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Abstract

Cannabis is one of the most commonly udledt recreational drugs and is widely used
for medicinal purposes. Cannabis contains three primary cannabidbitstrahydrocannabinol
(THC), Cannabidiol (CBD) and Cannabinol (CBN). The psychoactive ingredient in cannabis is
THC, whereas the major ngrsychactive ingrediergare CBD and CBN. In recent times,
cannabis use during pregnancy has increasetiiwide, and studielsavereported that cannabis
and many of its constituent compounds ceoss the placen{&ried, 1995; George & Vaccarino,
2015) Hence exposure t@annabisas the potential tpose a severésk to developing
offspring.Importantly, there is a lack of information on the effects of cannabinoids on
developing embryod herefore, in this thesisnvestigated the effect of briekposure of THC
(a racemic miture of THC), CBD and CBN duringastrulation on zebrafish development. |
foundthatTHC-, CBD- andCBN-treated embryos exhibited reduced heart rates, axial
malformations and shorter trunks. These treatments also altered synaptic activity at
neuromuscular junctions and reduced the nurobarotor neuroraxonal branches. Locomotion
studies show that larvae exhibited reductions in the number of escape responses to sound stimuli,
but not to touch stimulMWhen investigating the effects on neurdrspecifically focused on
motor neurons, anceticulospinal neurons known as the Mauthner cells@lls) that are
involved in escape response moveme@nabinoiereated embryos exhibited subtle
alterations in Mcells morphology, which might contribute towards the escape response
dynamics. An exaiination of freeswimming activity showed an alteration in the swimming
output of cannabinoitreated embryos. Bause locomotion was alteredylso examined muscle
fiber development. The fluorescent labelling and transmission electooostopy images

showed that skeletahusclefibers were largely intact, but the red and white muscle fibers were



slightly disorganized. | also observed significant changes in the pattern of expression of nicotinic

acetylcholine receptor® neuromuscular junctions

Sincecannabinoietreated embryos exhibited a reduced response to sound, scanning
electron microscopy analysis of CBN exposure showed a defective hair cell development along
thelateral line.The pharmacological block of cannabinoid receptor 2>EBvith AM630 or
JTE907 prevented many of the CBiNluced developmental defects, while the block of
cannabinoid receptor 1 (GB) with AM251 or CP945598 had little or no effect indicating that
CBN-induced developmental defects are mainly.RediatedNext, | soght to examine the
effect of stereoselectivity on zebrafish embryo development because THC has four
stereoisomers:-)transd®THC (refered as {) THC afterwards) is one of those isomers and
predominantly present in natural cannabis. | fotlrad(-) THC affects the gross morphology,
heart rate, MN branching and locomotion similar to other cannabinoids. Most importgntly, (
THC (>0.5 mg/l)-treated zebrafish didot survive past 15 days of developmesihceembryos
treated with {) THC did not rise in thavater column or swim, | investigatesvimbladder
development antbund that the-) THC treatment negatively impacted swimbladder
developmenin a sonic hedgehedependent manndn support of thisRNAseq analysis
revealed downregulation of hedgehog genes, inclyglicig?, smo, glihndgili2b. In addition,
more than 1000 and 1400 genes were downregulated and upregulated respectivEéNaa (

treated embryos.

| askedwhether the bef exposure otannabinoids hagersistent effestinto laterlife
stage. Therefore] reared the exposasimbryosto adulthood and carried oapen field, novel
object approach and shoalitess. Both (-) THC and CBDtreated adult zebrafish exhibited
anxietylike behavor compared to control&inally, | found that brief exposure fe) THC and



CBD has a transgenerational impact because F1 embryos collected)fidtdC(and CBD

parents exhibited reduced locomotiaiterations in primary MNranching ang¢hanges ithe
expression of the neuronal marker genes, includifoggandbdnf Together, these findings
indicate that zebrafish exposed to cannabinoidsidgastrulation exhibit changes in various
aspects of development (including, neuronal, musaesainmbladder development) that may
impact embryonic locomotiorg number of these changes are associatedaltétation in gene
expression. lmaddition, these brief exposuresc@annabinoids had a persistent effect in adult and

into thenext generation.
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Chapter 1

Introduction and literature review

1.1 Introduction

According to the world drug report 2020, cannabis use has increased worldwide in recent
years. For instance, the estimated number of cannabis users was more than 250 million in 2018,
which was 20 million more than in 20{6nited Nations Office on Drugs and Crime, 2Q020)

One contributing factor is likely to be the legalization of cannabis use for recreational and
medicinal purposes in many regions such as Canada, Europe, Australia and several states in the
USA. Legalizing and decriminalizing cannabis might encouragbdéunise and supports the
misconception that it has little or no harmful effgttsyton, 2A.9; Ramo et al.2012) Recent

reports show that cannabis use has increased from 17% to 20% among people agétel5 or
(Rotermann, 2021and cannabis use has been predicted to increase significantly in the coming

years.

Traditionally, people have used cannabis for medicinal and recreational purposes since
500 BC(Spicer, 2002)However, it has also been proposed as a gateway drug for new users,
especially among a younger populat{@eorge & Vaccarino, 2015 addition,cannabis is
also one of thenost commoly used illicitdrugs among a wide range of people, including

pregnant womenlhe ease of availability and its social acceptance could facilitate the maneas



cannabis use during pregnancy. In fact, in the USA, cannabis use increased from 5.7 % to 12.1 %
between 2003 and 2017 among pregnant women (agé$) {Roncero et al., 2020; Vkbdw et
al., 2019) In Canada, about 12% of pregnant women (ages betweer#$ reported using
cannabis in 2015, which increased to 16.9 % in Z&HMadian Tobacco Alcohahd Drugs,
2017) Cannabis is often taken during pregnancy to tame morning siadBedswski & Smith,
2020; Koren & Cohen, ZD; Roberson etla 2014)and more than 2% of pregnant women in
the USA who experienced severe nausea dymieagnancy stated they were more likely to use
cannabis. The same study indicated that ab&atod pregnant women reported taking cannabis
in the month before pregnancy while 260f women reported using cannabis during pregnancy.
A study in British Colurbia reported that 77 % of pregnant women had nausea and vomiting
during pregnancy, anmgbD % of them used cannabis to treat the condition. Given that
cannabinoids can cross the placenta, cannabis exposure can pose a severe risk to the
development of the adpring(Fried, 1995; George & Vaccarino, 2015jnce moreand more
people are using this drug and an increasing number of countries are looking to legalize
recreational cannabis use, it is important to understamdfects orembryonicdevelopment

About 554 chemical compoundsviedbeen identified in cannabj€annabis sativh
including 113 differenplantderived cannabinoidpliytocannabinoigs Although cannbis has
been used medicinally for thousands of years, the first cannabinoid to be isolated was cannabinol
(CBN) (Howlett, 2009, while chemical synthesis of thecond cannabinoid to be isolated,
cannabidiol (CBD), occurred in 1940. The main psychoactive compateatiydrocannabinol
(THC), was identified and isolated in 19@4g 1.1)(Gaoni & Mechoulam, 19645ignificant
progress on cannabis research occurred when Allgnw | segtoup @iscovered the first

cannabinoideceptorCB:R, in 1984(Howlett, 2005;Pertwee, 2006 And shortlythereatter,



Mech o u |s @roup identifie@ndogenousannabinoids, anandamide (AEA) andrachidonyl
glycerol (2AG) from porcinebrain and canine guéspectivelyDevane et al., 1992;
Mechoulam et al., 1995These endogenous cannabinaigse referred to as endocannabirsoid
(eCBs) and they are natural ligands©B:R (Fig 1.1 and 1.2)The discovery of the@Bs
coupled with advances in understanding their receptor biology revealed important information on
their physiological and developmahfunctions, and suggested key roles in maintaining
homeostasis. Consistent with this, it was found that the dysregulati@Bdfignaling is linked
to various diseases, such as multiple sclerosis, cardiovascular diseases, schizophrenia, and cancer
(Maurya & Velmurugan, 2018)

Smoking cannabis facilitateselinteraction of plantierived cannabinoids (THC, CBD
and CBN) with the endocannabinoid syst@gS), leading to a disruption in the balance of the
system, and resulting in abnormal chemical and physiological changes in the organism. Several
epidemiologichand clinical studiebavereported a range of adverse effaaft cannabis,
including depression, anxietgevelopmental deformitiegnpairment in learning and memory,
decisionmaking and attention defici{€hurchwel et al, 2010; Crippa et al.,d9; Degenhardt
et al, 2003; Moore et al., 2007; Solowij et al., 20d8)addition, ®me animal studies provide
evidence of neurotoxic effextSarneet al, 2011; Sarne & Mechoulam, 2005jowever there is
little evidencaegardingthe mechanismf how cannabinoidsuch asTHC, CBD aml CBN,

modulate thestgypes of adverse effext

Another pressing concern is that the cannabinoid content of recreational and medical
cannabis has increasdchmaticallyover the past two decades. For instaid8phly et al.,
(2016)reportedthat theTHC contenbf recreationatannabis intie United States increased

from 4% in 19950 12%in 2014.Hence, understanding howrgabinoids affect the structures



and functions of the nervous system, impact neurological development, and induce
neurobiological changes important given the increased prevalence of cannabis use and the

elevation in the aanabinoid content in cannabis.

1.2 Endocannabinoid system

TheECSis composed of three componenjgeceptors for activating downstream
signdling, ii) ligands (cannabinoids) that bind to the receptams, iii) synthesizing & degrading
enzymes for cannabinoidBhe two primaryeCBsproduced by an organism (human, rodent and
zebrafish) are-AG and AEA,and they act as ligands on cannabinoid recepibiere are two
main types otannabinoid receptors: GB and CBR thatbelong totherhodopsinlike G-
proteincoupled receptaiGPCR)family with seven transmembraispanning domaing-ig 1.4
and Fig 1.5 CB:R and CBR arecoupled tahe Gi;, family of G-proteirs thatinhibit adenylate
cyclase(AC) activity. They have also been shovendctivate inwardlyectifying potassium

channels and inhibitaltagegatedCa* channelgFig 1.6)(Turu & Hunyady, 2010Q)

1.2.1 Cannabinoid receptorsactivation and signaling

It hadlong been thought that cannabinoids interact with receptors to produce their wide
ranging effects as psychotropic agents, analgesics or antiemetic compounds, but it was not until
1990 that the first cannabinoid receptGB{R; SKR6) was cloned fronarat eerebral cortex
cDNA library (Matsuda et a].1990) Thetranslated genetic sequence (encodethbeZNR1

geng gave rise to a 473 amino acid protein of thprGteincoupled family of receptors, which
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contained seven putative hydrophobic or membspanning domains, and several potential
glycosylation sites. When expressed in Chinese hamster Vel®) K1 cells the protein

displayed cannabinoid sterselectivity and cannabincitiduced inhibition ofAC activity

(Matsuda et al., 1990 onsequently, the human homologue (472 amino acid protein) and mouse
homologue (473 amino acid protein) were rapidly identifi@@drard et al., 1991; Géraed al,

1990) Three years after the initial cloning of the rat:@Ba second type of @roteincoupled
cannabinoid receptoCX5) was cloned from a human promyelocytic leukemia cell line (HL60)
(GalveRoperhet al., 2013) This receptor was highly expressed in macrophages obtained from
spleen and its amino acid composition exhibited significant divergence from iRetiGR was
cloned from rat brain. Evidence has now accumulated to show that bgfha@BCB:R are
negatively coupled t&C and are typically expressed in very different regions of the bodyRCB
are mainly limited to theentral nervous syster®S) while CB:R are largely confined to the
peripheral nervous system and the immune system. Aatbtasue distribution of cannabinoid
receptors is reviewed elsewhéHowlett et al, 2002; Jordan & Xi, 2019Radiolabeling of

CBsR in the brain with the tritiated GR receptor agonisH] CP55,940 showed high density
expression in regions of the basal ganglia such as the substantia nigra pars reticulata and globus
pallidus, as wiéas in the hippocampus and cerebell(therkenham et al., 1990owever,
expression was sparse in the thalamus and lower brainstem r@d@kenham et al., 1990)

The subckular location of receptors provided clues of their functional roles. Becauge &B

highly localized to presynaptic membranes, they were thought to act as modulators of synaptic
release. Indeed, physiological studies confirmed this hypothesis anddstiawactivation of

CBx1R altered synaptic transmission in a homeostatic manner. But how does thiswbetr@e

the mechanisms that underlie these effects? To ankes juestions we needetcamine the



literature on the pharmacology of dBactivation. Both CBR and CBR are negatively linked
to AC activity (Fig 1.6) andproteinkinase A (PKA)(Howlett, 2005; Turu & Hunyady, 2010)
When the receptors are expressed in cell lines, they initge@ssidoxin-mediated event that
requires Go signaling and that results in a reductionthe poductionof cyclic AMP (CAMP)
(Pertwee, 2008)Thedownregulation of PKA suppressBeKA-mediated signéihg eventsin
addition, dssociateds-proteinbgsubunits stimulate phosgidylinositide 3kinase (P13K) and
protein kinase B (PKB), which induce the phosphorylation of mitegeivated protein kinases
(MAPKS). Activated MAPKs carnfluencea range of downstreaactivity (Howlett, 2005; Turu

& Hunyady, 2010; Zou & Kumar, 2018Figure 1.6.

Cannabinoid receptemay alsomediate signdihg through nofG-protein pathways.
Two proteirs that are associated with A@Aprotein pathways and that have been shown to
interact with cannabinoid receptarei) G-proteincoupled receptor kinases (GRKad ii) b-
arrestingLefkowitz & Shenoy, 2005)The ron-G-protein pathway also includes the adaptor
protein AR3, GPCRassociated sorting proteins (GASP) and the cannabintachcting protein
la (CRIP1a). These partners regulate downstream Bignalich as MAPKSs, tyrosine kinases,
ERK-dependent iduction of protein traslation(Witherow et al, 2004) and
phosphatidylinositol Xinase (PI3KJmediated phospholipase A2 (PLA2}iaation (Walters et
al., 2009) The norG-protein pathway can also modul##3A -dependent activation of the
protein Smoothened in the ciliuflovacs et al.2009; Kovacs et al., 200&nd protein
phosphatase 2A (PP2Anediated dephosphorylation of Algeaulieu et al., 2005)Jpon

binding, a ligand can selectively activate either thpr@ein or theb-arrestins pathway, which is

cal |l ed 0 Biinagsoe dwdsiillgegainds ar e s®al l ed fAbiased



Ligand binding studies show that theé® AEA, is capable of inhibitind\C activity in
membranes possessing B8 Childerset al., 1994Howlett & Mukhopadhyay, 2000but this
same agonist shows markedly less efficacy on CHO cells expressiRy SEBgesting thaAEA
has differential effects on GR vs CBR. In contrast, the other mmaeCB 2-AG, acts as &ull
agonist at the cannabinoid receptors when inhibiting forskotinced cAMP accumulation
(Gonsiorek et al., 20004 critical determinant of the downstream effects ofRCRtivation is
the isoform ofAC that associates with the receptor. For instance, ligand bindingRocGB
expressed witthC isoforms 1, 3, 5, 6 or 8 lda to inhibition of CAMP, whereas -@xpression
with AC isoforms 2, 4, or 7 leads to stimulation of cCAMP produc{Rhee et a).1998; Rhee et
al., 1997) Thus, CBR/CB2R are capable of activatings@ addition to G, even though much

of the endogenous or physiological activity appears to lead to an inhibition of CAMP.

