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Utilizing the zebrafish model to investigate the endocannabinoid

system, neural signaling, and behavior

Adam David Melgoza

ABSTRACT

The endocannabinoid (eCB) system is a complex network of proteins and ligands primarily
found in the central nervous system. Though the eCB system is most notorious for producing
psychotropic effects following consumption of the Cannabis sativa plant, it also modulates a
wide range of physiological processes including neuronal development, neuroinflammation,
anxiety, memory, appetite, lipid homeostasis, pain, and immunity. Harnessing the eCB system
has been a successful therapeutic strategy for treating diseases, as in the cases of cannabidiol
(CBD) for epilepsy treatment, or Cannabis as an anti-emetic for patients undergoing
chemotherapy. Though there have been great strides in our understanding of the eCB system,
unanswered questions remain in regards to its potential for additional therapeutic uses,
toxicological considerations for Cannabis consumers, and more fundamentally, the mechanistic
workings of eCB system signaling in the context of neural circuitry.

One approach to gain insights on the eCB system is through utilization of zebrafish
(Danio rerio), a powerful model organism used in biological research. Proteins of interest can be
easily targeted by both pharmacological agents and genetic alterations within zebrafish,
allowing for examination of complex phenotypes resulting from desired perturbations. A diverse
panel of zebrafish behavioral assays are available, allowing for examination of memory,
addiction, sociability, aggression, and anxiety-like behaviors. Unlike mammalian models,

development is relatively fast and breeding produces a large amount of progeny, allowing for



quick generation progression and large sample sizes. Also, unlike mammals, development
occurs externally and the brain is transparent, allowing for accessible and clear visualization of
neurodevelopment, neuronal activity, and fluorescent markers of interest throughout the whole
brain. These attributes make zebrafish an excellent model for studying the eCB system in vivo.
In this dissertation, we explore the roles of several eCB proteins through utilization of genetic
and pharmacological manipulation of the zebrafish model.

We start off in Chapter 1 with an in-depth examination of techniques in zebrafish that
have paved the way for gaining insights on neurobiological mechanisms. The techniques we
cover include forward and reverse genetic screens, and chemical screens, which have shed
light on mechanisms of neuronal subtype differentiation and maintenance, habituation,
candidate genes implicated in autism spectrum disorders, genes involved in electrical synapse
formation, and regulators of sleep/wake states, to name a few examples.

Next, in Chapter 2, we introduce the known roles of the eCB system in vertebrates, with
an emphasis on the zebrafish model. We describe each component of the eCB system, how
each eCB protein and ligand work together to facilitate signaling cascades, and the involvement
of the eCB system in addiction, development, anxiety, lipid homeostasis, appetite, immunity,
and neuroinflammation. We examine spatial expression of two eCB genes, cb1 and cnrip1a, in
developing zebrafish larvae, and quantitative expression of 18 eCB genes across 10
developmental stages and 11 organs in adult fish.

In the next two chapters, we use techniques described in Chapter 1 to target eCB genes
described in Chapter 2. In Chapter 3, we utilize CRISPR-Cas9 gene editing to produce knockout
zebrafish lines of cb1, dagla, daglb, abhd4, mgll, and faah. Following homology analysis, we
determined that all 6 of these genes are conserved in zebrafish with amino acid sequence
identity ranging from 45-70%. After sequencing each eCB knockout line, we found that all

mutant alleles contained a frameshift mutation, suggesting a deleterious effect. We proceeded



to phenotype dagla knockout fish and observed in increase in locomotor activity, as well as
alterations in mRNA transcript of dagla, gpr65a, and fas. We next examine the effects of
pharmacological agents that target CB1 (WIN55212-2, 2-arachadonoylglycerol [2-AG],
anandamide [AEA]), MGLL (MJN110, JZL-184) and FAAH (PF-3845) in Chapter 4. Through the
light-dark preference assay, we observed changes in dark avoidance (an anxiety-like behavior)
and locomotor activity following eCB protein-targeting drug treatment. These genetic and
pharmacological studies provide an excellent opportunity for gaining insight on individual gene
involvement in behavior and physiological processes.

In Chapter 5, we focus on one gene, cb1, and further examine its role in anxiety; in
particular, we aim to gain a greater understanding of the neuronal populations that are involved
in facilitating eCB-mediated changes in anxiety behavior. Corroborating human and rodent
studies, we determine that zebrafish have increased anxiety-like behavior following either
pharmacological or genetic inhibition of CB1. By leveraging high resolution in situ techniques,
we discovered region-specific colocalization of cb7 mRNA with pallial and hypothalamic
glutamatergic and subpallial GABAergic neuronal markers. We produced a transgenic CB1
zebrafish line, allowing access to CB1-expressing cells and visualization of anatomical
connectivity throughout the entire brain.

In conclusion, this dissertation reveals the behavioral effects of perturbing eCB genes,
furthering our understanding of the roles of each eCB protein, and provides insight on the
mechanism by which CB1 modulates anxiety-like behavior. From this work, 7 new eCB
zebrafish lines were produced, allowing for further studies to uncover mechanistic roles of cb1,
dagla, daglb, abhd4, mgll, and faah. Uncovering the roles of each eCB gene on biological
processes not only demystifies this broadly expressed and highly conserved pathway, but also
paves the way for insight on potential therapeutic uses and toxicological effects of eCB-targeting

pharmacological agents.
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CHAPTER 1: Systematic Screens in Zebrafish Shed Light on Cellular
and Molecular Mechanisms of Complex Brain Phenotypes



1.1 ABSTRACT

Next generation sequencing and genome-wide association studies have identified a large
number of genetic variants associated with complex brain disorders including autism spectrum
disorders (ASD), schizophrenia, anxiety and depression, as well as addiction. Understanding
how these variants might contribute to the etiology of diseases remains a daunting challenge
and requires a comprehensive knowledge of the genetic basis underlying complex brain
phenotypes. In this chapter, we discuss how systematic screening approaches in the vertebrate
genetic model organism the zebrafish Danio rerio, which use both forward and reverse genetic
methods to introduce genetic alterations followed by phenotype-based screening, might provide
insights. In addition to induced alterations, naturally existing variations represent another source

that can enrich phenotype-based gene discovery.

1.2 INTRODUCTION

The brain, composed of many thousands of different cell types with intricate connections, is
arguably the most complex organ. Together with the spinal cord, they constitute the central
nervous system (CNS). The vertebrate CNS shares conserved anatomy, including subdivisions
such as the forebrain, midbrain, hindbrain, and spinal cord. Studies employing vertebrate
genetic model organisms such as zebrafish, xenopus, chick, and mice have shed light on the
formation, maintenance, and function of complex brain structures.

The zebrafish is a relatively recent addition to the model organism arena (Grunwald and
Eisen, 2002; Guo, 2004). In the 1970s, the late Dr. George Streisinger selected a pair of
zebrafish (called A and B respectively) from a local pet shop because of the prolific nature and

transparent embryonic and larval stages of this species. Through a series of elegant



experiments, he showed that zebrafish have a diploid genome and could be bred to produce
clonal populations (Streisinger et al., 1981). Subsequently, the developmental stages and
embryonic brain structures were characterized (Kimmel, 1993; Kimmel et al., 1995), and two
large-scale N-ethyl-N-nitrosourea (ENU) mutagenesis screens were performed that identified
thousands of mutations affecting virtually every aspect of visible morphology of a vertebrate
embryo (Driever et al., 1996; Haffter et al., 1996). Molecular genetic studies of these mutations
have provided valuable insights into vertebrate development.

Despite these advances, the potential of zebrafish to uncover cellular and molecular
mechanisms underlying complex brain phenotypes are just beginning to be realized.
Morphology-based phenotypic screens cannot detect changes at the cellular or functional
levels, and therefore tend to miss the processes that affect specific structures or cell types, or
that affect brain function. In recent years, innovative screens targeting these phenotypes were
devised, and they will be the subject of review in this chapter.

We will begin the chapter by outlining general strategies used to introduce genetic
alterations in the zebrafish. Methods used to produce a library of individuals with random
phenotypic variations will be delineated. We will then discuss the results from several screens,
with an emphasis on assay development, screen execution, and impacts on our understanding

of complex brain phenotypes and related human brain disorders.

1.3 STRATEGIES FOR FORWARD, REVERSE, AND CHEMICAL GENETIC SCREENS

The general strategy for forward, reverse, and chemical genetic screens is outlined in Figure
1.1. It starts with a phenotype of interest, which is then developed into an assay with sufficient
robustness, sensitivity and throughput suitable for screening. Such assay is then used to screen

through a large number of individuals, with either mutagenized genomes (e.g. ENU, insertional



mutagenesis, or genome editing techniques), epigenetic alterations of gene expression (e.g.,
morpholino antisense oligonucleotide-based, RNAI, over-expression), or treated with small
molecules (compound screening). Following the screen, phenotypic traits of interest will be
uncovered, and further studies will allow the underlying molecular and cellular mechanisms to

be elucidated.

1.4 GENERATION OF A LIBRARY OF INDUCED GENETIC OR EPIGENETIC VARIATIONS

Several methods and technologies can be used to create a library of individuals with random or
targeted genetic or epigenetic variations. Some of these methodologies have been broadly used
in zebrafish, whereas others have so far only been feasible in cell cultures or invertebrate

genetic model organisms, and may be potentially applicable to zebrafish.

1.4.1 N-ethyl-N-nitrosourea mutagenesis

ENU mutagenesis is a classic approach to introduce random mutations throughout the genome.
As a highly potent mutagen, ENU introduces random mutations into the genome of exposed
individuals. Adult male zebrafish treated with ENU at appropriate doses will harbor random
mutations in their germ-line. Upon mating with a wild-type female zebrafish, the next generation
(F1) will carry random mutations in heterozygous states. Each F1 individual carries potentially
unique mutations. These F1 individuals are then crossed with wild-type fish, producing F2
progeny heterozygous for the same mutation. In the F3 generation, homozygosity of induced
mutations will be realized. F3s are used for phenotype-based screening to identify recessive

loss-of-function mutations. To uncover dominant mutations, F1 or F2 generations can also be



used. ENU is highly efficient in inducing mutations in the zebrafish genome (Grunwald and
Streisinger, 1992; Solnica-Krezel et al., 1994). The induced mutations are non-biased toward
specific loci. One limitation with respect to ENU-based screens is its time-consuming nature,
which involves three generations of breeding To circumvent this, early pressure induced
gynogenesis has been used to uncover homozygosity in F2 generations (Figure 1.2) (Guo et

al., 1999c).

1.4.2 CRISPR

In recent years, genome-editing technologies, in particular, CRISPR (clustered regularly
interspaced short palindromic repeats) (Cong et al., 2013; Jinek et al., 2012; Mali et al, 2013),
have made it possible to introduce mutations in principally any genes of interest. Double
stranded DNA breaks (DSBs) can be induced in a targeted manner by delivering the bacterially
derived endonuclease Cas9 and small guide RNA (sgRNA). Targeting specificity is achieved
through DNA-RNA base pairing and Cas9 recognition of a short DNA sequence known as the
protospacer adjacent motif (PAM). The resulting DSBs are most efficiently repaired by a
mechanism known as non-homologous end joining (NHEJ). Due to the error-prone nature of
NHEJ, small deletions or insertions are introduced at the site of DSBs, thereby leading to
potentially deleterious mutations. While NHEJ is typically used to create a targeted gene
knockout, homology directed repair (HDR) is an alternative repair mechanism that can allow for
targeted knock-ins of a sequence of interest (Li et al., 2016). This process involves using a
template to reconstruct the DSB, which can either come from the sister chromosome or be
exogenously introduced.

CRISPR has been successfully applied to introduce mutations into zebrafish genes

(Hwang et al., 2013; Jao et al., 2013; Li et al.,, 2016). The procedure (Figure 1.3) involves



micro-injection of the cas9 gene product (in the form of either mRNA or protein) plus a
sequence-specific sgRNA into one-cell stage zebrafish embryos. The injected embryos (FO)
often carry single-allele mutations in some but not all cells (called mosaics), although in some
cases with highly efficient sgRNAs and Cas9 protein delivery, widespread bi-allelic mutations
can be accomplished in the injected embryos. Since the efficacy of sgRNAs vary significantly, it
is important to assess the mutagenic efficiency of each sgRNA before proceeding to raise FOs
for line propagation. Several methods are available, ranging from T7 endonuclease assay,
surveyor assay, to restriction enzyme digestion, and sequencing. These assays are run on a
pool of injected FO embryos. Once the efficacy of sgRNAs is verified, injected FO embryos can
be raised to adulthood and used to produce F1s. Adult F1s (heterozygous for potential
mutations) can then be genotyped for the presence and the nature of CRISPR induced
mutations. Further breeding of F1s can lead to recovery of homozygous mutations in the F2
generation.

An advantage of using CRISPR is the possibility to create mutations on both
chromosomes (bi-allelic targeting). Also, orthologous genes may be targeted simultaneously
with ease. Lastly, though CRISPR has been described earlier in the text as a method for
reverse genetics, the ease with which CRISPR-based gene targeting is performed may allow
this method to be used essentially as a forward genetic approach: targeting a large number of
genes and searching for their phenotypic effects.

Although the efficiency of CRISPR in inducing disruptive mutations is high, due to the
short nature of the sgRNAs (20 nucleotides), there can be potential off-target effects. This is
generally not a major concern in zebrafish, as off-target mutations can be separated from the
mutations of interest through outcross breeding. Another limitation of CRISPR-based screening
is the need to breed two generations before phenotypes of homozygous mutations can be

assessed. This becomes a rather tedious process if a large number of genes are to be



screened. Methods to improve targeting efficiency that enable bi-allelic targeting in injected GO
embryos would circumvent these breeding needs. Another concern is a lack of phenotypes in
CRISPR induced mutations (as opposed to morpholino antisense oligonucleotides [MOs]
knockdown) due to potential genetic compensation (Rossi et al., 2015). However, a lack of

phenotype is not specific to the CRISPR method.

1.4.3 Morpholino antisense oligonucleotides

The MOs are fast and effective tools for knocking down gene activity (Nasevicius and Ekker,
2000). They can be designed through sequence complementarity to interfere with either mRNA
translation or splicing. A key limitation with MO is its transient effect that usually lasts several
days after delivery into one-cell stage embryos. Its potential off-target effects can be managed
through using multiple independent MOs to target the same gene and phenotypic rescue with

co-expressing the target gene that is rendered MO-resistant.

1.4.4 RNA interference (RNAI)

RNA interference (RNAI) is a powerful approach to dissect gene function (Fire, 2007; Mello,
2007). It was originally discovered in Caenorhabditis elegans, where the observation of gene
inactivation by both sense and antisense RNAs (Guo and Kemphues, 1995) led to the finding of
dsRNA-mediated gene silencing (Fire et al., 1998). In vertebrates, the effectiveness of RNAI
was hindered by the dsRNA-induced interferon response causing non-specific effects (Manche
et al., 1992; Stark et al., 1998) until the finding of efficacious small interfering RNAs (siRNAs)

(Elbashir et al., 2001). RNAi has proven effective in zebrafish when delivered with the



microRNA (miR-30) backbone and the Gal4/UAS system (Dong et al., 2013), which offers
excellent versatility for spatiotemporal control together with amplification of gene expression
level. While RNAI is highly effective when transiently expressed, stable transgenic lines so far
yield moderate to weak effects, likely due to the presence of low or single copies of the
transgene, resulting in insufficient knockdown. The potential off-target effects of RNAi can be
ameliorated by designing multiple independent miR-shRNAs targeting the same gene of

interest.

1.4.5 Gene overexpression

In addition to interfering with gene activity, over-expression of genes can also be used to assess
the impact of genetic alterations on phenotypes. This becomes particularly useful when genetic
redundancy is suspected. Gene overexpression-based screens also address the sufficiency of
gene activity in generating phenotypes. Successful examples of gene over-expression screens
include the early pressure (EP) screens in Drosophila melanogaster (Rarth, 1996), CRISPR-
mediated gene activation screens in cultured cells (Konermann et al., 2015), and heat shock
promoter-driven overexpression screens in zebrafish (Chiu et al., 2016). One caution with gene
over-expression induced phenotypes is that sometimes they might not be physiologically
relevant, especially when the expression level is too high and when no complementary

phenotypes can be observed in loss-of-function studies.

1.4.6 Bioactive small molecules

Another powerful way to perturb gene activity is through the use of small molecules, which can



interact with gene products to either activate or inhibit their activity. Libraries of small molecules,
including those with known activities and those composed of diverse and novel entities.
Zebrafish, in particular, small sized embryonic and larval zebrafish that can be fit into 96-well
plates, are well suited for small molecule screening, since these compounds can be directly
added to the medium. Small molecule screening is easy and convenient to carry out. The
challenge rests in identifying biological targets of the hit compounds and understanding their

mechanisms of actions.

1.5 POSTSCREENING: EFFORTS TO DISCOVER UNDERLYING CELLULAR AND

MOLECULAR MECHANISMS

Once a hit that alters the phenotypic trait of interest is uncovered, the next step is to gain

insights into the underlying biological processes.

1.5.1 Post-ENU screening

Individual mutations identified from an ENU mutagenesis screen need to be first mapped to a
chromosomal location. Such mapping is conducted by using existing genetic linkage maps,
which contain many polymorphic markers (Shimoda et al., 1999). A large number of individuals
derived from a cross between the mutation-containing strain and a polymorphic strain will be
phenotyped and genotyped to uncover linkages. Once a linkage is detected, high resolution
mapping within the region of interest can be carried out to pinpoint the gene. Such positional
cloning method has been used to successfully map and identify a number of genes (Guo et al.,

1999a; Guo et al., 1999b; Guo et al., 2000; Zhang et al., 1998). In recent years, the cost of



sequencing has been precipitously reduced, making it possible to employ whole-genome
sequencing to uncover the causal mutations (Leshchiner et al., 2012; Obholzer et al., 2012).
Here, pools of mutants and their wild-type siblings are collected for genomic DNA isolation and
sequencing. Background polymorphisms unlinked to the mutation will be present equally in both
the mutant and the sibling pools, whereas homozygosity for the mutation of interest will be
unique to the mutant pool.

Once the causal mutations have been discovered, a variety of cellular molecular and
biochemical techniques can be employed to understand how disruption of the particular gene

might lead to the observed phenotypes.

1.5.2 Post-target-based screening (e.g., employing MO, RNAi, CRISPR, or overexpression)

Screens employing a library of agents, such as MOs, RNAi, CRISPR, or overexpression
constructs, can uncover target gene(s) with ease. By nature, these libraries already have
catalogued information on the target gene(s). However, it is worth noting that potential off-target
effects are significant concerns with respect to these screens. Therefore, it is important to have
multiple independent agents (e.g. two different shRNAs that target the same gene) for functional
verification. Additionally, one also needs to bear in mind that different reagents or methods
might differentially affect the activity of the same gene, resulting in different phenotypic

consequences.

1.5.3 Post-small molecule screens

The result of a small molecule screen is a repertoire of compounds that can alter the phenotype
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of interest. Depending on whether the small molecules are known bioactives or novel entities,
different challenges lie ahead for target identification.

For known bioactive small molecules, it is relatively easy to uncover their biological
targets. However, it is important to bear in mind that the known biological targets might not be
the ones that mediate the observed effect. To validate, one shall perform molecular genetic
experiments such as knockdown or overexpression of the candidate genes and determine
whether it will mimic the effect of the small molecules.

For novel small molecules, it is a considerable challenge to uncover their biological
targets. A commonly used method is affinity purification (Wagner and Schreiber, 2016). Also,
the Similarity Ensemble Approach (SEA) (Keiser et al., 2007), which takes an organic molecule
and compares it to sets of ligands annotated to biological activities/targets, can be used to

uncover candidate biological targets for subsequent functional validation.

1.6 EXAMPLES OF SCREENS IN ZEBRAFISH

1.6.1 ENU- and small molecule-based screens to uncover mechanisms of neuronal subtype

differentiation and maintenance

Understanding the generation of cellular diversity is a fundamental problem that is particularly
daunting in the vertebrate nervous system, which contains many thousands of different neural
cell types. To gain insights into the underlying molecular and cellular mechanisms, ENU-based
screens have been carried out to uncover genes and pathways that control the differentiation of
dopaminergic (DA) neurons (Guo et al., 1999c). DA neurons belong to the catecholaminergic

(CA) neuronal groups, and they express the tyrosine hydroxylase (th) gene but are devoid of the
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expression of dopamine beta-hydroxylase (dbh) gene. TH is an enzyme involved in the rate
limiting step of the dopamine synthesis pathway, whereas DBH is responsible for conversion of
dopamine to noradrenaline. Being present in small numbers and discrete locations in the brain,
DA neurons play important roles in movement coordination, reward, and learning and memory.
The loss of substantia nigra DA neurons in humans results in Parkinson’s disease, the most
common movement disorder and the second most common neurodegenerative disorder. After
characterizing the distribution of CA neurons in developing zebrafish, an immunohistochemistry-
based screen was used to find mutations that affect CA neuron number or identity. Around 700
ENU-mutagenized genomes were screened for these alterations, and five mutations were
identified, causing defects in both DA and noradrenergic (NA) neurons. Subsequent molecular
characterizations have revealed the identity of the disrupted genes (Guo et al., 1999a; Guo et
al., 2000; Lee et al., 2003; Levkowitz et al., 2003; Wang et al., 2006). Three of the five genes
encode cell type-specific transcriptional regulators. The other two encode general transcription
regulators, one being a component of the mediator complex that controls transcription initiation
and the other being a transcription elongation regulator (Guo et al., 2000). Similar screens have
revealed additional regulators of DA neuron differentiation (Ryu et al., 2007).

A small molecule screen has uncovered compounds that regulate dopamine neuron
maintenance (Sun et al., 2012). In this screen, 5,000 compounds composed of both known bio-
actives and novel entities were tested for their effects on DA neuron development and/or
survival via high throughput immunostaining in 96-well plates. After drug administration,
antibodies against TH were used to visualize DA neurons in search of aberrant neuron number
or morphology. One compound named neriifolin was identified; it impaired DA neuron survival
but not that of noradrenergic sympathetic neurons. Further mechanistic studies show that its

biological target, the Na*/K* ATPase, is critical for maintaining DA neuron integrity.
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1.6.2 ENU- and small molecule-based screen to study habituation

Unbiased behavioral screening is a powerful way to reveal novel mechanisms that regulate
brain function. To be suitable for a screen, the behavioral assay of interest needs to be
sensitive, robust, and can be performed in a relatively high throughput manner. The habituation
behavior in larval zebrafish has been a successful example of behavioral screening-based
studies. Habituation refers to decreased sensitivity toward repeated delivery of a sensory
stimulus and is a fundamental form of behavioral plasticity or nonassociative learning that
occurs for virtually all behavioral responses in virtually all organisms (Thompson, 2009). Five-
day postfertilization (dpf) larval zebrafish exhibit a highly stereotyped acoustic startle response
known as the short latency C-start (SLC). Repetitive acoustic stimuli result in habituation, and
the modulation of this phenomenon has been studied via small molecule (Wolman and Granato,
2012) and ENU forward genetic screens (Wolman et al., 2015). Among 1760 known bioactive
compounds screened, 11 were found to reduce startle habituation, while 19 increased it. Most
targeted neurotransmitter systems were previously reported to affect mammalian startle
modulation, suggesting conserved mechanisms between fish and mammals. Compounds
previously unknown to be involved in regulating nonassociative learning were also uncovered.
For the ENU screen, the same startle habituation assay was used to screen 405 mutagenized
F2 families (corresponding to 614 genomes) and identify 14 habituation mutants. Whole
genome sequencing was used to uncover the molecular identity of two mutants, one of which
encodes a vertebrate specific gene pregnancy associated plasma protein-aa (pappaa). Further
studies revealed a previously unknown role for PAPPAA-regulated IGF signaling in mediating

habituation learning.
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1.6.3 MO-based screen to uncover the function of candidate genes implicated in autism

spectrum disorders (ASD)

MO is a fast and convenient tool to assess gene function during development. Two studies have
employed this tool, together with over-expression, to determine which gene(s) might be
responsible for ASD in a copy number variation (CNV) involving deletion or duplication of
human chromosome 16p11.2 (Blaker-Lee et al., 2012; Golzio et al., 2012). In one study (Blaker-
Lee et al., 2012), MOs targeting various zebrafish orthologues were individually micro-injected
into early embryos, followed by phenotypic evaluations of morphology and behaviors including
spontaneous movement and touch response. Two genes, adolase a and kinesin family member
22, were found to give clear phenotypes when their dosage was reduced by 50%, suggesting
that these genes are dosage sensors. In the other study (Golzio et al., 2012), the authors
focused on the microcephaly and macrocephaly phenotypes associated with the 16p11.2
duplication and deletion respectively. By gene overexpression studies, they found that one gene
named kctd13, when over-expressed, led to decreased brain size, whereas MO knockdown of
kctd13 led to macrocephaly. In mammalian cell cultures and brain slices, alterations of kctd13
activity affected cell proliferation. Together, MO-based screening help decipher candidate genes

involved in complex human brain disorders.

1.6.4 CRISPR-based screen to uncover genes involved in electrical synapse formation

The efficiency of introducing mutations into the genome via CRISPR has been further improved
for a candidate gene-based screen to uncover new regulators in electrical synapse formation
(Shah et al.,, 2015). By testing various concentrations of Cas9 and sgRNAs, the authors

determined the appropriate doses that resulted in an optimal balance of genome editing
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efficiency and embryonic toxicity. Using a column- and row-based pooling strategy, 48 sgRNAs
were screened, by microinjection into one-cell stage FO embryos and imaging of electrical
synapses at later stages of development in FO. Two genes with previously undescribed roles in
electrical synapse formation were uncovered. Deep sequencing revealed that most target genes
were successfully mutated with a frequency of 22% to 85%. Although a small scale, this study
showed in principle the feasibility of screening for CRISPR-induced mutations in vivo. Further
optimization to reduce mosaicism and increase sgRNA mutagenic efficiency will enable larger

scale screens to be carried out.

1.6.5. Overexpression screen to identify requlators of sleep/wake states

The availability of the Tol2 transposon system and Tol2 transposase (Kawakami et al., 2000)
makes it possible to perform a primary screen of gene overexpression in the injected
embryos/larvae. In a study aimed at identifying regulators of sleep/wake states (Chiu et al.,
2016), a publicly available set of human open reading frames (ORF) that encode secreted
proteins were cloned into the Tol2 vector under the control of a heat shock promoter. Individual
plasmids were injected into one-cell stage embryos together with the transposase mRNA. For
each ORF, 32 injected embryos were tested in the sleep/wake assay along with 16 matched
controls injected with either hs:EGFP or an empty hs vector. The sleep/wake assay involves
tracking larval zebrafish locomotor activity both pre- and post-heat shock, and parameters
including number and length of sleep bouts, sleep latency at night, and changes in activity levels
were quantified. After 1432 experiments that tested 1286 unique ORFs covering 1126 unique
genes (29% of the human Secretome), 60 ORFs were selected to confirm in stable transgenic
lines. Ten gave reproducible phenotypes as expected from the primary screen and another two

lines gave unexpected phenotypes. Among them, Neuromedin U (Nmu), when over-expressed,

15



significantly increased locomotor activity. In situ hybridization of its orthologue in zebrafish
revealed that the nmu gene is expressed in the hypothalamus, brainstem, and spinal cord,
similar to the reported expression in mammals. Using genome editing technologies, the authors
generated mutations in the nmu gene, and its receptor encoding genes nmuria, 1b, and 2.
Analyses of these genetic mutations revealed complementary and at times redundant actions in
arousal, activity, and body size. Further mechanistic studies uncovered the brainstem

corticotropin releasing factor neurons as a mediator of Nmu function in sleep/wake regulation.

