the work that I have compiled within this thesis.
To expand our knowledge within the perspectives of developmental neurobiology, molecular

biology, and physiology, these future directions are outlined below.

The first future direction I propose involves using a quantitative analysis technique such as liquid
chromatography and mass spectrometry (LCMS) to measure the levels of eCBs within
embryonic samples that had been subjected to the eCS perturbation in my exposure paradigm.
LCMS would do much in the vein of expanding our understanding of the direct effects on eCBs
resulting from exposure to URB 597, JZL 184 and JZL 195. Up to this point, my findings
demonstrate how using these compounds to perturb the eCS during embryogenesis alters
sensorimotor function, and previous findings also demonstrate that these drugs act at least in-part
through the eCS — given that their effects can occur through the CBIR — and that they are
specific to their enzymatic targets in zebrafish (Sufian et al., 2021). However, what we do not yet
know is how exactly this exposure paradigm affects the abundance and bioavailability of the
eCBs in zebrafish — this represents a limitation where we cannot know for certain the extent to
which eCB levels are affected, nor can we be certain about the length of time that the system’s

eCB levels are outside of their normal range (Kinsey et al., 2013). Additionally, another aspect to
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consider would be the accumulation and release of eCBs, as the circulating levels of available
eCBs during development may also be impacted by how eCBs are released by tissues, which has
implications on the overall concentration of eCBs. Therefore, performing LCMS is crucial to
establish a more in-depth realization for the experimental intervention that is being performed

here.

Due to the variety of alterations in the zebrafish C-start escape response that was caused by eCS
perturbation, an investigation aimed towards studying M-cell morphology and functionality
would greatly complement these findings. Our lab previously has performed
immunohistochemistry using the 3A10 and RMO44 antibodies to visualize M-cells and
reticulospinal neurons of zebrafish embryos exposed to THC (Amin et al., 2020). In the 2020
study by Amin and colleagues, phytocannabinoid exposure was used to perturb the eCS, and M-
cell morphology was altered. In the case of FAAH/MAGL inhibition, we may expect similar
findings due to the over activation of eCB signaling, but this must be elucidated, because
assessing the structures associated with sensorimotor control is important to contextualize which
parts of the escape circuits have been affected. With that in mind, examining the
electrophysiological activities of the M-cells will also be a critical component to understanding
how eCS perturbations impact the functional development of escape circuits. Therefore in a
future endeavour, whole-cell patch clamp recordings of M-cells can be performed in vivo to
assess miniature excitatory/inhibitory postsynaptic currents, similar to previously established
methods (Drapeau et al., 1999; Roy and Ali, 2013). One could also record action potential
production to more fully understand how perturbing the eCS alters intracellular communication.

Gaining insight towards the synaptic activities of M-cells will lend support towards establishing
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a physiological basis for further explaining the sensorimotor alterations that were observed at 2,

5, and 6 dpf.

Another point of investigation would be to examine whether Rohon-Beard neurons are affected
by eCS perturbation, as the relationship between eCB signaling and Rohon-Beard neuron
function is largely unknown at this time. Since these cells play a significant role in guiding motor
function and mechanosensory processes during early embryonic and larval periods, their
morphological and functional development must be assessed (Slatter et al., 2005). One way to
visualize Rohon-Beard neurons involves using transgenic animals. In particular, the
tg(isl2b:GFP) transgenic line of zebrafish has been developed and is used for observing Rohon-
Beard neurons during embryonic and larval development (Katz et al., 2020; Williams and
Ribera, 2020). Using a transgenic model such as this may allow for a detailed examination of the
abundance and the development of Rohon-Beard neurons in embryonic zebrafish to investigate
whether inhibition of FAAH/MAGL alters these mechanosensory cells. Furthermore, Katz and
colleagues have developed a method to record whole-cell responses from Rohon-Beard neurons
in larvae using tg(isl2b:GFP) zebrafish (Katz et al., 2020). With this in mind, early assessments
of how eCB signaling relates to Rohon-Beard development and functionality can be studied with
the use of more advanced methods such as electrophysiology and transgenic models.
Additionally, another group has demonstrated that morpholino knockdown of the piezo2b gene
causes alterations in the response to mechanical stimuli in 24-27 hpf zebrafish (Faucherre et al.,
2013). This study showed that piezo2b is highly expressed in Rohon-Beard neurons, and that its
expression is important for their mechanosensory function. Thus, considering the altered