The search for additional cannabinogteptors led to theublication of convincing
evidence in 200hat the orphan receptor GR55 is a cannabinoid recep{®yberg et al.,
2007) Cloning, sequencing and expression of0BB5 showed that the GR/CB:R ligand FH]
CP55940 exhibited high specificity for GR55. Moreoverthis receptor can also be activated
by THC, AEA, 2-AG and the CBR selective agonist noladin ether. InterestinghA@ displays
almost 206fold greater potency as an agonist alORB5 compared with the prototypldaB:R
and CBR, andTHC has a greater efficacy at GR55 compared with CIR or CB;R. GRCR55
couples to @13(Ryberg et al., 2007put has also been linkeditereases in intracellular €a
via a mechanism that involves,G12, RhoA, actin, phospholipase (PLC)and C&* release
from IP3gated store_auckner et al., 2008)n other words, cannabinoid receptors are linked to
multiple second messenger systems that have the potential to couple enzyme activity to ion

channel behaor, as well asto gene activationAn investigation into the role of @R55 at



presynaptic terminals of CABGAL synapses show that activation of @G¥55 by L-
lysophosphatidylinositol (LPI) transiently increasesCa’* release probability by elevating
presynaptic CA through activation of local Gastores, implying a possible role in shtgtm
potentiation inthe hippocampugSylantyev et al.2013) Based upon these findings there have
been suggestions that the G®55 receptor could be renamed a tygaBnabinoid receptor,
CBzR. Nonetheless, GER55 shows significant characteristics of a true cannabinoid type
receptor and fully determining its distribution within the body, subcellular localization, temporal
expression patterns and downstream slgmapathways will lead to a greater understanding of
the function ofeCBsand effects of phytocannabinoidsstly, three other orphan GPCHRsat
share about 35% identity with cannabinoeédeptorshave been detected in temmalian
CNS:GPCR3 in the mouse brain, GPCR&he humanbrainandGPCR12in therat brain(Lee

et al., 2001)

There isnow significant evidence for a direct interaction between cannabinoids and
transient receptor potenti@RP)channels such as tA&Pvanilloid type 1 and 2 (TRPV1 and
TRPV2) andTRP ankyrin type 1 (TRPAL1jZygmunt et al., 1999)TRPV1 andTRPV2 channels
are cation channels that allow the passadésdf K* and C&" across cell membranes and are
activated by capsaicin or heat above temperatures 4% 40d above ~5€C respectively,
whereas TRPA1 are menthaind coldactivated cation channg|gheng, 2013)TRPV1 are
activated by theCBs2-AG andAEA (Akopian et al. 2008) while TRPV2 and TRPAL are
activated by THC and CBAkopian et al., B08; Kim et al, 2008; Qin et al., 2008YRPV1 are
largely found in the cerebellum, basal ganglia, hippocampus, diencephalon and DRG neurons
(Ahluwalia et al, 2000; Cristino et al., 2006JRPV2 tend to be localized to sensory neurons of

the DRG, spinal cord, and trigeminal ganglia, but are also found in the ceref@ltema &



Julius, 1999; Kowase et aR002) TRPAL is extasively colocalized with TRPVih sensory
neurongDiogenes et al2007; Didgenes et al2007; Story et al., 2003Activation of these

receptors typically leads to membrane depolarization and activation, but TRPV1 and TRPAL are
known to exhibit functional desensitization. In other words, activation of TRPV1 and TRPAL by
cannabinoids may lead to an immediate dep@é#dm, but this will be followed by sensitization

and subsequently inhibition because further activation by ligands, heat or cold will be muted as
the channels are in a desensitized state. Some evidence exisésdwect interaction between
cannabinoig and ion channels and it has been hypothesized that some ofifRIECBHR-

independent cannabinoid effects occur in this manner.

1.2.1.1Interaction of cannabinoid receptors with THC, CBD and CBN

Our understanding of the mechanisms that underlie key interactions between the
cannabinoid receptors and their agonists and antagonists was further increased with the
elucidation of the crystal structure of theman CBR in 2016(Huang et al.2020) To date two
crystal structures of GIR have beemgeneated Hua et al(2016 reporteda crystal structure of
theinactiveform of CB:R bound to thentagonist AM6538whereas the second was reported
with the active form o€B:R bound to the inverse agontsranaban{Shao et al., 2016 B:1R
consists of seven transmembrane alpha helices (FE)Hthree extracellular logECL1-3)
and thre intracellular loops (ICL:B). The Go family of proteingGi1, Gi2 andGis, and
Go1 andGy) interact with cannabinoid receptors via the receptor's intracellular loops (ICL3 or

ICL4) (Howlett & Shim, 2011; Hryhorowicz et al., 2019)



The extracellular surface @B1R isinvolved in ligand bindingHua et al., 2016; Shao et
al., 2016)and in particular the extracellular loogCL2 dictates ligand traffickingo the binding
pocket of thecannabinoideceptorgAhn et al, 2009; Shim, 2010; Wheatley et al., 2012)
FurthermoreECL2 maintairs the shape aihe active sitewheretheligand binds thus,plays a
crucial stepn thefunctioning of GPCR¢Woolley & Conner, 2017)The ECL2 of CBR
contairs 21 amino acid residuésyptophan W255 to isoleucine 12yand helps tatabilize
TMH4 and THM5.The disufide bond between G257 andCys264 of ECL2 igssentiafor
CB:R stabilityin an inactive stat@Fay et al. 2005) Findings also showed that specific residues
are necessary for ligand interaction and accommodate the cyclic core of cannabinoids. For
instance, six residue€ys257, Cys264;268, P269, H270 and 1271) are critical for allosteric
modulation andour residues (F268, P269, H270 and 1271) are critical for accommodating the

cyclic core and alkyl side chain of cannabinoi@slC, CBD and CBN(Ahn et al., 2009)

TMHG6 contains a conserved CWxP structural matiflconsists ofesidue<C6.47,
W6.48 and P6.5hatplay avital rolein CB:R activation Amino acid residu€6.50 in TMH6
acts as a hinge whidikely facilitates theconformational change during @Bactivation
following agonist bindingMarino & Gladyshev, 2010; Zhang et,&018) Another highly
conserved motifin GPCRnamedhe A DRY moti f 0o consists of aspa
tyrosine, and plays an important rolecemnabinoid receptor (GB and CBR) conformation
and activity.A double mutation inhe DRY motif (D213 and R214pesultedn a change in
CB1R signdling, i.e. CBIR showed bias towardsarrestin signding ratherthanG-protein

activation(Gyombohi et al.,2014)

Two mechanisms have been proposed to explain how the binding of tRea@Bnists
within the binding pocket might activate f@oteins. One mechanism suggekiat cannabinoid
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binding might disrupt the hydrogen bond interaction betwzEs3 in TM2 and\N394 in TM7.
BarnettNorris et al.(2002 proposed seconanechanism that includean interaction between
TM3 R214 (in the highly conserved sequenc®eR-Y -x-x-ile) and TM6D338. Theformation

of a hydrophobic interaction between TM6 and the alkyl side chain of cannabinoid agonists
serves as a trigger to move TM6. The motion of TM6 might alter the conformation of ICL3,

which in turn activates rotein(Howlett & Shim, 2011)

1.2.2 Ligands

The ligands for cannabinoid receptors are divided into sefamdlies/groups depending
on the rout of synthesis. For instanceCBsaresynthesized within the organism,
phytocannabinoidaresynthesized by plantand syntheticannabinoids are produced by
humandesignecchemicalreactionsAEA and 2AG are endocamabinoid ligandswhereas
THC, CBD and CBN aréhree major phytocannabinoids that espreseregd byC21
terpenophenolic compoundsig 1.1and 1.2 Table 1.). Thus far, more than one hundred
phytacannabinoids have been identified and subdivided intdas3e®f compoundgTurner et
al., 2017) The immediate precursor of all phytocannabisisdhe @&idic form
tetrahydrocannabinolic acid (THCA), representingfirst biogeniccannabinoiccompound

synthesized in the plan

1.2.2.1 Phytocannabinoids
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d®-THC (IUPAC: 6aR, 10aRjreferredto THC afterwardsvas first isolated in 1942
(Wollner et al, 1942)and typically constitutes 1¥8% of the total phytocannabidocontent of
cannabis plant§Turner et al, 2017) Thestructure was elucidated in 1963aoni &

Mechoulam, 264)(Fig 1.1) There are two forms of the acidic precursofm BiC: THCA-A

whichis the major precursandTHCA-B which is a minor compoundine types of THC
cannabinoid have beemdentified. Amongst thoseg®- tetrahydrocannabingthe seconanajor
psychoactive component in cannaldsabout 20% less potetitand® THC (Turner et al., 2017)
d®-THC has four stereoisomers that vary in their double bond position and cis or trans ring
junction (+) transd® THC, () transd® THC, (+) cisd® THC and §) cisd® THC (Pertwee, 2006)
The(-) transd® THC form (referred to as<{) THC from here oiis found in natural cannabis
becauséts production isnergetically favored naturalKhan et al., 2016; Pertwee, 20d6)g

1.1). Hence consumable cannabis products or preparatiight have a mixture of
stereosomers. For instance, a trace amount)of HC was detected in a commercially available
CBD oil preparatior{Runco etal., 2016) So, a detailed characterization of the composition and
monitoring of the stability of these cannabis products is essential because they could potentially
result in a change of potency, pharmacology or even tox{ejtyHC is commerciallyavailable
asdronéainol, which is usedor medicalpurposesuch as stimulating appetite to prevent
anorexia in a patient with AIDS and as an antiemetic for cancer patient after chemotherapy

(Khan et al., 2016)

THC is highly lipophilic and accumulates in adipdssue and the spleen which act as
long-term storage sitgdNahas et al., 2002}t is estimated that up to 37% of THC present in
cigarettes can be delivered to the body during smoking while up to 30% is destroyed via
pyrolysis(PerezReyes, 1990)When smokedlHC enters the blood stream extremely rapidly
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with rising levels detected in blood plasma withir2 Inin of the first inhaltion (Huestis, 2007)

In controlledexperiments, puffs of a 3.5% THC cigarette result in g4k blood plasma levels

of approximately 27@dg/ml (Huestis, 2007)and in experiments where the THC content of
cigaretteswas keptt ei t her a Al owo dose of 1.75% or
levels obtained from individuals smoking the higher dose cigarettes were variable and ranged
from 90ng/ml to 250ng/ml (Huestis, 2007)These data indicate thatthioavailability varies
substantially with each individual, and factors such as weight, gender, age, health and
physiological background will likely impact the extent to which THC and other cannabinoids
affect an individual. THC taken orally usually peakshe circulation within 12 h, with blood
plasma levels lower than those obtained during smditugsilveray, 2005) THC accumulates

in fatty tissue and organs such as the heart, liver and giaéas et al., 2002}t readily

crosses the bloedrain barrier and can be found in high quantities in the ljk&Gilveray,

2005) THC released from fat has a hifé of several days and in some instasenay take up

to several weeks to fully clear from adipose tis@teestis, 2007; Huestis et al., 1998)uch of

the metabolism of THC occurs in the liver where it is converted doytitoxy-THC or 1:nor-9-
carboxyTHC (Huestis, 2007)This conversion is rapid and occurs within minutes of THC
detection in blood plasm#uestis et al., 199 Huestis et al., 1996; Huestis et al., 1992)
Whereas 1-hydroxy-THC is psychotropically active, 3ior-9-carboxyTHC is not(Mario
PerezReyes et al., 1972nd s the principle component found in urine analyses as a proxy for
determining cannabis consumpti@tuestis et al., 1996 Numerous additional oxidative

metabolites occur, but in lesser quantities.

CBD, the majomonpsychoactive cannabinoid, thethird most abundardannabinoidn

the cannabis plant afte®-THC andd®-THC andcomprisesapproximately8% of thetotal
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phytocannabinoid content. Isolated in 1940, it was another 23 years before the molecular
structure was elucidated in 19@@echoulam & Shvo, 1963FevenCBD-type cannabinoids
have been describelus farandCBD and its precursor cannabidiolic a¢i@BDA) are the most

abundant cannabinadh industrial hemp o€annabis Sativa

CBN isan oxidative product of THC andm®n-psychoactive in nature. The amount of
CBN in freshly consumed cannabis progustmuch less thanHIC and CBD(Zamengo et al.,
2019) Interestingly, the acidic form of CBNdanabinolic acidCBNA) is present in large
amountsn thecannabis plantrad is converted to CBN upon heatinghas been shown thtte
THC content in cannabis decreases over time at a raté%f 3er month at roortemperature
(Lerner & Zeffert, 1968and converted to CBrhat is proportional to THC degradatiRepka
etal., 2006; Zamengo et al., 201®eat and UV light acceleratéhe degradation of TH(RosS
& Elsohly, 1998) For instancesa significant degradatioof THC occurredn a rangeof 37-100
°C (Coffman & Gentner, 1974; Turner & Elsohly, 1978)recent studyalso showed the
influence of storage cortdins where authoneportedhat the conversion of THC to CBN was
faster in the first years tham subsequent year$he effectseemed more profound whtre
herbal sample wastored innatural light at 22C compared to darkness at@ (Trofin et al.,
2011) Thus, several studies described BB is predominantlypresent in significant
guantitesin stored, dried and aged cannabis prosi(fdarvey, 1990) Hence, it iessentiato
consider how cannabis prods@re being processed or stofedmedicinal and recreatnal

purposegHarvey, 1990)

Several studies have examined the effects of THC and CBD on developing organisms
(Achenbach et al., 2018; Ahmed et al., 2018; Carty et al., 2019; Carty et al., l2018)
information on the effect of CBN during early development is scarce. This is in part due to the
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low concentration of CBN in freshly prepared cannabis; however, as THC oxidizes, the
concentration of CBN increases and over time may build up to significantly higartoateons
(Ross & Elsohly, 1998)Recent findings have shown that after a year of-damage, almost 22
% of the THC contenits degraded t@BN with a transformation rate of 4% every three
months(Andre et al., 2016; Ross & Elsohly, 1998herefore, improper handlirand longterm

storage of cannabis will result in increased levels of CBN.