1.7 UNCOVERING CELLULAR AND MOLECULAR MECHANISMS THROUGH STUDYING

NATURAL PHENOTYPIC VARIATIONS

Another unique resource to uncover cellular and molecular mechanisms underlying complex
brain phenotypes is to study natural phenotypic variations, which already exist in the population
and thus obviating the need to perform screens. Often, natural phenotypic variations represent
traits that mimic complex human brain disorders.

Studies of natural phenotypic variations in model organisms such as Caenorhabditis
elegans, Drosophila melanogaster, honeybees, and mice have revealed important insights into
behavioral regulation (Ben-Shahar et al., 2002; de Bono and Bargmann, 1998; Osborne et al.,
1997). Similar studies have not been carried out in zebrafish, except some characterizations
with behavioral lateralizations (Facchin et al., 2009).

We have recently discovered a natural behavioral variation in light/dark preference,
which is associated with anxiety in larval zebrafish (Wagle et al., 2017). Preference for light or
dark environment is an evolutionarily conserved phenomenon (Bourin and Hascoét, 2003; Gong
et al,, 2010). Adult zebrafish display a natural preference for dark, which is shown to be

fear/anxiety-related (Lau et al., 2011; Maximino et al., 2010). Intriguingly, larval zebrafish of
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around 1-week of age show opposite preference, dark aversion, which is also fear/anxiety-
related (Bai et al., 2016; Chen et al., 2015; Lau et al., 2011; Steenbergen et al., 2011). By
testing 200 individual larvae derived from the wild-type laboratory strain AB, we found three
phenotypic variations with respect to this behavior: a small subset of individuals displayed
strong dark aversion (sda) with little variability across four trials, another small subset of
individuals displayed variable dark aversion across the four trials (vda), whereas the majority
showed medium level of dark aversion (mda). Selective breeding of these traits uncovered that
sda and vda are heritable, with sda being recessive and vda being dominant to the common
allele(s). The sda individuals also displayed heightened thigmotaxis behavior, another measure
of anxiety-like behavior in larval zebrafish. Future molecular genetic studies shall reveal the

cellular circuitry and molecular mechanisms underlying this natural behavioral variation.

1.8 CONCLUSION

It is a daunting challenge to understand and treat complex brain disorders including autism,
addiction, schizophrenia, anxiety and depression. Molecular genetic studies of complex brain
phenotypes employing screening in zebrafish as described in this chapter represent a promising
approach that shall reveal important insights into brain development, maintenance, and function,
and pave the way for tackling complex brain disorders in humans. The methods as described in
this chapter have their own strengths and limitations. For instance, ENU screens are time
consuming and labor intensive, so screening has been largely limited to phenotypes that can be
very rapidly assessed. Also, mutations in small genes are underrepresented, and identifying the
mutated genes requires laborious mapping and positional cloning. CRISPR screens can

potentially be carried out with fewer generations to breed. Because labor is reduced,
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phenotypes that are relatively subtle or more time consuming to measure can be assayed.
Since the target genes are already known, negative results become informative. Also, since
genes that affect particular phenotypes are rare, multiple genes can be targeted in the same
founder animals to increase throughput and efficiency. Together, the readers shall evaluate and
decide which methods to employ based on specific interests. For all screening methods, having

a robust, sensitive, and relatively high throughput assay is always an important prerequisite.
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Figure 1.1 Schematic of genetic screening.

The process begins with a phenotype of interest. An assay that is preferably robust, sensitive,
and high-throughput must be chosen to test this phenotype. A variety of genetic screens can
then be utilized with this assay: forward, reverse, and chemical. Forward genetic screens start

by producing many random mutations. Any aberrant phenotypes are identified,

then

investigated to find the gene responsible (ENU, insertional mutagenesis). Conversely, reverse
genetic screens start with specific gene targets in search of an abnormal phenotype. Reverse
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genetics can involve either permanent edits to the germ line (CRISPR, ZFNs, TALENS), or
transient epigenetic alterations (MO, RNAI, overexpression). Small molecules are administered
in chemical genetic screens. The results from these screens help to uncover genes that play a
role in modulating the phenotype, providing insight on the molecular and cellular mechanisms at
play.
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Figure 1.2 Schematic of ENU screening.

Two or one generation breeding can be carried out to screen for recessive mutant phenotypes
following ENU mutagenesis. (Left) Standard two-generation breeding to obtain 25%
homozygous individuals in the F3 generation. (Right) To shorten the breeding time needed, F2
oocytes can be collected from F1 females, in vitro fertilized with UV-irradiated sperm, resulting
in the activation of embryonic development without contributing genetic material. Subsequently,
early pressure (EP) is applied to the eggs to prevent second meiosis and enable gynogenetic
development. Depending on the location of the mutated loci relative to centromeres, 0%-50% of
homozygous mutants can be obtained in the F2 generation.
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Figure 1.3 Introducing genetic alterations via CRISPR-Cas?9.

Using CRISPR technology to produce gene edits begins with injection of both Cas9 (either
MRNA or protein) and sgRNA for the gene of interest. The injected embryos are then pooled,
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and a variety of assays can be run to determine efficiency of the sgRNA (e.g. T7 endonuclease
assay, surveyor assay, sequencing, etc.). Once mutations are confirmed, the FO generation is
raised to adulthood. As adults, they are genotyped to identify any induced genetic alterations.
This is done by pooling together a clutch of their embryos, PCR, and gel electrophoresis. When
FO individuals carrying mutations are identified, they can be crossed either with a wild type fish
(outcross), or another FO individual (incross). The outcross results in F1 progeny that are 1-
100% heterozygous (due to the mosaicism of the FO founder). When this F1 generation reaches
adulthood, they are genotyped to confirm individuals heterozygous for a mutation in the gene of
interest. Two heterozygous fish are then crossed to produce the F2 generation, which is 25%
wild type, 50% heterozygous, and 25% homozygous for the mutation. On the other hand, if the
FO fish are incrossed, progeny is produced that are either homozygous for the same mutation or
compound heterozygous: containing two different mutations in the gene of interest. These F1
fish can be used for both phenotype analysis and the creation of the F2 generation.
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CHAPTER 2: Role of the Endocannabinoid System in Vertebrates:
Emphasis on the Zebrafish Model
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2.1 ABSTRACT

The endocannabinoid (eCB) system, named after the plant Cannabis sativa, comprises
cannabinoid receptors, endogenous ligands known as “endocannabinoids”, and enzymes
involved in the biosynthesis and degradation of these ligands, as well as putative transporters
for these ligands. eCB proteins and small molecules have been detected in early embryonic
stages of many vertebrate models. As a result, cannabinoid receptors and endogenous as well
as exogenous cannabinoids influence development and behavior in many vertebrate species.
Understanding the precise mechanisms of action for the eCB system will provide an invaluable
guide towards elucidation of vertebrate development and will also help delineate how
developmental exposure to marijuana might impact health and cognitive and cognitive/executive
functioning in adulthood. Here we review the developmental roles of the eCB system in
vertebrates, focusing our attention on the zebrafish model. Since little is known regarding the
eCBs in zebrafish, we provide new data on the expression profiles of eCB genes during
development and in adult tissue types of this model organism. We also highlight exciting areas
for future investigations, including the synaptic regulation of the eCB system, its role in reward

and addiction, and in nervous system development and plasticity.

2.2 INTRODUCTION

After the first cannabinoid receptor CB1 was identified as a binding site for psychotropic
cannabinoids and cloned for further localization studies (Herkenham et al. 1990; Matsuda et al.
1990), many laboratories started to investigate the phenomenon previously associated with the
consumption of cannabinoids, including the feeling of happiness, excitement, dissociation of

ideas, spatiotemporal errors, mood fluctuation, illusion, and hallucinations (Moreau 1973).
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Researchers explored the physiological roles of this receptor, and in turn discovered
anandamide (AEA) (Devane et al. 1992) and 2-arachidonoylglycerol (2-AG) (Mechoulam et al.
1996) as endogenous ligands for CB1. Both ligands specifically interact with CB1 leading to the
inhibition of adenylyl cyclase (Howlett et al. 2010). In addition, a second cannabinoid receptor
CB2, which shared 48% identity with CB1, was identified. CB2 is mostly expressed in the
spleen, suggesting a role in the immune system (Munro et al. 1993). The set of cannabinoid
receptors, the two endocannabinoids and the enzymes responsible for their synthesis and
degradation are together known as the endocannabinoid (eCB) system.

The eCB system has received considerable attention from the research community.
More than 16,000 papers can be found on the NCBI website (PubMed) using keyword searches
for “cannabinoid receptor” and “endocannabinoid system”. Despite these advances, the diversity
of actions characterizing the stimulation of the two receptors by endogenous and exogenous
ligands remains incompletely understood. In particular, the roles of the eCB system in anxiety,
reward and addiction, and their impact on embryonic and postnatal development await further
investigations.

In this chapter, we will first highlight the eCB system for its known synaptic actions and
role in reward and addiction. Evolutionary considerations will then be given by discussing the
eCB system in mammals and amphibians. Due to the focus on zebrafish, the current state of
knowledge of the eCB system will be subsequently discussed in greater detail in this model
organism. Finally, we present new data on the spatiotemporal expression profiles of the eCB

system in zebrafish to bridge this knowledge gap.
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2.3 ROLE OF THE ENDOCANNABINOID SYSTEM

2.3.1 eCB system signaling at the synapse

The two major cannabinoid receptors, CB1 and CB2, belong to the large family of seven
transmembrane-spanning G-protein-coupled receptors (GPCRs) (Matsuda et al. 1990; Munro et
al. 1993). Genes encoding orthologues of the mammalian CB1 are found throughout vertebrates
including chicken, turtle, frog, and fish (Elphick & Egertova 2001). Within the central nervous
system (CNS), the two endocannabinoids are synthesized and released “on demand” into the
synaptic cleft, where they work as retrograde synaptic messengers through binding to the CB
receptors on the presynaptic terminal of neurons (Elphick & Egertova 2005; Chevaleyre et al.
2006). The activation of cannabinoid receptors in turn inhibits the release of many
neurotransmitters (e. g. serotonin, glycine, gamma-aminobutyric acid, glutamate,
cholecystokinin). Specific catabolic enzymes are then responsible for the degradation of the
ligands. The eCB signaling pathway at the synapse is described in greater detail in Figure 2.1
and a schematic representation showing gene relationship and function is shown in Figure 2.2.

Moreover, Table 2.1 summarizes eCB gene names and function.

2.3.2 Role of the eCBs in Reward and Addiction

The role of the eCB system in reward processing and motivated behaviors has been extensively
studied. The ventral tegmental area (VTA) and the nucleus accumbens (NAc) play central roles
in the processing of rewarding stimuli and in drug addiction. The VTA also contains at least two

additional neuronal phenotypes that are not dopaminergic (DA) (Cameron et al. 1997). DA
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neurons produce endogenous cannabinoids to regulate their own activity through the interaction
with the afferent neurons: current data support a CB1 receptor-mediated increase in dopamine
neuron activity, due to induction of local disinhibitory mechanisms, such as depolarization-
induced suppression of inhibition (DSI) or depolarization-induced suppression of excitation
(DSE) at inhibitory (i.e., GABAergic) or excitatory (i.e., glutamatergic) synapses, respectively
(Zlebnik & Cheer 2016). Previous findings on addiction showed that AEA and its synthetic
analog methanandamide are effective reinforcers of intravenous self-administration behavior in
squirrel monkeys, an animal model of human drug abuse and suggests that medications that
promote the actions of endogenously released cannabinoids could also activate brain reward
processes and have the potential for abuse (Justinova et al. 2005). It is important to understand
how marijuana can mediate these effects. There is evidence that cannabis is mildly addictive:
around 9% of users become dependent on the drug, showing signs of addiction such as
developing tolerance or experiencing withdrawal symptoms (Cressey 2015). It has been
demonstrated that the psychoactive component of marijuana, A®-tetrahydrocannabinol (THC),
alters the activity of central reward pathways in a manner that is consistent with other abused
drugs but the cellular mechanisms through which this occurs rely upon the combined regulation
of several afferent pathways to the VTA (Lupica et al. 2004). The precise mechanism by which

the eCB system facilitates DA burst firing in vivo is yet to be fully understood.

2.3.3 The Evolution of the eCBs

The eCB system is widely conserved across organisms, although the patterns of evolution for
each protein vary. CB receptor genes appear to be present only in chordates (Elphick 2012). It
is believed that CB1 and CB2 arose from a gene duplication event of a common ancestral gene.

Remarkably, duplicate CB receptor genes have been found in teleosts. For example, zebrafish
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have two cb2 genes, and puffer fish have two cb1 genes (Elphick & Egertova 2001). This may
be evidence of a second gene duplication event in a common ancestor of these fish, followed by
loss of a gene copy in subsequent families. Unlike CB receptors, DAGLs (2-AG synthesis
enzymes) are more widely conserved among bacteria, fungi, plants, and animals (Yuan et al.
2016). However, DAGL substrate selectivity across organisms differs. For example, mammalian
DAGL specifically hydrolyzes DAGs, while bacterial DAGL can catalyze hydrolysis of DAG,
MAG, and glycerol. It is worth noting that the two isoforms of DAGL, DAGLa and DAGLb, have
distinct evolutionary patterns. Yuan et al. compiled a thorough account of the similarities and
differences between the evolutions of each isoform. As with DAGL, 2-AG is also largely
conserved. 2-AG has been found in animals as primitive as fresh water polyps (De Petrocellis et
al. 1999). The 2-AG degradation enzyme MGLL is also largely conserved across many different
phyla; it is found in animals such as placozoans and cnidarians. However, several insect
species like Drosophila melanogaster lost this gene (Elphick 2012). ABHD4 is one of the
proteins suggested to be involved in AEA biosynthesis and is also highly conserved, having
orthologues in a wide variety of species from fruit flies and lizards to mammals (Ensembl
Genome Browser). FAAH and FAAH2, enzymes involved in the degradation of AEA, likely
underwent a gene duplication event in an ancestral animal preceding organisms with nervous
systems. Though these genes are prevalent across species, certain lineages lost one of these
genes. For example, rodents lack FAAH2, and insect species like Drosophila lack FAAH
(Elphick 2012). Lastly, the cannabinoid receptor interacting protein CRIP1A is thought to
originate in the first organisms with nervous systems; this protein is ubiquitous and has been
found in species such as N. vectenses (cnidaria) and C. elegans (nematoda). Even though
CRIP1A interacts with CB1, its origins significantly precede CB receptor appearance,
suggesting other functions for this protein in addition to interacting with CB receptors (Elphick

2012).
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2.3.4 The eCB system in developing mammals

The eCB system, with its metabolic enzymes, receptors, and secondary messenger cascades,
plays a major role in development/neurodevelopment. Understanding of the signaling pathways
will help reveal the basis of developmental defects that are associated with prenatal drug abuse.
The presence of CB1 receptor at early developmental stages suggests that the eCB system
contributes to CNS development, such as axonal elongation, myelination, migration, cell
proliferation, and synaptogenesis (Fernandez-Ruiz et al. 2000). Multiple studies have shown
that mRNA expression of the CB1 receptor is distributed in both the fetal and neonatal rat brain
(Romero et al. 1997; Berrendero et al. 1998, 1999). CB1 activity and receptor binding can be
identified as early as 14 gestational days old, which overlap with the expression of most
neurotransmitters (Insel 1995). In mammals, the CB1 receptor plays a major role in neural
progenitor proliferation and survival. The proliferation of neural progenitor cells has been
associated with the dependence of the activation of the CB1 receptor in areas such as the
cerebellum and hippocampus (Trazzi et al. 2010). Studies using knockout mice demonstrated
that inactivation of both the CB1 and CB2 receptor impairs neural progenitor cell proliferation
(Aguado et al. 2005; Palazuelos et al. 2006). Also, reduced CB1 function in vivo is frequently
linked to alterations with regards to hippocampal and cortical development (Aguado et al. 2005;
Zurolo et al. 2010). It is shown that mice lacking CB1 receptors have suppressed cortical
progenitor proliferation (Aguado et al. 2005; Mulder et al. 2008).

AEA and 2-AG are present throughout prenatal development, but fluctuate and vary with
a wide range (Berrendero et al. 1999; Fernandez-Ruiz et al. 2000). In mice, AEA has been
associated with the activation of embryo implantation inside the uterus during days 4-6 of
pregnancy (Paria et al. 2001). Throughout perinatal development, AEA levels are low at mid-

gestation but increase gradually until adulthood (Berrendero et al. 1999). However, fetal 2-AG
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levels are approximately the same concentration in young and adult rat brains, with only a
distinguishable surge of 2-AG immediately after birth (Berrendero et al. 1999; Fernandez-Ruiz
et al. 2000). Overall, it has been observed that in adult brains, the concentrations of 2-AG are
much greater than the levels of AEA, a difference of 2000-8000 pmol/g of tissue versus 3-6
pmol/g of tissue, respectively (Berrendero et al. 1999; Fernandez-Ruiz et al. 2000).

In humans, the CB1 receptor is saturated in the cerebellum, hippocampus, caudate
nucleus, and cerebral cortex and is evident in the brain as early as prenatal development. At
just gestational week 9, the CB1 receptor can be found in Cajal-Retzius cells and in the sub-
ventricular zone (Zurolo et al. 2010). During the second trimester of gestation, CB1 receptors
can be traced in the hippocampal CA region (Wang et al. 2003). However, the high
concentrations of the CB1 receptor in fiber-enriched areas are only detected during prenatal
development and are almost non-existent in the adult brain (Mato et al. 2003). Thus, the
expression of the CB1 receptor during early development of the nervous system suggests that
the endocannabinoid system plays a role on neural development in humans, which ultimately
can be associated with possible neuropsychiatric disorders (Galve-Roperh et al. 2009; Jutras-
Aswad et al. 2009).

Alterations of the endocannabinoid receptor signaling during early human development
can result in changes of the developing brain, for instance, impairment of neuronal maturation,
connectivity, or migration, which could play a direct role in adult brain dysfunction (Pang et al.
2008). Indeed, genetic polymorphisms in eCB genes have been associated with functional
differences. A missense mutation in the FAAH gene has been associated with problematic drug
use (Sipe et al. 2002; Hariri et al. 2009). In 2010, further studies have shown that mutations in
the ABHD12 gene (functioning in degradation of AEA) cause the neurodegenerative disease
PHARC, with symptoms including polyneuropathy, hearing loss, ataxia, retinitis pigmentosa,

and cataracts (Fiskerstrand et al. 2010). Additionally, the inhibition of the CB1 receptor during
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cortical neurogenesis resulted in deficits to subcortical projections that impaired proper motor
function in adulthood (Diaz-Alonso et al. 2012). Alteration of eCBs signaling also affects the way
the brain processes emotion, reward, and threat (Galve-Roperh et al. 2009; Jutras-Aswad et al.
2009). Reduction or enhancement of G-protein mediated signalling due to genetic
polymorphisms in the CB1 gene has been linked to psychiatric disorders such as schizophrenia,
depression, and psychosis (Ballon et al. 2006). Similarly, polymorphisms in the CB2 gene have

also been linked to symptoms of depression and schizophrenia (Onaivi et al. 2008).

2.3.5 The eCBs in amphibians

Under the classification of amphibians, CB1 receptors have been identified within species such
as Taricha granulosa (Soderstrom et al. 2000), Xenopus laevis (Cottone et al. 2003), and Rana
esculenta (Meccariello et al. 2007). However, Xenopus tropicalis is one of the few in which the
CB2 gene is present (Elphick & Egertova 2001). In situ hybridization experiments conducted on
Xenopus granulosa have revealed that cb7 mRNA expression can be detected early during
development in the telencephalon, specifically in the nucleus amygdalae, dorso lateralis, and
stria terminalis. Additionally, expression of the cb7 mRNA can be found in the cerebellum,
preoptic region, stratum griseum of the hindbrain, and thalamus (Hollis et al. 2006). In Xenopus
laevis, there has been detection of cb7 mMRNA in the embryos at stage 28. Upon reaching stage
41, cb1 mRNA is detected in the rhombencephalon and olfactory bulb (Migliarini et al. 2006).
During adulthood, Xenopus laevis has CB1 mRNA-positive cells in regions such as amygdala,
hypothalamus, cerebellum, spinal cord, mesencephalic tegmentum, dorsal/medial pallium, and
cells of the pituitary gland such as the thyrotrophs, lactotrophs, and gonadotrophs (Cesa et al.
2001, 2002; Salio et al. 2002; Cottone et al. 2003).

Similarly, CB1 immunostaining in neurons has been revealed in Rana esculenta at high
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levels, specifically in the pre-optic regions, hindbrain, hypothalamus, and telencephalic
hemispheres (Cottone et al. 2008; Meccariello et al. 2008). There are postulations that gonadal
activity is influenced by the eCBs due to fluctuations in cb7 mRNA expression in regions of the
brain associated with the sexual cycle (Meccariello et al. 2006, 2008). During the frog sexual
cycle, gonadotropin-releasing hormone | (GnRH-I) mRNA and CB1 levels have an inverse
relationship of expression in the diencephalon and telencephalon (Meccariello et al. 2008;
Chianese et al. 2012). In these regions, AEA acts as an antagonist to the synthesis of GnRH-I
and GnRH-II, which will trigger an increase in cb1 transcription, suggesting a relationship
between GnRH and the eCBs (Meccariello et al. 2008; Chianese et al. 2011, 2012).
Additionally, there are speculations of endocannabinoid-mediated responses such as anxiety,
stress, and fear due to the cb7 mRNA in situ hybridization staining of the amygdaloid complex in

Taricha granulosa (Cottone et al. 2003).

2.3.6 The eCB system in zebrafish

As a non-mammalian vertebrate, the zebrafish (Danio rerio) is evolutionarily more distant from
humans than rodent models but evolutionarily closer to humans than other invertebrate models,
such as worms (C. elegans) or fruit flies (D. melanogaster). Indeed, the eCB system is highly
conserved between mammals and zebrafish but not the aforementioned invertebrate model
organisms (Elphick 2012). Zebrafish development occurs externally and the transparency of its
embryos through larval stages makes it an ideal model to understand the role played by the

eCB system in development.

Neural Development. Watson et al. (2008) showed that knockdown of cb7 gene activity by

morpholino anti-sense oligonucleotides resulted in defects of axonal growth and fasciculation.
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More recently, Martella et al. (2016a) showed that 2-AG plays a key role in axonal growth and
fasciculation, and that the eCBs is critical for the development of functional vision and

locomotion.

Anxiety. The eCB system is involved in modulating anxiety across various animal models
(Krug & Clark 2015). Low level stimulation of CB receptors commonly causes anxiolytic effects,
while high level stimulation is anxiogenic (Viveros et al. 2005). A light/dark preference testing
arena was used to see the effects of CB receptor stimulation on fish behavior (Connors et al.
2014). In this assay, zebrafish were placed into a tank with both light and dark regions.
Normally, adult zebrafish have a significantly higher preference for dark areas (Serra et al.
1999), but exposure to anxiolytic drugs can increase the time spent in light areas (Guo 2004).
Connors et al. showed that supplementing zebrafish food with the potent synthetic CB receptor
agonist WIN55212-2 (1 ug/day for 7 days) increases the time spent in light areas, suggesting
anxiolytic effects. In contrast, a spatial tank test revealed anxiogenic properties of THC, a CB
receptor agonist (Stewart & Kalueff 2014). Zebrafish pre-exposed for 20 min with 30 mg/L or 50
mg/L THC spent less time in the upper half of the tank, suggesting an increase in anxiety-like
behavior compared to control fish. Though CB receptor agonists were used in both the light/dark
preference assay and the spatial tank test, opposing effects on anxiety are likely due to different
amounts of drug dosed, corroborating the idea that the relationship between CB receptor
stimulation and anxiety is dosage-dependent and/or due to different routes of administration.
Another method of evaluating anxiety involves escape response. Ruhl et al. (2014) measured
the response of the fish to a threatening visual stimulus and did not have significant evidence of
THC at 100 nmol/L being anxiolytic. However, even though THC at 100 nmol/L did not produce
any change in behavioral performance, the same concentration severely impaired spatial

memory (Ruhl et al. 2014). Along with differences in concentration, discrepancies in anxiolytic
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effects across studies may lie in the fact that different cannabinoids were administered;
WIN55212-2 is a full agonist, while THC is a partial agonist. Interestingly, a more recent threat
experiment using the same concentration of THC as Ruhl et al. yielded different results; THC
administration appeared to have some anxiolytic properties (THC treated fish spent less time at
the bottom of the tank), yet did not reduce other behaviors indicative of anxiety (freezing and
erratic movements) (Ruhl et al. 2016). The fear stimulus in this experiment was a pheromone,
and a possible explanation for the conflicting results may be that CB stimulation distinctly affects
different sensory inputs. Lastly, social interactions may also be indicative of nervous behavior.
Fish treated with 1mg/L WIN55212-2 swam longer with a stranger fish than controls, suggesting
anxiolytic activity (Barba-Escobedo & Gould 2012). Though most evidence from zebrafish
experiments agree with conclusions from other animal models, some conflicting evidence calls
for more experiments to have a clearer understanding of the connection between the eCBs and

anxiety in zebrafish.

Lipid Homeostasis and Appetite. Zebrafish have become a common and relevant model for the
study of lipid homeostasis, and the eCBs has been associated with changes in lipid
homeostasis and food intake (Krug & Clark 2015). In rodent models, CB1 stimulation in the liver
has been shown to induce fatty acid synthesis, increase appetite, and promote obesity, while
CB1 downregulation produces opposite effects (Osei-Hyiaman et al. 2005; Wiley et al. 2005;
Gary-Bobo et al. 2007). Similar results were seen in zebrafish. Liu et al. (2016) reported the
importance of the eCBs in the liver; cb1 and cb2 double mutant fish have impaired liver
development and function. Specifically the authors showed that inhibition of CB receptor activity
disrupts liver development and metabolic function in zebrafish, impacting hepatic differentiation
and liver size due to fewer hepatocytes and reduced liver-specific gene expression and

proliferation (Liu et al. 2016). In contrast, when cb7 is overexpressed in zebrafish liver, the
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expression levels of genes involved in the fatty acid production, transport, and storage are
consequently increased, resulting in hepatosteatosis (Pai et al. 2013). Addition of Cb1
antagonist AM251 rescued this phenotype, suggesting the role of Cb1 in stimulating lipid
accumulation. Additionally, AEA administration to zebrafish has been shown to increase
expression of Srebp, a transcription factor involved in sterol synthesis (Migliarini & Carnevali
2008). In another study, Fraher et al. showed that alteration of the activity of the eCBs and
Retinoic Acid (RA) pathways have additive function in lipid abundance during zebrafish
development (zebrafish embryos were exposed to chemical treatments WIN55212-2,
Rimonabant, 4-diethylaminobenzaldehyde, BMS 753, BMS 614, BMS 961, CD 2665, oleamide,
AM 630, bisphenol A diglycidyl ether, and Rosiglitazone) (Fraher et al. 2015).