responses to mechanical stimuli caused by eCS perturbation, a future study performing
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quantitative polymerase chain reaction (qPCR) to compare the relative gene expression of
piezo2b in animals exposed to the different FAAH and MAGL inhibitors would help advance our
knowledge of the involvement of eCB signaling on sensorimotor function. Additionally, using
gPCR to study this will provide a molecular biology perspective, lending more mechanistic
information towards the endocannabinoid system’s neurobiological role in terms of the

development of sensory cell types.

As this work focuses on using pharmacological inhibitors of the eCB catabolic enzymes FAAH
and MAGL, the role of eCB signaling must also be understood from the opposite perspective:
through targeting the enzymes responsible for eCB synthesis. This thesis provides information
that is relevant towards upregulated activity of the eCS, however, an approach that investigates
the roles of the primary eCS anabolic enzymes: NAPE-PLD and DAGL, must also be considered
to ascertain the role of eCB signaling more extensively during early development. Currently, as
there is a larger interest in investigating the implications of increased eCS activity, less research
has been done in this scope. Thus, fewer tools have been developed to study the roles of the eCS
anabolic enzymes. However, in order to learn more about the fundamental biology of the eCS,

researchers must also aim to examine the suppression of eCB signaling as well.

In recent years, some advancements in this area have been made such as the development of the
selective NAPE-PLD inhibitors ARN19874, and LEI-401, where LEI-401 was shown to reduce
the levels of AEA in the brain of mice (Castellani et al., 2017; Mock et al., 2020). Likewise, the

DAGL inhibitors DH376, DO34, and LEI105 have also been developed, where DH376 and
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DO34 both decrease the levels of 2-AG in the mouse brain (Baggelaar et al., 2015; Ogasawara et
al., 2016). As these represent newer pharmacological tools, Martella and colleagues have also
designed a dagla morpholino which resulted in decreased 2-AG levels, and was used in a study
geared towards investigating the roles of 2-AG signaling and DAGL activity in sensory function
and motor development of larval zebrafish (Martella et al., 2016). So far, these developments
have set up a toolkit to further investigate eCS anabolic enzymes in the future. Ultimately,
utilizing more animal models for expanding and broadening the applications of these
pharmacological and molecular tools will be essential for further examining the neurobiological,

homeostatic, and developmental roles of the eCS from additional perspectives.

6.2 Conclusions

The endocannabinoid system is complex in its multifaceted involvement in homeostasis and
development, and while emerging work aims to understand its importance within the context of
cannabis, further exploring the endogenous machinery is equally important. By studying the eCS
as it pertains to neurobiological development in zebrafish, my first objective in this thesis aimed
to broaden our understanding of the role of the eCS in motor systems by addressing how eCB
signaling is involved in the development of functional sensorimotor activities. However, despite
our current understanding of the endocannabinoid system’s role in neurobiological development,
the multitude of receptor and signaling mechanisms through which eCBs interact with remains
enigmatic. Thus, with my second objective aiming to address this knowledge gap, I have studied
the effects of eCS perturbations in order to outline the involvement of canonical and non-
canonical cannabinoid receptor mechanisms in the early locomotor development of embryonic

zebrafish. To my knowledge, the findings presented here represents one of the first reports of
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TRP channel and SHH involvement in eCB-related motor development. While more information
regarding these signaling systems is essential for effectively mapping out the different eCS
interactions, the current work establishes a foundation upon which we may begin to unravel the
intricacies of eCB signaling during early development. In conclusion, from examining the early
life stages in zebrafish, the findings of my thesis support the existing bodies of evidence
demonstrating that the eCS plays an important role in locomotor development, and expands on
this by exploring sensorimotor development by providing varied assessments of sensorimotor

function in developing animals to establish a stronger foundation in cannabinoid biology.
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