1.2.2.2 Endocannabinoidsand synthetic cannabinoids

After identifying CBR in 1990, the Mechdam lab discovered the first endogenous
cannabinoid neurotransmitté&kEA (N-arachidonoylethanolaminélpevane et al., 199. A few
years later, in 1995, a second endogenousdigaAG, was identified Mechoulam et al., 1995
Sugiura et al1,995. 2-AG is more potent and more broadly expressed througheuiddy
(Savinanen et al.2001) It is also found in the human brain at levels that are more than 150
times higher thal\EA (Stella etal., 1997) AEA binds preferentially to CER and activates
signalling cascades, which regulate appetite, mood swings, glucose metabolism, pain perception
and fertility. However, 2AG binds efficiently to CBR and CBR and regulates immune
function, plays roles in brain injury, stroke and oxidastress, and modulates a wide range of

mental and physiological processes

2-AG and AEA are structurally similar molecules, and while both contain arachidonic
acid(Fig 1.1)(Lu & MacKie, 2016) the routes of synthesis and degradation are distinct and are
mediated by multiple pathwaybig 1.3) Themembrandbound inositol phospholipid is the

ultimate precursor for the syrasis of these compounds. More precisebpA@ is synthesized
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from phosphatidylinositol biphosphate (PIP2)y the phospholipase C beta (Pbenzyme
while AEA is produced fronN-arachidonyl phosphotidylethanolamine byablyltransferase
(NAT) and Nacylphosphatidylethanolamine (NAPEBpecific phospholipase D (NAPELD)
enzymea. Sequentiahydrolysis of PIP2 occurs by the actiondfCb followed by hydrolysis of
diacylglycerol bydiacylglycerol lipase (DAGL}Murataeva et al2014) Two isoforms of
DAGL have been reported: DAGLand DAGLb (Bisogno et al., 2003Knockout studies in
mice have showthat DAGLa is responsible for synthesizing the majority eA@ (Tanimura et
al., 2010) The alternative pathway for synthesizing\@ involves cleavage of PIP2 by
phospholipase A, followed by hydrolysis of phosphate ester bond by lysipipsise GLu &

MacKie, 2016)

The synthesis of AEA is more complex in comparison-fg2and involves four routes
of synthess: i) hydrolysis of NAPE by & APE-PLD,; ii) cleavage of the NAPBy NAPE- PLC
followed by dephosphorylation of the resulting phosplitA by phosphataséi) dual
hydrolysisof NAPE by the phospholipase B and alpha/beta domain hydrolas&iHbé),
followed by hydrolysis bglycerophosphodiestgahosphodiesterase(GDEJ); andiv) liberation

of AEA by the action of a lys?NAPE-PLD (Lu & MacKie, 2016)

Three hydrolytic enzymes are responsible for the degradatior\Gf. 2)
monoacylglycerol lipase (MGL), ABHD6, and ABHD1Blankman et al.2007) Additionally,
2-AG can be hydrolyzed by fatty acid amino hydrolase (FAQAH) & MacKie, 2016) and
oxidized bycyclooxygenas® (COX-2) (Hermanson et al2014) In contrast, AEA is degraded

by a single ezyme, FAAH(Cravatt et al., 199@hto arachidonic acid (AA) and ethanolamine
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by a process thatepends on multiple enzymes such as NAAAa@ylethanolamindydrolyzing

acid amide), COX and LOXipoxygenasejLu & MacKie, 2016)

In addition to phytocannabina@@dnd €Bs, saveral hundred synthetic cannabinoids have
been synthesized to dq#n et al.,2020) These cannabinoids can be categorized into the
followings: i) CBiR-specific agonists such as ACEA, ACRAgthanandamide and-T812; ii)
CB2R-specific agonists such as JWIR3, JWH105, PM226, HU308, GW405833 and L
759633; iii) CBR-specific atagonists such as AM51,0tenabant (CR45,598) AM-281,
Rimonabant (SR141716)aranabant (MKD364) and Surinabant (SR14777&)div) CB2R-

specific antagonists such as A880, JTE907 andSR144528Table 12 and 13).

1.2.2.3Agonist, antagonist and inverse agonist

Three parameters can define the properties of a ligaatfinity, ii) efficacy and iii)
potency. Affinitydescribeghe tightnes®sf the bondbetween the receptor and the ligand
whereas the intrinsiefficacy of a ligand is characterized by the ability of the lighaodnd
receptor to elicit downstream sidhiag. Potency is deermineal by comparingthe effects of the
ligand with a reference ligand at the same receptor. In other words, potency is eemeasof
the concentrationf the ligandneeded to produdée half-maximum effectBased orthese
parameters (affinity, efficacy and potenayieligand can be further classified into four groups

i) full agonist, ii) partial agonist, iii) neutral antagst and iv) inverse agoniétable 1.1)

A ligand that binds to the orthosteric site and activates the downstreartisggna

pathway is calle@n agonisandexhibits either full or partial responseWhen an agonist shew
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maximum receptor activityt is calledafull agonist whereas if the receptor activity remains
below the maximum responseis categorized aapartial agonist. The binding of an agonist
(either full or partial) to a receptor locks the conformation into an astate whereasan
inverse agonist stabilizét into an inactivestate. For exampldHC inhibits AC activity;
however, the extent of thehibition is not the samasfor several other agonisf(eyons et al.
2018) ThusTHC is categorizedsa partial agonist at C#Rs (Howlett et al., 2002pecausehe
maximum effect it producds well belowthat of theagonists CP55940 and WINB12
(Breivocel & Childers, 1998; Gard et al., 1991; Griffin et al1998) In addition,THC binds to
and activates CIR; however, thébinding affinityis much lower than CBR (Table 11).
Therefore,THC has been showtn actasa partial agonist at CER andinhibits theAC second
messenger system in several cell lines inclu@ntp cells (Bayewitchet al., 1996; Bologni et

al.,2012)

In contrastanantagonists a ligandthatbinds tq but does not activai inactivate the
receptor, and therefor@sultsin no physiological response. CBD hagery low affinity for
CB:R and CBR and ac$ asanantagonisat these receptoms the submicromolar concentration
range(Table 11 and 1.4 Thomas et al., 2007While CBD exhibits lowaffinity for CB1R and
CB2R, it acts asapotential antagonist of GPCRg%Sylantyev et a] 2013; Whyte et al., 2009)
For exampleCBD was shown tanhibit excitatory output from pyramidal cells by preventing
the activation of GPCR5H rat hippocampal slisg€Sylantyev et al., 2013and it has been
shown to workasa potent antagonist at GRRE5 throughGTP S-binding assag (Ryberg et al.,
2007) Behavioral experiments in mice showed that THC activaifddB;R leads to inhibition
of locomotion (activity)andredudion of body temperaturgain sensitivityandcatalepsy. Thee

effects were blocked e CB:R antagonistimonabantt concentrations aboderM (Martin
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et al, 1991; Varvel et al.2005) butrimonabantas on-specific actions aboveriM,

suggesting that additionedceptors might be involved in producing the functional antagonism.
For instancea higher concentration of rimonabant ganeducethe antagonistic effect of
GPCR55Sharir & Abood, 201Q)heantagonistic effect of A1 adenosine recep{@avinanen

et al.,2003)andthe antagonistic effect of TRPV1 channé3e Petrocellis et al., 2001$ome
biological systera have a basal level of activity of a particular receptor type ialikence chn
agonist, whib isreferred to asonstitutive activity. For instance, cannabinoid receptors exhibit
basal level of activation @onstitutive activity. When a ligand binds to activated receptors and
inactivateghem,this signdling is calledinverse agonissignalling. An inverse agonist works as

anantagonist ira non-constitutivelyactivesystem.

THC can exert anixedagonistantagnisteffect i.e. in some experimental conditions it
behaves as an agonist whereas under some experimental condition it acts as an antagonist
(Turner et al., 2017)The mixed effect is most likelyependent oi) the proportion of
cannabinoid receptothata r e i n t-dte aamdeaiipded to their effector
moleales/mechanism, and iifye proportion of cannabinoid repwrsthatare n t hei+ fAi nac
s t aandaricoupled to theirfeector molecule/mechanism. The mixed effect can also be
modulated by other synthetic d€Bs present in the tissi{&urner et al., 2017)n addition, the
mixed effect can be regulated by tir¢hosteric or allosteriates For instance, studies suggest
that THC can act as an agst or anantagonist at GPCR55 in a concentratil@pendent manner
(McHugh et al. 2012) The orthosteric sites can be defined as the binding sites of the
endogenous ligands of GPCR¢hile the allosteric binding sites are distinctinet linked to the
orthosteric binding sites and azensideredo beregulatoy. The bnding of THC to the

orthosteric site of GPCR55 might praxduagonistic properties. In contraste binding of THC
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to the allosteric sites can induce conformational chaimge orthosteric binding site of

GPCR555, resulting in aagonistic properties of HC.

Further, the allosteric binding site carodulatethe conformation and functiolig of the
receptor or protein in multiple waygositivdy (enhancing the affinity/efficacy), negatlye
(decreasing the affinity/efficacydr neutrdly (no change in activity)T[HC has been proposed to
actas a allosteric modulator atBT3A and glycine receptol$iejazi et al., 2006and can
inhibit 5-HT3A-induced currents in HEK293 celBarann et al., 2002%5imilarly, CBD canact
asanegative dbsteric modulator at CHR, where it may change the potency and the efficacy of
theorthosteridigand at CBR (Laprairie et al. 2015) For instance, CBD reduced the efficacy of

the athosteric ligand§HC and 2AG at CBR (Price et al., 2005)

CBN is reported to act as an agonist atRHout it binds taCBzR with a higher affinity
than CBR (Table 11 and 1.4. However the binding of CBN to CER and its downstream
effects have been controversi@hee et al(1997) reportedthatCBN actsasanagonist at CBR
througha cCAMP assaywhereas othershowedan antagonistieffect of CBN at CBR in GTP S
assay(MacLennan et a).1998) Similarly, afluorescencébasedCa?* assayshowed thaCBN
works asa potential agonist and desensditig aget at TRPAland TRPVEeceptors, whereas
appears to act as an antagonist on TRPM8 cha(idelBetrocellis et al., 201I)hese
discrepancies couldotentially be explained by the following use ofdifferentligand
concentrations, ii) active and inactive stateéhef receptors, iii) different types of assay, iv)
collection of tissue samples from different regions (based onthiegiroportion of @:R and
CB2R would be different)andv) in vivo as opposed tm vitro experimets. In addition, a ligand
can have greater affinity for an individuakeceptorconformation than other conformatigh In
that casethe amount of ligand present in thetgys can redistribute the proportion of each
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conformational state. Hence, the concentration of ligand might dictate the distribution of the
conformational state of the receptor and thus inhibit or induce the physiological response
(Kenakin, 1995)It is clear that further research is needed to unfold the pharmacology of CBN at

different receptors

1.3 Exposure to cannabinoids during development

Acute and chronic exposure paradigms are typically usadimas to studythe
immediate and lonterm developmentaffects of cannabinoidsThis allows researchers the
freedom to manipulate all aspects of the exposure paradigm. The impact of the cannabinoids
depends on a range of factors, including the age of the organism, the length of the exposure, the
concentratia of the cannabinoids, éhtypes and purity of the cannabinoids, and if the

cannabinoid originated from animals, plants or were synthesized in the laboratory.

1.3.1 Effect of acutecannabinoid exposure in animal studes

The age of the organism when exposed to cannabinoidsitgcal factor in determining
the effect of cannabinoids on brain development. Evidence suggests that cannabinoids are less
toxic or harmful to the adult central nervous system compared with embryonic organisms
(Lubman et al., 2015; Mokrysz et,a@016) Acute or shorterm exposure to cannabinoids
during prenatal, neonatal and adolescent periods can be hébovuher & Campbell, 2010)
due to the critical involvement of the endocannabinoid system in brain develoj@daére

Ropeh et al, 2008) For instance, neonatal rodents exposed to cannabinoids experience cortical
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cell death, whereas adults exposed to cannabieattibit no detectable effects on neocortical
cells(Downer et al.2007) Furthermore, prenatal exposure has been shown to alter the
development of major neurotransmitter systems in the brain, which might haveladting
impact on the organisiiiKkumaret al., 1990; MolingHolgado et al.1996)

It is essential to differentiate between the types of cannabinoids (i.e. THC, CBD and
CBN), the source of cannabinoids (i.e. synthetic or natural) and the composition of cannabinoids
in cannabis extracts especially because some cannabis species comtiarsigmificant
percentage of cannabinoids than others. For example, CBD accounts for up to 40% of the active
component irCannabis sativdCampos et. §12012) which is the predominant species of
cannabis plant. THC has been shown to increase arfSettyammSapyta et al., 2007yvhereas
CBD was found to be anxiolytic in rodent studi€mpos & Guimaraes, 28; Moreira et al.
2006; Resstel et al., 200%urthermore, THC has been shown to induce a psyelilodeffect
in rodent modelgMalone & Taylor, 2006)while CBD acts as an tfpsychotic drugMoreira
& Guimaraes, 2005; Zudi et al, 1991)

Studies have shown that the acute administration of cannabinoids impairs learning,
memory, and attention dultrodens (Egerton et al., 2006; Lichtman et,&002;Lichtman et
al.,, 2004; Sullvan, 2000)Acute exposure of cannabinoids in rats led to alterations in neuronal
activity in different brain regions, including hippocampus and prefrontal cortex, which indicates
potential disruption of cognitive processes (learning, men{@sinpbell & Clark, 1988
Egerton et al., 200&;ichtman et al., 2002; Sullivan, 200@ven exposure to very low doses of
THC (0.00010.0002 mg/kg) has resulted in letgym impairment in spatidarning and

memory formation in mic@Amal et al., 2010; Tselniek et al, 2007)
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Administration ofa sngle dose of THC (0.0286 mg/kg) in humans resulted in an increase
in brainderived neurotrophic factor (BDNF) levels in blood seriiowever,the authors
reported no effect of THC on BDNEvelsamongst light cannabis usgi3 6 S o u z,2008)t a |
BDNF is a crucial factoin synaptic plasticity and is associated whkreduction of anxiety and
depressiof D6 So u z a eurtheanhore, acug @dnthistration of cannabinoids in humans
is found to impair cognitive function, such as learning, stesrh and working memory,

attention, and executive functiobpsRanganat han & D6 Souza,. 2006;

1.3.2 Effect of chronic exposureof cannabinoids in animal studies

Chronic cannabinoid exposusreported taexertimmunosuppressive and anti
inflammatory propertiegKlein, 2005; Waler & Stella, 2004)Very high dose and lortgrm
cannabinoid exposure in ratad monkeyup to 60 mg/kg for 13 months) have resulted in
adverse effects on the hippocampus, amygdala and cerebral(¢tatgesr et al, 1977; Heath et
al., 1980; Landfield et al., 1988; Lawston et 2000; Scallet et al., 198if)cludingchanges
such ageducing synapse numbers, dendritic length, pyramidal cell density and shrinkage of
neural cell bodieDaily THC exposurg¢20 mg/kg)in adolescent rats over 3 to 6 montéasulted
in learning impairment and increased locomotion acti{étyglick & Kalant, 1985) Chronic
cannabinoid exposure during adolesceragsedoersistent deficits in learning and memory
(O6 S h e a, 2084; Quinh et al., 2B; Renard et gl2014)andledto more severe and

persistent abnormal behavior compare to exposure during adu(tBclmdeider2008)
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1.4 Zebrafish as a model organism

Zebrafish is an elegant and popular model to study developmental biology, synaptic
plasticity, toxicology, drug efficacy arlEhavior; this isndicated by the increasing number of
publications per year from roughly a hundred publications in 1990 to séwewuaand in 2020
(Ellis, 2019; Hil et al, 2005) Zebrafish embryos offer certain distinct advantages over
mammalian models for toxicity and exposure studie®e feature that makes it valuable for
embryological and toxicological studies is that éhbryos developutside the mother in a
chorion or egg casing, allowing one to accurately control the concentration and the time course
of exposure compared with placental anim@her benefits of using zebrafish as an
experimental organism include their high fecunditgdsemttransparent zebrafish embryos
which can be used for whole preparation imaging and identifiable neurons can be studied
throughout developmenthe developmental stages of zebrafish are well characterized, and a
complete genome sequence is availgbiewe et al., 2013)It is a unigue model where in vivo
patchclamp recordings can be obtained from neuromuscular junction (NMJ) and identifiable
neuronssuch as the leuthrer cell M-cell), while maintaining functional synaptic connections
within an intact brairspinal cord preparatiofilRoy & Ali, 2013; SaitAmant & Drapeau, 2003)
Last but not the least, zebrafish has a high degree of hom@iatf£o)to the mammalian
genomeand 84% of human diseaselated genes have a zebrafish counteliairs, 2019)
Drawbacks include the absence of a mateenabryo interaction during gestatiddonetheless,
the advantages offered by a zebrafish model for toxicity and teratogenicity are significant and

allow for a wide range of studies that may be difficult to perform in other preparations.
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Zebrafish larvae are highly susceptible to various stimuli suabuas tolfaction,
chemosensation, audition, vestibular input and vision. They also exhibit a wide range of complex
behaviors, making them attractive organisms to study human dis@f@dueff et al.,2014) In
particular, zebrafish exhibit defensive, social, anxiety, and cognitive behaviors making them
ideal candilates for studying neurological and psychiatric disor(igasnet et al2019;

Friedrich et al.,2012; LevitasDjerbi & Appelbaum, 2017; Morris, 2009Recent progress in
zebrafish research documented a wide range of behavioffeatili developmental stages. For
instanceKalueff et al.(2013 described more than a hundred different zebrafish behaviors,

including spontaneous coiling activity, escape resparsgfreeswimming.