A study by Martella et al. (2016b) determined that bisphenol A (BPA) stimulates
hepatosteatosis in zebrafish via upregulation of the eCB system. While stimulation of CB
receptors appears to increase lipid synthesis, not all cannabinoids facilitate this process. A
study showed that phytocannabinoids cannabidiol (CBD) and D9-tetrahydrocannabivarin
(THCV) reduce lipid levels in zebrafish, agreeing with studies done in rodent models (Silvestri et
al. 2015). Unlike THC, THCV is a Cb1 receptor antagonist, and CBD has minimal affinity for
either CB receptor. Therefore, the effects on lipid homeostasis by these particular cannabinoids
likely occur through either Cb1 downregulation or interaction with receptors outside of the eCB
system. It is worth noting that this experiment measured lipid metabolism in vivo by quantifying
the amount of yolk in zebrafish embryos over time. Therefore, further studies must be done to
see if these phytocannabinoids can protect against hepatosteatosis in adult fish. CB receptors
have also been shown to modulate fish appetite. In an experiment done by Piccinetti et al.
(2010), the administration of melatonin reduced zebrafish food intake. These melatonin-treated
fish consequently had reduced Cb1 expression, suggesting that Cb1 has a role in stimulating

hunger in zebrafish. Additionally, downregulation of Cb1 in zebrafish has been shown to reduce
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appetite in a dose dependent manner (Shimada et al. 2012). Nishio et al. (2012) conclude that
Cb1 downregulates the expression of cocaine- and amphetamine-related transcript (CART)-3 to
induce hunger in zebrafish. A schematic representation of the eCB system’s role in zebrafish

hepatocytes is shown in Figure 2.3.

Immune System and Neuroinflammation. The eCB system is also associated with immune
system processes such as inflammation. As in mammals, zebrafish Cb2 receptors are highly
expressed in white blood cells (Krug & Clark 2015). Administration of various Cb2 agonists in
zebrafish reduced leukocyte migration to a tail wound (Liu et al. 2013). Conversely, knocking out
cb2 resulted in increased leukocyte migration compared to control fish. These studies suggest
that Cb2 is a critical component in the modulation of inflammation responses, agreeing with
other animal model studies. Cb2 activation is thought to inhibit leukocyte migration by
downregulating arachidonate 5-lipoxygenase (Alox5) through the JNK/c-Jun/Alox5 pathway.
Additionally, Cb2 plays a role in neuroinflammation; in experimental allergic encephalomyelitis
(EAE), a mouse model of brain inflammation, Cb2 is upregulated 200-fold in resting microglial
cells (Maresz et al. 2005). The reduction of Cb2 receptors on invading T-cells is shown to
facilitate neurodegenerative disease progression (Maresz et al. 2007). Experiments with
neurodegenerative zebrafish models are needed to test whether Cb2 has a similar role in

regulating neuroinflammatory disease progression in zebrafish.
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2.4 METHODS

2.4.1 Zebrafish husbandry

Wild type of the AB strain adult (1 year old) and larval zebrafish (Danio rerio, of either sex) were
used in this study. The animals were raised at the University of California, San Francisco
zebrafish facility at 28°C under a 14/10 hour light/dark cycle in accordance with National

Institutes of Health and University of California, San Francisco guidelines.

2.4.2 Quantitative polymerase chain reaction (QPCR) analysis

Total RNA was prepared from isolated adult tissues (skin, brain, muscles, kidney, heart,
intestine, liver, spleen, eyes, ovary, testis) and representative developmental embryo stages (1
hpf to 120 hpf dechorionated embryos) of zebrafish using TRIzol reagent (Invitrogen) by
homogenization and purified using RNeasy Mini Kit (Qiagen). cDNAs were synthesized from
500 ng of purified RNA using qScript cDNA SuperMix (Quanta Biosciences) and used as
templates. QPCR was performed using Applied Biosystems SYBR Green PCR Master Mix and
the ABI7900HT machine. Forward and Reverse primers were designed using NCBI/primer-
BLAST software with exon-exon junction parameters and Danio rerio RefSeq for off targets.

elfia primers were used as standard CT (McCurley & Callard 2008) to generate Ct values.

2.4.3 Whole mount in situ hybridization

cb1 and cnrip1a sense and anti-sense in situ probes were created by cloning PCR products
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from zebrafish embryos’ cDNA template into commercial TOPO vector pCR4-TOPO cloning kit
(Invitrogen). After checking the directionality of the PCR products by sequencing (Quintara
Biosciences), linearization of the vector by specific restriction enzymes was performed.
Digoxigenin labeled RNA probes for in situ hybridization (ISH) were generated using the DIG
labeling kit (Roche) according to the manufacturer’s instructions using either T3 or T7 RNA
polymerases (depending on directionality). DNA template was removed using DNase.
Hybridization of embryos collected at 30, 50 and 72 hpf (incubation step performed at 68°C) and
detection with anti-digoxigenin was done as previously described (Guo et al. 1999). After
staining, embryos were cleared with glycerol, and whole-mounted for viewing. Images were
taken using Zeiss Axioskop 2 plus microscope, Canon EOS DS126431 camera and

MicroManager software.

2.5 RESULTS

2.5.1 Zebrafish cb1 and cnrip1a transcripts are detected in the developing zebrafish brain

Whole-mount in situ hybridization revealed enriched cb1 expression in discrete brain regions of
zebrafish embryos. Similarly to what was previously described in (Lam et al. 2006), cb1
transcript was detected in the preoptic area at 30 hpf (Figure 2.4A,B) and extends to other
areas of the telencephalon, diencephalon, and midbrain at 50 hpf (Figure 2.4C,D). At 72 hpf,
cb1 transcript was detected in the olfactory bulb and weakly in the midbrain (Figure 2.4E,F).

We next analyzed the expression pattern of cnrip7a transcript. cnrip1a transcript is highly
expressed in the head region and in the brain at 30 hpf (Figure 2.41,J) showing an enrichment

in the telencephalon, midbrain, hindbrain, and eyes. At 50 hpf, cnrip1a transcript is detected in
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the brain, retina, pectoral fins, and potentially in digestive organs which they are not easily
demarcated due to the strong signal of the probe (Figure 2.4K,L). At 72 hpf cnrip1a expression
is reduced but was still detectable in the mid- and hind-brain regions (Figure 2.4M,N). For both
cb1 and cnrip1a there was no detectable staining with the sense control probes at all stages

analyzed (50 hpf stages are shown as an example in Figure 2.4G,H,O,P).

2.5.2 Expression profile of zebrafish eCBs genes during embryogenesis

Next we used gqPCR analysis to investigate the expression profiles of zebrafish eCB genes
during embryogenesis using cDNAs prepared from 10 zebrafish embryonic developmental
stages (between 1 hour and 120 h post-fertilization). cb7 expression was low during
development although a very clear maternal-zygotic transition phase was detected (Figure
2.5A). These data were consistent with in situ hybridization analysis shown in Figure 2.4.
Similar low expression was seen for orphan receptor gpr55a (Figure 2.5A). cb2 was expressed
at higher levels and its expression seemed to be paired with the onset of peripheral
organogenesis (Figure 2.5A). Expression analysis of cnrip1a showed high level of expression
starting at 24 hpf in concomitance with brain development (Figure 2.5B). High levels of
expression were detected in later stages, too. Its maternal expression also suggested a role at
very early stages (Figure 2.5B). The expression levels of genes encoding Mgll and Abhd6a and
b (enzymes involved in 2-AG degradation) were relatively low during zebrafish development
(Figure 2.5C) while abhd12 showed high maternal mRNA levels, which continues throughout
organogenesis (Figure 2.5C). dagla showed a similar expression profile to daglb, even though
daglb seemed required during initial phases of embryonic development (Figure 2.5D). faah and
faah2a gene expression levels were very similar during development and fairly weak (Figure

2.5E). A similar expression profile was seen for nape-pld and gde? (Figure 2.5F) but not for
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abhd4 of which the maternal expression was higher (Figure 2.5F), suggesting a role during
embryo early stages and a potential requirement for AEA synthesis during these stages.
Expression of other eCBs related genes is shown in Figure 2.5G. Of these genes, naaafla,

showed elevated relative expression mRNA levels before 24 hpf (Figure 2.5G).

2.5.3 Expression profiles of zebrafish eCBs genes in adult tissue types

We also analyzed the expression of zebrafish eCBs genes in adult tissues by qPCR. cb7 mRNA
was present at very high levels in the brain while very little is detected in the eyes and testis
(Figure 2.6A); ch2 was detected in the brain, kidney, spleen and testis (Figure 2.6A); gpr55A
was predominant in the brain, spleen and testis (Figure 2.6A). The expression of cnrip1a was
extremely high in the brain, eyes and testis (Figure 2.6B). The highest expression for mgll was
detected in the brain, kidney, spleen and eyes (Figure 2.6C). While abhd6b appeared to be
expressed at levels barely detectable, abhd6a was mostly expressed in the intestine, liver and
testis (Figure 2.6C). abhd12 showed variable expression within different tissues, and it was
found more abundant in the brain, muscles, eyes and reproductive organs with a lower level in
kidney, heart and intestine (Figure 2.6C). The different expression levels of these serine
hydrolases in the brain are explainable by their respective activity in the brain: indeed MGLL
accounts for 85% of 2-AG hydrolysis, ABHD6 accounts for approx. 4% of brain 2-AG hydrolase
and ABHD12 for 9% (Savinainen et al. 2012). dagla and daglb showed a similar pattern of
expression in the brain, muscles, kidney, eyes and testis; in the spleen, dagla showed higher
levels of expression compared to daglb (Figure 2.6D). faah and faah2a were expressed at
comparable levels in the brain (Figure 2.6E); faah was also moderately expressed in the skin
and testis (Figure 2.6E) while faah2a was also detected intestine, eyes and testis (Figure
2.6E). nape-pld, gde1 and abhd4 were widely expressed in almost all organs with similar mRNA

levels in the brain (Figure 2.6F); abhd4 was found more abundant in the spleen and testis
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(Figure 2.6F). ptgs2a was predominantly expressed in the skin, spleen and eyes (Figure 2.6G);
naaala was greatly expressed in the reproductive organs (Figure 2.6G), this was consistent
with its high levels of maternal mRNA (Figure 2.5G). pparab and pparg showed similar
expression in muscles and spleen (Figure 2.6G); pparab expression was greater in the brain,

heart and eyes while pparg seemed to be enriched in the testis (Figure 2.6G).

2.6 DISCUSSION

Although the eCB system has been studied in various animal models and humans, there are still
many unknown features of this system. For example, it is not clear how activity regulates the
availability of endogenous eCB ligands to specific synapses. The circuit mechanisms underlying
eCB system’s role in reward, addiction, and anxiety remain to be elucidated. How endogenous
and exogenous CB ligands impact nervous system development and plasticity is also an
important question for which deep mechanistic insights can be gained.

Zebrafish (Danio rerio) has become a prominent vertebrate model organism to study
biological processes in vivo (Stern & Zon 2003; Hill et al. 2005; Santoriello & Zon 2012). This is
due to a combination of salient properties for elucidating embryonic development, physiology
and diseases. Though a vertebrate, it has the strengths of invertebrate model systems, such as
small size, high fecundity, and a relatively short generation time (Lieschke & Currie 2007).
Moreover, its rapid and synchronous embryonic development greatly facilitates phenotypic
analysis and high throughput experimental approaches. Its transparent and easily accessible
embryos and larvae make zebrafish ideally suited for cell-type specific gene activity alterations
and subsequent in vivo observations.

Despite the clear advantages in using this model, limited functional studies of the eCBs
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have been carried out using zebrafish. Here we present expression profiles of all genes known
to be involved in endocannabinoid signaling in zebrafish at different developmental stages and
in individual adult organs. Our observational gene expression studies contribute to the existing
data about the endocannabinoid system and emphasize the benefit of this model in providing
new insights. Using in situ hybridization and gPCR to assess spatial and temporal expression in
zebrafish embryos respectively, we found that cb1 transcript is restricted to very specific areas
of the brain while cnrip1a is highly and widely expressed within the CNS; it is possible that
Crip1A has an independent role from Cb1, which has already been suggested by Guggenhuber
and colleagues (Elphick 2012; Guggenhuber et al. 2016). Consequently, despite the initial
exclusive characterization of Crip1A protein as Cb1 interacting protein, it would be interesting to
investigate further.

Another interesting finding is that, despite the proposed role for Cb1 in the liver, in our
studies zebrafish cb71 does not show detectable levels of mMRNA expression in the adult liver.
This is consistent with what has been previously stated in Alswat et al.: “in the normal liver, the
expression of CB1 and CB2 receptors is modest, which probably explains why the focus of
research on the role of eCBs in the liver pathophysiology has come only recently. Indeed, early
studies of brain CB1 receptors used the liver as a negative control” (Galiegue et al. 1995;
Alswat 2013).

The manipulation and analysis of the eCB system in zebrafish (i.e. the creation of
zebrafish knock-out models) could bridge existing knowledge gaps on their function. Zebrafish
studies could also contribute to a better understanding of the toxicological effects of exogenous
cannabinoids. Through the employment of knockout models and well controlled assays, the
effects of acute and chronic phytocannabinoid administration on development and behavior can
be assessed.

The eCB system has the potential to be used in various therapeutic strategies. Previous
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studies have given evidence that activation or inhibition of the eCBs could alleviate the
symptoms of various disease states, including multiple sclerosis, Alzheimer's disease,
Parkinson’s disease, Huntington’s disease, obesity, anxiety, and depression (Di Marzo et al.
2015; Krug & Clark 2015). On the other hand, exposure to exogenous CB ligands such as
marijuana may have unwanted consequences on development and health. Further exploration
of the eCB system, in particular by harvesting the strength of model organisms such as
zebrafish, will allow for its exploitation in therapeutic contexts while avoiding the side effects of

modulating eCB signaling.
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Figure 2.1 eCB system signaling in neurons.

(A) Within the brain, the endocannabinoids AEA and 2-AG are biosynthesized from different
membrane phospholipid families, both esterified with arachidonic acid (AA). Several possible
biosynthetic routes for the formation of AEA in the post-synaptic neuron have been suggested
with multiple enzymes implicated: N-acylphosphatidylethanolamine specific phospholipase D
(NAPE-PLD), ab-Hydrolase domain-containing 4 (ABHD4), and glycerophosphodiesterase-1
(GDE1). The biosynthetic precursors of 2-AG are converted to 2-AG by the action of sn-1-
diacylglycerol lipases a and b (DAGLa and DAGLb). Endogenous AEA and 2-AG and
exogenous D9-THC (THC) activate the CB1 receptor, exposed on the pre-synaptic neuron,
causing (1) G-protein mediated inactivation of voltage-gated calcium channels (VGCC) which
results in a transient reduction of neurotransmitter (NT) release, (2) G-protein mediated
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activation of voltage-gated potassium channels (VGKC), which decreases cell firing, and (3) G-
protein mediated inhibition of adenylate cyclase (AC) with consequent reduction of cCAMP levels.
2-AG is then degraded by three serine hydrolases, MGLL (monoglyceride lipase), ABHD6 (ab-
Hydrolase domain-containing 6) and ABHD12 (ab-Hydrolase domain-containing 12), that
account for approximately 99% of 2-AG hydrolysis in the CNS (Savinainen et al. 2012). MGLL is
responsible for approx. 85% of 2-AG hydrolysis and co-localizes with CB1 in axon terminals
(Savinainen et al. 2012). ABHD6 accounts for approximately 4% of brain 2-AG hydrolase
activity; in neurons it resides post-synaptically, often juxtaposed with CB1 where it regulates
intracellular pools of 2-AG at the site of generation. ABHD12 is highly expressed in microglia
and accounts for approx. 9% of total brain 2-AG hydrolysis. AEA is generally degraded by the
fatty acid amide hydrolases FAAH and FAAH2A. Prostaglandin-Endoperoxide Synthase 2
PTGS2 (COX-2) possesses the capacity to metabolize AEA in vivo and can compete with FAAH
for AEA in several brain regions (Glaser & Kaczocha 2010). The cannabinoid receptor
interacting protein CRIP1A, transiently interacting with CB1 can stabilize and regulate the
inactive state of the receptor (Niehaus et al. 2007). In contrast with this conclusion,
Guggenhuber and colleagues proposed that CRIP1A regulates CB1 activity in an agonist-
dependent manner (Guggenhuber et al. 2016).
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(B8)

Figure 2.2 Relationship between eCB proteins and ligands.

Schematic representation of the main proteins belonging to the eCB system. CB1 and CB2
receptors get activated by endogenous (2-AG and AEA) and exogenous (THC) cannabinoids; 2-
AG is synthesized by DAGLa and DAGLb and degraded by MGLL; AEA is mainly synthesized
by ABHD4 and degraded by FAAH. CRIP1A and CRIP1B are known interaction partners of
CBH1; Levels of 2-AG in the brain are higher than those of AEA.
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Figure 2.3 The eCB system in zebrafish liver.

Proper liver function in zebrafish appears to be dependent on a normal, functioning eCBs in
hepatocytes. (A) Zebrafish liver functions regularly when eCB signaling is unaltered. (B)
Mutation of cb1 and cb2 impair liver development and function (Liu et al. 2016). Loss of CB1
and CB2 function results in a smaller liver with less hepatocytes and reduced expression of
liver-specific genes in zebrafish. Additionally, methionine levels are irregular, which is known to
cause a variety of metabolic problems, including hepatosteatosis. (C) Overexpression of CB1
results in fish with hepatosteatosis (Pai et al. 2013). Increased CB1 receptor signaling
stimulates SREBP-1c, a transcription factor which upregulates the expression of ACC1 and FAS
(genes involved in fatty acid synthesis). ACC1, acetyl coenzyme-A carboxylase-1; CBR,
cannabinoid receptor; FAS, fatty acid synthase; SREBP-1c, sterol regulatory element-binding
protein 1c.
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Figure 2.4 Whole mount in situ hybridization analysis of cb7 and cnrip1a genes.

cb1 (A-H) and cnrip1a (I-P) expression in developing zebrafish (30, 50 and 72 hpf). cb1
expression was examined using whole-mount in situ hybridization in wild type embryos at the 30
hpf (A, B; dorsal and lateral respectively), 50 hpf (C, D; dorsal and lateral respectively), and 72
hpf (E,F dorsal and lateral respectively) stages. By 30 hpf, cb1 expression is highly restricted to
the pre-optic area (A, B). At 50 hpf, cb7 expression was prominent in very specific areas of the
brain including the olfactory bulbs, telencephalon, optic tectum and hypothalamus (C, D). At 72
hpf, cb1 expression was further restricted to the telencephalon in the olfactory bulbs and weakly
in the midbrain area (E, F). No signal was detected using cb7 sense probes at all stages, 50 hpf
is shown (G, H). cnrip1a expression was examined using whole-mount in situ hybridization in
wild type embryos at the 30 hpf (I, J; dorsal, lateral respectively), 50 hpf (K, L; dorsal, lateral
respectively), and 72 hpf (M, N; dorsal, lateral respectively) stages. By 30 hpf, cnrip1a
expression is highly expressed in the head region showing an enrichment in the telencephalon,
mid- brain, midbrain-hindbrain boundary and eyes (I, J). At 50 hpf, strong cnrip7a expression
was prominent in specific areas of the brain, eyes retina, pectoral fins, and potentially in
digestive organs (K, L). At 72 hpf, cnrip1a expression was further restricted to the retina,
telencephalon, midbrain, midbrain-hindbrain boundary (M, N). No signal was detected using
cnripi1a sense probes at all stages, 50 hpf is shown (O, P). Te, telencephalon; pf, pectoral fins;
r, retina; mhb, midbrain-hindbrain boundary, OB, olfactory bulbs.
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Figure 2.5 Developmental expression of zebrafish eCB genes.

gPCR analysis of mMRNA prepared at ten embryonic developmental stages of WT embryos (X
axis: 1-120 h postfertilization, hpf) using primers against (A) Cannabinoid Receptors, cb7 and
cb2 and putative orphan receptor gpr55a (B) cannabinoid receptor interacting protein, cnrip1a,
(C) enzymes responsible for 2-AG hydrolysis mgll, abhd6a and abhd6b and abhd12, (D)
enzymes responsible for 2-AG synthesis, dagla and daglb, (E) enzymes responsible for AEA
hydrolysis faah and faah2a (F) enzymes responsible for AEA synthesis nape-pld, abhd4 and
gde1 (G) genes associated with the eCB system, ptgs2a, naaala (asah1A), pton22, pparab and
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pparg. elfla was used as internal control to determine the relative mRNA expression. Relative
average expression +/ SEM (gqPCR results are representative of two experimental repeats, two
repeats/experiment). GraphPad Prism 7 software was used for statistical analysis.
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Figure 2.6 WT zebrafish adult tissue types expression of zebrafish eCB genes.

gPCR detection of zebrafish eCBs genes in zebrafish tissues (X axis: skin, brain, muscles,
kidney, heart, intestine, liver, spleen, eyes, ovary, testis) using primers against (A) Cannabinoid
Receptors, c¢b1 and cb2 and putative orphan receptor gprb5a (B) cannabinoid receptor
interacting protein, cnrip1a, (C) enzymes responsible for 2-AG hydrolysis mgll, abhd6a and
abhd6b and abhd12, (D) enzymes responsible for 2-AG synthesis, dagla and daglb, (E)
enzymes responsible for AEA hydrolysis faah and faah2a (F) enzymes responsible for AEA
synthesis nape-pld, abhd4 and gde1 (G) genes associated with the eCB system, pfgs2A,
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naaala (asah1a), ptpn22, pparab and pparg. elfia was used as internal control to determine the
relative  mRNA expression. Relative average expression +/ SEM (qPCR results are

representative of two experimental repeats and two repeats/ experiment). GraphPad Prism 7
software was used for statistical analysis.
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2.9 TABLES

Table 2.1 eCB system protein names and functions.

Description of protein names,

standard abbreviations,

conventional zebrafish names

(https://zfin.org) and function of endocannabinoid related genes investigated in this study.

Standard Zfin gene
Protein name abbreviation name Function
Cannabinoid receptor 1 CB1 cnrl G-protein coupled receptor located primarily in the CNS; activated
by endogenous and exogenous cannabinoids
Cannabinoid receptor 2 cB2 cnr2 G-protein coupled receptor located primarily in peripheral organs of
the immune system and in the brain; activated by endogenous
and exogenous cannabinoids
G protein-coupled receptor GPR55A gprb5a G- protein coupled receptor widely expressed in the brain; recently
55a found to be activated by endogenous and exogenous
cannabinoids; its activation leads to stimulation of rhoA, cdc4 and
ract
Cannabinoid receptor CRIP1A cnripla CB1 receptor interacting protein that interacts with the distal
interacting protein 1a C-terminus of CB1 altering/modulating CB1 interactions with
G-protein
Monoglyceride lipase MGLL (MAGL) mgll Member of the serine hydrolases superfamily; it catalyzes the
hydrolysis of 2-AG to AA and Glycerol
ap-hydrolase domain ABHD6A abhdéb Member of the serine hydrolases superfamily; it catalizes the
containing 6b hydrolysis of 2-AG to AA and Glycerol
ap-hydrolase domain ABHD12 abhd12 Member of the serine hydrolases superfamily; it catalyzes the
containing 12 hydrolysis of 2-AG to AA and Glycerol in the CNS
Diacylglycerol lipase, alpha DAGLa dagla Diacylglycerol lipase; it catalyzes the hydrolysis of diacylglycerol
(DAG) to the most abundant endocannabinoid 2-AG
Diacylglycerol lipase, beta DAGLS daglb Diacylglycerol lipase; it catalyzes the hydrolysis of diacylglycerol
(DAG) to the most abundant endocannabinoid 2-AG
Fatty acid amide hydrolase FAAH faah Fatty acid amide hydrolase with a single N-terminal transmembrane
domain; principal catabolic enzyme for a clas of lipids known as
fatty acid amides (FAAs) of which AEA belongs to
Fatty acid amide hydrolase 2a ~ FAAH2A faah2a Fatty acid amide hydrolase; it degrades bioactive fatty acid amides,
including AEA (AEA = arachidonic acid + ethanolamine)
N-acyl NAPE-PLD napepld Member of the metallo-beta-lactamase family with
phosphatidylethanolamine phosphodiesterase activity; it releases NAE from NAPE to for AEA
phospholipase D
ap-hydrolase domain ABHD4 abhd4 Hydrolase that acts on either NAPE or lyso-NAPE to generate the
containing 4 glycerophospho-arachidonoyl ethanolamide which is subsequently
cleavaged to give AEA
Glycerophosphodiester GDE1 (MIR16) gdet Phosphodiesterase with glycerophospho-NAE phosphodiesterase
phosphodiesterase 1 activity; it hydrolyses the phosphodiester bond of GP-NArE to
release free AEA
Prostaglandin-endoperoxide PTGS2A (COX-2; ptgs2a Cycloxigenase involved in AEA (and 2-AG?) metabolism
synthase 2a COX-2A)
N-acylsphingosine NAAATA (ASAH1A) asahia Member of the choloylglycine hydrolase family with similar structure
amidohydrolase (acid to faah. Unlike faah, naaala operates in acidic environments
ceramidase) 1a (oH 4.5)
Protein tyrosine phosphatase, PTPN22 ptpn22 Protein tyrosine phosphase highly expressed in the immune system;
non-receptor type 22 it dephosphorylates pAEA to yield AEA
Peroxisome proliferator- PPARaf pparab Nuclear receptor transcription factor protein suggested as a binding
activated receptor alpha b target of endocannabinoids
Peroxisome proliferator- PPARY (ARF6) pparg Nuclear receptor transcription factors protein suggested as a binding

activated receptor gamma

target of endocannabinoids
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CHAPTER 3: Genetic Manipulation of the Endocannabinoid System in
Zebrafish
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3.1 ABSTRACT

The endocannabinoid (eCBs) system contains several proteins involved in eCB signaling,
synthesis, and degradation. Perturbing eCB protein function through genetic knockouts can
uncover valuable information regarding its role in biological processes. Here, we utilize CRISPR
Cas9-mediated gene editing to produce 6 endocannabinoid gene knockout zebrafish lines: cb1,
dagla, daglb, abhd4, mgll, and faah. The dagla knockout larvae and adults do not exhibit altered
light-dark preference behavior, but knockout larvae do demonstrate an increase in locomotor
activity when both parents are also dagla knockouts. The dagla knockout fish demonstrated an
85% increase in gpr55a, 44% reduction in dagla, and 99% reduction in fas mRNA transcripts.
Future work includes further examination of dagla phenotypes, phenotyping the rest of the

knockout lines, and producing double mutants.