During development, zebrafish exhibit characteristic behaviors at specific time points
(Kalueff et al., 2013)For instance, starting around 17 hpf, ¢éinebryos exhibit sporaneous
coiling movements within the egg casing (chorion). This repetitiveteidale movement of the
tail of an embryo is the earliest type of activitgdds governedby a neuronal circuit
(interneuron and primary MNSs) located in the spinal ¢8aintAmant & Drapeau, 2000;
Zindler et al., 2019)Thelateral line (L) is a sensory organ in fish that detewater movement
and plays an essential role in locomotitins becomes morphologically visible at 18 hpf
(Mizoguchi, Togawa, Kawakami, & Itoh, 2011he msterior lateral line (pL) is composed of
an array of neuromasits the trunk and taihat sit on the surface of the skin in embryas
comparison, the neuromasts on the head theranterior lateral line (aLLEachneuromas{10-
500 um in length)s arosettelike structure andonsistof hundreds omechanosensory cells,
called hair cellssurrounded by supportive cells. Sensory hair cells are specialized
mechanotransductiveceptors required for hearing and vestibular fungiMizoguchi et al.,

2011) Each sensory hair cell has a ciliary bun@etending from the cell surfageomposed of
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a singlelong kinocilium and many shortstereocilialWebb, 2011)Another critical locomotor
behavior exhibited by zebrafish is thecape response orstart responsgBerg et al. 2018;
Roberts etla 2011) The escape behavidevelopsat 2427 hpf and occurs in response to
visual, tactile and acoustic stimulihis locomotor response is generated by-defined

neuronal circuits, that includes cells such as theelM| its homologues, Mid2 and Mid3 cells
(SaintAmant & Drapeau, 1998and MNs The M-cell, the largest interneunan the CNS first
appeararound &hpf, but functional synapsemto the Mcellsare not formed uiit17-18 hpf

(Ali et al., 2000; Kimmel et al1990) Primary MNs first appear between 9 and 16 hpf while
axogenesis begins at 17 hpf and muscle innervation oskardy afterwardgFig 1.7)
SecondarMNs first appear arountb hpfand innervatenuscle fikers around 288 hpf(Myers

et al.,1986;Westerfield et al.1986) Free swimming starts at 42 hpf, shortly after hatching;
however, more fully developed swimming (beat and glide type) starts at 9&imbityos

exhibit M-cell-mediatedast escapactiities in response to auditory/vestibular (AV) stimuli
starting around@5 hpf(Kohashi et al.2012) Zebrafish larva exhibit synaptic plasticity
phenomena (habituation) associated with the escape responsshiimtind long term) to AV
stimuli starting from 96 hpfRoberts et al., 2016, 2011Adult fish have also been shown to
exhibit learning and memory through simple memory tests such as the novel object approach
(NOA) test(Hamilton et al., 2017Krook et al, 2019; May et al., 2016)n these studies, it was
found that zebrafish prefer familiar objects over novel ones, contrasting preference ghown b

rodents.

14.1ECS in Zebrafish
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Phylogeneti@andyses showed that the eCBshighly conserved between zebrafish and
humansgstablishing zebrafish as an effective model for studying cannabinoidlisignalvivo.
Zebrafish express all of tHECSgenes necessary for cannabinoid signg) includinggenes
encodingCB:R and CBR, FAAH and MAGL. Furthermore, zebrafifftCSgeneshave been
shown to be linked to developmd®khtar et al., 2013; Carty et al., 2018)comotion(Sufian
et al, 2019) immune system functiofiiu et al., 2013)cognitive proces@Ruhl et al., 2014)
anxiety(Ruhl et al., 2014; Stewart & Kalueff, 2014nergy balancin{Migliarini & Carnevali,
2008; Pai et al., 2013and addictior{Braida et al., 2007)In zebrafish CER mRNA expession
has been detected @arly as the 3 somite stage (ijff) through RTgPCR (Migliarini &

Carnevali, 2009and in situ hybridization experiments have documetitedpatial expression

of CB:R as early as 1 dpf in the preoptic area. By 2 dptRC&pression is detected in the
telencephalon, hypothalamus and hindbrain refliam et al., 2006; Watson et,a2008)
Additionally, CBiR expression has been detected outside of the central nervous system in the
liver and ovary(Migliarini & Carnevali, 2008, 2009 However, aecent study reportetie

presence o€B:R andCB:R mRNA as early as 1 hpf during developm@itrabella et al.

2017) In the adult, CER mRNA has been detected in the brain, retina, heart, gill, muscle and

spleen of the zebrafigiRodriguezMartin et al.,2007)

MRNA molecules for the synthesizing enzyme DAGlaglais present in the
telencephalophypothalamus, tegmentum and hindbrain at \df#tson et al., 2008)FAAH
protein expression has been detected in the adultfigdbratina through immunocytochemistry
(Yazulla & Studholme, 2001}Jurther, the presence gdel mgl, abhd4andfaah2atranscripts
has been reported during early development as early as 1 cell stage through in situ hybridization

(Thisse et al., 2001)
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1.4.2 Muscle structure of zebrafish

Muscle is conposed of bundles of muscledils or myocytes. A muse fiber is an
elongated multinucleated cell composed of myofibrils, which consist of repeated units called
sarcomeres. Within the sarcomere, one can find an array of proteins, including thick and thin
filaments comprised of bundles of myosin and actin, respgtizach sarcomere can be
subdivided into different bands, lines, and zones. The | band is the region that contains only thin
filaments, whereas the A band is the central region of the sarcomere dutthtsck and thin
filaments. The H zoneontains aly the area of thick filaments. The M line runs down the center
of the sarcomere, through the middle of myosin filaments. In contrast, Z lines define the
boundary of each sewmere. More than 20 muscledib are arranged in parallel and are
encapsulatelly a layer of connective tissue called perimysium, forming a muscle fascicle.

Several fascicles are grouped together in a muscle struEigré.8.

Towards the end of the segmentation period (24 hpf), zebrafish skeletal muscle contains
four types of fibers: slow muscle, muscle pioneer cells, fasole cells and medial fast éfs
(Naganawa & Hirata, 2011; Ochi & Westerfield, 2QHpwever, in adult zebrafisiskeletal
muscle ontains mainly two types of féos: slow-twitch and fastwitch fibers (Waterman, 1969)
Eachmuscle filer has distinct morphological properties and occupies a specific regioa of th
axial muscle. Slow muscle s are located superficially and are composed of mitochendria
rich, red muscle. Slow muscle éils undergo their first spontaneous cantron as early as 17

hpf, and by 21 hpf they mediate the spontaneous coiling bel{®amtAmant & Drapeau,
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1998) In comparison, fast muscle éfs are faind just underneath the reddib and are
involved in fast dartig behaviorghat start towards the end of the hatching period.
Muscle fiker development requires the concerted effort of multiple developmental
signals, including growth factors and mussjeecific transcription factors. One such factor is
sonic hedgeho{Shh)which plays a crucial role in zebrafish muscle development and is
necessary to induce the development of slow muscle and pioneering musclecteli&
Westerfield, 2007)Another factor,ibroblast growth factor (Fgf), has been linked to muscle
development, repair, and regeneration, and plays a crucial role in zebrafish morphogenesis and

fast cell differentiatiorfNguyenChi et al.,2012; Saer¥/ila et al, 2016)

1.4.3 Zebrafish motor neurons

Most vertebrate muscles are innervated by a single motor(fotoming a single
endplate), whereas individuaébrafishskeletalmusclesare innervated by multiple neurons
(Westerfield et al., 1986Based orthe origin, size, location andnervation patterof trunk
musculature, ebrafish motor neurons cée categorized into two classgsimary and
seconday. Primary MNs appedretween @nd16 hours posfertilization (hpf), whereas
secondary MN are born at 22 hpf amdntinue toappeatrevenafter 25 hpf{(Myers et al., 1986)
Primary motomeuronshaverelatively larg cell bodies, averagirgl.3+ 1.4 umin diameter,
andlarge axongMyers et al., 1986)SecondaryviNs aresmallerin diameter §.7+ 1.0 pm with
smaller axon width€Each hemisegment within the trunk contains8primary motor neurons

andabout 2024 secondary motor neons.
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Primary motor neuronsan be classified into three types depending on their location in
the spinal cord: Caudal (CaP), Middle (MiP) and Rostral (Roi®)ary MNs(Eisen et al.1986)
(Fig 1.7).The CaHs bornaround 17 hpand has aell bodythatis located inthe middle of the
spinal cord with an axon that projegentrally along the medial surface of the myotoirtee
growing axorpauses for about an hour upon reaching the horizontal myoseptuineand
extends further ventrallip innervate all Wite musclen the ventral region of the trur{fEisen et
al., 1986 Westerfield et al., 1986The cell bodies oMiP MNs arelocated in between the RoP
and CaP. The axdllows the path othe CaRuntil it reaches the horizontal myoseptumnere
it extendgo innervate the dorsal musculatuRoP MNs are located the rostral end of a
segment anébllow the path of the MiP extension to reach the horizontal myosepturhisAt t
point, they grow latelly and innervate muscles at the dosagment of the ventral muscles
(Eisen et al., 1986In summarythe CaP, MiP, and RoP specifically innervate the ventral,

dorsal, and middle musculature, respectively.

Based on the muscle innervation pattdenelaou & Mclear{2012)categorizd
secondary MN#to three classestorsally projecting secondary MNs (dS)mtrally projecting
secondary MNs (v&nddorsoventrally projecting secondary MNs (dv3he dorsally
projecting secondary MNs (dS) innervate musoleshe dorsal side of thedy, and entrally
projecting secondary MNs (vS) are located dorsal to the dS and innervate ventral muscles only.
Whereagslorsovetrally projecting secondary MNs (dvS), tlaegest secondary MNSs in
diametey innervate muscles both on the dorsal and vesitlal of the bodyAxons of dS, vS and
dvS have more extensive branching at deep musculature than superficial layers, suggesting they
preferentiallyinnervate white muscle féoss (Menelaou & McLean, 2012)Axonal growth of

secondary MNs is initiated around 26 hpf. Several axon guidance molecaleding
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sema3Al, sema3A2, GDNReurolin, chondroitin syhate have been identified that play
crucial roles in the proper development of primary and secondary axog@neseaou &
McLean, 2012)Shh signal transductida also essential for the normidvelopment of motor

neuron progenitors and somites.

1.4.4Hair cell developmentin zebrafish

Primary cilia, also callednmotile cilia, are sensory organelles associated with most cell
types, that respond to chemical and mechanical stimuli in the environment and communicates
those signals to the organigBangs et aJ.2015) This organelle is essential to pess cellular
signals, such as sonic hedgeli8gh), Wingless (Wnt) and Notch by detecting extracellular
cues thus necessary for animal developmehhestructure and function of the cilae highly
conservedhroughout evolution(Pazour et al., 2002, 2000) he backbone of the cilium, the
axoneme, is composed of nine microtubule doublets congwstf - a d dtubblin polymersThe
axoneme is anchored to the cell body and transition zone. The transition zone separates cilia
from the cell body and regulates protein trafficking into cili@ating an exclusive ciliary
environment. This zone is composed e$iaped linker protein and ciliary necklace membrane
protein, and distal appendages. Since cilia do not contain the molecular machinery for protein
translaion and synthesigroteinsmustbetransported to the ciliary tip artthck va anterograde
and retrograde intraflagellar transport mechanigspectively

In vertebrates, Hedgehog (Hh) signalling critically depends on the primary cilium.
Therefore, dysregulation of Hh is linked to numerdwuman diseases collectively called

ciliopathies, and which include birth defects and diverse types of cancers. Aberrant activation
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can lead to dysregulation of other vital pathways such as Wnt and Notch. Hh is a secreted protein
that acts as a ligantadt is evolutionarily conserved, and plays a crucial role in embryonic
development and adult tissue homeostasis. Thus, Hh is a criticalisigmathway for

organogenesis, regeneration and homeostasis. There are thyesdihs recognized as ligands:

Shh, Indian hedgehog (Ihh) and desert hedgehog (Dhh). Shh, plays a role in nervous system cell
type specificatiorfMa et al., 2019; Patten & Placzek, 2000hereas Ihh involves skeletal
developmen(lwasaki et al. 1997; Vortkamp et al., 1996and Dhh is essential for
spermatogenes({§zczepny et al2006) In mice, Shh affestthe patterning of the neural

progenitors (interneurons and motor neurons) during embryogenesis, which depends on the

gradient of Shh.

Activation of Shh can occur in two ways: 1) the canonical pathway which consists of the
ligand-dependent activation dfie pathway, and 2) the nezanonical pathway consists of a-Gli
independent mechanisiim. canonical signalling, the HH ligand bindsit® receptor ptchl and
releases SMO repression, activating the Shh pathway by activaing$sa result, it inhibits
AC, limiting the conversion oATP into cAMP. The inhibition of cAMP ultimately inhibits PKA
accumulation, which prevents the ptsinslational modification of the Gli transcription factor
into its repressor form (Gli R). In summary, shh pathway activétichtates the transcription of
genes necessary for an organism's normal development by inhibiting PKA activity. In the
absence of the HH ligand, ptchl inhibits SMO activity that increases AC and PKA activity and
which leads to cleavage @i into its Gl R state (Fig 1.9 Gli R inhibits the transcription of
target genes, which are necessary for development. The downstream effects of the cascade
results in the translocation of Gli protein to the nucleus, which begins the transcription of the

essential gee, including ptchl and Gli 1, in a negative and positive feedback loop, respectively.
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Also, Gli protein translocation can induce modulation of Wnt and Na@zanbdlo et al, 2018)
Ptch2 is another receptor for Shh, which shares about 54% homology with ptchl, but the
expression and signalling are different from ptchl. And ultimaithas decreased inhibition

capacity to SmdFig 1.9)

In nonrcanonical signding, activation of the pathway occurs through ai@Gdiependent
mechanism, including type 1: downstream of Smo, and type 2: independent (Bi®maa et
al., 2012) The norcanonical Shh signlahg regulates sevdraignaling cascades, including
Ca*, cell proliferation and survival, chemotaxis and cell migration through actin rearrangement,

and axonal guidance through ERK and Src kinase pathway activation.