3.2 INTRODUCTION

As mentioned in the previous chapter, the endocannabinoid (eCB) system is a complex
signaling pathway involved in a broad range of biological processes, including neural
development (Burggren et al., 2019; Mechoulam and Parker, 2013), anxiety (Lisboa et al., 2017;
Lutz et al., 2015; Mechoulam and Parker 2013), lipid homeostasis (Pai et al., 2013), immune
function (Almogi-Hazan and Or, 2020; Cabral et al., 2015), and neuroinflammation (Cheung et
al., 2019; Cooray et al., 2020). The eCB system is comprised of ligands and proteins that work
together to facilitate endocannabinoid signaling (for a list of eCB proteins, ligands, and their
respective functions, see Table 2.1, p.63). Inhibiting a protein via genetic perturbation — gene
knockouts — can help us learn new information about eCB gene function. For example,

Leishman et al. (2016) examined changes in lipid levels following genetic disruption of N-acyl-
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phosphatidylethanolamine phospholipase D (NAPE-PLD) in mice. They discovered that NAPE-
PLD deletion results in changes in prostaglandin levels, suggesting a broader role of the NAPE-
PLD on lipid modulation than previously thought. Another study (Fin et al., 2017) examined
genetic perturbation of Cannabinoid receptor interacting protein (Cnrip1) isoforms in zebrafish.
Though these eCB proteins are strongly conserved across species dating back 400 million
years, cnrip1a and cnrip1b knockout fish did not exhibit any deleterious phenotypes, revealing
that these proteins are not necessary for viability, morphological development, or fertility.

In this chapter, we produce 6 new zebrafish knockout lines: Cannabinoid Receptor 1
(cb1), Diacylglycerol lipase alpha (dagla), Diacylglycerol lipase beta (daglb), Alpha beta
hydrolase domain containing 4 (abhd4), Monoglyceride lipase (mgll), and Fatty acid amide
hydrolase (faah). These knockout lines can aid in furthering our knowledge of eCB proteins and

their individual roles in the biological processes that are modulated by the eCB system.

3.3 METHODS

3.3.1 Zebrafish husbandry

Zebrafish were raised at the University of California, San Francisco zebrafish facility at 28°C
under a 14/10 hour light/dark cycle per National Institutes of Health and University of California,
San Francisco, and treated according to IACUC regulations. On day -1, adult zebrafish were
placed into breeding chambers. On day 0, the divider of the breeding chambers were removed
and embryos were collected. Freshly collected embryos were sorted into 100mm petri dishes
with 30 mL blue egg water (0.12 g of CaSOQs, 0.2 g of Instant Ocean Salts, 30 uL of methylene

blue in 1 L of H>,0O) and stored in a 28 °C incubator. On day 2, embryos were moved onto a blue
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pad (VWR underpad #82020-845) in a room with 14/10 hour light/dark cycle to allow for proper

vision development.

3.3.2 Sequence alignment

Sequences of endocannabinoid genes and proteins were taken from the Ensembl database
(https://luswest.ensembl.org/index.html). Sequences were aligned using the Clustal Omega

1.2.4 sequence alignment tool (https://www.ebi.ac.uk/Tools/msa/clustalo/).

3.3.3 sgRNA design and synthesis

sgRNAs targeting the cb1, dagla, daglb, abhd4, mgll, and faah loci were designed using
CRISPRscan (https://www.crisprscan.org), CCtop (https://cctop.cos.uni-heidelberg.de), and
CHOPCHORP (https://chopchop.cbu.uib.no) web tools (sgRNA sequences are found in Table
3.81). Phusion Flash High-Fidelity PCR Master Mix (ThermoFisher, #F548L) was added to 10
MM forward primer containing T7 promotor with sgRNA sequence and 10 uM reverse primer
containing standard stem loop backbone (Jinek et al., 2012; Varshney, et al. 2015) and PCR
was run. PCR product was purified with MinElute PCR Purification kit (Qiagen, #28006) and
used for in vitro transcription with T7 RNA polymerase (Jiang et al. 2019). Transcription product
was incubated in DNasel (ThermoFisher, #EN0521), extracted with phenol/chloroform, and
precipitated with ethanol. Ethanol was left to evaporate for 10 min, and precipitate was
resuspended in nuclease free water. To produce Cas9 RNA, the template DNA pT3Ts-nls-
zCas9-nls (from Wenbiao Chen, Addgene plasmid #46757) was linearized by Xbal digestion
and purified with QlAprep column (Qiagen, #27115). Cas9 RNA was synthesized using

MMESSAGE mMACHINE T3 Transcription kit (Invitrogen, #AM148) and purified using
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MEGACclear Transcription Cleanup kit (Invitrogen, #AM1908).

3.3.4 Microinjections

To produce knockouts, a solution of 200 ng/uL sgRNA and 100 ng/uL Cas9 RNA was injected
into a clutch of AB wild-type zebrafish embryos at the 1-cell stage using a microinjector

(NARISHIGE IM 300). Roughly half of the embryos were set aside as uninjected controls.

3.3.5 Sequencing

Injected FO fish were raised to adulthood and bred with ABWT fish to produce the F1
generation. Genotyping primers were designed to flank the sgRNA target sequence of each
gene (sequences are found in Table 3.S2). Genomic DNA was extracted from fins clipped from
the F1 generation. PCR was run on a solution of 0.4 yM primers, genomic DNA, and GoTaq
Green Master Mix (Promega, #M7123). PCR product was purified using Monarch DNA Gel
Extraction Kit (New England BioLabs, #T1020L), and sequenced by QuintaraBio. Sequencing
results were deconvoluted using the TIDE web tool (https://tide.nki.nl) to determine the number
of base pairs that were inserted or deleted. F1 fish heterozygous for the same allele were bred
together, and their progeny were sequenced as described above. Sequencing results for the

knockout fish allowed for determination of the precise mutation sequence.

3.3.6 Allele-specific polymerase chain reaction (ASPCR)

Once the nature of the mutation is found and the mutant sequence is determined, ASPCR can

be performed: a method of genotyping that is faster and lower cost than sequencing (Gaudet et
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al. 2009). In this technique, several sets of primers are designed (these can only be made when
the mutant sequence is known). One primer set specifically recognizes the wild-type allele, and
another primer set is designed for specific recognition of each mutant allele. Primers sets were
designed for wild-type and mutant alleles of cb7 and dagla (see Table 3.S3 for ASPCR primer
sequences). To increase specificity of each primers set for its intended allele, primers sets were
designed ensuring that one primer (either the forward or reverse) includes the mutation location
at or near the 3’ end. Primers were used to run PCR, and PCR product was run on a gel to view

results.

3.3.7 Light-dark preference assay

For larval experiments, 5 dpf zebrafish were randomly distributed into 100 mm petri dishes with
30 mL of blue egg water at 8 larvae per dish. Behavioral recording of light-dark choice was
carried out as described by Wagle et al. (2017). Larvae in petri dishes or adults in fish tanks
were placed on a blue pad at 27.1°C for a one hour habituation period before testing. For larval
experiments, a plastic transfer pipette was used to individually transfer 8 larvae to the center of
light/dark chambers containing 10 mL of blue egg water. The larval chambers were placed on a
trans-illuminator (Stratagene light box) covered with acrylic strips that obscured the dark side of
the chamber and simultaneously allowed the light side to be illuminated. For adult experiments,
fish were netted into adult light/dark chambers made of plastic with white and dark plastic lining
and filled with system water. The larval and adult chambers were recorded from above using
two cameras (Panasonic) with infrared filters (ACRYLITE IR acrylic 11460) and Noldus MPEG
2.1 software.

For the baseline light-dark preference experiments, recording duration was 8 minutes,

and fish were recorded twice a day (AM trial: 10:00am-11:50am, PM trial: 3:30pm-5:00pm) for
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two consecutive days (5dpf and 6dpf for larvae). For light-dark preference with habituation,
recording duration was extended to 45 minutes and one recording was done for each larvae.
Videos collected from the light/dark preference assay were analyzed using Noldus
Ethovision XT 13 video tracking software. Larvae were tracked and the following output
parameters were collected: duration in the light zone, duration in the dark zone, and velocity.
Any larvae that were frozen for the duration of the experiment were excluded. Choice index was
calculated by subtracting the duration in the light from the duration in the dark then dividing by
the total time. Choice index and velocity were averaged per larvae and adults that underwent

multiple trials.

3.3.8 Quantitative polymerase chain reaction (QPCR) analysis

gPCR was performed as described in Chapter 2 (section 2.4.2, p.47) on 3 dpf zebrafish larvae.

See Table 3.84 for gPCR primer sequences.

3.4 RESULTS

3.4.1 eCB proteins are conserved between human and zebrafish orthologues

Each of the human eCB proteins CB1, DAGLA, DAGLB, ABHD4, MGLL, and FAAH have
zebrafish orthologues. For CB1, human (peptide ID: ENSP00000358513) and zebrafish
(ENSDARP00000007647) proteins consist of 472 and 475 amino acids, respectively, and share
70% amino acid sequence identity (Figure 3.S1). For DAGLA, human (ENSP00000257215)

and zebrafish (ENSDARP00000146636) proteins consist of 1042 and 1076 amino acids,
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respectively, and share 66% amino acid sequence identity (Figure 3.S2). For DAGLB, human
(ENSDARP00000106821) and zebrafish (ENSP00000297056) proteins consist of 672 and 668
amino acids, respectively, and share 56% amino acid sequence identity (Figure 3.S3). For
ABHD4, human (ENSP00000414558) and zebrafish (ENSDARP00000137303) proteins consist
of 342 and 394 amino acids, respectively, and share 62% amino acid sequence identity (Figure
3.84). For MGLL, human (ENSP00000265052) and zebrafish (ENSDARP00000053462)
proteins consist of 313 and 300 amino acids, respectively, and share 45% amino acid sequence
identity (Figure 3.S5). For FAAH, human (ENSP00000243167) and zebrafish
(ENSDARP00000100787) proteins consist of 579 and 590 amino acids, respectively, and share

52% amino acid sequence homology (Figure 3.S6).

3.4.2 Production of eCB zebrafish mutants

CRISPR Cas9-mediated genetic modification was used to produce eCB gene knockout fish
lines (see Figure 1.3, p.22 for an overview of CRISPR-mediated genetic alterations in
zebrafish). sgRNAs that target the cb1, dagla, daglb, abhd4, mgll, and faah loci were designed.
Sequences for each sgRNA can be found in Table 3.S1. cb1 sgRNA targets exon 1 of 2, dagla
sgRNA targets exon 3 of 20, daglb sgRNA targets exon 4 of 15, abhd4 sgRNA targets exon 4 of
8, mgll sgRNA targets exon 2 of 7, and faah sgRNA targets exon 4 of 15 (Figure 3.1). sgRNAs
were injected along with Cas9 RNA into AB wild-type fish. Subsequent generations of each line
were produced, and sequencing revealed the nature of each mutation (Figure 3.2). All
introduced mutations were insertions or deletions that are not divisible by 3, suggesting
deleterious frameshift mutations. Two c¢b7 mutant lines were produced, one containing an 8
base pair deletion and another with a 1 base pair deletion (Figure 3.2A). Two dagla mutant

lines were produced, one containing a 5 base pair deletion and another with a 7 base pair
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insertion (along with 2 base pair changes) (Figure 3.2B). For the knockouts, one mutant line
was produced: the daglb mutation had a 4 base pair deletion (Figure 3.2C), the abhd4 mutation
had a 1 base pair deletion (along with 1 base pair change) (Figure 3.2D), the mgll mutation had
a 13 base pair insertion (Figure 3.2E), and the faah mutation had a 1 base pair insertion (along
with 1 base pair change) (Figure 3.2F). Sequences of genotyping primers can be found in

Tables 3.S2 and 3.S3.

3.4.3 Light-dark preference behavior is unchanged in dagla knockout fish

After the knockout lines were established, our next aim was to examine phenotypes that occur
due to the eCB gene perturbations. For the rest of this chapter, we will focus on the dagla 5
base pair deletion mutant, which will be denoted as Tg(dagla®~°). We first examined baseline
light-dark preference behavior in Tg(dagla®™) larvae and adults. Compared to wild-type and

%) larvae exhibited no change in light-dark preference nor

heterozygous siblings, Tg(dagla
locomotor activity, as seen by the choice index and velocity measured in the light-dark
preference assay (Figure 3.3A). Tg(dagla®"°) adults also did not show any significant changes
in choice index nor velocity compared to wild-type controls (Figure 3.3B).

We followed up these experiments with an alternative version of the light-dark
preference assay that examines habituation. Habituation, or the reduction in response to a
stimuli following repeated or prolonged exposure, can be examined by extending the duration of
the assay from the standard 8 minutes to 45 minutes. We first compared wild-type and knockout
dagla siblings, whose parents were both heterozygous for the -5 base pair allele (as in Figure
3.3). As expected, the choice index increased over time in both wild-type and knockout larvae

as they habituated to the light-dark chamber, though there was no significant difference

between genotypes (Figure 3.4A). There was also no significant change in velocity between
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genotypes (Figure 3.4A).

%) and

One possible explanation for the similarity between the phenotypes of Tg(dagla
wild-type siblings is maternal contribution of mRNA or protein; because the mother is
heterozygous, maternal mRNA/protein that is exposed to the larvae during early stages of
development could mask any phenotypes that the knockout would present (Burgess et al.,
2002; Zhang et al., 2020). To overcome this caveat of using siblings, we next performed the
light-dark preference habituation assay comparing wildtype and knockout cousins. Parents of
the wild-type larvae were both wild-type for dagla, and parents of the knockout larvae were both
knockout for dagla, removing the possibility of maternal dagla mRNA or protein contribution to
the Tg(dagla®"®) larvae. Though there was no change in choice index compared to controls, we
observed a significant increase in velocity at the 1.5min—-3min (p = 0.014245), 4.5min—-6min (p =

0.025776), 9mi —10.5min (p = 0.027814), and 10.5min—-12min (p = 0.027814) time bins (Figure

3.4B).

3.4.4 Effects of dagla knockout on mRNA expression of eCB-, dopamine-, lipid-related genes

After determining a change in phenotype when using genetic cousins instead of siblings, we
continued our phenotyping of the dagla mutant by comparing wild-type and knockout cousins.
The next assay we performed was qPCR, in order to determine if mRNA levels of eCB-,
dopamine- or lipid- related genes are altered in Tg(dagla®-®) larvae. Notable mRNA alterations
include G protein-coupled receptor 55a (gpr55a), which increased 85%, dagla, which decreased

44%, and Fatty acid synthase (fas), which decreased 99% in Tg(dagla"°) fish (Figure 3.5).
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3.5 DISCUSSION

In this chapter, we discussed 6 newly produced genetic knockouts of the endocannabinoid
genes cb1, dagla, daglb, abhd4, mgll, and faah. Following genotyping, we were able to
propagate mutant lines for each gene containing frameshift mutations (Figure 3.2).

We next sought to phenotype the dagla knockout. We determined that there was no

difference in light-dark preference between Tg(dagla®")

and wild-type larvae and adults
(Figure 3.3). Similarly, we observed no change in light-dark preference between wild-type and
knockout larvae when examining light-dark preference habituation. (Figure 3.4). We did find a
significant increase in velocity in Tg(dagla®~°) mutants compared to wildtype cousins that was
not seen when performing the same assay using siblings (Figure 3.4), suggesting that maternal
compensation of dagla mRNA or protein could be playing a role in masking phenotypes (Figure
2.5D, p.59, shows that dagla maternal mRNA is present between 1 hour and 8 hours post
fertilization). This finding suggests that it may be worthwhile to examine the phenotypes
between wild-type and knockout siblings, as well as wild-type and knockout cousins, when
phenotyping the eCB mutants. Regarding the velocity phenotype, change in locomotor activity
was also seen by Martella et al. (2016) when perturbing dagla in larval zebrafish, though
interestingly, they observed a decrease in locomotor activity that was partially rescued by the
CB1 agonist noladin. A possible explanation for the discrepancy in results could be that Martella
et al. used morpholinos to transiently knockdown dagla, whereas here we are examining the
effects of a germline dagla mutation. Differing phenotypes between knockdowns and knockouts
have been observed before (Place and Smith, 2017), and can be due to off-target effects of the
morpholino (Gerety and Wilkinson, 2011; Kok et al., 2015; Robu et al., 2007), or by genetic
compensatory effects in knockouts (Rossi et al., 2015). Follow-up studies could involve

administering a Cb1 agonist to dagla knockouts to see if this reduces the locomotor phenotype
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back to wild-type levels, performing RNA-seq on dagla knockouts to see if any genes have
altered expression, or injecting dagla morpholino into dagla knockouts to determine if the dagla
morpholino induces off-target effects.

Lastly, we observed an 85% increase in gprb55a, 44% reduction in dagla, and 99%
reduction in fas mMRNA transcripts in dagla knockout larvae (Figure 3.5). The reduction in dagla
transcript is in line with the phenomenon of nonsense-mediated decay, which can occur in
mRNA with aberrant sequences (Garneau et al., 2007; Lykke-Andersen and Jensen, 2015;
Tuladhar et al., 2019). Furthermore, the reduction in fas with dagla knockouts corroborates a
previous study that demonstrated an increase in fas expression following Cb1 overexpression in
zebrafish larvae (Pai et al., 2013).

It would be worthwhile to follow up on the interaction between dagla and gpr55a, as well
as dagla and fas. More assays can be done to examine the role of dagla on behavior and other
biological processes that the eCB system is invovled with. Furthermore, phenotyping the other
mutants could provide new information on the roles of cb1, daglb, abhd4, mgll, and faah. Lastly,
double mutants such as cb1 & cb2, dagla & daglb, and mgll & faah can now be produced and

phenotyped, allowing more possibilities to uncover mechanisms of endocannabinoid proteins.
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3.7 FIGURES
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Figure 3.1 Schematic of all eCB sgRNA targets.

Red arrows point to the region of each loci that is targeted by the sgRNA and nucleotide
position of the sgRNA sequence is provided. Exon schematics are from Ensembl
(https://luswest.ensembl.org/index.html). CB1 - Cannabinoid receptor 1; DAGLA -
Diacylglycerol lipase alpha; DAGLB — Diacylglycerol lipase beta; ABHD4 - Alpha beta hydrolase
domain containing 4; MGLL — Monoglyceride lipase; FAAH — Fatty acid amide hydrolase.
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WT cb1 Allele: CTGGTCGTGCACTCGGCGGACG WT dagla Allele: GGTGTATGCAGTGGTGGGCATCGC
CUT T 1 | — 1] ] RERENNAE . IR
-8 cb1 Allele: CTGGTCG- - - - - - - - GCGGACG -5 dagla Allele: GGTGTATG - - - - - GTGGGCATCGC
WT cb? Allele: CTGGTCGTGCACTCGGCGGACG WT dagla Allele: GTATG - --CAGTGG - - -~-TGGGCAT
RERRERREL IRARRRREER AL _ AR _IRRRRN
-1 cb1 Allele: CTGGTCGTGCA-TCGGCGGACG +7 dagla Allele: GTATGGTTCGCTGGTGTATGGGCAT
C D
WT daglb Allele: TCCTGCTGGCGATGGCGGTGGG WT abhd4 Allele: GTCCATGGGTTTGGCGGAGGTG
REERRERRL " IRRRRERRR IR AR RARERRER
-4 daglb Allele: TCCTGCTGG - - -- GGCGGTGGG -1 abhd4 Allele: GTCCATGGG-ATGGCGGAGGTG
E F
WT mgil Allele: AGCA- - - - ——- - - TTG----TGGG WT faah Allele: ATTGGATCAG-CCGGCGGTCAT
10 | — | ]| NIRRT  IRRRRRAN)
+13 mgll Allele: AGCAAACCCTTCGTTGCCCATGGG +1 faah Allele: ATTGGATCAGTTCGGCGGTCAT

Figure 3.2 Nature of each eCB gene mutation.

(A-F) Sequences of wild-type alleles compared to mutant alleles at the sgRNA site for cb7 (A),
dagla (B), daglb (C), abhd4 (D), mgll (E), and faah (F). All indels are not multiples of three,
suggesting a deleterious frameshift mutation.
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Figure 3.3 Baseline light-dark preference behavior is unchanged in dagla knockout fish.

(A) No difference in light-dark preference behavior (left) nor velocity (right) was observed
between larvae that were wild-type, heterozygous, and knockout for the dagla gene. Larvae
were 5-6dpf siblings, n = 18 wild-type; n = 25 heterozygous; n = 17 knockout.

(B) No difference in light-dark preference behavior (left) nor velocity (right) was observed
between adult fish that were wild-type and knockout for the dagla gene. Adults were
approximately 8 month old siblings, n = 7 wild-type; n = 7 knockout.

All data represented as mean +/ SEM. Each data point represents the average of 4 trials for one
fish. Student’s t-test was performed to assess statistical significance.
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Figure 3.4 Effects of dagla knockout on Light-dark preference habituation.

(A) Choice index (left) and velocity (right) of dagla WT (n=13) and dagla KO (n=14) 5 dpf larval
siblings in the light-dark preference habituation assay.

(B) Choice index (left) and velocity (right) of dagla WT (n=11) and dagla KO (n=11) 6 dpf larval
cousins in the light-dark preference habituation assay.

All data represented as mean +/ SEM. Each data point represents a population of dagla WT or
dagla KO separated into 1.5-minute time bins. *p < 0.05, multiple t-tests were performed to
assess statistical significance.
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Figure 3.5 Effects of dagla knockout on mRNA expression of eCB-, dopamine-, lipid-
related genes.

gPCR results examining mRNA levels of eCB genes (left), dopamine-related genes (middle),
and lipid-related genes (right) in 3 dpf Tg(dagla®®) compared to age-matched wild-type
cousins. Each bar represents the average of 3 technical replicates of 1 biological replicate
comparing the fold change in mRNA quantity of knockouts (n=13) to wild-type (n=13). Values
were standardized to elongation factor 1 alpha (elf1a). cb1 — Cannabinoid receptor 1; gpr55a —
G protein-coupled receptor 55a; cnrip1a — Cannabinoid receptor interacting protein 1a; cnrip1b
— Cannabinoid receptor interacting protein 1a; dagla — Diacylglycerol lipase, alpha; daglb —
Diacylglycerol lipase, beta; nape-pld — N-acyl phosphatidylethanolamine phospholipase D;
abhd4 — Alpha beta - hydrolase domain containing 4; mgll — Monoglyceride lipase; abhd6a —
Alpha beta - hydrolase domain containing 6a; abhd6b — Alpha beta - hydrolase domain
containing 6b; faah — fatty acid amide hydrolase; ptgs2a — Prostaglandin-endoperoxide
synthase 2a; d2ra — Dopamine receptor 2a; th — Tyrosine hydroxylase; aadc — Aromatic L-
amino acid decarboxylase; dat — Dopamine transporter; vmat2 — Vesicular monoamine
transporter 2; nurr1 — Nuclear receptor related 1; srebp-1c — Sterol regulatory element-binding
protein 1; acc1 — acetyl-CoA carboxylase 1; fas — Fatty acid synthase.
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3.8 SUPPLEMENTAL FIGURES AND TABLES
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Figure 3.S1 Alignment between human and zebrafish homologs of CB1.