A number of positive and negative regulatioas been raptedthat influencehe
hedgehogathwayposiively and negatively, respecély. For instances?KA is a negative
regulator of the Shh pathway and becomes enriched in the cilium when SMO is active. Other
regulators such &8PCR161Kinesin familymember 7 (KIF7)suppressor of fused (SUFU) and
TULP3also become enriched in the cilium shortly after activation of SMO. GPCR161 is a
negative regulator of Shdignaling; activation of HH signdihg (i.e.HH ligand binding
enrichesSMO along the membrarand GPCR161 exits from the cilldF7 is essential for the
trafficking of Gli proteins to the tipfdhe cilia There are three types of Gli protein: Gli 1, Gli 2
and Gli 3. Gli Imainly works as an activatasherea<Gli 2 and Gli 3 are the predominant
activator and repressor proteins, respectivélyally, SUFU forms an inhibitory complex with
Gli proteins(in the absence of HH ligahdnd inhibits the translocation of Gli into the nucleus to
prevent the pathway's activation. TULP3 Isoceanegativeregulator as it is responsible for

recruiting GPCR161, anchored t@&that activate AC to increase CAMP concentration in the
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cilia. In contrastGSK3b works as a positive regulator of the Shh pathwaphxysphorylating

SUFU and promoting the release of SUFU from Gli proteins.

Emergirg evidence suggests that the Hathway can interact with other critical
signalling pathways such as PKA, Wntfatenin ard Notch. Particularly, HHnd Wnt can
interact in two ways: 1) by Gli 1 and Gli 2 activity, which can positively regulate the expression
of secreted frizzledelated proteiril (SFRP) that leads to inhibition of Wnt signalling, and 2) by
the downstream aeflty of GSK3b that is an essential companef inhibition complexes for

HH and Wnt pathway.

Genetically engineered rodents lacking cilia die around E11.5, and mutants lacking Shh
signalling die at E9.(Caspary et al., 2002; Kasarskis et al., 1998; Zhang,&Qf1) Ventral
neural cell fates were not specified in the mutants lacking cilia or Shh signalling, as the relevant
target genes were not induced. Also, loss of cilia ablates the formation of Gli activator (Gli A) or
Gli repressor (Gli R); hence, the target genee either not activated or repressed. In contrast,
the mutant of SMO only produces the repressor of Gli (Gli R), so the target genes are repressed

and had a more severe phenotype as they repress genesigunalrtissue.

Cannabinoidsctivate thelsh pathway possibly through two mechanisms of action: 1) by
directly inhibitng Smo and preveimgthe signl i ng of Smo t h2byjugh GUi pr
stimulating CBR that are presemm the primary cila (Fish et al., 2019)Potenially, CB1R form
heterodimers with Smo, ai®@B;R-Smo heterodimerareassociatdwi t h GUs pr ot ei ns
Activation of GU s Birig gtimalates AGincreasing PKA activity, leading to ireasesn Gli

R activity.
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1.4.5 Swimbladderdevelopmentin zebrafish

The swimbladder is a gdled sac that is located dorsal to the gut and is used for
buoyancy. It is essential for survival of most teleost species because it minimizes the energy
required to maintain a vertical position in the water col@Alaxander, 1972)In zebrafish,
swimbladder development begins during embryogenesis and it becomes fully functional by 5 dpf
(Yue et al, 2015) The development of the swimbladder process takes place in three: phases
budding, growth or elongation and inflatiQtvinata et al., 2009)The budding phase involves
the initiation of the swimbladder bud that forms as an evagination of the foregut, which consists
of endotheliakells. This buddingrocess starts at 36 hpf and lasts until 65 hpf. The elongation
step (6596 hpf) involves the growth of the swimbladder bud to form the pneumatic ducts. The
swimbladder has three distinct tissue layers during this phase: an epithelial layer, surrounded by
a mesenchymal layer, followed by a mesothelial [§Wénata et al., 2009)Finally, the inflation
phase involves the development of a fullyatdld singlechambered (known as a posterior
chamber) swimbladder at3ldpf via air gulpingdGoolish & Okutake, 1999)he development
of the anterior chamber of the swimbladder occurs &@228pf when a twahambered

swimbladder becomes visible in adult zebrafMhinata et al., 2009)

Zebrafish swimbladder #hought to bea homolog of the tetrapddng. Studies have
shown that the zebrafish swimbladder fails to inflate following exposure to various drugs
(Jonsson et gl2012; Yue et al., 2015pefective swimbladder development is commonly
reported after exposure to oils or polycyclic aromatic hydrocarbons (RRHsg¢ & Mager,
2020) Howe\er, the exact mechanism underlying these effmttswimbladder development is

unknown. Failed primary inflation and diminished swimbladder function are two possible
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causes, which are likely responsible for the altered development of the swimbladdeg.iRailu

primary inflation could result from a failuretoswaimp t o t he wat er 6s-sur f ac
up is a laborious movement that requires the integration of multiple physiological functions,

including proper muscle and CNS development, and viswatlowtion. Impairment to any of

these physiological systems could lead to failed swinibehavior such as underdeveloped

musculature and impaired vision. Abnormal development of the cardiovascular system is also

linked to defective swimbladder functionBAHs exposuréincardona et al2004) In that

study, the authors predicted failed inflation of swimbladder as a secondary consequence of

cardiovascular impairmeiffincardona et al2004)

Further, the swimbladder development can be impacted by diminished swimbladder
activity because if the swimbladder function is compromised, swimbladder volume cannot be
maintained even thugh primary inflation occurs. Compromised swimbladder function can
include reduced gas secretion rate by the gas gland or impairment of cardiac function. In
addition, studies also suggest that each layer of the swimbladder has a unique expression of gene
markers such a&Shhand Wnt signading, which may play a role in swimbladder development

(Winata et al., 2009)

1.5 ResearchObjectives and hypothesis

Epidemiological and clinical studies in humans indicate that exposure to cannabis during
development might have adverse effects. However, there are many inconsistencies and
contradictions among these reports due to various codiog factors, including the types of

cannabis used in the study: i) high in CBRnnabissativa (or hemp)ii) high in THC content
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Cannabis indica and iii) synthetic cannabis product. Surprisingly, very little is known about the
mechanisms of actions o&nnabinoids in light of its widespread u$kereforethe objective of
my studywas todetermine the effects of different types of cannabinoids on development in
zebrafish. Specifically, | have studidteimpact of brief exposurgof cannabinoids on zebrafish
development (i.egross development and synaptic development & maturatbnyesearch
mainly focuses a exposure during gastrulation, whigbcurs between 5.280.75 hpf in
zebrafish(Kimmel et al, 1995)(Fig 1.10) Becauseastrulation is a critical stage in embryonic
development when the differentiation of cell lines becomes apparent fimstiténe during
embryogenesis.fFee germ layersectoderm, mesoderm and endoderm are formed during this
stage, and key neurons inding M-cells(giant pair of neurons in zebrafish CIN&d primary
motor neurons are born. In humagastrulation oaars in week 3 of embryogenegidishimura

et al, 1974)and is early enough thatggnancy may remain undetectetgnce, | hypothesize

that cannabinoid exposure during gastrulation disrupts the proper development of zebrafish.

Further, @idemiological studies indicadghat prenatal cannabis smoking promotes
impairedcognitivefunction, abnormabehavia and neuropsychiatric defe@songtheir
children. Theseesults suggest that cannabés a profound and persistent effect on CNS
developmentHowever, the transgenerational effect of cannabis smoking is not well documented
yet. Also, low cannabigxposure during development daawve a persistent impact, i.e. the
mechanism of gene regulation, whatfiects the nextgeneration offsprings not known either.

Therefore, to address these questiopspposethefollowing two objectives:

Objective 1: Determine whether cannabinoid exposure during gastrulation alters the

development of zebrafish embryos and adults.
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Objective 2: Study the multigenerational effect of brief exposure of cannabinoids on

zebrafish.

In this thesis, | triedo dedpher the effects of prenatal cannabinoid exposurdéen
development ozebrafish embryos and adul&ubsequently, | tried to determine whether the
brief 5.5 hr exposure to cannabinoids altered the development of the next generation of animals.
Understading how cannabis impacts an organism's development, particularly the brain or
neuronal development, will enrich our knowledge, which will ultimately help clarify the

inconsistency and contradiction presented in a vast literature
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Figure 1.1 Chemical structure of phytocannabinoids and endocannabinoids
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Figure 1.1 Chemical structure of phytocannabinoids and endocannabinoid€hemical
structure of several phytocannabinoids} (+) trans Stetrahydrocannabidiol; ) transgp 9

tetrahydrocannabidiol, cannabidiol (CBD), cannabinol (CBN), and the endocannabinéigs (E

anandamide (AEA) and-@rachiodonoylglycerol (AG).
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Figure 1.2 Phytocannabnoids and endocannabinoids bindo cannabinoid receptors
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Figure 1.2 Phytocannabnoids and endocannabinoids bindo cannabinoid receptors Ligand
phytocannabiaids and endocannabinoids ar@ideed indifferent colors THC in green circle,
CBD in yellow circle,CBN in black circle. Smaller ailes represent endocannabinoid&A in
red circle and AG in blue circle. These cannabinoids work throughf/CBnd CBR. CBR is

shown in green color and @B isshown in orange color.
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Figure 1.3 Endocannabinoid systemECS)
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Figure 1.3 Endocannabinoid system ECS). The routes of synthesis and degradaiohG and
AEA are distinct and are mediated by multiple pathwaysG2is synthesized from
phosphatidylinositol biphosphate (PIP25equential hydrolysis of PIP2 occurs by the actions of
phospholipase Geta(PLCb) followed by hydrolysis otliacylglycerol by diacylgicerol lipase
(DAGL). Two isoforms of DAGL have been reported: DA&and DAGLb. Monoacylglycerol
lipase (MGL), ABHD6, and ABHD12 are responsible for the degradatiorAds 2Additionally,
2-AG can be hydrolyzed bytty acid amino hydrolase (FAAHnd oxidzed by

cyclooxygenas® (COX-2). AEA is produced from MNarachidonyl phosphotidylethanolamine by
N-acyltransferase (NAT) and-Blcylphosphatidylethanolamine (NAPEpecific phospholipase

D (NAPE-PLD) enzymeHydrolysis of NAPE by &NAPE-specific phospholipase D (NAPE
PLD). Dual hydrolysis of NAPE by the phospholipase B and alpha/beta domain hydrolases 4
(ABHDA4), followed by hydrolysis by GDEJRAEA is deggraded by a single enzyme, FAARto

arachidonic acid (AA) and ethanolamine
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Figure 1.4 Protein Structure of active form of CB1R and CB:R
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Figure 1.4 Protein Structure of activeform of CB1R and CBzR. A) Protein structure of

active CBR (5xra).B) Protein structure of active GB (6kpc).
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Figure 1.5 Superimposureof active and inactive structures of CB1R (A) and CBzR (B).
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Figure 1.5 Superimposureof active and inactivestructures of CB:1R and CBzR. A) active
CB1R (5xrg in blueandactiveCB2R (6kpc)in purpleare superimpose®) A) inactive CBR

(5tgz)in light blueand inactiveCB2R (5zty) in magentaare superimposed
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Figure 1.6 Schematic outline of scond messenger pathwagctivation
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Figure 1.6 Schematic outline of second messenger pathway activatibg cannabinoid
receptors The prototypical Grotein coupled receptors for cannabinoids areRCahd CBR,
but GRCR55 has been suggested to be a possible third cannabinoid recepRadBCBR are
negatively coupled to adenylate cyclase (AC) via @hile GRCR55 is potentially linked to the
Gg11. Cannabinoids are also known to bind to transient receptor potential channels such as
TRPV1, TRPV2 and TRPAL. Possible downstream effiectade the regulation of genes and

ion channel activity (Aype K" channels).
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Figure 1.7 Schematic ofprimary motor neuron branching in zebrafish.
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Figure 1.7 Schematic ofprimary motor neuron branching in zebrafish. A) Schematics of an
embryo. B)Each motor neuron has characteristic soma location and axonal branching, based on

which they are further divided. Primary MNs are subdivided into Middle Primary{NIR),

Rostral Primary MN (RoP) andaudal Primey MN (CaP)
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Figure 1.8 Ultrastructure of muscle organization.
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Figure 1.8Ultrastructure of muscle organization. The schematic outline shows the
ultrastructure of sarcomere assembly. Sarcomeres are seearasaf dark and light bands
under microscope, referred asb&nd and-band respectively. They are comprised of thick
filaments and thin filaments sequentially organized and bound to Z disk. Principal proteins
associated with the myofilament structuaes indicated at the bottoiimage created using

Biorender.com.

54



Figure 1.9 Schematic outlineshowing activation and inactivation of theHedgehog

pathway.
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Figure 1.9 Schematic outlineshowing activation and inactivationof the Hedgehog pathway

In the absence of the HH ligand, ptchl inhibits SMO activity that increases AC and PKA activity
and which leads to cleavage of Gli into its Gli R state (l&ft)he presence of HH liganHH

ligand bindgi.e. cannabinoiddp its receptor ptchl and releases SMO repression, activating the
Shh pathway by activatingaa As a result, it inhibits adenylate cyclase (AC), limiting the
conversion of ATM into cAMP. The inhibition of cCAMP ultimately ibits PKA accumulation,

which prevents the pestanslational modification of the Gli transcription factor intorépressor

form (Gli R). This ultimatelyfacilitates the transcription of genes necessary for an organism's

normal development by inhibitingKA activity. Image created using Biorender.com.
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Figure 1.10 Schematic outline ofcannabinoid exposure
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Figure 1.10 Schematic outline ofcannabinoid exposure Cannabinoid exposure waarried
outduring gastrulatiomeriod of zebrafish. Once the gastrulation period is over, at 10.75 hpf, the

embryos were washeadf with thefresh embryo mediand allowedhemto grow.
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Table 1.1 Properties of phytocannabinoids and en@cannabinoids at CBR and CBzR

Type of ligand Name Action
THC Partial CBR and CBR agonist
Phytocannabinoids | CBD 1. Antagonists of CER
2. Negative allosteric modulator of &8
CBN 1. Agonist of CB1R
2. Agonist and antagonist of GIB
AEA Partial agonist of CER
Endocannabinoids | 2-AG Agonist of CBR and CBR
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Table 1.2 Structure and properties of synthetic agonistat CB1R and CBzR

Type of ligand Name Action Structure
CP55940 Agonist of CBR
and CBR
WIN552122 Agonist of CBR
and CBR
Synthetic
Agonist HU-210 Agonist of CBR
and CBR
AM-1241 Agonists of
CB:R
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Table 1.3 Structure and properties of syntheticantagonistsat CB:R and CBzR

Type of

ligand

Name

Action

Structure

SR141716A

(Rimonabant)

Inverse agonists

of CB:R

Antagonists

AM251 Inverse agonists
of CBiR
oot
SR144528 Inverse agonists

of CBz:R

AMG630 Inverseagonists ()
of CB:R /
Inverse agonists

JTE907 of CB2R
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Table 1.4 Ki values for phytocannabinoids and endocannabinoids at GR and CBzR