Amino acid sequence comparison between human CB1 and zebrafish cnr1.
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human MPGIVVFRRRWSVGSDDLVLPAIFLFLLHTTWFVILSVVLFGLVYNPHEACSLNLVDHGR 60

danio MPGMVLFRRRWSVGSDDLVLPAFFLFVLHCIWLVVLSVVLFGLPYSSEQSCSVTLVDHGR 60
skokok 1ok D ksoksorkokkokkookokokok Dkokok DRk kDR Dokskokiokdok k. 1 Lkok L skokokokokok
human GYLGILLSCMIAEMAIIWLSMRGGILYTEPRDSMQYVLYVRLAILVIEFIYAIVGIVWLT 120
danio GYLGILVSCLICESAIMWLSMRGSILYTQPREAVQYVLYIRLAILLVELVYAVVGIAWLY 120
skefokstokok Dok 13K, ok Kok Dkkokokokok , sokekok Dkok 11 Dokokekok Dksoksok T 1D 1Kok Dkokok L koK,
human QYYTSCNDLTAKNVTLGMVVCNWVVILSVCITVLCVFDPTGRTFVKLRATKRRQRNLRTY 180
danio QYYQPCPDITAKNLALGIVACNWLVIFSVCFTMMCTFDPTGRTFVKLKATRRRQRNLTTY 180
kdok sk skisokkok Dok Dk skokok Dok DRk DK D 1K, Tk *x
human NLRHRLEEGQATSWSRRLKVFLCCTRTKDSQSDAYSEIAYLFAEFFRDLDIVPSDIIAGL 240
danio TLRHRLEEGQASSWSRRLKFFMCCTRAKDTQSDAYSEVASLFAEFFRDLDIVPSDIIAGL 240
L skkoksokkokoRok T kokokoRoRkoK 4 K 3 Kokokok 1 oK 8 Tk
human VLLRQRQRAKRNAVLDEANNDILAFLSGMPVTRNTKYLDLKNS - ———————————————— 283
danio VLLRQRQRAKRSAILDQANNDVLAFLSGMPVTRNTKYLDLKNSVFDDCSICVFCFCMGLF 300
skofokRoRARFKAK 4 oK § KoK 1KoK §
human ~ ——————— QEMLRYKEVCYYMLFALAAYGWPMYLMRKPACGLCQLARSCSCCLCPARPRF 335
danio MIVCFCLQTEMAMYKEVCYYMLFAMAAYGWPVYLLRKPACGLCRLVSTCSCNTSVSGSRL 360
*% Tkk T I
human APGVTIEEDNCCGCNAIAIRRHFLDENMTAVDIVYTSCHDAVYETPFYVAVDHDKKKVVI 395
danio SQSVTVEEDNCCGCNVLAIRRQFLDRDLKEVQIVYTSCHDAVYETPFFVAVDHAKKKVVI 420
LRk ook ook o KoKk § KKK *:
human SIRGTLSPKDALTDLTGDAERLPVEGHHGTWLGHKGMVLSAEYIKKKLEQEMVLSQAFGR 455
danio SIRGTLSPKDALTDLTGDSERLPVEEQHGTWLGHKGMVYSAEYIKKKLEQEMILSQAFGR 480
human DLGRGTKHYGLIVVGHSLGAGTAAILSFLLRPQYPTLKCFAYSPPGGLLSEDAMEYSKEF 515
danio DLSKGTMHYGLVIVGHSLGAGTAAILSFLLRPQYPSLQCYSYSPPGGLLSEDAMEYSKEF 540
*ok, 1k koKD DRIk
human VTAVVLGKDLVPRIGLSQLEGFRRQLLDVLQRSTKPKWRIIVGATKCIPKSELPEEVEVT 575
danio VTSVVLGKDLVPRIGLSQLEGFRRHLLEVLQKSDKPKWRITIAGGTKCIPKSELPMDDEAP 600
sk *kok 2 dokok Dk K HEES
human ~  ———- TLASTRLWTHPSDLTIALSASTPLYPPGRIIHVVHNHPAEQCCCCEQEEPTYFAI 630
danio VSQGVTPSSSRLWLHPSDLSIALSASTPLFPPGRVIHVVHNHPPEMC——-CGQEEPTYSAL 658
* 1k isokk : *kokkok 1 ¥k k kkkkkk k!
human WGDNKAFNEVIISPAMLHEHLPYVVMEGLNKVLENYNKGKTALLSAAKVMVSPTEVDLTP 690
danio WGDNKAFDEVIISPAMLNEHMPHVVMDGLNKVLENYNKGKTALLSAAKIMVSPTEVDLNP 718
skefokstokokok § skeokdoKkFoRFoK § Kok 13K 3 kokok 1 e
human ELIFQQQPLPTGPPMPTGLALELPTADHRNSSVRSKSQSEMSLEGFSEGRLLSPVVAAAA 750
danio ETIFLDTSNSPQPT———————— PATHHRRNSSVRSCARSEISLDGFSECP—————————— 760
* %k 1 * L skkkokkoRk 1 DRk Dok Dok
human RQDPVELLLLSTQERLAAELQARRAPLATMESLSDTESLYSFDSRRSSGFRSIRGSPSLH 810
danio ~PPPVPIVLTGARERLAVELRERKAPLAIMESLSDAESVYSLDSRRSSA--ALRGSPCLG 817
dk Ik L5 Dkkokk,kkl kisokkok skokkokokok ok DRk Diokkkkok, 1 Dkokkk, X
human AVLERDEGHLFYIDPAIPEENPSLSSRTELLAADSLSKHSQDTQPLEAALGS ———————— 862
danio S————— LPFPLDAPIPEENPSLSSRTELLAAEGLTQDLGEAGPYIPTPPEPEEPSNDI 870
: ¥ 1k skkkkkkkkkkokdokdkkk k. 11k
human ————GGVTPERPP—————— SAAAN--DEEEEVGGGGGGPASRGE————————————— L 895
danio PYNNEYFTPELKSTTDPETDSSVVPDSQDSYRVASRTGSRPEKLREFEEKEVKVDLSQTL 930
L kkoK T e A *
human ALHNGRLGDSPSPQVLEFAEFIDSLFNLDSKSSSFQDLYCMVVPESPTSDYA—————— EG 949
danio PAVTPLSNGTPSQAVLEFAOYLDSLFRLDGSSSPPLELSDAE SESGRGSYSOAEEHQEE 989
Tk oKk DD DRoREK, KoK, L kK Tk Fok H *
human PKSPSQQEILLRAQFEPNLVPKPPRLFAGSADPSSGISLSPSFPLSSSGELMDLTPTGLS 1009
danio QRVKNADKLLARAALEPNLVPKPPRTFAGSADPSSGISLSPSFPLSSSGELNDFSPADGV 1049
: Dk okk 1 L H
human SQECLAADKIRTSTPTGHGASPAKQDELVISAR 1042
danio LPVNH-TSTLRTS———- AASPNPKETALSSMV 1076
R SRRk DX

Figure 3.S2 Alignment between human and zebrafish homologs of DAGLA.

Amino acid sequence comparison between human DAGLA and zebrafish dagla.
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MPGMVLFGRRWAIASDDLVFPGFFELVVRVLWWIGILTLYLMHRGKLDCAGGALLSSYLI
MPGLLVFGRRWRIASDDLVFPGAFELFIRAVWWIVTLVVYTNHKGSFDCKGGAYLQYYLL
Rk D 1 DRRRRK SORRIIIRRRK dolok, DK, DAoRR K. DR KIN, DK KKK K, Rok!

VLMILLAVVICTVSAIMCVSMRGTICNPGPRKSMSKLLYIRLALFFPEMVWASLGAAWVA
VLLFLLAVIILTLCAIVYVSAQGTIMNQGPRRSMPLLVYLRAVLYFPEFVWACLGAVWVS
¥k DRRRK TR KDL RKD Rk Ddolok ok olok Dok RIERIR Lok DRk KRk, okok , ok §

D-GVQCDRTVVNGIIATVVVSWIIIAATVVSIIIVFDPLGGKMAPYSSAGPSHLDSHDSS
DNSSGCQPEEVGAVIGAVVSSWVILLAMAVGVLVVFDPLGSPGPSR--~GLRDLQSSESS
¥ . ki ¥ao k. HK RKIKD K Lk, 5 DRRRRRK, ¥ kiIk gk

QLLNGLKTAATSVWETRIKLLCCCIGKDDHTRVAFSSTAELFSTYFSDTDLVPSDIAAGL
QLFSSAQSVASRVWENRLRLLCCCLPQDDNHRAAFSSIAQLVSGFFMDTDLVPSDIAAGL
HoKD. . DiuKD SRRk, kD doRolokl Dokl ckukkoRk KINLK DX SkRkoRRololoRkokok

ALLHQQQDNIRNNQEPAQVVCHAPGSSQEADLDAELENCHHYMQFAAAAYGWPLYIYRNP
ALLHQEQDKMEQCRDPDEVLTHSPSSPIREDLEQELEKSAHYMQFAAAAYGWPLYVYSNP
S I I T T T R I S e e T S = s

LTGLCRIGGDCCRSRTTDYDLVGGDQLNCHFGSILHTTGLQYRDFIHVSFHDKVYELPFL
LTGVCKLSGDCCGSRHAEYDLVGGDALGCHFTSILQSTGLQYRDFIHISFHNQIYEVPFF
SRk KD DL R KoK 1 DRRololok kL olok ok T oReRoRsRoRoRRoRoK § ook 1 1 8 fok § ok !

VALDHRKESVVVAVRGTMSLQDVLTDLSAESEVLDVECEVQDRLAHKGISQAARYVYQRL
VALDHKREAVLVAVRGTLSLKDVLTDLSAECENLSVEGVSGSCYAHKGISQAAHFIYKRL
solokoRok 3ok 1ok I sokeRoRoRok § ok § olololololololok L kK, ok . kskskskokokoRokok 3 5 Lok Lok

INDGILSQAFSIAPEYRLVIVGHSLGGGAAALLATMLRAAYPQVRCYAFSPPRGLWSKAL
VHDGILSQAFSIAPEYKLVVTGHSLGAGTASLLAVLLHSSQPTLECYAFSPPGGLMSKAL
D RRksRRRRRRCRRRK LK L kkololok ok DR Mok, DRI T K 1L kkkololoRk Rk folofok

QEYSQSFIVSLVLGKDVIPRLSVTNLEDLKRRILRVVAHCNKPKYKILLHGLWYELFGGN
ADFSKQFVVSVILGKDLVPRLSIPNMEDLKRRLLKMVSNCSKPKYQILLQGCWYEVFGGS
DIk LORIRKD DRk D Dok D ok Dfololololok RS TR D D, skekokok §kokok Dk skokok & koK

PNNLPTELDGGDQEVLTQPLLGEQSLLTRWSPAYSFSSDSPLDSSPKYPPLYPPGRIIHL
PDDSPTELESRREEELSRPLLGAECVSAAPSSSYQSLSSDDSPVQNTHLPLYLPGRVLYV
Xxie kKK, HE I HIHE & & 5 - R T T o e RACK ORKD DL

QEEGASGRFGCCSAAHYSAKWSHEAEFSKILIGPKMLTDHMPDILMRALDSVVSDRAACY
TEDGPSRR-PCFSQVRYRAEWSSEASFRNVMISPKMIKDHMPDVVLRALQSLTQQPFTLC

ik ok sk ok ok L Ik SkIok ookuok 5Dk RokD Rolololokl L bk Ik, L
SCPAQGVSSVDVA 672
PS-SSSNSHLNVI 668

A T

Figure 3.S3 Alignment between human and zebrafish homologs of DAGLB.

Amino acid sequence comparison between human DAGLB and zebrafish daglb.
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——————————————————————————————————— MADDLEQQSQGWLSSWLPTWRPTSM
MFDRSGKSRTYLKYASLSSRILIVLCFIMSPANATMHDETDAESTSGNWSWWPSWRPTSM

¥ KDLk . kK ok Dkokbkokk
SQLKNVEARILQCLQNKFLARYVSLPNQNKIWTVTVSPE======~ QNDRTPLVMVHGFG
SLLKSAEAKILACIRNEVWSRFVTLPNQTRIWTLKVTNKTTRKQKEQAAQTPLVMVHGFG
¥ Rk, RokIdok kDIKDL  DRIkDolokk, DlokkD kDl ¥ L skkkkolokkokorok

GGVGLWILNMDSLSARRTLHTFDLLGFGRSSRPAFPRDPEGAEDEFVTSIETWRETMGIP
GGVGLWIRNLDALSRSRPVYAFDLLGFGRSSRPSFPADASLAEEQFVSSIEQWRESMGLE
soRRRRRR KD IRK k1L Dkkllololololokok TRk k. Rk Kok Rk Skokok § ok -

SMILLGHSLGGFLATSYSIKYPDRVKHLILVDPWGFPLRPTNP—=——————em SEIRAPP
RMILLGHSLGGYLATSYTIQYPERVSHLILVDPWGFPERPQPQVQGSAGQGSEVKRVGPP
SRR § ORI § 3 50K § ok, lolekelololokkokkk ok Tookk

AWVKAVASVLGRSNPLAVLRVAGPWGPGLVQRFRPDFKRKFADFFEDDTISEYIYHCNAQ
RWVKALASVFSFFNPLAVIRAAGPWGPGLVNRFRPDFKRKFEDLFDDDTMTQYIYHCNAQ
SRRk DK . SRRk Dk, Stolololololololok § ek ok DK DRk D T D sk

NPSGETAFKAMMESFGWARRPMLERIHLIRKDVPITMIYGSDTWIDTSTGKKVKMQRPDS
NPSGEVGFKAMCESLGWAKRPMVQRVHLLPPLMPVSLLYGSLSWVDSSTGNTVAQIRGKS
FRARK L 4 KK KK 3 kokoK § KoKk ¢ 5ok ok TRIIIIdRK DRIKINOKKDLK O kK Lk

YVRDMEIKGASHHVYADQPHIFNAVVEEICDSVD 342
PTSVTLIEDASHHVYADQPEEFNRVVENICNTVD 394
%1 oRRkkkRkkokk . Rk olok § ok s | koK

Figure 3.S4 Alignment between human and zebrafish homologs of ABHD4.

Amino acid sequence comparison between human ABHD4 and zebrafish abhd4.
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METGPEDPSSMPEESSPRRTPQSIPYQDLPHLVNADGQYLFCRYWKPTGTPKALIFVSHG
—————————— MPEPEGTRRSPQGVPYSDLPHIVNADGLHLFCRYWEPDGPPKALVYVAHG
Kokk L. ok Iokok, Dok, dokokok §kokokokok 1 skokokoRoRok DK K skokokok T ok & ook

AGEHSGRYEELARMLMGLDLLVFAHDHVGHGQSEGERMVVSDFHVFVRDVLQHVDSMQKD
AGEHCGGYADIAHSLTQHGILVFAHDHVGHGQSEGERMELKNFQIYVRDSLQHIDIMKAR
¥oRkk, K K TIRD kL DekklllollllololRokiok T, kDL DRokok kK k!

YPGLPVFLLGHSMGGAIAILTAAERPGHFAGMVLISPLVLANPESATTFKVLAAKVLNLY
YPKLAVFIVGHSMGGAISILTACERPQDFTGVVLIGPMVQMSAESATPFKVFMAKVLNRL
dok K kok D DoRsRsRoRoRRoR DRoRoRok otk Lok DR IRsRk L R IR L doRksk Skokok D fololok

LPNLSLGPIDSSVLSRNKTEVDIYNSDPLICRAGLKVCFGIQLLNAVSRVERALPKLTVP
APKLTLGPIDPKFVSRDPKQVEAYEKDELNYHGGLRVSFGMQMLDATSRIERELPDIRWP
RURIRRRRK L. DRk L IKD KDLk K DLkkIkRRIRIRIRRKINRK ok, § ok

FLLLQGSADRLCDSKGAYLLMELAKSQDKTLKIYEGAYHVLHKELPEVTNSVFHEINMWY
FYILHGDADKLCDIRGSRLLYNEAKSTDKKLKVYEEAYHALHHDLPETIESVLKEVSTWI
K OTRIKRRIRRK DD Rk 1 oolok ckok.okok ok SRRk, kKD IRk, 1okl ki, ki

SQRTATAGTASPP 313
LERVPAPQTS——- 300
K. oo kG

Figure 3.S5 Alignment between human and zebrafish homologs of MGLL.

Amino acid sequence comparison between human MGLL and zebrafish magl.
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MESFNLKRLHLDMNVNWTPMFAA———-TVCGTGAIFLFWKWRNNQKIQNKILNARRRRDK
. X1 1 Wk K * 1 K aate de s KEkIKD

GLENMDRAAQRFRLQNPDLDSEALLALPLPQLVQKLHSRELAPEAVLFTYVGKAWEVNKG
SLEQAEQAVQRFKIQNPGFQSSSIVSLSLSELTGKLQDGSLQPDAVLYAFMEKTLEVNRN
B S TR B S S - S S PR S G SR S S - S R = S SR S S

TNCVTSYLADCETQLS---QAPRQGLLYGVPVSLKECFTYKGQDSTLGLSLNEGVPAECD
LNCGTEMLMESVAQLKDMNTQK-KGLLYGVPISIKDNFGYKGHDSSCGVVSKLDQPAVMD
XK K. K 1. LRk, Dloklokokok Dk IkT ok kkkIdokl ki 1 L kK ok

SVVVHVLKLQGAVPFVHTNVPQSMFSYDCSNPLFGQTVNPWKSSKSPGGSSGGEGALIGS
SVIVTVLKKQGAIPFIKTNIPQGLLNYDCGNPIFGQTLNPYNLQKTSGGSSGGEGALIGG
I A I L S T EE I s T EEE S L SR S T I L e S o o

GGSPLGLGTDIGGSIRFPSSFCGICGLKPTGNRLSKSGLKGCVYGQEAVRLSVGPMARDV
GGSILGLGTDIGGSIRIPSAFCGICGFKPTARRLSTRGIDTCVKGQKSVLSSIGPLARDV
Hokok SRoRRRRRRRRORKK § ok L oRoololok Tokok L W kokK L, KDL Rk kKD Ik ok Dok okokok

ESLALCLRALLCEDMFRLDPTVPPLPFREEVYTSSQPLRVGYYETDNYTMPSPAMRRAVL
ESLALCMRALLCQDMFSLDPTIPPLPFNQEVYESSKPLRIGYYETDGYLQPSPSMARAVR
SkRRRCK § SRRk LK Sokokok D olokokok . Dokok ok §skokok L RRRRoRoK L K Skokok 1ok fokok

ETKQSLEAAGHTLVPFLPSNIPHALETLSTGGLFSDGGHTFLQNFKGDFVDPCLGDLVSI
ETKELLERAGHTFVPFQPLRLYNIFHELALRGILGDGGETLFSHLKAGPLDPCLCSQPVT
¥Rkl ok Rk IRk kL1 D DL kD kIDokRk.kIDLIDNK.. Ddokkk .

LKLPQWLKGLLAFLVKPLLPRLSAFLSNM-KSRSAGKLWELQHEIEVYRKTVIAQWRALD
LGSPRFIRKMLSFLIKPFFPRISASLHGTCGLGSVAELWRQHANVEEYIQEVIAEWRRLD
Xk Lee RIRKIRK TRKIKK X, Kew kXK, T 0% XK D kK IXK K

LDVVLTPMLAPALDLNAPGRATGAVSYTMLYNCLDFPAGVVPVTTVTAEDEAQMEHYRGY
VDVLLCPILGPAFNFHYCGRLNSALSYTTLYNLLNFPAGVVCVSAVTEDDEAQLRQYTGA
TRKIR KINLRKDDIL Rk L okIlokk fokok kIdokkokkok KDk Ddokkkl, Dk ok

FGDIWDKMLQKGMKKSVGLPVAVQCVALPWQEELCLRFMREVERLMTPEKQSS—-
HGDPWDKLFQQAVKGGVGLPVAVQCVSLPWQDEMCLRFMREVEQLTAKNKLTRKH
SRK KRR D DRI, DR skRkckoRRololok ololok ok DRk TR 1 Tk o

Figure 3.S6 Alignment between human and zebrafish homologs of FAAH.

Amino acid sequence comparison between human FAAH and zebrafish faah.
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Table 3.S1 sgRNA sequences for eCBs gene knockout zebrafish line production.

The zebrafish eCB gene, target location, and sequence of each sgRNA is shown. Protospacer
adjacent motif (PAM) sequences are in parentheses.

GENE TARGET (Exon & Nucleotides) SEQUENCE

cb1 Exon 1, 969-991 GAGCCTGGTCGTGCACTCGG(CGQG)
dagla Exon 3, 321-343 GGAGCTGGTGTATGCAGTGG(TGG)
daglb Exon 4, 426-448 GGTCATCCTGCTGGCGATGG(CGQG)
abhd4 Exon 4, 340-362 GTGATGGTCCATGGGTTTGG(CGG)
magll Exon 2, 148-170 GAGTAAATTGGATCAGCCGG(CGG)
faah Exon 4, 495-517 GAGTAAATTGGATCAGCCGG(CGG)
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Table 3.S2 Genotyping primer sequences for eCB lines.

The following primers were designed to flank the sgRNA target locations to allow for sequencing
and genotyping of the eCB zebrafish lines.

GENE FORWARD PRIMER REVERSE PRIMER

cb1 GATCTCCTCGGCAGTGTTAT CAATAGTGATATATCGTGCTAACG
dagla TTCAGTGCTATTATTCGCTGC CACAAAGTGTCCCAGTTTAGC
daglb GGGACATACTGGCAATTTGATTA GTGGTTATCATCCTGAGGCA
abhd4 CATTCCATGTCTAGTCCCATC CGACTTTATGAGGCATAATTCTC
mgll TCAACTTCAGACATTGTAGGTT CTGTCATTTCTCAACTCCATCC

faah

CCAACCATCACAGGAGACG

TTGAGAAGACCTTGTGGTATGT
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Table 3.S3 Allele-specific PCR primer sequences for cb7 and dagla.

The following primers were designed to specifically recognize either the wild-type or mutant
alleles for cb1 and dagla, allowing for quick genotyping.

GENE ALLELE FORWARD PRIMER REVERSE PRIMER

WT TTCTGCATGATGTGGGCGA CCGTCCGCCGAGTGC
cb1
-8 CTGCATGATGTGGGCGATCTCTATT GTGCCGTCCGCCGACCA

WT TGTTTTGCTCTGTTTGCTCTGGCG  CCAGGCGATGCCCACCACTG

dagla -5 TGTTTTGCTCTGTTTGCTCTG CCAGCGATGCCACCATAC

+7 TGTTTTGCTCTGTTTGCTCTGGCG  CGATGCCCATACACCAGCGAAC
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Table 3.S4 gPCR primer sequences.

The following primers were designed to examine mRNA expression of eCB-, dopamine- and

lipid-related genes in zebrafish.

GENE FORWARD PRIMER REVERSE PRIMER

cb1 GACGGCACAAAGGTGCAGA TTGATGTTGTCCCCCATCCG
gprb5a GAACTCCTCCAACTCATCGACA AGCCCAGGATCAAAGGGATG
cnripia CATCGAGTTCAAAGACGCCG TTGGGTTTGGCCTCGTACTC
cnrip1b AGGTCAGCATACAGTTCACTC ATACTCGATGCTGTTGAAGCT
dagla CAGCCATCTTGGATCAGGCAA ATAAACGGGCCAGCCATATGC
daglb CTTCATGGACACAGATCTGGT TATGGGAGAGGACGGACTG
nape-pld ~ CACATCGCAGGTGTTTGTGC TGCCAAGTTGACCAAGGGTT
abhd4 AGTATGCCAGTCTGTCGTCG TCCAGAAGTGGACTCGGCG
mgll GGGATCCCAAACAGGTGGAG AAAGGGCCACCTGATGTCTG
abhd6a CGATTCTGTTACTCTCACAGAG AGGGAGAAACTTCACCACC
abhd6b CGGAGAACTCTGGGTCTGC TGGGAAGGTACTTCAGCATGG
faah GTGGCCGTCTTAACAGTGCT GAAGAGTTTGTCCCACGGGT
ptgs2a CCTTTGAGGAGATGACAGGAGAC GGCCAGGATACAGCTCAACC
d2ra ACGGAAACGTGTCAACACCA CGGGATGGGTGCATTTCTTTA
th GCTCTCAGCACGCGATTTTT ATGGACGCAATCCGGTTCAG
aadc CAAAGGAGGTGGGGTCATCC CACCGATGAGTGTGCCTGAT
dat TGCTACAAGAATGGCGGAGG GTAGGAGCCCACATACAGCG
vmat2 TCTTCTGTGGCAGGTATGGG CCTCCCAGTGCAATCCCAAT
nurr1 CAGGTCCAACCCGATGGAAA TCCGTGTCTCTCTGTGACCA
srebp-ic TCGGCTTCACCAATCCTGAC GTCACGTCCGGTTTCAGAGT
acct AATCAGGTGGTACGGATGGC GGATGTTCCCTCTGTTGGGG
fas GACTCAGGAGGGCGAGAGTA CTTCTTGAATCTGAACGCGGG
elfla TTCTCAGGCTGACTGTGC CCGCTAGCATTACCCTCC
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CHAPTER 4: Pharmacological Manipulation of the Endocannabinoid
System in Zebrafish

108



4.1 ABSTRACT

Targeting the endocannabinoid (eCB) system through pharmacological administration can
uncover valuable information regarding its role in biological processes and potential therapeutic
strategies. Here, we examine the effects of various eCB protein-modulating drugs on light-dark
preference and locomotor activity. High doses of cannabinoid agonist WIN55212-2 (0.3 — 4
mg/L) increased dark avoidance behavior and decreased locomotor activity. Of the two main
endocannabinoids, anandamide (AEA) reduced dark avoidance behavior (1 uM and 4 uM),
while 2-arachadonoylglycerol (2-AG) displayed a tend of increasing dark avoidance behavior at
the highest tested dose (4 uM). Of the two monoacylglycerol lipase (MGLL) inhibitors tested,
MJN110 significantly decreased dark avoidance behavior and locomotor activity (2 uM), while
JZL-184 had no observable effects. Lastly, the fatty acid amide hydrolase (FAAH) inhibitor PF-
3845 reduced dark avoidance behavior (1 uM) and had a biphasic effect on locomotor activity
(0.25 pyM — 4 pM). Effects of PF-3845 were lost when tested on faah mutants. Future work
includes examining phenotypes from additional assays (including adult behavior), and

phenotyping using drugs that target other proteins in the eCB system.

4.2 INTRODUCTION

As stated in the previous chapter, perturbing endocannabinoid (eCB) proteins can reveal new
information regarding their roles in various physiological processes. In addition to genetic
perturbations, pharmacological agents have been used not only to reveal eCB protein functions,
but also discover therapeutics for a diverse range of diseases (Cristino et al., 2020; Kaur et al.,
2016; Pacher et al., 2006). One of the most recent eCB compounds to successfully become a

novel therapeutic is cannabidiol (CBD), a well-tolerated drug used to treat epileptic disorders
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(Devinsky, et al. 2014; Chen et al. 2019; Silvestro et al., 2019). The cannabis plant, whose main
psychotropic component is A°-tetrahydrocannabinol (THC) — a cannabinoid receptor 1 (CB1)
partial agonist — has been approved for treatment of nausea, anorexia, muscle spasms, pain,
and has even shown beneficial effects in patients with Tourette syndrome (Amin and Ali, 2019;
Muiller-Vahl, 2013). Studies have also shown that targeting the eCB system may have the
potential to treat mood disorders, Parkinson’s disease, Alzheimer's disease, Huntington
disease, multiple sclerosis, traumatic brain injury, stroke, and glioblastoma. (Cristino et al. 2020;
Cooray et al., 2020; Han et al., 2020; Lisboa et al., 2017). Indeed, given the potential of the eCB
system as a targetable therapeutic strategy for a diverse set of diseases, examining the effects
of eCB-targeting drugs provides an exciting opportunity to advance our understanding of the
eCB system from both a basic science and therapeutic perspective.

One way to gain insight on the effects of eCB-targeting drugs is through the light-dark
preference assay. The light-dark preference assay is a well-established paradigm used to
examine anxiety-like behaviors in model organisms including larval zebrafish (Bai et al., 2016;
Chen et al., 2015; Lara and Vasconcelos, 2021; Steenbergen et al., 2011; Wagle et al., 2017).
In short, following pre-adaptation to a well-controlled luminance background, a zebrafish larva is
placed in the center of a chamber that is half illuminated and half dark. Immediately after the fish
is placed, recording starts and the larva is able to swim freely throughout the chamber for the
duration of the 8-minute experiment. While untreated wild-type zebrafish larvae show a baseline
preference for spending their time in the light zone of the chamber, anxiogenic/anxiolytic drugs,
mutations, and experiences have been shown to adjust this preference, with an increase in dark
avoidance being associated with an increase in anxiety-like behavior, and the opposite
occurring with reduced anxiety-like behavior (Bai et al., 2016; Lara and Vasconcelos, 2021;
Steenbergen et al.,, 2011; Wagle et al., 2017). Here, we utilize drugs targeting CB1,

monoglyceride lipase (MGLL), and fatty acid amide hydrolase (FAAH) to determine how
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pharmacological modulation of these proteins affects both light dark preference behavior and

locomotor activity.

4.3 METHODS

4.3.1 Zebrafish husbandry

Zebrafish were handled as described in Chapter 3 (section 3.3.1, p.79). All larvae used in this
study were of the AB wild-type genetic background, except for Figure 4.5, which uses the +13
base pair mgll knockout line, and Figures 4.6 and 4.S1, which uses the -1 base pair faah

knockout line, (see Figure 3.2, p.90, for mgll and faah knockout details).