Compound name Ki (at CB1 receptor) Ki (at CB2 receptor)
THC 5-80 NMR 3-32 nMf

CBD 4350 nMt 2860 NM

CBN 120-1130 nMt 96-300 N\

AEA 61 nM (micef 1930 nMP

2-AG 472 + 55 nMP 1,400 = 172 nM

a. Pertwee RG (2008) The diverse C&id CB2receptor pharmacology of three plant

cannabi oeitdrsah yqu9r oc annabi Aetrdahydrocaanabivaib.i di o |
British Journal of Pharmacolody3, 199215;doi:

https://doi.org/10.1038/sj.bjp.0707442

b. Bow EW and Rimoldi JM (2016) The structiifenction relationships of classical
cannabinoids: CB1/CB2 ModulatioRerspect Medicin Chen2016; 8: 1739; doi:

10.4137/PMC.S32171
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Chapter 2

Materials and methods

2.1 Animal care and exposure to THCCBD and CBN

The fish used in this study were wild type zebrafi3ar{io rerio) embryos of the
Tubingen Longfin (TL) strain that were maintained at the University of Alberta Aquatic Facility.
All animal housing and experimental procedures in this study were approved by the Animal Care
and Use Committee at the University of Alberta (AB00000816) and adhered to the Canadian
Council on Animal Care guidelines for humane animal use. For breeding, 3 to 5 adults, usually
consisting of 3 females and 2 males, were placed in breeding tanks the evening before eggs were
required. The following mrning, fertilized eggs were collected from the breeding tanks, usually
within 30 mins of fertilization. Embryos and larvae were housedcubators on a 12 h
light/dark cycle, and set at 28.5 °C. Embryos were exposed to egg water (EW; 60 mg/ml Instant
Ocean) containing either THC (2, 4, 6, 8 and 10 mg/L diluted from a stock solution obtained
f r om Si-Temahydrocgrabinol solution 1.0 mg/ml in methanol) or CBD (1, 2, 3 and 4
mg/L diluted from a stock solution obtained from Sigma; CBD solution 1.éniig/methanol),
or equivalent amounts of methanol during the period of gastrulation, which occurs between 5.25
hpf to 10.75 hpf. The expose medium was then replacedl&t75 hpf with 25 mL of fresh EW.
Embryos were washed several times in EW and tharbated in fresh EW until further
experiments at 48 hpf. For immunohistochemical studies, pigment formation was blocked by
adding 0.003% phenylthiourea (PTU) dissolved in egg water at 24 hpf. All protocols were
carried out in compliance with guidelines deised by the Canadian Council for Animal Care

(CCAC) and the University of Alberta.
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For Chapter 4, embryos weexposed to egg water (EW; 60 mg/mL Instant Ocean)
containing either 6 mfg/ THC (diluted froma stock solution obtained from Sigma,;
Tetrahydrocannabinol solution 1.0 my!/ in methanol) oequivalent amounts of methanol
during the period of gastrulation, wh occurs between 5.25 hpf ah@.75 hpf. The exposure
medium was then replaced at 10.75 Wjh 25 mL of fresh EWThe dose of TiE (6 mg/L) was
selected based any previouswork identifying critical concentration thatffectssurvival and
embryonic developmerfAhmed et al.2018)

For Chapter 5embryos were exposed to egg water (EW; 60 mg/ml Instant Ocean)
containing CBD (a stockolution obtained from Sigma, CBD solution 1.0 mg/ml in methanol) or
equivalent amounts of methanol (vehicle) during the period of gastrulation, which occurs
between 5.25 hpf to 10.75 hpf. The exposure medium was then replaced at 10.75 hpf with 25 mL
of fresh EW. Embryos were washed several times in EW and then incubated in fresh EW until

further expeiments at 48, 72, 96 and 120 hpf.

For Chapter 6 embryos were exposed to egg water (EW; 60 mg/ml Instant Ocean)
containing CBN (0.04 mg/L diluted from atocksolution obtained from Sigmaplution 1.0
mg/ml in methanol) or equivalent amounts of methanol or combination of appropriate drugs
during the period of gastrulation, which occurs between 5.25 hpf to 10.75 hpf. The exposure
medium was then replacetd20.75 hpf with 25 mL of fresh EW. Embryos were washed several
times in EW and then incubated in fresh EW until further experiments at 48 hpf. Antagonists of
CB1R (AM251 (Seleckchem, cat # S2819), CP945598 (Apexhint1435; referred as CP94))
and CBR (AM630 (Tocris Bioscience, cat #1120), JTE9O07 (Tocris Bioscience, cat #2479)) were

used in some experiments.
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For Chapter7, embryos were exposed to egg water (EW; 60 mg/ml Instant Ocean)
containing(-) THC (a stock solution obtained from Signgg, THC solution 1.0 mg/ml in
methanol) or equivalent amounts of methanol (vehicle) during the period of gastrulation, which
occurs between 5.25 hpf to 10.75 hpf. The exposure medium was then replaced at 10.75 hpf with
25 mL of fresh EW. Embryos were washed salvBmes in EW and then incubated in fresh EW

until further experiments &4, 48 and 12Chpf.

2.2 Embryo imaging and morphological observations

Embryos were imaged at 2 dpf using a Lumenera InfirlfgZolor microscope camera
mounted on a Leica stemaecroscope. Embryos were placed in avidl plate with one embryo
per well and were anesthetized in 0.0P5222(Tricaine methanesulfonate, sigr&drich, cat
# E10521Morphological dservations were performed using a dissecting microseopleryos
were placed in a X@ell plate with one embryo per well and anesthetized in 0.02% MS222.
Measurements of embryo length were done using a microscepeeg equipped with a

micromet.

The number of fish still alive and the number of fish thatlmetdhed out of the chorion
were recorded on each day until 5 dpf. Gross deformities were observed at 2 dpf where body
length of the fish, the number of larvae exhibiting pericardial edema and axial malformations

was counted for each treatment
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2.3 Immunohistochemistry

Znp-1 and Znr8 staining

Embryos (2 dpf) were fixed in 2% paraformaldehyde idt i and washed with 0.1 M
phosphate buffered saline (PBS) every 15 min for 2 h. The preparations were then permeabilized
for 30minin 4% TritonX 100 containing 2% BSA and 10% goat serum. Tissues were incubated
for 48h at 4 °C in either mouse monoclonaliamip-1 (Developmental Studies Hybridoma
Bank,DSHB)which targets an isoform of synaptotagmin 2 that is highly localized in zebrafish
primarymotor axongFox & Sanes, 2007; Trevarsoet al, 1990) or mouse monoclonal artin+
8 (DSHB) (Trevarrow et al., 1990Wwhich targets the DNGRASP protein on the surface of
secondarynotor axongFastena & Westerfield1999; Sylvain et al2010) All primary
antibodies were diluted at 1:250 in PBS. Tissues were washed in PBS twice enenjol2i 3
h and then incubated for 4 hours at room temperature in the secondary antibody, Alexa Fluor®
488 goat antmouse IgG, (Molecular Probes, Life Technologies), at a dilution of 1:1000. The
embryos were then washed for 7 h with PBS and mounted in MQWI@unting media. All
embryos were imaged on a Zeiss LSM confocal microscope and photographed under a 40 x
objective. Images were compiled using Zeiss LSM Image Browser software and are shown as
maximum intensity stack compilationdn Chaper 3 for primary motor axon branches, 9
squareboxes (Fig3.7A;e ac h a b o darea)wsré evenly placed over the trunk (3 in
dorsal, 3 in middle and 3 in lateral regions) and the number of branches per squaresbox wer
counted and averagéar wach fish In othe Chapters (Chapter 5, 6 and ifpjage J plugins
neurite tracer was used to trace all the brancbiqgimary motor(in one hemi segmenand the

number of branites were counted and averaged.
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3A10, RMO44, F59 and F310 staining

In Chapter, tissues were incubated for 48 h af@ in either mouse monoclonal anti
3A10 (Developmental Studies HybridomarBdDSHB), lowa City, IA, USA) (1:250Wwhich
targets neurofilamentssociated with Mell (Hatta, 1992pr anttRMO44 (Thermo Fisher
Scientific, Waltham, MA, USA) (1:250) which labels several types of reticut@meurons.
Tissues were alsocubated in artF59 (DSHB, 1:50) which targets myosin heavy chasoform
of red muscle fiberéMiller et al,, 1985)or antiF310 (CSHB, 1:100)that tagets myosin light
chainof white muscle fibergKok et al., 2007)Tissues were washed in PBS twaeery 15 min
for 2i 3 h and then incubated for 4 h at room temipeesin the secondary antiboddexa
Fluor®488 goat antmouse IgG or Alexa Fluor®555 goat aermouse 1gG, (Molecular Probes,
Thermo Fisher Scientific), at a dilution of 1:1000. The embryas wen washed for 7 h with
PBSand mounted in MOWIOL mounting mediamages were compiled using Zeiss L&&age

Browser software and are shoas maximum intensity-gtack compilations.

a-bungarotoxin staining

For the labelling of nicotinic acetylcholine recept@8ChRs), embryos at 2 dpf were
permeabilized as previously stated and incubated with 108lek&488 conjugated-
bungarotoxin (Molecular Probes, Thermo Fisher Scientificiforat roontemperature.
Embryos were then washed for 7 h with PBS andmted in MOWIOL mounting mediall

embryos were imaged on a Zeiss LSM 710 confocal ngopes (CA, USA) and photographed
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under a 40x objective. Images were compiled using Zeiss LSM |IBrageser software and are
shownas maximum intensity-gtack compilationsTo quantify thenumber and size dhe U-
bungarotoxin punctimage JIlmageJ 1.51n\ational Institutes of Health, Bethesda, MD, USA)

was used

2.4 Electrophysiology

Whole-cell patch clamp recordings were taken from muscle cells of embryos at 2 dpf.
Patchclamp electrodes were pulled from borosilicate glass (GC150T; World Precision
Instruments, Sarasota, FL, USA) on ®P pipette puller (Sutter Instrument Co., Novato, CA,
USA) and firepolished (MicreForge MF830; Narishige, Japan); once filled with intracellular
solution(ICS), these tips had series resistances df 2 Mq . consi§t&l of (mM): 130 CsCl, 8
NaCl, 10 Hepes, 10 EGTA, 2 Ca2H.0, 4MgATP, 0.4 LiGTP; the pH was adjusted to 7.4
and osmolarity was adjusted to 290 + 2 mOsimblAn extracellular solution (ECS), which
consisted of (mM): 134 NaCl, 2.9 KClI, 1.2 MgC10 Hepes and 10 glucose, with an osmolarity
of 280 £ 2 mOsmol L1, adjusted to pH 7.8, was bubbled with air and continuously washed over
the preparation, starting O 5 minutgaedprior t
Na" channel blockertetbot oxi n (TTX; Tocri s, UK) at a conc
action potentials during mEPC recordings. White muscle fibers were easily and accurately
identified based on their orientation within each segment using Nomarski Differential
Interfererce Contrast (DIC) optics, and whole cell voltag@mp recordings were taken over
periods of 1 minute. Whole cell currents were recorded at a holding poten6él miV usingan

Axopatch 200B amplifier (Axon Instruments, Sunnyvale, CA, USA);@a8s filered at 5 kHz
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and digitized at 50 kHz. Once in the whalell recording mode, the fibers had series resistances
from36 MqQq. Synapti c cur-mieutetemchsy Afterecachrientte r ded i n
recording the series resistance was checked ankatliithanged by more than 20%, the

recording was aborted. Recordings were maintained as long as the membsiaecessi

remained greater than 2@he series resistance. Series resistances were compensated by 70%

using the amplifierds compensation circuitry.

2.4.1Analysis of mEPCs

Miniature endplate currents (MEPCs) were monitored using a Macintosh iMac computer
running AxoGraph X v1.1.1 software (Axon Instruments). Recordings were examined by the
software, and synaptic events were detected using a tenfytetion. Overlapping or misshapen
events wereemovedand the remaining events were averaged and the properties (amplitudes,
decay time constants, frequencies) of the averaged trace were recorded. Events with slow rise
times and low amplitudes origirafrom neighbouring, coupled cells and were excluded from the
analysis, therefore, only fast rise time events were includet @mnalysis since these events
originated from the cells we were patch clamping rather than from nearby, electaabied
mu<les(Luna & Brehm, 2006)Single decay time constants were fit over the initial (fast) decay
portion and over the distal (slow) portion of the decay. For paclarrents were recorded from a

single white muscle fiber from a single embryo.

2.5 Locomotion in embryos and larva
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2.5.1 Locomotory responseto sound and touch

To image the zebrafish escape respohssed a high speed AOS video camera (AGS S
PRI 1995; 1250 FPS; shutter speedRoy8t@0 ¢ s)
2015) For the sound stimulusix larvae, aged 5 dpf, were placed in 35 mm x 10 mm petri
dishes with embryo media and were allowed to acclimate to their environment for 30 minutes
prior to sound stimulus application. The sound stimulus was a sawtooth waveform (500 Hz,
intensity was 8695 dB), created using audacity software (version 2.2.1). A computer speaker
was positioned next to the petri dishes to deliver auditory/vibrational (AV) stimulation to
embryos. Escape responses were recorded immediately prior to delivering the stimhtihenan
for about 1000 ms following the stimulughis period of time was long enough to film the
escape response and periods of swimming following ther@. The locomotion to an auditory
pulse was scored as an escape response when the animal begarettterigtic Gbend after
the stimulus. For the touch respoyibelarvaewere placed in a 35 mm x 10 mm petri dish and
were allowed to acclimate to their environment prior to application of the mechanical stimulus.
The mechanical stimulus consisted oiggi touch to the head with a pair of forcepsst@rts

were captured with the AOS high speed video camera.

2.5.2Spontaneous coiling activity (Locomotion at 1 dpf)

Quantifications of spontaneous coiling activity were performed using DanioScope
(Noldus)software to analyze video recordings of 1 dpf embryos that were still encased within

their chorion. Video recordings of 1 dpf embryos were taken under a dissecting microscope. The
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spontaneous coiling activity (%) of 1 dpf embryessmeasured to represent the proportion of
time that embryogvereactively moving, while the burst count/minutpresergdthe mean

number of contractile movements performed by embryos averaged per minute.

2.53 Escape Response in 2 dpf Embryos

Escape regmses of 2 dpf embryos were tested and recorded as previously described
(Shan et a).2015) Briefly, 2 dpf embryos were immobilized in 2% lawelting point agarose
(LMPA; SigmaAldrich; St. Louis,MO, USA) dissolved in embryo medium. LMPA was cut
awayfom t he e mbr y o alswing thamndmoeenwhile tha heads remained
embedded ithe gel. Embryo media was addedhe petri dish to ensure that the embryos
remained immersed in solutioBorosilicate glassicropipettes were pulled, filled witsolution
and then positionedels e t o e mb r y otouhing theoembryohEmharyos were u t
stimulated using a 15 ms palsf phenol red (SigmaAldrich) dissolved in embryo media ejected
from a Picospritzer 1l (General e Corporation, Cambridg®A, USA). Embryonic
responses were recorded for about 900 meviatig the stimulus using an AQ&leo camera
(AOS SPRI 1995 1250 FPS; shutter speed: 80%) mourted on a dissecting microscofiée
videorecordings were analyzed using a Motion Analysifivare, ProAnaly$t (Xcitex Inc.,

Cambridge, MA, USA).