4.3.2 Light-dark preference assay

The baseline light-dark preference assay was performed on 6 dpf zebrafish larvae as described
in Chapter 3 (section 3.3.6, p.82) with the following modifications: one recording was collected
for each larvae, and larvae were incubated in pharmacological agent for a duration of either 20
minutes or 1 hour prior to testing. All behavior tests were performed between the hours of
8:00am and 1:00pm. See Table 4.1 for all of pharmacological agents used, their targets, and
properties. Data was analyzed as described in Chapter 3 (section 3.3.6, p.82), with Choice
Index measuring light-dark preference behavior, and average velocity or distance travelled for

the duration of the assay measuring locomotor activity.
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4.4 RESULTS

4.4.1 Effects of CB1 agonists on light-dark preference behavior and locomotor activity

We first examined the effects of the cannabinoid receptor 1 (CB1) agonist WIN55212-2 on light-
dark preference behavior and locomotor activity. After incubating larvae in WIN55212-2 for one
hour in concentrations ranging from 0.000048 mg/L — 4 mg/L, we found a significant reduction of
choice index with the following concentrations: 0.03-, 0.16-, 0.8-, and 4 mg/L (0.03 mg/L: p =
0.0493; 0.16 mg/L: p = 0.0387; 0.8 mg/L: p = 0.0183 middle panel, p = 0.0210 right panel; and 4
mg/L: p = 0.0168) (Figure 4.1A). We also saw a significant decrease in velocity with 0.0012-,
0.03-, 0.16-, 0.8-, and 4 mg/L WIN55212-2 (0.0012 mg/L: p = 0.0170; 0.03 mg/L: p < 0.0001;
0.16 mg/L: p = 0.003; 0.8 mg/L: p < 0.0001 middle panel, p = 0.003 right panel; and 4 mg/L: p <
0.0001) (Figure 4.1B).

We next examined the effects of the two most prevalent eCBs: 2-arachodonoylglycerol
(2-AG) and anandamide (AEA). For each eCB, we tested a series of concentrations ranging
from 0.5 yM — 4 pM incubated groups of larvae in each concentration for 20 minutes. We

observed a trend of reduced choice index in larvae treated with 4 uM 2-AG (p = 0.0825), and

conversely found a significant increase in choice index in larvae treated with 4 uM AEA (p
0.0108) (Figure 4.2A). The higher doses tested of each endocannabinoid resulted in a

decrease in locomotor activity: 4 yM 2-AG (p <0.0001), and 2- and 4 uM AEA (2 uM: p

0.0004; 4 uM: p <0.0001) (Figure 4.2B).

We followed up our 2-AG and AEA experiments by changing the incubation time to 1
hour and choosing the concentration of each eCB that did not affect locomotor activity — 2 uM 2-
AG and 1 uM AEA. With these conditions, we observed no significant change in choice index

with 2 uM 2-AG, but again found an increase in choice index with 1 yM AEA (p = 0.0197)
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(Figure 4.3A). Consistent with the 20 minute incubations, 1 hour incubation in 2 yM 2-AG or 1

MM AEA had no effect on locomotor activity compared to controls (Figure 4.3B).

4.4.2 Effects of MGLL inhibitors on light-dark preference behavior and locomotor activity

Next, we examined the effects of MUN110 and JZL-184, inhibitors of monoglyceride lipase
(MGLL). We tested a range of 0.25 yM — 2 yM MJN110, and 1 pM — 20 uyM JZL-184 with a 1
hour incubation period for each dose. We observed a significant increase in choice index with 2
MM MJUN110 (p = 0.0009), but no changes in choice index at any concentrations of JZL-184
tested (Figure 4.4A). Similarly, we found a significant reduction in locomotor activity at the
highest concentrations of MUN110 tested (1 uM: p = < 0.0001; 2 pyM: p < 0.0001), but no
observable differences at any concentration of JZL-184 tested. When administering 1 uM
MJN110 to mglf" larvae, we observed no significant difference in choice index between
knockout-treated and wild-type treated larvae, but did see a loss of change in locomotor activity

compared to wild-type controls (Figure 4.5).

4.4.3 Effects of FAAH inhibitor PF-3845 on light-dark preference behavior and locomotor activity

Lastly, we examined the effects of PF-3845, an inhibitor of fatty acid amide hydrolase (FAAH).
We tested 0.25 pM, 1 uM, and 4 pM of this drug with a 1 hour incubation period for each dose.
We observed a significant increase in choice index at 1 yM, and a trend of increased choice
index at 4 uM (1 uM: p = 0.0151; 4 uM: p = 0.0729) (Figure 4.6A). Interestingly, we observed a
biphasic effect of PF-3845 on locomotor activity; there was an increase in distance travelled in

larvae that were administered 0.25- or 1 yM PF-3845, but a decrease in distance travelled in
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larvae that were administered 4 pM (0.25 uM: p = 0.0156; 1 pyM: 0.0006; 4 uM: p < 0.0001)
(Figure 4.6B). When administering PF-3845 to faah™ larvae, we observed a loss of change in

choice index and locomotor activity compared to wild-type controls (Figure 4.7).

4.5 DISCUSSION

In this chapter, we examined changes in light-dark preference and locomotor activity in larvae
treated with eCB protein-modulating pharmacological agents. We first examined the effects of
drugs that target CB1: the synthetic cannabinoid agonist WIN55212-2, and the
endocannabinoids 2-AG and AEA. We found that concentrations of WIN55212-2 ranging from
0.03 uM — 4 uM significantly reduce larval choice index, as well as reduce locomotor activity
(Figure 4.1). We observed distinct effects between 2-AG and AEA on light dark preference
behavior: 2-AG showed a trend of reducing choice index at 4 uM (20-min incubation), while AEA
significantly increased choice index at 1 pM (1-hour incubation) and 4 yM (20-minute
incubation) (Figures 4.2 & 4.3). Both endocannabinoids reduced locomotor activity at higher
concentrations tested (4 pM 2-AG at 20 minute incubation, 2- and 4 uM AEA at 20 minute
incubation) (Figure 4.2). Though the results appear conflicting, particularly the effects of the two
endocannabinoids on light-dark preference, a biphasic effect on anxiety-like behavior has been
observed before with CB1 agonists (Viveros et al., 2005). It is possible that WIN55212-2 and 2-
AG increase dark avoidance, and thus anxiety-like behavior, at the concentrations tested due to
their nature as full agonists, while AEA reduces anxiety-like behavior due to its nature as a
partial CB1 agonist. To gain a clearer picture on how these compounds affect light dark
preference behavior in zebrafish, a broader range of drug concentrations should be tested.

It is worth noting that one of the limitations of using pharmacological agents is

polypharmacology (Chaudhari et al., 2020); it is possible that the effects we observe in drug-
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treated animals is a consequence of an unintended target rather than the protein-target of
interest. To confirm that effects are indeed caused by modulation of the intended target, more
than one drug that modulates the protein of interest can be tested (preferably with distinct
chemical structures to prevent any repeated off target effects). For this study, WIN55212-2 and
2-AG are both full agonists of CB1, and both demonstrated the same effect of increasing dark
avoidance behavior and reducing locomotor activity in zebrafish larvae. It would be worthwhile
to examine the effects of another CB1 partial agonist, such as THC, to confirm the reduction in
dark avoidance behavior seen with AEA.

When examining the effects of MGLL inhibition, two drugs were used: MUN110 and JZL-
184. Interestingly, each drug had a distinct effect on light dark preference behavior and
locomotor activity; MUN110 reduced dark avoidance behavior and locomotor activity, while JZL-
184 had no observable effects on either behavior (Figure 4.4). Previous findings have shown
MJN110 as being more potent, selective, and effective in raising concentrations of 2-AG in the
brain compared to JZL-184 (Ignatowska-Jankowska et al., 2015; Niphakis et al., 2013), which
may account for the distinct effects on choice index and locomotion.

Another strategy to verify pharmacological effects is to use genetic knockout animals.
Though knocking out a gene and observing the same phenotype as the corresponding drug
treatment could help verify drug effects, phenotypes are not always observed in genetic
knockouts due to genetic compensatory mechanisms (Rossi et al., 2015). Another approach to
utilize genetic knockouts would be to treat the knockout animal with drug; if the effect is no
longer seen when the knockout is treated, this helps provide evidence that the protein of interest
is necessary for the observed effect. This was the case for both MGLL inhibitor MJN110 and
FAAH inhibitor PF-3845. When 1 pM of MJN110 was administered to both WT and mgll
knockout larvae (Figure 4.5B), the severe effects on locomotor activity were lost, providing

evidence that MGLL is indeed necessary for the phenotype to be observed. It is worth noting
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that no significant change in choice index was observed in either the wild-type nor the mgll
knockout treated larvae; as shown in Figure 4.4, 1 hour incubation of 1 yM MJN110 does not
appear to have any significant effect on choice index. Thus a next step to verify the on-target
effect of MUN110 would be to treat mgll larvae with 2 yM MJN110 and examine choice index.

For PF-3845, when tested on wild-type fish, we observed an increase in choice index (1-
and 4 uM), and alterations in locomotor activity (increase at 0.25- and 1 uM, decrease at 4 pM)
(Figure 4.6). To verify these effects, we utilized a faah genetic knockout fish line. Though this
line does not show a difference in light-dark preference compared to wild-type controls (Figure
4.81), PF-3845-mediated changes in choice index and locomotor activity are lost when
administered to the faah knockout line (Figure 4.7), providing further evidence that FAAH is
necessary for both phenotype to be observed.

Overall, we observed a wide range of effects on light-dark preference behavior and
locomotion in eCB drug-treated larvae (A summary of all results can be seen in Table 4.2.) CB1
agonists showed opposing effects on dark avoidance, while MGLL and FAAH inhibitors
demonstrated a decrease in dark avoidance (or no effect). As dark avoidance is a known
anxiety-like behavior, these results have implications for the roles of CB1, MGLL, and FAAH on
anxiety state, with CB1-modulating drugs having the ability to both increase and decrease
anxiety levels, and MGLL and FAAH inhibitors having anxiolytic properties. Indeed, previous
studies using other animal models have also observed a CB1’s biphasic effect on anxiety
(Moreira et al., 2009; Rey et al. 2012; Rubino et al. 2008), as well as anxiolytic properties of
inhibitors targeting MGLL (Busquets-Garcia et al., 2011; Kinsey et al., 2011; Lomazzo et al.,
2015; Shonesy et al., 2014) and FAAH (Kathuria, et al., 2003; Moreira et al., 2008; Patel and
Hillard, 2006). As our study is the first record of examining dark avoidance behavior in larval
zebrafish using these drugs, our results provide an exciting foundation for continued

investigation into the roles of CB1, FAAH, and MGLL in anxiety-like behavior using zebrafish. To
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gain insight on the neuronal populations that are involved with each eCB gene’s ability to
modulate anxiety-like behavior, brain-wide calcium imaging can be done following drug
administration. Additionally, more assays can be done in fish to examine the effects of eCB-
modulating drugs on other behaviors (i.e. memory, addiction, sociability, and aggression),

offering more opportunities to demystify eCB system involvement in behavior.
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Figure 4.1 High concentrations of CB1 agonist WIN22515-2 increase dark avoidance
behavior and reduce locomotor activity.

(A) The choice index of larvae treated for 1 hour with WIN55212-2 at the following
concentrations: 0.000048-, 0.00024-, 0.0012 mg/L (left), 0.0012-, 0.03-, 0.8 mg/L (middle), and
0.16-, 0.8-, and 4 mg/L (right). We observed a decrease in choice index following treatment with

0.3-, 0.16-, 0.8-, and 4 mg/L WIN55212-2. n = 16 for all groups.

(B) The velocity of larvae treated for 1 hour with WIN55212-2 at the same doses as (A). We
observed a decrease in velocity following treatment with 0.0012-, 0.03-, 0.16-, 0.8-, and 4 mg/L

WIN55212-2. n

= 16 for all groups.

All data represented as mean +/ SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001; Mann-Whitney
test was performed to assess statistical significance. CB1 — cannabinoid receptor 1.
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Figure 4.2 Effects of 20-minute incubation with endocannabinoids 2-AG and AEA.

(A) The choice index of larvae treated for 20 minutes with 2-AG (left) and AEA (right) at the
following concentrations: 0.5-, 1-, 2-, and 4 yM. We observed a trend of decreasing choice index
following treatment with 4 uM 2-AG. Conversely, we observed a significant increase in choice
index following treatment with 4 uM AEA. 2-AG: 0.2% DMSO, n =15; 0.5 uM, n =16; 1 uM, n =
16; 2 yM, n = 13; 4 uM, n = 11. AEA: n = 16 for all groups.
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(B) The distance travelled of larvae treated for 20 minutes with 2-AG (left) and AEA (right) at the
same doses as (A). We observed a decrease in locomotor activity following treatment with 4 yM
2-AG and 2- and 4 uM AEA. 2-AG: 0.2% DMSO, n=13; 0.5 uM, n=16; 1 uM, n =16; 2 uM, n =
11; 4 uM, n = 11. AEA: 0.2% DMSO, n = 13; n = 16 for remaining concentrations.

All data represented as mean +/ SEM. #p < 0.01, *p < 0.05, ***p < 0.001, ****p < 0.0001; Mann-
Whitney test was performed to assess statistical significance. 2-AG — 2-arachadonoylglycerol;
AEA — anandamide.
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Figure 4.3 Effects of 1-hour incubation with endocannabinoids 2-AG and AEA.

(A) The choice index of larvae treated for 1 hour with 2 yM 2-AG (left) and 1 uM AEA (right). We
observed no difference in choice index with 2-AG treatment, but we observed a significant
increase in choice index following treatment with 1 yM AEA. 2-AG: 0.2% DMSO, n =33; 2 uM, n
= 28. AEA: 0.2% DMSO, n = 24; 2 yM, n = 19.

(B) The distance travelled of larvae treated for 1 hour with 2 yM 2-AG (left) and 1 yM AEA
(right). We observed no change in locomotor activity with either treatments. 2-AG: 0.2% DMSO,
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n=237;2 uM, n = 28. AEA: 0.2% DMSO, n =23; 2 yM, n = 19.
All data represented as mean +/ SEM. *p < 0.05; Mann-Whitney test was performed to assess
statistical significance.
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Figure 4.4 MGLL inhibitors MUN110 and JZL-184 have distinct effects on light-dark
preference and locomotor activity.

(A) The choice index of larvae treated for 1 hour with MJN110 at 0.25-, 0.5-, 1-, and 2 pM (left),
JZL-184 at 1-, 2-, 4-, and 8 pM (middle), and JZL-184 at 5-, 10-, 15-, and 20 pM (right). We
observed an increase in choice index following treatment with 2uM MJN110. We observed no
change in choice index for any concentrations of JZL-184 tested. MUN110: 0.2% DMSO, n = 28;
0.25 uM, n =28; 0.5 yM, n = 27; 1 uM, n = 32; 2 uM, n = 28. JZL-184 (middle): 0.2% DMSO, n =
28; 1 uM, n = 32; 2 uM, n = 30; 4 pM, n = 27; 8 uM, n = 24. JZL-184 (right): 0.2% DMSO, n =
16; 5 uM, n =24; 10 uyM, n = 21; 15 uM, n = 24; 20 uM, n = 24.

(B) The distance travelled of larvae treated for 1 hour with MUN110 and JZL-184 at the same
doses as (A). We observed a decrease in locomotor activity following treatment with 1- and 2
MM MJUN110. We observed no change in choice index for any concentrations of JZL-184 tested.
MJN110: 0.2% DMSO, n = 28; 0.25 ypM, n = 28; 0.5 yM, n = 27; 1 yM, n = 32; 2 uM, n = 28.
JZL-184 (middle): 0.2% DMSO, n = 28; 1 uM, n = 27; 2 yM, n = 30; 4 uM, n = 32; 8 uM, n = 21.
JZL-184 (right): 0.2% DMSO, n = 16; 5 yM, n = 24; 10 yM, n = 21; 15 pM, n = 24; 20 uM, n =
24,

All data represented as mean +/ SEM. ***p < 0.001, ****p < 0.0001; Mann-Whitney test was
performed to assess statistical significance. MGLL — monoglyceride lipase.
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Figure 4.5 MUN110 effects on locomotor activity are lost in the mgll knockout.

(A) The choice index of wild type and mglf larvae treated for 1 hour with 1 uM MJN110. We
observed no change in drug treated wild-type nor mgll knockout larvae compared to controls.
WT: 0.2% DMSO, n = 28; 1 uM, n = 32. mglf": 0.2% DMSO, n = 17; 1 yM, n = 19.

(B) The distance travelled of wild type and mglf” larvae treated for 1 hour with 1 yM MJN110.
We observed an increase in locomotor activity in drug treated wild-type larvae (p < 0.0001), but
no change in drug treated faah knockout larvae compared to controls. WT: 0.2% DMSO, n = 28;
1 UM, n = 32. mglf": 0.2% DMSO, n =17; 1 uM, n = 19.

All data represented as mean +/ SEM. ns — no significance, ****p < 0.0001; Mann-Whitney test
was performed to assess statistical significance.
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Figure 4.6 FAAH inhibitor PF-3845 increases choice index and has biphasic effect on
locomotor activity.

(A) The choice index of larvae treated for 1 hour with 0.25-, 1-, and 4 yM PF-3845. We
observed an increase in choice index following administration of 1 yM PF-3845 and a trend of
increasing choice index with 4 uM PF-3845. 0.2% DMSO, n = 39; 0.25 uM, n = 22; 1 uM, n =
22; 4 uM, n = 23.

(B) The distance travelled of larvae treated for 1 hour with PF-3845 at the same doses as (A).
We observed an increase in locomotor activity following treatment with 0.25- and 1 yM PF-3845,
and a decrease in locomotor activity with 4 yM PF-3845. 0.2% DMSO, n = 39; 0.25 uyM, n = 22;
1 UM, n=22; 4 uM, n = 23.

All data represented as mean +/ SEM. #p < 0.01, *p < 0.05, ***p < 0.001, ****p < 0.0001; Mann-
Whitney test was performed to assess statistical significance. FAAH — fatty acid amide
hydrolase.
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Figure 4.7 PF-3845 effects on choice index and locomotion are lost in the faah knockout.

(A) The choice index of wild type and faah™ larvae treated for 1 hour with 2 uM PF-3845. We
observed an increase in choice index in drug treated wild-type larvae (p = 0.0163), but no
change in drug treated faah knockout larvae compared to controls. WT: 0.2% DMSO, n = 40; 2
UM, n = 32. faah™: 0.2% DMSO, n = 40; 2 yM, n = 31.

(B) The distance travelled of wild type and faah™ larvae treated for 1 hour with 2 yM PF-3845.
We observed an increase in locomotor activity in drug treated wild-type larvae (0.0277), but no
change in drug treated faah knockout larvae compared to controls. WT: 0.2% DMSO, n = 40; 2
UM, n = 32. faah™: 0.2% DMSO, n = 40; 2 yM, n = 31.

All data represented as mean +/ SEM. ns — no significance, *p < 0.05; Mann-Whitney test was
performed to assess statistical significance.
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4.8 TABLES

Table 4.1 eCB-targeting pharmacological agents.

A list of all pharmacological agents used in this study along with their targets and properties.

DRUG/LIPID TARGET PROPERTIES

WIN55212-2 CB1 Agonist, synthetic cannabinoid
2-AG CB1 Agonist, endocannabinoid

AEA CB1 Agonist (partial), endocannabinoid
MJN110 MGLL Inhibitor

JLZ-184 MGLL Inhibitor (irreversible)

PF-3845 FAAH Inhibitor
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Table 4.2 Summary of eCB pharmacology experiment results.

Table summarizing the significant effects of each pharmacological agent on choice index and
locomotor activity.

eCB DRUG EFFECT ON EFFECT ON
PROTEIN CHOICE INDEX LOCOMOTION
WIN55212-2 Decrease Decrease
CB1 2-AG Decrease (trend) Decrease
AEA Increase Decrease
MJN110 Increase Decrease
MGLL
JZ1-184 None None
FAAH PF-3845 Increase Increase and Decrease
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Figure 4.1 FAAH knockout does not affect light-dark preference behavior.

(A) The choice index of wild type and faah™ larvae. We observed no change between
genotypes. WT, n = 22; faah™, n = 22.

(B) The distance travelled of wild type and faah™ larvae. We observed a significant increase in
locomotor activity in faah knockout larvae. WT, n = 21; faah™, n = 21.

All data represented as mean +/ SEM. *p < 0.05; Mann-Whitney test was performed to assess
statistical significance.
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CHAPTER 5: Investigating the Neuronal Populations Underlying CB1-
mediated Anxiety-Like Behavior in Larval Zebrafish
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5.1 ABSTRACT

The endocannabinoid (eCB) system is a pathway in the brain that modulates anxiety states.
Though inhibition of cannabinoid receptor 1 (CB1), the key protein of the eCB system, has been
shown to increase anxiety, understanding of the circuitry involved is largely fragmented. Here
we use zebrafish to gain insight on the neuronal populations involved in producing CB1-
mediated anxiety-like behavior. We found that pharmacological and genetic inhibition of CB1
increases dark avoidance behavior in larval zebrafish, a known anxiety-like behavior. We
discovered brain region-specific colocalization of cb7 mRNA with pallial and hypothalamic
glutamatergic and subpallial GABAergic neuronal markers. We gained access to CB1-
expressing cells through production of a CB1 knockin fish line, and uncovered broad anatomical
connectivity of CB1-expressing neurons. These results provide insight on the neural circuitry

that bridges CB1 signaling and the resulting anxiety behavior.

5.2 INTRODUCTION

The endocannabinoid (eCB) system is a complex signaling pathway that modulates various
brain functions. Cannabinoid receptor 1 (CB1) is a G protein-coupled receptor and the primary
protein in the eCB system responsible for both short-term and long-term changes in synaptic
activity and plasticity (Araque et al., 2017; Castillo et al., 2012; Heifets and Castillo, 2009; Kano
et al., 2009; Matsuda et al., 1990). When activated, either by exogenous compounds such as
A%-Tetrahydrocannabinol (THC) found in the Cannabis plant (better known as marijuana) or by
endogenously produced eCBs, CB1 initiates G protein-mediated signaling cascades that
ultimately inhibit neurotransmitter release of the cell it is expressed on (Chan et al., 1998; Kano

et al., 2009; Maneuf et al., 1996; Shen et al., 1996; Szabo et al., 1998). Depolarization-induced
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suppression of inhibition (DSI) or depolarization-induced suppression of excitation (DSE) occur
when CB1 is activated on GABAergic or glutamatergic neurons, respectively. (Kreitzer and
Regehr, 2001; Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001). These eCB system-
mediated changes in synaptic activity modulate many neurobiological processes, affecting
cognition, appetite, motor control, and anxiety, to name a few (Adams et al., 1996; Berry et al.,
2002; El Manira and Kyriakatos, 2010; Lafenétre, et al., 2007, Mechoulam and Parker, 2013).

Fear and anxiety are defensive states in which an organism undergoes physiological
and behavioral changes in order to avoid danger. These changes involve neuronal, hormonal,
and behavioral responses that can be detrimental if the state of anxiety is excessively prolonged
or disproportionately higher than the potential threat itself — ultimately resulting in
neuropsychiatric disorders (Graham et al., 2011; Sylvers et al., 2011, Tovote et al., 2015). In
humans, anxiety states can be attenuated or exacerbated by neuroactive drugs such as
marijuana via the CB1 receptor. When activated by an agonist, CB1 generally has a biphasic
effect on anxiety, producing anxiolytic responses following administration of low doses, but
anxiogenic responses following high doses (Lafenétre, et al., 2007). Unlike the biphasic effect of
CB1 agonists, CB1 inhibitors have only been shown to increase anxiety (Christensen et al.,
2007; Mechoulam et al., 2013).

One of the most prominent objectives of the neuroscience field is delineating neural
circuits in order to deepen our understanding of brain function in health and disease. Previous
studies in mice have made vast contributions to our understanding of the neural circuitry that
links CB1-mediated changes in synaptic activity and the resulting change in anxiety-like states
(Lutz et al., 2015; Maldonado et al., 2020). Activation of CB1 on glutamatergic neurons in the
dorsal telencephalon are involved in attenuating anxiety-like behaviors (Ruehle et al. 2013). On
the other hand, genetic perturbation of CB1 expressed on cortical GABAergic neurons result in

an increase of exploratory behaviors. This suggests that normal-functioning CB1 on cortical

137



GABAergic cells facilitates neophobia, which can be interpreted as an anxiety-like behavior
(Haring et al., 2011). More recent studies have honed in on specific circuits that are involved in
CB1-mediated changes in anxiety-like states, with the amygdala being a key player. Deletion of
CB1 in rodent basolateral amygdala inputs into the prelimbic prefrontal cortex (homologous to
human amygdala-dorsomedial prefrontal cortex) reveal an increase in stress-induced anxiety
behavior (Marcus et al. 2020). Another study highlights the role of CB1 on amygdala inputs to
the bed nucleus of stria terminalis (BNST) in sustained fear response (Lange et al. 2017). CB1
signaling has also been shown to modulate physiological stress response through regulation of
the hypothalamic-pituitary-adrenocortical (HPA) axis (Micale and Drago, 2018; Morena et al.,
2016; Riebe and Wotjak, 2011). Although these studies have started to narrow in on key
neuronal populations, the entire picture of cells involved in CB1-mediated anxiety circuitry
remains fragmented.

Zebrafish are a powerful model organism for examining behavior and discovering circuit
mechanisms (Leung et al., 2013; Li et al., 2016; Portugues et al., 2013; Stewart et al., 2014;
Vanwalleghem et al., 2018). Not only have subdivisions of CNS anatomy and fundamental
circuits such as those involved in anxiety been shown to be conserved between zebrafish and
humans (Melgoza and Guo, 2018; Jesuthasan, 2012), but also several attributes unique to
zebrafish allow for circuitry studies that are difficult, if not impossible to achieve in mice. For
example, due to the minute size of the larval zebrafish brain, it is possible to record neuron
activity throughout the entire brain in real time through brain-wide Ca?* imaging. Because of
their rapid development, 6-day-old larval zebrafish have already developed all primary
neurotransmitter systems (Guo, 2009). Breeding can occur on a weekly basis and produces a
large amount of progeny, allowing for quick generation progression and large sample sizes for
experiments. The zebrafish genome has considerable homology with the human genome

(Barbazuk et al., 2000; Howe et al., 2013), and in the context of the eCB system, proteins
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involved in eCB signaling are conserved between zebrafish and humans (Elphick 2012;
Oltrabella et al., 2017). These attributes make zebrafish an excellent model for studying neural
circuitry, and more specifically, in the context of CB1 signaling. Here, we utilize the zebrafish
model organism to expand our knowledge on the neuronal populations that make up the

circuitry underlying CB1-mediated changes in anxiety.

5.3 METHODS

5.3.1 Zebrafish husbandry

Zebrafish were handled as described in Chapter 3 (section 3.3.1, p.79). Strains include the

following: ABWT (light/dark preference assay, cortisol measurement assay), Tg(cb1")

(light/dark preference assay, cortisol measurement assay), Tg(HuC-H2B-GCaMP) (HCR in situ,

calcium imaging), Tg(cb7%@™* UAS::Dendra) (projection analysis), Tg(cb 1™

UAS::Channelrhodopsin-mCherry; HuC-H2B-GCaMP) (projection analysis), and Tg(cb1”~; HuC-

H2B-GCaMP) (calcium imaging).