2.5.4Escape response to touch usingthoVision (Locomotion at 2 dpf)
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Individual 2 dpf larvae were gently placed into the center of a petri dish (14 cm in
diameter) containing 200 mL of egg water, pH 7.0isAing linewas used to touch the head of
the larvae to trigger an escape respombke.petri distwasplaced on top foan infrared backlight
source and a Basler GenlCaM (Basler acA 180Pscanning camera with a 75 mm 2.8 C
mount lens, provided by Noldus (Wageningen, Netherlands) was used for individual larval
movement tracking. EthoVision ® XI1.5 software (Noldus) &s used to quantify the

swimming distance (cm) and swimming velocity (cm/s).

2.5.5Free Swmming (Locomotion at 3-6 dpf)

To track behavioral activities, such as velocity, swim bouts and activity, lar@a@ dyif
were placed in a 9@/ell plate.Larvae were placed gently into the center of wells containing 150
ul egg water, pH 7.0 and 48 wells were used each time fromneB@late inmy study (Costar
#3599). Prior to video recording, larvae were acclimated in the well plate for 60 minutes. Plat
were placed on top of an infrared backlight source and a Basler GenlCaM (Basler agg0)1300
scanning camera with a 75 mm f2.8@unt lens, provided by Noldus (Wageningen,

Netherlands) was used for individual larval movement tracking.

EthoVision ® XT-11.5 software (Noldus) was used to quantify activity (%), velocity
(mm/s), swim bouts frequency and cumulative duration of swim bouts for one hour. To exclude
backgrounchoise displacemen©0 . 2 mm was def i n eAdtivitmwas defined ve mo
as %pixel change within a corresponding well between samples (motion was captured by taking
25 samples/frames per second) as reported before (Leighton et al., 2@ 8hsolute values of
mean activity may appear small due to pixel percentageyiregion ofinterest (a well) that are
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changing at any time is small and bursts of activity may occur such that total movement is short

within any given minute.

2.6 Behavioralexperimentsin adults

2.6.10pen field (OF) test

The openield test is a commobehaviorakest inresearch to assess anxike
behavior and locomotiom zebrafish(Hamilton et al. 2021; A. Stewart et al., 201Z)pen field
tesstook place in a white circular plastic arena with a diameter ah34nd a height of 1ém.
For each trial, the arena wakedl to a height of 8m with fresh habitat war that was changed
after every third trialBehavior of individuafish in the operfield test was evaluatddr a10-
min trial in the test arena used for shoaling testing. Indivifisialwereplaced inthe center of
the arena. Thdistance moved (cm) and time spenthia center zone, the thigmotaxis zone, and
the transitiorzone (between the center and thigmotaxis zoh#)e arena were calculated using
the EthoVison systemThe zones were createdthin EthoVision XT (v. 11, Noldus, VT, USA)
motion trackingsdvar e and i nclude a O0centomradhigmaaxie t hat
zone which spanned8m from t he walls of the arena, and
two zonesA greate amount of time spent in the center zone indicates decreased dikeaety

behavior.
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2.6.2Novel object approach (NOA) test

The novel object approach testanother test to quantignxietyof theembryo(Dean et
al., 2020; Hamilton et al., 2017; A. Stevat al., 2012)This test involveplacinga 4.25 cm tall
LEGOP figurineinto the center othe operfield testing arena and measuring by the tendency of
thefish to approach and spend time near the novel object (Hamilton et al.,d0briapn and
Hamilton, 2017;Krook et al., 2019). The objeatas multicolored to avoid any innate color
preference of thésh. Eachl0-min trial began immediately after the object was placed in the
arena. Distance moved (cm) and time spent in the center zoneanétize the thigmotaxis zone,
and the transition zone were calculatsihg the EthoVision system. Arena water was replaced

following every 4th trial

2.6.3Shoaling test

For each shoaling test, five figh= 1 shoal) were nedtl from the original tan&nd
placed in the center of the behavioral arena. Gincsilar arena was formed from ntoxic
plastic and had a diametafr34 cm and a depth of 15 cm. The arena, which was surrounded by
white corrugated plastic to reduce visstmuli, wasfilled to a depttof 6 cm with habitat water
maintained between 26 and 28 °C. Watethe arena was replaced following every 4tn3a
trial to ensurehat the water in the arena was trirlgsh and animal is not under streSkoaling
behavior of Fishesin the arena was recorded for 10 rasing video camera mounted 1.0 m
over the arena. From these vidde#oVision XT software (v. 10, Noldus, Leesburg, VA, USA)

was used tguantify interindividual distance (IID) and distaa moved for eackhoal in each
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condition.Quantification of timehat thefish spendn varous zones of the arena can also be
usedas a proxy for anxietlike behavior, with increased time near the walls indicative of
increasednxiety (Stewart et al. 042). We quantified the average time efish in the shoal

spent in the center zowé the arena and in the thigtaais zone

2.7 Transmission Electron Microscopy (TEM)

Theembryos(5 dpf)were fixed overnight in 2.5% glutaraldehyde, 4% formaldehyde and
5 mM CaCtin 0.1 M cacodylate buffer (pH 7.2). They were then ffiesid for 90 min in 1%
OsQiin 0.1 M cacodylate buffer containing 5 mM Ca@hd 0.8% potassium ferricyanide.
Embryos werghen dehydrated in acetone and embedded in Epon:-tbitrgections were cut
and stained withuiranyl acetate and lead citrate. Later, samples arakyzed using a JEOL

1210 transmission electron microscope (Jeol; Tokyo, Japan)

2.8 Scanning Electron Mcroscopy (SEM)

At 5 dpf, embryos were collected into fixatin&5% glutaraldehyde, 2%
paraformaldehyde in 0.1 M phosphate buffer fixative, pH 7.4. The embryos were then washed in
buffer and dehydrated through a graded series of ethanol. After the ethanol series the embryos
went through a series of ethanol:Hexameadslazane (HMDS) mixtures, ending with pure

HMDS. From HMDS, the embryos were air dried overnight. Embryos were mounted on SEM
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stubs and sputteroated with golepalladium. The samples were examined in a Zeiss EVO 10

scanning electron microscope usingedetation voltage of 15 kV.

2.9RT-gPCR

In Chapterd, to analyze the expression offdirent NAChR subunits, mMRNAas
extracted from whole embrygs = 30 50 embryos, N = 5 batches) using a Trizol reagent
accading to manufacturer protocalhe concentration and purity of the RNA was determined by
NamoDrop spectrophotometry (Therrkgsher Scientific). A Maxima First Strand cDNA
Synthesis kit (Thermo Fisher Scientific) wased tosynthesize cDNArom 1 pg of the mRNA
stocks accordingtothemauf act ur er 6 s pr ot ocol . TEEbOfErdor wa s
RT-gPCR reaction. TagMagene expression assays (Therfansher Scientific) for zebrafish
chrnal, chrngandchrnethat were previously validat§dhmed & Ali, 2016)wereusedfor RT-
gPCR reactionRT-gPCR was carried out with the 7500 Faatem (Applied Biosystems). For
each reaction (1(L), 5 uL of 2x TagMan Gene Expressidaster mix 0.5uL of 20x TagMan
GeneExpression Assay, and 2uh of Nucleasefree water was added tqu2 of cDNA diluted
to 1:40.The thermal profile included a hbhg step of 50 °@or 2 min followed by another
holding step 0B5°C for 10 min, and 4@ycles including denature at 95 f@ 5 s and
anneal/extend at 60 9Gr 1 min. All samples were run in triplicate and the threshold cyde (C
was determined autortieally by SDS software (Applied Biosystems). Outliers possibly
originatingfrom inaccurate pipetting weamitted and Ct values were averaged. Housekeeping

gene Betaactin (actll) was used as internabntrol formy calcuktion. Comparative Ct Method
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(ddCt) was used for data representation using vehicle control as calibrator. No template controls

(NTC) were included for eadchssay in every plai@s negative control.

In Chapter5, RNA was prepared frorie vehicle and canbanoid treated embryds =
30i 50 embryos, N = 5 batcheassing TRIzol reagent (Invitrogen) by homogenization. cDNAs
were synthesized frorhug of purified RNA usingMaxima cDNA kit(Thermo Fisher Scientifjc
and used as templateDNA was diluted td.:40 in 1XTE bufer forRT-gPCR reactiongPCR
wasperformed using SYBR Green PCR master mix and the 7500 Fast system (Applied
Biosystems)The lousekeeping gene Besatin @ctbl) was used aaninternal control for my
calculation.The Gmparative CMethod (ddCt) was used for data representation using vehicle

control as calibratoA list of Primers (used in the RGPCR) is presented in table 5.1.

2.10RNAseq library preparation and data analysis

RNA was extracted from the vehielend THC-treated embryos (5dpf) using TRIzol
reagent (Ambion) according to the manufacture
and purity (260/230 ratio) of the extracted RNA using an absorption spectrometer; ensured that
the 260/230 value is ~ 2.0 begéogproceeding witlRNASeq. The concentration and RNA
Integrity Number (RIN) for RNA samples was confirmed using Bioanalyzer 2100 system
(Agilent Technologies). One microgram of total RNA was used for construction of the Illumina
libraries (lllumina, San Digo, California). The mRNA was enriched using ol@jb magnetic
beads and fragmented to 1300 bp. Later, cDNAvas synthesized and perform&cdd

adenylation, multiplex compatible adapter ligation (containing indexesRamgiPCR
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amplification. RNAseq was run as pairedd at 75 bp read length using lllumina Nextseq
platform and biological replicates wansed Data obtained by Illumina sequémg wasfurther
analyedusinglllumina basespace reference genome filis prepared using Dragen reference
builder application for my analysis where | provided the latest reference zebrafish genome
obtained from Ensemble databd&asemble, GCRz11)ater, RNA sequencing file was aligned
with the reference genome to get annotatesisted alignment for each samgimally, |
performedquantificationof differential expression of RNA transcripts (between two samples)
using Dragen RNA differential exprgen application (v3.6.3). To visualize the data R software

package (R4.1.0) was used.

2.11 Statistics

In this thesis, lvalues are reported as means + SEM (standard error ofdéhg).In all
instancs, tess for normality/homoscedasticity were first done udingD 6 A g o -Pdaiisam 0
normalitytest; appropriate parametric or Aparametric tests were performed accordingly.
Comparisons between two samples were achieveddsid or ManiVhitney U tests. Multife
sample comparisons were achieved using ANOVA followed by either Dunnett (comparisons
between treatment with controls only) or Turkey (multipleqage comparisons between all
groups), or with KriskléeNallis multiple comparisofusing the statisticaloftware built in to

GraphPad prism(p < 0.05)
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Chapter 3

Motor neuron development in zebrafish is altered byorief (5.5-h) exposure to THC
(tetrahydrocannabinol) or CBD (cannabidiol) during gastrulation

In this study|] set out to determine if exposure to THC and CBD during zebrafish
development has an effect on cells involwe locomotion. Importantly, flocusedmy exposure
parameters during a period of development known as gastrulation | dpeeifically wanted to
determine if a brief pulse of cannabinoids during a key developmental period would alter
embryonic developmenily results indicate that heart rate, gross morphology, neuronal
branching, synaptic activity and locomotor responses such asdtagt@scapeesponse are

adversely affected by exposure to THC or CBD.

3.1Results

3.1.1Gross Morphology

My goal in this study was to determine if brief exposure to the primary psychoactive and
non-psychoactive ingredients in marijuana (THC and CBi3pectively during gastrulation,
had adverse effects on embryonic development, specifically focusing on aspects of locdmotion.
exposed zebrafish embryos to various concentrations of THC (2, 4, 6, 8 angllL)QCBD (1,
2, 3 and 4ng/L) and their vehie controls (0.11% methanol) (Fig3.1 A), and examined a
range of anatomical features as well as hatching, survival and heariatateexamined
untreated embryos as additional controls for all treatments (THC, CBD and methanol). Fhe dose

dependent ékcts on morphology and body length are shown in¥igB, C. Consistent with a
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previous studyl found that vehicle controls (0.1% methanol) had no adverse morphological
effects(Maes et al., 2012Figs3.2 A and3.3 A). Embryosexposed to increasing concentrations

of THC and CBD developed with curved tails, cardiac edema and deformities such as blebbing at
the tip of the tail. Additionally, there was a dasependent reduction in body length of 2 dpf
embryos (Fig3.1 D, E). Forinstance, the mean body length of embryos exposednig/ls THC

was 2.88t 0.04mm (n=61) compared with vehicle controls of 32D.03mm (n=22;, p

<0.001).(Fig. 3.1 D). Similarly, the mean body length of embryos exposedng® CBD was

2.14+ 0.07mm (n=25) compared with 3.18 0.02mm in vehicle controls (& 32; p<0.001)

(Fig. 3.1 E).

To assess survivdldocumented mortality rates in the first 5 days of development.
Vehicle controls showed no difference in survival from uné@animalsKigs3.2 B and3.3 B).
Embryos exposed td 8 mg/L THC experienced similar survival rates for thetfB days of
devdopment (Fig.3.4 A). By day 5, embryos treated with 8 mg/L THC had a survival rate of
only 31 £10% (p< 0.05; n= 4 experiments), while embryos treated with 10 mg/L THChawly
a 5+ 5% survival rate (Fig3.4 A; p<0.05; n=4 experiments). The effectsGBD on survival
were more sever&or instance, by day 1 there was only about 424 furvival in the 4 md/-
treated group (p < 0.01; n =5 experiments) and 544as8irvival in the 3 md/-treated group
(Fig. 34 C; p < 0.01; n = 'experiments). By 5 days post fertilization, survival rates were 65 + 11
%, 56 + 14%, 20 £ 6% and 5 = 24 in theli 4 mg/L CBD-treated groups respectively (F4
C; p <0.01; n =5 experiments), compared with ¥88urvival in untreated and vehicle cais
(Fig. 34 C).

Rates of hatching were also negatively impacted by exposure to THC and CBD. In most

cases, 1006 of untreated animals and vehicle controls hatched by @dp 3.4 B, D, and
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Figs3.2 C and3.3 C), whereas only about B of THC-treated animals (regardie of THC
concentration) (Fig3.4 B) and 5090 % of CBD-treated animals (8% 1 % for 1 mg/L, 58+ 3 %
for 2mg/L and 63+ 11 % for 3mg/L) (Fig.3.4 D) had hatched. Embryos treated witmd/L

CBD did not hatch atrey age andlied by 5 dpf (Fig3.4 C andD).

Exposure to THQIuring gastrulation altered the basal heart rate of 2 dpf embryos compared
with vehicle controls (Fig3.5 A). Exposure to 2 mg/L THC had no significant effect on heart
rate, but embryos treated with 4 mg/L THC exhibited heart rates/ératlower than controls
(Fig. 35 A), while exposure to 6, 8 and 10 mg/L THC significantly reduced hatas by up to
50% (Fig. 3.5 A; p <0.001; n = 2022). The heart rate of untreated embryos was 99 £ 1 (n = 26)
beats per minute. Embryos treated with 2 mg/L THC exhibited a heart rate of 93 £ 2 (n = 26)
beats per minute, while embryos treated with 4, 6, 8 and 10 mg/L TéHGdaet rates of 83 £ 1
(n=22),61+4(n=22),72+1 (n=21)and 59 th = 21) respectively (Fig3.5A). Embryos
treated with CBD also exhibited a dedependent decrease in heart rate. For instance, embryos
treated with 1, 2, 3 and 4 mg/L CBDdaeart rates of 61 £3 (n =42),36 £2 (n =40),29+2 (n
= 25) and 25 * 2 (n = 20) beats per minuéspectively, compared with controls that ranged
from 97 £ 11 to 03 £ 12 beats per minute (F85 B; p < 0.001). Thesdata indicate that &b
expasure to THC and CBD during gastrulation significantly lowers the heart rate of newly
hatched zebrafish embryos. For the remainder of the $twuelgted embryos with single
concentrations of THC and CBD (6 mg/L THC and 3 mg/L CBD) because these concentrations

were in the 3080% range for hatching and survival of 2 dpf embryos.