*Note, Tg(cb1™) is the -8 base pair mutant as described in Figure 3.2, p.90.

5.3.2 Generation of transgenic fish lines

SgRNA and Cas9 RNA synthesis

sgRNAs  targeting the cb1 locus  were designed using CRISPRscan
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(https://www.crisprscan.org), CCtop (https://cctop.cos.uni-heidelberg.de), and CHOPCHOP
(https://chopchop.cbu.uib.no) web tools (sgRNA sequences are found in Table 5.81). Phusion
Flash High-Fidelity PCR Master Mix (ThermoFisher, #F548L) was added to 10 uyM forward
primer containing T7 promotor with sgRNA sequence and 10 yM reverse primer containing
standard stem loop backbone (Jinek et al., 2012; Varshney, et al. 2015) and PCR was run. PCR
product was purified with MinElute PCR Purification kit (Qiagen, #28006) and used for in vitro
transcription with T7 RNA polymerase (Jiang et al. 2019). Transcription product was incubated
in DNasel (ThermoFisher, #EN0521), extracted with phenol/chloroform, and precipitated with
ethanol. Ethanol was left to evaporate for 10 min, and precipitate was resuspended in nuclease
free water. To produce Cas9 RNA, the template DNA pT3Ts-nls-zCas9-nls (from Wenbiao
Chen, Addgene plasmid #46757) was linearized by Xbal digestion and purified with QlAprep
column (Qiagen, #27115). Cas9 RNA was synthesized using MMESSAGE mMACHINE T3
Transcription kit (Invitrogen, #AM148) and purified using MEGAclear Transcription Cleanup kit

(Invitrogen, #AM1908).

Microinjections

To produce Tg(chb1™), a solution of 200 ng/uL cb? sgRNA and 100 ng/uL Cas9 RNA was
injected into a clutch of ABWT zebrafish embryos at the 1-cell stage using a microinjector
(NARISHIGE IM 300). To produce Tg(cb1¥™%), a solution of 100 ng/uL cb7 sgRNA, 100 ng/uL
eGFP sgRNA, 5 uM Cas9 protein, 25 ng/uL eGFPbait-E2A-KalTA4 donor plasmid, and ~0.05%
phenol red dye was injected into a clutch of Tg(UAS::Dendra) embryos at the 1-cell stage.

Roughly half of the embryos were set aside as uninjected controls.
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Screening and genotyping

Injected FO fish were raised to adulthood and bred with ABWT fish to produce the F1
generation. For Tg(cb1”), primers were designed flanking the sgRNA cut site (sequences found
in Table 5.82). Genomic DNA was extracted from fins clipped from the F1 generation. PCR was
run on a solution of 0.4 uyM primers, genomic DNA, and GoTaq Green Master Mix (Promega,
#M7123). PCR product was purified using Monarch DNA Gel Extraction Kit (New England
BioLabs, #T1020L), and sequenced by QuintaraBio. Sequencing results were deconvoluted
using the TIDE web tool (https://tide.nki.nl) to determine the number of base pairs that were
inserted or deleted. F1 fish heterozygous for the same allele were bred together, and their
progeny were sequenced as described above. Sequencing results for the CB17 allowed for

determination of the precise mutation sequence. For the Tg(CB1"™)

, F1 larvae were
screened for Dendra fluorescence and raised to adulthood. F1 adults were fin clipped and

genotyped with primers shown in Figure 5.4B (sequences found in Table 5.S3).

5.3.3 Light-dark preference assay

The baseline light-dark preference assay was performed on 6 dpf zebrafish larvae as described
in Chapter 3 (section 3.3.6, p.82) with the following modifications: one recording was collected
for each larvae, and larvae were incubated in pharmacological agent for 1 hour prior to testing
(if applicable). All behavior tests were performed between the hours of 8:00am and 1:00pm.
Videos collected from the light/dark preference assay were analyzed using Noldus
Ethovision XT 13 video tracking software. Larvae were tracked and the following output
parameters were collected: duration in the light zone, duration in the dark zone, latency to the

light zone, latency to the dark zone, swim velocity, number of zone transitions from light to dark
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(entry number to dark) and the number of zone transitions from dark to light (entry number to
light). Any larvae that were frozen for the duration of the experiment were excluded. Choice
index was calculated by subtracting the duration in the light from the duration in the dark then
dividing by the total time. Average entry duration was calculated by dividing the duration in a
zone by the number of entries into that zone. To determine decision at the border, videos were
reanalyzed with an added zone in the center of the chamber as the border region. Output
parameters were the transition from light to border to dark (pass-through event), and transition
from light to border to light (turn back event). Percent of pass-through events was calculated by
dividing the number of pass-through events divided by the total number of border events

(number of pass-through events plus number of turn back events).

5.3.4 Cortisol measurement assay

6dpf larvae were separated into 100mm petri dishes with 30mL of blue egg water, n = 10 per
dish. For pharmacological groups, ABWT larvae were used. For genetic groups, Tg(CB1") were
used as the experimental groups and a mixture of Tg(CB1**) and Tg(CB1*") were used as
controls. If pharmacological agent was administered, larvae were incubated in drug (or vehicle)
for 1 hour. To administer mechanical stress, a mini stir-bar was put into the dish and water was
stirred on a stirrer (VWR-Hotplate/Stirrer) at 200 rpm for 5 minutes. Following larval separation,
drug administration, and/or stress condition (depending on the group), larvae were poured into a
Falcon Cell Strainer (Corning, #352360). A squirt bottle with blue egg water was used to gather
larvae near the bottom of the cell strainer, and also squirt larvae with ice-cold 1x phosphate-
buffered saline (PBS). The cell strainer containing larvae was then quickly transferred to another
100mm dish containing ice-cold PBS. A glass transfer pipette was used to transfer larvae from

the cell strainer to a 1.5 mL eppendorf tube, leaving 50 pL. The collection tube was stored at -
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70°C and the process was repeated until all groups and replicates were collected. Frozen
samples were thawed on ice, and 150 yL PBS was added. Samples were homogenized with a
hand held homogenizer (VWR Pellet Mixer #47747-370) for 1 min. 20 yL of homogenate was
used to estimate total protein concentration with PIERCE BCA kit (#23225). 1400 uL of ethyl
acetate was added to remaining homogenate. Samples were vortexed and centrifuged for
7000G at 4°C for 15 min. The organic layer was transferred to a fresh collection tube and left to
evaporate in a fume hood overnight. Cortisol concentration was estimated using the Cayman

Cortisol ELISA Kit (#500360).

5.3.5 Hybridization chain reaction (HCR) in situ

Protocol is deviated from Choi et al. 2018 and the Deisseroth lab
(https://web.stanford.edu/group/dlab/). 6 dpf larvae were fixed with 4% paraformaldehyde (PFA)
at 4°C for approximately 24 hours. The samples were washed with PBS, then dehydrated with a
100% Methanol (MeOH) at -20°C for 10 minutes. Larvae were rehydrated with a series of 5-min
graded MeOH/PBST (1x PBS, 0.1% Tween 20 Detergent) washes (75% MeOH / 25% PBST;
50% MeOH / 50% PBST; 25% MeOH / 75% PBST), then 5 washes using 100% PBST. Samples
were incubated in probe hybridization buffer (Molecular Instruments,
https://www.molecularinstruments.com) at 37°C for 30 min, then in probe hybridization buffer
with 2uM v3.0 HCR probes (Molecular Instruments) at 37°C for approximately 18 hours. Larvae
were washed 4 times with probe wash buffer (Molecular Instruments) at 37°C, then 3 times with
5x SSCT (5x sodium chloride sodium citrate, 0.1% Tween 20). HCR hairpins were heated at
95°C for 90 seconds and cooled at room temperature for 30 minutes. Larvae were incubated in
amplification buffer (Molecular Instruments) for 30 minutes, then in amplification buffer with

240nM of each hairpin for approximately 18 hours. Amplification buffer and hairpins were
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washed off 5 times with 5x SSCT. Then the samples were had a series of graded glycerol

washes (25% glycerol, 50% glycerol, 80% glycerol).

5.3.6 Confocal microscopy

After HCR in situ (Figure 5.3), larvae were whole-mounted on slides using 80% glycerol. For
live imaging (Figures 5.4 and 5.5), larvae were embedded in 35 mm glass bottom dishes
(MatTek, #P35G-1.5-10-C) with 2% (wt/vol) low melting agarose (Fisher Scientific, #BP165-25)
in blue egg water and covered with 2 mL of blue egg water. Mounted or embedded larvae were
imaged dorsal-side up using a Zeiss LSM 780-FLIM confocal microscope equipped with a W
Plan-Apochromat 20x/1.0 DIC (UV) VIS-IR M27 75mm objective lens. For HCR, Alexa488,
Alexa546, or Alexa647 fluorophores were excited with the 488nm, 555nm, or 647nm lines from
an argon laser, respectively. For live imaging, GCaMP, Dendra, or mCherry fluorophores were
excited with the 488nm, 488nm, or 555nm lines of an argon laser, respectively. Images were
acquired using Zen 2012 imaging software. To acquire the entire larval brain, Z-stacks were
collected for each sample starting from the ventral-most plane of the brain and ending with the
dorsal-most plane at a voxel size of 0.49 x 0.49 x 2 um (X, y, z), using 2 horizontal tiles with 10%

overlap.

5.3.7 Image processing

Following confocal imaging, Fiji imaging software (https://imagej.net/Fiji) was used to stitch

horizontal tiles via Pairwise Stitching plugin. Image stacks were reversed to make the order

ventral to dorsal, rotated 180° to orient the brain anterior to posterior from left to right, and
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cropped to match the reference brain image from the Z-brain atlas (Randlett et al. 2015,

https://zebrafishatlas.zib.de). Images were saved in .nnrd format for registration.

5.3.8 Image registration

Computational Morphometry Toolkit (CMTK 3.3.1, https://www.nitrc.org/projects/cmtk/) was
used for nonrigid image registration. Registration was performed on the University of California,
San Francisco Wynton high-performance compute (HPC) cluster. All samples to be registered
had Tg(HuC-H2B-GCaMP) background, which was used as the sample image stack. Each
sample stack was registered to the Elavi3-H2BRFP reference stack from the Z-brain atlas.
CMTK was run with the following command string: -a -w -r 010203 -X 104 -C 8 -G 160 -R 2 -J

0.050 -A '--dofs 6,9 --mi --accuracy 8' -W '--mi —accuracy 8'.

5.3.9 Image analysis

To access 6 dpf zebrafish brain anatomical masks, registered data was put through the z-brain

viewer (https://github.com/owenrandlett/Z-Brain) in Matlab (MathWorks), allowing for

determination of in situ and cb1-cell projection localization.

5.3.10 Quantification and statistical analysis

Graphpad Prism 8 was used to produce graphs and run student’s t-test and one-way ANOVA.

Permutation analysis independence test was performed on R programming software. Statistical

details of each experiment can be found in figure legends.
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5.4 RESULTS

5.4.1 CB1 inhibition increases dark avoidance behavior in larval zebrafish

Though there is a wide breadth of literature that demonstrates how inhibition of CB1 elicits
anxiety-like behavior responses in humans and rodents (Blasio et al., 2013; Christensen et al.,
2007; Mechoulam et al., 2013, Thiemann et al., 2009), to date, no study has been done to
examine anxiety-like behavior in zebrafish following CB1 inhibition — a critical foundation to
establish before using this model to examine the underlying circuitry involved. The light-dark
preference assay is a well-established paradigm used to examine anxiety-like behaviors in
model organisms including larval zebrafish (Bai et al., 2016; Chen et al., 2015; Lara and
Vasconcelos, 2021; Steenbergen et al., 2011; Wagle et al., 2017). To examine the effects of
CB1 inhibition on anxiety-like behavior in zebrafish, we performed the light-dark preference
assay.

In short, following pre-adaptation to a well-controlled luminance background, a zebrafish
larva is placed in the center of a chamber that is half illuminated and half dark (Figure 5.1A).
Immediately after the fish is placed, recording starts and the larva is able to swim freely
throughout the chamber for the duration of the 8-minute experiment. While untreated wild-type
zebrafish larvae show a baseline preference for spending their time in the light zone of the
chamber, anxiogenic drugs, mutations, and experiences have been shown to further increase
dark avoidance behavior (Bai et al., 2016; Lara and Vasconcelos, 2021; Steenbergen et al.,
2011; Wagle et al., 2017). Figure 5.1B (left) demonstrates heatmap representations of larval
position over time, showing a decrease in the time spent in the dark zone of the behavioral
chamber upon administration of an anxiogenic drug. While control fish do have a preference for

staying in the light zone, they also venture out into the dark zone, in contrast to 4 mg/L AM251-
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treated fish which spend most, if not all, of their time solely in the light zone. This dark
avoidance behavior can be quantified by calculating the choice index (Cl) (Figure 5.1B, right).

After administration of the CB1 inverse agonist AM251, 6 day post fertilization (dpf)
zebrafish larvae exhibited a significant increase in dark avoidance at all tested concentrations
compared to controls (Figure 5.1C, left; 0.2% DMSO: Cl = -0.69 + 0.08, n = 16; 1 mg/L AM251:
Cl =-0.98 £ 0.01, p = 0.0014, n = 15; 2 mg/L AM251: Cl =-0.95 £ 0.03, p = 0.0081, n = 14; 4
mg/L AM251: Cl = -0.95 + 0.03, p = 0.0058, n = 15; mean + SEM), indicative of an anxiety-like
response. Similar results were seen after administration of the CB1 antagonist SLV-319 at 5-
10- and 20 mg/L, which also showed significant increases in dark avoidance at all
concentrations compared to controls (Figure 5.1C, middle; 0.2% DMSO: Cl =-0.53 + 0.07, n =
16; 5 mg/L SLV-319: Cl =-0.79 £ 0.07, p = 0.0167, n = 16; 10 mg/L SLV-319: Cl =-0.79 £ 0.06,
p =0.0121, n = 16; 20 mg/L SLV-319: Cl =-0.79 £ 0.06, p = 0.0084, n = 16).

Although both CB1 inhibitors induced dark aversion phenotypes, it is possible that off-
target effects distinct from CB1 may be contributing to these changes in behavior. To combat
this caveat of using pharmacological agents, a CB1 knock-out line was created (Figure 5.S1).
Corroborating pharmacological inhibition, homozygous CB1 knock-out fish showed a significant
increase in dark aversion compared to wild-type siblings (Figure 5.1C, right; Wild-type: mean Cl
= -0.69, n = 20; Heterozygotes: mean Cl = -0.71, n = 29; Knock-outs: mean Cl = -0.91, p =
0.03365, n = 11).

To gain a more detailed understanding of how light-dark preference behavior is affected
by CB1 inhibition, kinematic analysis was performed. The following parameters were examined:
entry number (the number of entries made into the dark or light zone for the duration of the
assay), average entry duration (the average length of time spent in dark or light before
transitioning to the opposite zone), and latency (the duration of time before the larvae first

enters the dark or light zone). Neither pharmacological nor genetic inhibition of CB1 significantly
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altered the entry number (Figure 5.1D). Conversely, the average entry duration in the light zone
was significantly increased after administration of 1 mg/L AM251 (p = 0.0297) and 20 mg/L
SLV-319 (p = 0.0398), as well as in the CB1 knock-out (p < 0.0001) compared to respective
controls (Figure 5.1E). These data suggest that CB1-inhibited larvae transition between the
light and dark zones a similar number of times as controls, but each time they enter the light
zone, they wait a longer duration before transitioning to the dark zone. Furthermore, though
there was no significant change in latency to the dark or light zone after administration of
AM251 or genetic CB1 inhibition, latency to enter the dark zone significantly increased after
treatment with 10- and 20 mg/L SLV-319 (Figure 5.1F; 10 mg/L SLV-319: p = 0.0085; 20 mg/L
SLV-319: p = 0.0253). This corroborates the phenomenon that CB1-inhibition results in
increased dark avoidance behavior as fish treated with higher concentrations of SLV-319 spend
more time light zone before their first transition into the dark zone. Taken together, both
pharmacological and genetic inhibition of CB1 increases dark avoidance behavior.

Dark avoidance behavior can arise due to possible alterations in sensory, motor, or
motivational (i.e. anxiety-like) states. In terms of sensory input, CB1-inhibited larvae do not have
impaired vision as they display a stronger light preference; if vision was impaired, we would
expect a loss of preference for either zone. In terms of locomotor activity, some of the CB1-
inhibited groups displayed a decrease in velocity. Administration of AM251 significantly
decreased the velocity of larvae at all concentrations tested (Figure 5.S2A; 1 mg/L AM251: p =
0.0001; 2 mg/L AM251: p < 0.0001; 4 mg/L AM251: p = 0.0001). In contrast, administration of 5-
and 20- mg/L SLV-319 had no significant effect on velocity, though there was a decrease with
10 mg/L SLV-319 (Figure S2B; 10 mg/L SLV-319: p = 0.0355). There was no significant change
in velocity in heterozygotes nor homozygotes for the mutant cb? allele compared to wild-type
siblings (Figure 5.S2C). Though administration of 1- 2- and 4 mg/L AM251 and 10 mg/L of SLV-

319 resulted in a decrease in locomotor activity, this did not prevent larvae from being able to
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traverse across zones, as seen by the lack of significant change in entry number for each of
these groups (Figure 5.1D). Therefore, larvae that spent more time in the light zone did not do
so because they were incapable of traveling to dark zone.

Another measurable parameter of the light-dark preference assay is the decision that
each larvae makes when approaching the border of the light and dark zones. Once the larvae
reaches the border from the light zone, it has the option of either passing through into the dark
zone (pass-through event), or turning back into the light zone again (turn back event). Analysis
of border decision reveals that larvae treated with 4 mg/L AM251 have a significant reduction in
pass-through events compared to controls (Figure 5.S2B, left, p = 0.0122). Rather than passing
through to the dark zone, 4 mg/L AM251-treated larvae turn back into the light every time they
approached the border. We did not see a significant difference in pass-through events with SLV-
319 treated larvae compared to controls (Figure 5.S2B, right).

Ruling out sensory and locomotor effects — in combination with increased turn away
events in AM251 treated larvae, and previous studies that have demonstrated the anxiogenic
effects of CB1 inhibitors in humans and rodents — provides evidence that the increase in dark
avoidance behavior seen by pharmacological and genetic inhibition of CB1 was due to an

increase in anxiety-like state.

5.4.2 AM251 administration increases cortisol levels in unstressed conditions in zebrafish larvae

To further verify the notion that CB1 inhibition may increase overall stress and anxiety levels, we
looked at a key physiological stress indicator — cortisol. Larvae were split into groups to examine
the effects of pharmacological and genetic CB1 inhibition on cortisol under unstressed and
stressed conditions (Figure 5.2A-i). To compare cortisol levels among groups, larvae were

gathered and homogenized. A fraction of homogenate was used to estimate total protein
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concentration, and the rest was used to determine cortisol concentration. Concentration of
cortisol was divided by total protein concentration for each larvae, then compared (Figure 5.2A-
ii).

Under unstressed conditions, SLV-319-treated larvae showed no change in cortisol, but
AM251 administration demonstrated a significant increase in cortisol (p = 0.0286) (Figure 5.2B,
left). Under stressed conditions, neither pharmacological treatment was significantly different
compared to controls (Figure 5.2B, right). The more severe effect on cortisol levels by AM251
compared to SLV-319 in unstressed conditions is in line with the stronger effect of AM251 on
increasing baseline dark avoidance behavior (Figure 5.1C). These results could be a
consequence of AM251’s stronger effects on opposing CB1 activity through its nature as an
inverse agonist, as opposed to SLV-319’s nature as a CB1 antagonist. For the genetic groups,
the cb1 knockout did not exhibit significant changes in cortisol compared to control in neither

unstressed nor unstressed conditions (Figure 5.2C).

5.4.3 HCR in situ reveals region-specific cb1 expression and co-expression with neuronal

markers

Determining cb7 mRNA localization throughout the brain would provide valuable insight on brain
regions and neuronal populations that may be involved in CB1-mediated behavioral changes.
Previous studies have examined brain-wide cb7 mRNA expression in larval zebrafish (Lam et
al., 2006; Liu et al., 2016; Oltrabella et al., 2017; Watson et al. 2008), but as they were done
using traditional chromogenic in situ methods, this data is limited to 2D images with low cellular
resolution. Additionally, it would be most relevant to determine expression at the developmental
stage we observed CB1-mediated dark avoidance behavior (6 dpf), for which there is currently

no expression data. Lastly, we determine co-expression of cb?7 mRNA with markers for
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glutamatergic and GABAergic neurons, two principal neurotransmitter systems which have been
shown to co-express with CB1 in other animal models (Busquets-Garcia et al. 2017; Lutz,
2020).

To visualize high-resolution brain-wide expression of cb7 mRNA and its co-expression
with neuronal subtype markers in 6 dpf zebrafish larvae, we performed hybridization chain
reaction (HCR) in situ (Figure 5.3A). Larvae expressing HuC-H2B-GCaMP6s were collected at
6dpf. HCR in situ was then performed with probes that targeted cb7 mRNA and a neuronal
marker of interest (vglut2, gad1b, or crhb). After in situ, larvae were imaged with a confocal
microscope to collect volumetric data of GCaMP6s, the probe targeting cb7 mRNA, and the
probe targeting a neuronal marker's mRNA for each sample. The GCaMP6s data was used to
register each sample to a Z-brain atlas reference brain (Randlett et al. 2015). Following
registration, anatomical masks were applied and colocalization of CB1 to neuronal markers was
determined.

Registered volumetric data of cb7 HCR in situ reveal a region specific expression of cb1
mRNA at 6dpf. Dorsal and lateral maximum intensity projections allow for visualization of brain
regions containing the strongest cb7 mRNA expression, which include the pallium, subpallium,
rostral hypothalamus, and torus longitudinalis (Figure 5.3B). Other areas with high cb1
expression are olfactory bulb dopaminergic areas, Vglut2 rind, Vmat2 cluster, and otpb cluster
3. All brain regions containing high, moderate, and weak expression of cb7 can be found in
Table 5.1.

Following colocalization analysis, it was revealed that cb7 mRNA colocalizes with
vglut2.2 and gad7b mRNA in distinct regions in the 6dpf zebrafish brain. In the pallium, cb1
strongly colocalizes with vglut2.2 in the medial and anterior regions (Figure 5.3Ci-iii, yellow
arrow heads). However, only a few gad1b-expressing cells colocalize with cb1 (Figure 3Civ-vi,

yellow arrow heads). In the subpallium, no co-expression of cb7 and vglut2.2 was observed
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(Figure 5.3Di-iii). In contrast, cb7 and gad7b mRNA strongly colocalized in the anterior portion
of the subpallium (Figure 3Div-vi, yellow arrow heads). Lastly, cb7 and vglut2.2 was found to co-
express in the medial region of the rostral hypothalamus (Figure 5.3Ei-iii, yellow arrowheads).
No co-expression was detected between cb1 and gad1b in the rostral hypothalamus (Figure
5.3Eiv-vi). These results suggest that at the 6dpf zebrafish larval developmental stage, CB1
modulates glutamatergic signaling (DSE) in the pallium and hypothalamus, but also modulates
GABAergic signaling (DSI) in the subpallium and several cells of the pallium. These results are
in line with previous data that demonstrate CB1’s ability to perform either DSE or DSI depending
on where in the brain it is expressed (Diana and Marty, 2004).

We also examined cb7 mRNA expression in relation to corticotropin-releasing factor
(CRF) neurons. CRF neurons play a key role in anxiety and stress response, and increase
anxiety-like behaviors in animals when stimulated (Dedic et al., 2018; Hauger et al., 2009;
Pomrenze et al. 2019). In particular, our lab has observed that activation of hypothalamic CRF
neurons is sufficient to induce dark aversion behavior in the light/dark preference assay (data
not shown). While there was no significant co-localization of cb7 and the CRF neuronal marker
crhb, they are in close proximity in two brain regions of strong cb7 expression: otpb cluster 3
(Figure 5.3Fi-vi, yellow arrow heads) and the rostral hypothalamus (Figure 5.3Gi-vi, yellow
arrow heads). If connected, the CB1 containing neurons may be modulating the signal sent to

nearby CRF neurons.

5.4.4 CRISPR-mediated knockin enables genetic access to CB1-expressing neurons

To date, no CB1 transgenic zebrafish line has been established. This would be an exceptionally

advantageous tool, as it would open the door to specific manipulation of CB1-expressing cells.

Crossing a CB1 transgenic line to a reporter line would allow for a detailed analysis of neuronal
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projections, gaining insight on physical connectivity of CB1-expressing cells. On the other hand,
crossing it with optogenetic fish lines would allow for on-demand activation or deactivation of
this cell population. Coupling the CB1 transgenic line with an nitroreductase (NTR) line would
allow for specific ablation of CB1-expressing cells, while coupling with a genetically encoded
calcium indicator (GECI), such as GCaMP, would make tracking neuronal activity over time
possible. Overall, a transgenic CB1 zebrafish line would be a valuable tool to enhance our
knowledge of CB1-expressing cells.

To produce this transgenic line, a targeted knockin approach using CRISPR/Cas9
technology was used, as described in Auer et al. (2014). Figure 5.4A illustrates the steps taken
to introduce the transcription factor KalTA4 into the cb1 locus (this knockin allele will be denoted
as Tg(cb1“®™4)). In short, sgRNA was designed to target CB1 at the beginning of Exon 1
(Figure 5.4B). A sgRNA designed by Auer et al. was used to target the eGFPbait-E2A-KalTA4
plasmid. The sgRNAs, donor plasmid, and Cas9 protein were injected into a Tg(UAS::Dendra)
fish line at the 1-cell stage. Mosaic Fo founders were selected, raised to breeding age, then
outcrossed. Their progeny, the F1 generation, were screened for Dendra fluorescence then
genotyped via PCR. Two F1 fish produced PCR products for the WT sequence, as well as
sequences that span the 5 and 3’ ends of the knock-in allele, indicative of a successful
heterozygote knock-in (Figure 5.4C). Sequencing of the 5’ junction reveals an in-frame knockin
for KalTA4 expression (Figure 5.4D). Confocal imaging of these heterozygous larvae at 6dpf
reveal similar expression patterns as the cb7 HCR in situ (Figure 5.4Ei-ix), such as strong
expression in the pallium, subpallium, hypothalamus, and torus longitudinalis. Interestingly, the
CB1 transgenic line exhibited stronger expression in the habenula compared to HCR in situ

(Figure 5.4Ex-xi). Sequences for sgRNAs and primers are shown in Tables 5.1 and 5.S3.
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5.4.5 Projection analysis of CB1-expressing cells

A key difference between cb1 in situ and the Tg(ch71%?™4) line is the ability to visualize CB1-
expressing cell axonal projections in the knockin. This provides the advantage of allowing for
analysis of neuronal projections at the 6dpf developmental stage. To examine projections of
CB1-expressing cells, 6dpf larvae expressing cb7*¥™ UAS::ChR-mCh, and HuC-H2B-
GCaMP6s were collected and imaged. 3D whole-brain data was registered and analyzed to
determine sites of neuronal connectivity (local projections, inter-regional projections, and
varicosities) throughout the fore-, mid-, and hindbrain. (Figure 5.5A).

In the forebrain, we observed three regions with strong CB1-driven fluorescence — the
pallium, subpallium, and habenula — which all show local projections within each respective
region (Figure 5.5Bi-iii). We also observed CB1-expressing inter-regional projections in the
caudal hypothalamus, which contained fluorescent cells projecting to the rostral hypothalamus
(Figure 5.5Biv-vi). Cells in the posterior side of the caudal hypothalamus had local connections
with cells in the anterior side of the caudal hypothalamus (Figure 5.5Biv), and the anterior
group of cells project out in a bundle of fibers to the rostral hypothalamus (Figure 5.5Bv-vi). In
the midbrain, CB1-expressing neurons in both the torus longitudinalis and tectum striatum were
observed to project to the tectum neuropil (Figure 5.5Ci-ii). Interestingly, not all cells in the
tectum striatum of Tg(cb7%@™*) larvae contained fluorescent signal, but rather a subset of cells
dispersed throughout the brain region (Figure 5.5Cii). In the hindbrain, varicosities of CB1-
expressing cells were found in the olig2 and gad1b enriched areas of the cerebellum (Figure
5.5D, left). We also observed CB1-expressing cells and axon bundles in ventral (Figure 5.5D,

middle) and dorsal (Figure 5.5D, right) regions of rhombomere 7.
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5.5 DISCUSSION

Animal brain states and behaviors are driven by neural circuits, which are composed of
intricately connected neurons that send signals throughout the brain and body. One brain state
of great interest is anxiety, due to the high prevalence, debilitating nature, and difficulty in
treatment of anxiety disorders (Maron and Nutt, 2017; Tovote et al., 2015). It has been well
established that modulation of CB1 results in changes in anxiety state (Blasio et al., 2013;
Christensen et al., 2007; Lafenétre, et al., 2007; Mechoulam et al., 2013; Thiemann et al.,
2009). Because most studies examining the neural circuitry involved in CB1-mediated changes
in anxiety were done by examining changes following perturbation of CB1 in a small brain
region (Gomes-de-Souza et al. 2021; Lange et al. 2017; Marcus et al. 2020), our understanding
of the neural circuitry involved remains fragmented. Here we take a global approach, examining
behavior and various aspects of the whole brain of zebrafish larvae in the context of CB1
signaling, providing an outstanding opportunity to elucidate the underlying cellular mechanisms
of CB1’s role in modulating anxiety-like behavior.

Our understanding of CB1’s devastating effects on anxiety and mental health developed
with the release of the drug rimonabant. Rimonabant is a CB1 inverse agonist that was
indicated as an anti-obesity drug. Though it was efficacious in promoting weight loss for
patients, rimonabant was ultimately pulled off the market due to incidences of anxiety,
depression, and suicide (Mitchell and Morris, 2007; Soyka 2008). Our first aim for this study was
to determine if zebrafish also exhibited an increase in anxiety-like behavior following global
inhibition of CB1. Indeed, we found that inhibiting CB1 pharmacologically (with AM251, a CB1
inverse agonist with structural similarity to rimonabant, and SLV-319, a CB1 antagonist) and
genetically in 6 dpf zebrafish larvae resulted in an increase in dark avoidance, an anxiety-like

behavior (Figure 5.1). Furthermore, CB1 inhibition with AM251 also resulted in an increase in
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cortisol, the stress hormone (Figure 5.2). Though both CB1 inhibitors increased dark avoidance
behavior, AM251 induced a stronger effect in both the light-dark preference and cortisol assays.
This may be due to AM251’s nature as a CB1 inverse agonist, compared to SLV-319’s
mechanism of action as a CB1 antagonist.

We next determined the distribution of cb7 mMRNA throughout the 6 dpf zebrafish larvae
to gain a deeper understanding of the brain regions and neuronal subtypes that may be
modulated by CB1 at this developmental stage. We found highest cb7 expression in the pallium
(homologous to the human cortex, hippocampus, and amygdala), subpallium (homologous to
the human amygdala), rostral hypothalamus, and torus longitudinalis (Figure 5.3B, Table 1).
HCR in situ also allowed us to examine co-expression of cb?1 with neuronal markers, and we
found that cb71 colocalizes with vglut2.2 and gad1b in distinct regions in 6 dpf larvae. It was
revealed that cb7 strongly co-expresses with vglut2.2 in the pallium and hypothalamus, while
strong co-expression of cb1 with gad7b is seen in the subpallium (Figure 5.3C-E). We also
found that cb7 in the otpb3 cluster and rostral hypothalamus regions are in proximity to crhb, the
marker for CRF neurons (Figure 5.3F-G). These findings lay the foundation in providing insight
on potential circuit mechanisms; it is likely that DSE occurs in the pallium and hypothalamus,
while DSI occurs in the subpallium. Furthermore, proximity of cb? to crhb may suggest
interaction between CB1 and CRF neurons in regions of proximity.

Using a CRISPR-Cas9 knockin technique, we were able to successfully create the first
reported transgenic CB1 zebrafish line (Figure 5.4). We coupled this line with a reporter line,
which allowed for visualization of neuronal projections of CB1-expressing cells (Figure 5.5). We
also observed local projections within areas of strong CB1 expression, namely the pallium,
subpallium, and lateral habenula (Figure 5.5B), as well as interregional projections between
CB1-expresing cells in the torus longitudinalis and tectum neuropil, the tectum striatum and

tectum neuropil, and the caudal hypothalamus and rostral hypothalamus (Figure 5.5B-C). We
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also observed varicosities of CB1-expressing cells in olig2- and gad1b- rich regions of the
cerebellum (Figure 5.5D, left) and CB1-expressing cell bodies and axon fibers in rhombomere 7
(Figure 5.5D, middle and right). These data on physical connectivity provide insight on the
neural circuitry that CB1-expressing cells are involved in.

Our study utilized the power of the zebrafish model to examine the effects of global CB1
inhibition on behavior, and cortisol levels, as well as brain-wide cb1 expression and projections
of CB1-expressing cells. Now that the transgenic CB1 zebrafish line has been created, further
studies can be done to gain more insight on CB1 circuitry. The Tg(cb7*™*) line coupled with a
reporter line could be further utilized for examination of neuronal projections across different

developmental stages up to adulthood. Combining Tg(ch7"*™)

with a genetically encoded
calcium indicator, such as GCaMP, would allow for examination of CB1-expressing cell neuron
activity. Neuron activity could be examined following inhibition of CB1, providing a means to find
candidate cells; if neuron activity in particular cell populations is affected by CB1 inhibition, it is
possible that they are involved in the neural circuit that connects CB1 activity to anxiety.
Additionally,  coupling  Tg(ch7*®™4)  with  optogenetic =~ fish lines such as
Tg(UAS::Channelrhodopsin) or Tg(UAS::Halorhodopsin) would allow for optogenetic control of
CB1-expressing cells. Spatiotemporal optogenetic activation or inhibition could be used to test
candidate cells and regions to confirm their participation in the CB1-mediated anxiety circuit.
Overall, the CB1 transgenic line is a tool that can allow for a more complete picture of this

circuit, which will provide insight not only on the origin of CB1-mediated changes in anxiety

state, but also fundamental organization of brain connectivity.
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Figure 5.1 CB1 inhibition increases dark aversion behavior in zebrafish larvae.

(A) Schematic representation of the Light/Dark preference assay.
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(B) Left: A heatmap representation of the locomotor pattern of a control fish vs. 4 mg/L AM251-
treated fish. Right: Calculation to determine the choice index.

(C) Left: Larvae treated with CB1 inverse agonist AM251 at 1, 2, and 4 mg/L have a significantly
lower choice index compared to 0.2% DMSO-treated controls. Middle: Larvae treated with CB1
antagonist SLV-319 at 5, 10, and 20 mg/L have a significantly lower choice index compared to
0.2% DMSO-treated controls. Right: CB1 knock-out fish with the -8 allele exhibit a significant
reduction in choice index compared to WT siblings.

(D, E, and F) Entry number (D), average entry duration (E), and latency (F) for AM251 (Left),
SLV-319 (Middle), and CB1 Knockout (Right) experiments done in Figure 1C. Filled bars
represent kinematic parameter measured in the dark, empty bars represent kinematic
parameter measured in the light.

All quantitative data represented as mean +/ SEM. *p < 0.05, **p < 0.01, ****p < 0.0001
(student’s t-test for C Left and Middle, permutation analysis independence test for C Right, one-
way ANOVA for D-F). See also figures S1 and S2.
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Figure 5.2 AM251 administration increases cortisol levels in larval zebrafish.

(A) Schematic representation of the cortisol assay. Zebrafish larvae were split into groups to
examine pharmacological inhibition and genetic inhibition of CB1 on cortisol levels during
unstressed and stressed conditions (a-i). After treatment and/or stressor administration, larvae
were collected and homogenized, and assays were performed to determine cortisol
concentration divided by total protein concentration (a-ii).
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(B) Left: In unstressed conditions, larvae treated with 20 mg/L SLV-319 have no change in
cortisol levels compared to controls, but treatment with 4 mg/L AM251 reveals a significant
increase in cortisol. Right: In stressed conditions, neither treatment with 20 mg/L SLV-319 nor 4
mg/L AM251 causes a significant change in cortisol.

(C) In both unstressed (left) and stressed (right) conditions, cb7 knockout larvae have no
significant change in cortisol levels compared to controls.

All quantitative data represented as mean +/ SEM. *p < 0.05 (Mann-Whitney test was performed
to assess statistical significance).
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Figure 5.3 Comprehensive analysis of brain-wide CB1 expression.

(A) Schematic demonstrating the workflow of data collection and analysis of HCR in situ data.
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(B) Maximum intensity projections of confocal data showing cb7 mRNA throughout an entire 6
dpf zebrafish brain (b-i and b-ii are dorsal & lateral, respectively). The pallium (Pa) and
subpallium (SPa) are highlighted in yellow, torus longitudinalis (TL) in orange, and rostral
hypothalamus (R Hy) in blue.

(C, D, E) Colocalization analysis of cb1 with vglut2.2 (i-iii) and cb1 with gad7b (iv-vi) is shown in
the pallium (B), hypothalamus (C), and subpallium (D).

(F, G) cb1 is shown to be in close proximity to crhb in the hypothalamus (Ei-iii dorsal, Eiv-vi
lateral) and otpb cluster 3 (Fi-iii dorsal, Fiv-vi lateral).

With the exception of the maximum intensity projections, each image depicts a single z-plane.
CB1 — cannabinoid receptor 1; NM — neuronal marker; Mg. — merged; Vglut2 — vesicular
glutamate transporter 2; Gad1b — glutamate decarboxylase 1b; crhb — corticotropin releasing
hormone b. See also Table 1. A-ii was collected with 10x objective and the rest with 20x.

164



A

Injection into Mosaic Founder FoCB1* ™ F1 Fluorescence

UAS::Dendra Selection & Selection
‘g Fin Clip and PCR Genotyping
Injection Solution:\ &

-CB1 sgRNA - Raise F, S — \ ,
-eGFP sgRNA - ‘;v \
-Cas9 Protein : ==

-Donor Plasmid

F1 CB1 KalTA4

B Cc

—F1—
CB1 sgRNA cut site Primers #1

1/2 = 206bp #2 Ctl
1/2 (WT allele . .
ot e oras [ — e

@,
WT —
3

(O @ 1/3 (5’ Kl allele)
— —_ !
Kl E2A-KaITA4H cryaa:XFP |— Exon 1 |—| Exon 2 l— 300bp

@ ) 4/2 (3' Kl allele)

<«—— 500bp
1/3 ~ 372bp 2/4 ~ 504bp WT

Genotype: Het  Het
D 5’ Junction
WT cnr1 Sequence: TCCAAAAGCGGATACCCTCTGCCCAAGCCGTTCGCAGCCTACCGCAGA

Donor Plasmid Sequence: gcgtgtccggegagggcgagggegatgecacctacggeaagetgacectgaagttcatctgcaccac In frame to
Knockin Sequence: TCCAAAAGCGGATACCCTCTGCCCtacggcaagcetgacectgaagttcatctgcaccac ——  KalTA4

Torus
E Maximum Intensity Projection Pallium Subpallium  Hypothalamus Longitudinalis Habenula

HCR in situ

Knockin

30 ym| 30 ymy 30 pm
HCR KI HCR Ki

Figure 5.4 CRISPR-mediated knockin enables genetic access to CB1-expressing
neurons.

(A) Schematic showing the process of using CRISPR-Cas9 technology to knock in KalTA4 at
the cb1 locus.

(B) Diagram depicting the wild-type cb1 allele (WT) and the knockin allele (KI). The sgRNA cut
site is in exon 1 of the cb1 locus and represented by a dashed red line. Half arrows with
numbers represent genotyping primers. Primers 1 and 2 detect the presence of the wild-type
allele, primers 1 and 3 detect the 5" end of the knockin allele, and primers 2 and 4 detect the 3’
end of the knockin allele with PCR product sizes of 206, approximately 372, and approximately
504 base pairs, respectively.

| Genotyping results of two F1 adult knockin fish and one wild-type control. Bands that detect
the wild-type allele (primers 1 and 2) are present for all 3 fish. Bands that detect the 5’ (primers
1 and 3) and 3’ (primers 2 and 4) ends of the knockin allele are only present in the F1 fish,
confirming their heterozygous status for the knockin allele.
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(D) Sequence alignment of the wild-type cb? sequence, donor plasmid sequence, and
sequencing results for the F1 knockin fish line at the 5’ junction. The sgRNA targeting the cb1
locus is underlined in blue, and the sgRNA targeting the donor plasmid is underlined in gold.
Sequencing results reveal the location of donor plasmid integration and confirm that the plasmid
integrated in frame to KalTA4.

(E) Maximum intensity projection of Cb1 knockin from confocal imaging (e-i) and single z-slice
images of the Cb1 knockin and comparison to cb7 HCR in situ in the pallium (e-ii and e-iii),
subpallium (e-iv and e-v), hypothalamus (e-vi and e-vii), torus longitudinalis (e-viii and e-ix), and
habenula (e-x and e-xi). All images were captured with 20x objective.
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Figure 5.5 Projection analysis of CB1-expressing cells.
(A) Schematic demonstrating the workflow of neuronal projection data collection and analysis.

(B, C, D) Analysis of neuronal projections in various regions of the fore- (B), mid- (C), and
hindbrain (D).
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Yellow arrows point to neuronal projections (B & C) or varicosities (D). LP — local projections;
IRP — interregional projections; VC — varicosities; Pa — pallium; SPa — subpallium; Hab —
habenula; R Hy — rostral hypothalamus; C Hy — caudal hypothalamus; TN — tectum neuropil; TL
— torus longitudinalis; TS — tectum striatum; Ceqig2 — olig2-enriched regions of the cerebellum;
Cecadib — gad1b-enriched regions of the cerebellum; Rh7 — rhombomere 7.
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5.8 TABLES

Table 5.1 Brain regions expressing cb7 mRNA in 6dpf zebrafish.

Based on the cb7 HCR in-situ data and registration, cb7 expression is divided by strong,

moderate, and weak expression in brain regions.

HIGH EXPRESSION

| MODERATE EXPRESSION

| WEAK EXPRESSION

Telencephalon

Olfactory bulb dopaminergic Subpallial DA cluster S1181t cluster
areas
Pallium
Subpallial gad1b cluster
Vglut2 rind
Vmat2 cluster
Diencephalon
Rostral Hypothalamus Pretectal Gad1b & DA cluster Hypothalamus Vglut2
cluster 2,3
Otpb cluster 3
Mesensephalon
Torus Longitudinalis Vglu2 cluster 1 NucMLF
Tegmentum
Rhombencephalon
- Area Postrema -
Lobus caudalis cerebelli
Qrfp neuron cluster sparse
Rhombomere 6 & 7
Vglu2 stripe 1

169




5.9 SUPPLEMENTAL FIGURES AND TABLES

A
WT cb1 Allele: CTGGTCGTGCACTCGGCGGACG
LT — ]
-8 cb1 Allele: CTGGTCG-------- GCGGACG
B
-8 Mutant Cb1 Protein: - 370 aa
aa 327
C
Zebrafish Cb1 Domains
Transmembrane Extracellular
Loops
\\\\

Extracellular
N-Terminus

Intracellular
C-Terminal Tail

Intracellular
Loops

Figure 5.1 CB1 knockout fish line genetics.

(A) Depiction of wild-type and mutant genome sequences at the sgRNA target site in the cb1

gene.

(B) The -8 base pair deletion at the guide site (dashed line) is located in amino acid 327. This
results in a scrambled amino acid sequence from amino acid 327-370, then a premature stop

codon at amino acid 475.

I A schematic of zebrafish Cb1 domains. The scrambled sequence and subsequent premature
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stop codon (starting from the dashed line) results in loss of the second half of the 3" intracellular
loop, and every subsequent domain, including the C terminal tail, which are necessary for Cb1
function (Nie et al., 2001; Howlett and Shim, 2013). Domain information from Uniprot Database.
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Figure 5.S2 CB1 inhibition effects on locomotor activity and border decision.

(A and B) Average velocity (A) and pass-through percentage for each border event (B) for
AM251 (Left), SLV-319 (Middle), and CB1 KO (Right) experiments done in Figure 1C.

All quantitative data represented as mean +/- SEM. *p < 0.05, **p < 0.01 (student’s t-test for A,
Kruskal-Wallis test for B).
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= Uninjected 4.5% Dendra+ (12/264)
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95.5% Dendra- (252/264)
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FO FO Dendra Fluorescence
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F1 Dendra Fluorescence

Figure 5.S3 Survival and screening results of knockin FO and F1 generations.
(A) Percent survival of uninjected vs injected (left) and mosaic Dendra screening results (right)

for knockin FO generation.
(B) Dendra screening results for knockin F1 generation.
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Table 5.81 sgRNA sequences for cb71 knockout and knockin generation.

Sequences for the sgRNAs used to generate the Tg(cb7”) and Tg(cb1¥®™4) fish lines. For
Tg(cb1”), sgRNAO was used to introduce a deleterious mutation at the cb? locus. For
Tg(cb1¥™4%), sgRNA1 was used for linearization of the eGFPbait-E2A-KalTA4 plasmid, and
sgRNA2 targeted exon 1 of the cb1 locus. PAM sequences are in parentheses.

NAME | TARGET | SEQUENCE

Tg(CB17)

sgRNAO | cb1 locus, exon 1 | GAGCCTGGTCGTGCACTCGG(CGG)
Tg(CB1 KaITA4)

sgRNA1 eGFP bait sequence on plasmid GGCGAGGGCGATGCCACCTA(CGG)
sgRNA2 cb1 locus, exon 1 CGGTAGGCTGCGAACGGCTT(GGG)
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Table 5.S2 Genotyping primer sequences for cb7 knockout.

Sequences for the primers flanking the sgRNA site for the Tg(cb1™) fish line. Primers produced
a PCR product with a total length of 608 bp.

NAME SEQUENCE
TIDE Primer F GATCTCCTCGGCAGTGTTAT
TIDE Primer R CAATAGTGATATATCGTGCTAACG
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Table 5.S3 Genotyping primer sequences for cb7 knockin.

Sequences for the primers used to genotype the Tg(cb1%@™4) fish line as shown in Figure 4B.

NAME SEQUENCE BP FROM SGRNA SITE
Primer 1 CTGTTCCCGGCCTCAAAGTC 175

Primer 2 TTATCCGCGAAGGAGCTTCTG 31

Primer 3 GCTCTCAACATCTCCAGCCAATTTC 197

Primer 4 TCTAGCACTGAATGGCTCAGAC 473
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CHAPTER 6: Conclusions and Future Directions
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6.1 CONCLUSIONS, PERSPECTIVES, AND FUTURE DIRECTIONS

In this dissertation, we examined various aspects of the endocannabinoid (eCB) system to gain
a more thorough understanding of the roles of eCB genes in behavior and neural signaling.
Chapters 1 and 2 provided foundational information on how we can utilize the strength of the
zebrafish model to gain insight on neurobiological mechanisms, as well as the current status of
known roles for eCB genes. In Chapters 3, 4, and 5, we used this foundational knowledge to
systematically determine how perturbation of various eCB proteins alters behavior, as well as
investigate the connection between CB1 signaling and changes in anxiety-like behavior in
zebrafish.

In Chapter 3, we utilized CRISPR/Cas9-induced mutagenesis to produce and present six
new eCB knockout fish lines: cb1, dagla, daglb, abhd4, mgll, and faah. We phenotyped dagla
knockout fish and observed an increase in locomotor activity, as well as changes in gpr55a,
dagla, and fas mRNA transcripts between wild-type and knockout cousins. These exciting
findings open the door for discovering new mechanisms by which eCB genes such as dagla are
involved in, such as its involvement with locomotion or eCB signaling. Though genetic
knockouts are an excellent way to disrupt a gene of interest with high specificity, it is worth
noting that a common challenge when producing germline knockouts is the possibility of
phenotypes being masked by phenomena such as maternal contribution of the knockout gene
or genetic compensation of alternate genes. Indeed, our observation of no change in locomotor
activity when examining dagla wild-type and knockout siblings could be explained by possible
dagla contribution from the heterozygous mother. A follow up experiment to address this could
be quantifying dagla mRNA and protein levels in dagla knockouts produced from a
heterozygous in-cross compared to dagla knockouts produced from knockout parents. Both

types of phenotype masking — maternal contribution and genetic compensation — should be
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considered when continuing to phenotype the remaining eCB mutant fish lines. To address
possible cases of genetic compensation of alternate genes, RNA-seq could be performed to
determine any genes that have altered transcript levels in the genetic knockout.

In Chapter 4, we addressed the same question of how eCB protein perturbation affects
behavior, but instead of using genetic mutations, we administered pharmacological agents
targeting eCB proteins. It was here that we observed a wide range of effects on dark avoidance
behavior: CB1 agonists demonstrated opposing effects on dark avoidance, while MGLL and
FAAH inhibitors demonstrated a decrease in dark avoidance (or no effect, as in the case of JZL-
184). As dark avoidance is an anxiety-like behavior, this data has implications for CB1, MGLL,
and FAAH on anxiety state. All tested drugs demonstrated a decrease in locomotor activity at
higher tested doses, except for MGLL inhibitor JZL-184, which did not show any affect at any
dose. Though the use of pharmacology to produce perturbations has the advantage of being
faster and easier to use than producing genetic knockout lines (which take around 6 months to
produce an adult F1 generation), pharmacological agents have the caveat of off-target effects. It
is here that genetic knockouts can synergize with pharmacological experiments to address
specificity. As in the case of the FAAH inhibitor PF-3845, effects on choice index and
locomotion were lost when administered to the faah knockout line. Future pharmacological
experiments can make use of the eCB knockout fish lines to address specificity and produce
clearer results.

In Chapter 5, we narrowed in on the primary eCB signaling gene, cb1, and investigated
the neuronal populations that may be involved with its connection to anxiety-like behavior. Our
study revealed that, as observed in humans and mice, inhibiting CB1 in zebrafish via both
pharmacological and genetic perturbations increases anxiety-like behavior. We also observed
an increase in cortisol — a physiological stress hormone — in larvae treated with the drug AM251.

As AM251 has structural similarity to Rimonabant, the drug that caused incidences of anxiety
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and suicide in humans, these findings strengthen the case for using zebrafish to investigate the
role of eCB signaling in anxiety-like behavior. We next aimed to gain insight on the neural
circuit, or the cell populations, that drive cb7-mediated changes in anxiety. After using HCR in-
situ, we determined that in 6 dpf zebrafish, cb7 mRNA is highly expressed in the telencephalon
(olfactory bulb dopaminergic areas, pallium, subpallial gad1b cluster, Vglu2 rind, Vmat2 cluster),
diencephalon (rostral hypothalamus, Otpb cluster 3), and mesencephalon (torus longitudinalis).
We also observed strong co-expression between cb7 and vglut2.2 in the pallium and rostral
hypothalamus, as well as co-expression between cb? and gad1b in the subpallium. Our study is
the first to thoroughly examine cb? expression and colocalization in 6 dpf zebrafish — the
developmental stage that demonstrates anxiety-like behavior following cb1 inhibition, as well as
an ideal developmental stage for future calcium imaging experiments that examine neuron
behavior. Based off our co-expression data and the eCB system’s nature as a retrograde
inhibiting signaling pathway, we hypothesize that cb? performs DSE in the pallium and rostral
hypothalamus, and DSI in the subpallium. Following this logic, if CB1 is inhibited, then DSE and
DSI are disturbed in these locations. This may be a factor that can contribute cb7-mediated
changes in anxiety. Future experiments include brain-wide calcium imaging to find cells that
have altered activity following CB1 perturbation. Lastly, we used a CRISPR/Cas9-mediated
knockin technique produce the first recorded CB1 transgenic fish line. We coupled this line to a
reporter line and determined sites of neuronal projections. Of note, we observed local
connections in the pallium, subpallium, and habenula. We determined interregional projections
between the caudal and rostral hypothalamus, as well as the torus longitudinalis and tectum
neuropil, and the tectum striatum and tectum neuropil. We also observed varicosities in the
cerebellum, and cell bodies and axon fibers in rhombomere 7. These sites of connectivity
between CB1-expressing cells aid in producing a more complete picture of the regions that are

participating in the CB1-anxiety circuit, and highlight the utility of the CB1 transgenic line. Now
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that the line is produced, further projection analysis can be done at various developmental
stages addressing the connectivity of CB1 expression cells across development into adulthood.
Additionally, the CB1 transgenic line can be crossed with Tg(UAS::GCaMP6s) to perform
calcium imaging of CB1-expressing cells, or Tg(UAS::Channelrhodopsin)/
Tg(UAS::Halorhodopsin) to activate or inhibit these cells, allowing for testing of a cell’s
participation in the CB1-anxiety circuit.

In conclusion, this dissertation aims to shed light on the endocannabinoid system, neural
signaling, and behavior. As we have shown, experiments in zebrafish are an excellent strategy
for addressing this, and from our work comes seven new fish lines that can be utilized for
exploring the roles of eCB genes in not only neurobiological mechanisms, but any of the diverse
biological processes that the eCB system is known to modulate. We encourage the use of these
lines in order to bridge our knowledge gaps of the eCB system, bringing us closer to a full
understanding of the fundamental neuroscience of eCB signaling, and therapeutic/toxicological

considerations for eCB protein-targeting drugs.
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