3.1.2 Electrophysiology
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One ofmy goals was to determine if expostioeTHC and CBD during gastrulation
altered the activity of locomotor systems, specifically focusing on the NMJ. Therefstesd
whether synaptic activity at the NMJ was affected by exposure to cannabinoids. To investigate
this, | recorded miniature epthte currents (MEPCs) from the white fibers associated with trunk
musculature. Embryonic zebrafish have two types of muscle fibers, tonic red fibers and twitch
white fibers that are easily identifiable under the microscioparticularly focused on white
fibers as mammalian skeletal musculature is mostly comprised of twitch fiber types. In zebrafish,
white fibers make up the bulk of the trunk musculature and are innervated by both primary and
secondary motor neuro@/esterfield et al., 1986) only analyzed the fast rise time mEPCs in
my recordings since these events occurred oreliel wasrecording from rather than from
neighboring, electricaligoupled cells. The frequency of the fast rise time mEPCs recorded from
vehicle controls was 0.1 £ 0.01 Hz (n = 9), whereas in the THC (6)rrgéted embryos the
mEPCfrequency was reduced by alet®0% to a value of 0.04 006 Hz (n = 8) (p < 0.01;
Fig. 3.6 A,C), ard in theCBD-treated animals, it was 0.02 + 0.01 Hz (n = 9) compared with
vehicle controls (0.13 = 0.02, n = 10) (p < 0.001). In fact, in some preparhtEcwded only
2i 4 mEPCs over a-fhintime period. There was no change in mEPC amplitude compared with
vehicle ontrols (p> 0.05; data not shown).

| had previously found that the decay time course of mMEPCs recorded from white fibers
of 2 dpf embryos was f@xponential in nature due to the presence of multiple classes of nAChRs
(Ahmed & Ali, 2016; Mongeon et al., 20l Because changes in the kinetics often signify a
change in the subunit composition of synaptic recept@samined the exponentidécay of

mMEPCs but found that there was no significant difference ashamy of the treatments (Fig.6
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B). Thesedata imply that the nAChR subtypes that are normally expressed at zebrafish NMJs are

not altered by exposure to THC or CBD.

3.1.3Motor neuron immunolabelling

My electrophysiological data suggested that activity at zebrafish NMJs was

affected by exposure to THC and CBD. A reduction in mEPC frequency usually indicates a
change in presynaptproperties, thereforeasked whether the morphology of primary and
seconadry motor neurons was altered by THC or CBD treatment. To determine motor neuron
innervation patterng,immunolabelled primary and secondary motor neurons withzaptl and
antizn8 respectively. The artnpl antibody recognizes a form of synaptotageninat is
present in zebrafish primary motor neurdfex & Sanes2007; Trevarrow et gl1990) while
the antizn8 antibody recognizes DIBRASP protein that is highly localized to the cell
membranes of secondary motor neur@ashena & Westerfield, 1999; Trevarrow et al., 1990)
First,| examined the axons of primary motor neurons labelled withzaptl and found that
exposure to 6 mg/L TH®ad no quantifiable effect on the number of branches emanating from
the main, primary axo(Fig. 3.7 A, B), whereas exposure to 3 mg/L CBD resulted in a
significant reduction in theumber of axonal branches (FB)7 C, D). Specifically,| found that
the number of b FaeaFig3l78) waspeeluced frdmladnean nalue of 11 + 1
(n = 6 embryos) in vehicle controls to 8 + 1 (n = 8 embryos) in @B&ted animals (Fig.7 F,
p<0.01).

Immunolabelling of secondary motor neurons with-azn8 showed a more severe effect

of THC and CBD exposure, compared with primary motor neurons. The nature of the fluorescent
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labelling allowed us to specifically quantify dorsal, ventral and lateral bnag@atterns, as
shownin Fig. 3.8 (labelled D, V and L)l wasunable to see dorsal branches of secondary motor
neurons in embryos treated with eitbemg/L THC or 3 mg/L CBD (Fig3.8B, D, E,H; p <

0.01), whereas ventral branches were alvwagsent but often looked thinner thamirols (Fig.
3.8B, D, Fand I). Lateral branches were usually present in Ti¢@ted animals but were

largely absentollowing CBD treatment (Fig3.8 B, D, G and J; p < 0.01). Taken together, these
data suggest #t the normal development and innervation patterns of primary and secondary

motor neurons were affected by exposure to THC and CBD during gastrulation.

3.1.4 nAChR labeling

To determine if the expression of nicotinic acetylcholine receptors (hAAChRs) at NMJs
was altered by THC and CBD exposura,s e d f | u or e shenganotoxinyto label g ge d U
postsynaptic membranes of memnuscular junction NMJs (Fi8.9). The fluorescentbelling of
NMJs consistently appeared brighter in TH¢C-treated embryos compared with controls. The
total number of (hAAChR) puncta was greatef HiC-treated embryos compared with vehicles by
appoximately 22% (p < 0.05; Fi®.9 A, B and E). In contrst, there was a 1% reduction in the
total number of NnAChR puncta @BD-treated embryos (Fi®.9 C, D and G). The size of
the puncta ranged frormta ai maxmiumd@hetemaled60 t hmn
puncta appeared to be discretdities and may represent extrasynaptic nAChRs or developing
endpl at es, wher e addikely epregent matura MMJ alusters. Ellithee m

analysis revealed that there wePFPieCBDteated punct
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animab compaed with controls (Fig. 9 D, H). These findings suggest that synaptic

development at the NMJ was altered following cannabinoid treatment during gastrulation.

3.1.5Locomotion

Cannabinoigexposed embryos were able to swim (data not shown). To determine if
exposure to cannabinoids altered their ability to respond to stimuli such as touch\oirgut,
| stimulated freeswimming 5 dpf larvae with a mechanical or sound stimulus since thegAN
onto Mauthner cells develops at 4 dpf. Vehicle control larvae responded hoatoaiat 100% of
the time (Fig3.10 A, B). Embryos treated with THC or CBD also showed strong touch response
rates of 100% (n = 51 fish in 4 experin®nand 88% respectly (Fig.3.10A, B) (n = 25 fish
in 3 experiments). However, the response to sound was very different. Vehicle control larvae
responded approximately 68% of the time and following THC treatment exhibited a drastic
reduction in response where only 6% responded to the el (n = 30 fish in 5 experiments)
(Fig. 3.10C). CBD-treated embryos onkesponded at a rate of 40% (n = 30 fishin 5
experiments) when given a sound stimulus. These findings show that motor systems are still
functional following cannabinoid treatmebit there appears to be a selective effect on different
sensory modalities.

Taken together these results suggest that cannabinoid treatment duridgtirdithe
period of gastrulation altered a number of characteristics in developing zebrafish embryos
including morphology, heart rate, activity at the neuromuscular junctions, MN branching and

ability to respond to sound stimuli.
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Figure 3.1 Effect of THC and CBD exposure orzebrafishembryos.(A) A schematic of the
exposure paradigm of cannabinoids in this study. Red bar shows the duration of the cannabinoid
exposure which occurred forreduring gastrulation. (BC) Embryos were untreatédontrol), or
exposed to ng/L, 4mg/L, 6mg/L, 8mg/L or 10mg/L THC or 1mg/L, 2mg/L, 3mg/L or

4mg/L CBD (from 5.25 hpf to 10.75 hpf and then allowed to develop in nhormal embryo media.
Representativanages were taken ati hpf representative imageare presentedD) Bar

graph showing the body lengthsfigh in untreated control (black,159), different

concentrations of THC (pink, 154, 48, 61, 57 and 55 for 2, 4, 6, 8 andhi@L THC-treated

fish respectively) or corresponding vehicle coh{blue, n=39, 37, 22, 25 and 20 for 0.2, 0.4,
0.6, 0.8 and 1 percent methaiti@atedfish, respectively). (E) Bar graph showing the body
lengths of fsh in untreated control (black, n=51),fdifent concentrations of CBD (pink=b2,

52, 25 and 19dr 1, 2, 3 and 4ng/L CBD-treated ifish respectively) or corresponding vehicle
control (blue, r= 36, 39, 32 and 3fbr 0.1, 0.2, 0.3, and 0.4 percent methanehted ifsh
respectively). ***Signifcantly diferent from vehicle control, p<0.00Comparisons between
multiple groups were done by ome&y ANOVA followed by a Tukey pogtoc multiple

comparisons tegp <0.05).
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Figure 3.2 Effect of vehicle control of THC (methanol) on morphology, survival and
hatching of zzbrafish embryos
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Figure 3.2 Effect of vehicle control of THC (methanol) on morphology, survival and

hatching of zebrafish embryos(A) Embryos were untreated (control), or exposed to 0.2%,
0.4%, 0.6%, 0.8% or 1% methanol (from 5.25 hpf to 10.75 hpf) and then allowed to develop in
normal embryo media. Images were taken ab28pf representative images are presentBil

Line graphshowing the percentage of embryos that survived within the fatay5sof

development following methanol exposure during gastrulation (N=5 experiments and n=125
embryos for each treatment). (C) Line graph showing the percentage of embryos that hatched
within the first 5daysafter egg fertilization following methanol exposure%£MN experiment and

n =125 embryos for each treatmer@pmparisons between multiple groups were dongvoy

way ANOVA followed by a Tukey pogioc multiple comparisons tefgt <0.05).
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Figure 3. 3 Effect of vehicle control of CBD (methanol) on morphology, survival and
hatching of zebrafish embryos
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Figure 3.3 Effect of vehicle control of CBD (methanol) on morphology, survival and

hatching of zebrafish embryos(A) Embryos were exposed to 0.1%, 0.2%, 0.3% or 0.4%
methanol (from 5.25 hpf to 10.75 hpf) and then allowed to develop in normal embryo media.
Images were taken at 42 hpf. (B) Line graph showing the percentage of embiyaissurvived
within the first 5 days of development following methanol exposure during gastrulateb (N
experiments and A 125 for each treatment). (C) Line graph showing the percentage of embryos
that hatched within the first 5 days after egg feditiian following methanol exposure NS
experiments and A 125 embryos for each treatmer@pmparisons between multiple groups

were done bywo-way ANOVA followed by a Tukey podtoc multiple comparisons te§t

<0.05).
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Figure 3.4 Effect of THC and CBD exposure on survival and hatching.
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Figure 3.4Effect of THC and CBD exposure on survival and hatching(A, B) Line graph
showing the percentage of embryos that survived and hatched withirsttiedays of
development following THC exposure during gastrulatior=(@experiments and+20

embryos for each treatment). (@) Line graph showing the percentage of embryos that survived
(N =5 experiment and n2 5 embryos for each treatment) aratdined within theifst 5 days

after egg fertilization following CBD exposure (N3 experiment and a 25 embryos for each
treatment). ** Significantly differentfrom vehicle control, p<@01, **Significantly different

from vehicle controp<0.01, *Significantly different from vehicle contrgd<0.(. Comparisons
between multiple groups were donethyp-way ANOVA followed by a Tukey podtoc multiple

comparisons tegp <0.05).
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Figure 3.5 Effect of THC exposures orheart rate.
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Figure 3.5Effect of THC exposureson heart rate. (A) Bar graph showing the heart rate of
untreated control embryos £129), 2 10 mg/L THC-exposed embryos @26, 22, 22, 21 and

21 for 2, 4, 6, 8, and 1fag/L THC, respectively) and corresponding vehicle controls (methanol
treated embryos; = 31, 25, 35, 26 and 28 for 0.2, 0.4, 0.6, 0.8, and 1 percent methanol
respectively). (B) Bar graph showing the heart rate of untreated control embryos (fi422), 1
mg/L CBD-exposed embryos (r42, 40, 25 and 20 for 1, 2, 3 and 4mg/L CBD respectively)
and corresponding vehicle treated embryos 2%, 31, 24 and 25 for 0.1, 0.2, 0.3 and 0.4
percent methanptespectively). ***Significantly differentfrom vehicle control, p<0.a0
Comparisons between multiple groups were done bynw@yeANOVA followed by a Tukey

posthoc multiple comparisons test (p <0.05).
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Figure 3.6 Miniature endplate currents (MEPCs) recorded from zebrafish white muscle
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Figure 3.6 Miniature endplate currents (MEPCs) recorded fromzebrafish white muscle

fibers of vehicle control and 6 mg/L THGtreated embryos (lef column), and vehicle

control and 3 mg/L CBD-treated embryos (right column).(A) Representativeaw traces
obtained from 2 dpf vehicle control (0.6% Methanol, 0.3% Methanol), 6 mg/L-ffeHied
embryos and 3 mg/CBD-treated embryos. (B) Averaged mEPCs obtained from white muscle
(black line)ft wi t h a singl e exponent ifastjreddashedlyne) ov er
or sl ow c slowpbuedashed ling)UAveraged mEPCs acquired from vehicle control
(0.6% Methanol 6 events; 0.3% Methanol 36 evantstal from 6 fish, 6 mg/L THGtreated
embryos {1 eventsn total from 7 fishh and 3 mg/LCBD (6 eventdrom 5 fish (C) Bar graph of
the mean mEPC frequency of vehicle and Fi€ated embryos (I8f and vehicle and CBD
treated embryos (right) ** Significantly differentfrom vehicle control, p<0.00dnd

*Significantly different fromvehicle controp<0.(. Significance was determined using a non

parametric MantWhitney analysis
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Figure 3.7 Antibody labelling (anti-znpl) of axonal brarches of primary motor neurons at
2 dpf
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Figure 3.7 Antibody labelling (anti-znp1) of axonal branches of primary motor neurons in

2 dpf embryos in vehicle controls, 6ng/L THC -treated embryos and 3ng/L CBD-treated

embryos. (A1 D) Branching patterns and labelling of axons appear to be similar between controls

and THGtreated embryos but reduceddBD-treated embryos. (E) Bar graph showing the

number of branches emanating from primary motor axons in vehicle control (n=6)ragit

THC-treated embryos (n=8), counted from Felif ent squar e dareap@)Bareach 1
graph showing the number of branches emanating from primary motor axons in vehicle control

(n=6) and 3mg/LCBD-treated embryos (n=8), counted from fetent square areas (each about

1500¢ rharea)** Significantly different from vehicle contr@i<0.0L, * Significantly dfferent

from vehicle control, p<0® Significance was determined using a fearametric Mann

Whitney analysis
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Figure 3.8 Antibody labelling (anti-zn8) of axonal branches of secondary motor neurons at
2 dpf
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Figure 3.8 Antibody labelling (anti-zn8) of axonal branches of secondary motor neurons in

2 dpf embryos in vehicle control, ng/L THC -treated embryos and 3mg/LCBD-treated
embryos.(Ai D) Dorsal, ventral and lateral branches emanating from secondary motor neurons
are indicated by yellow, white and blue arrows. Dorsal branches were absent-iafdBD-

treated embryos (B)). Fewer lateral branches are visible@BD-treated embryos. {E5) Bar

graph comparing percentage of dorsal branches (E), ventral branches (F) and lateral branches (G)
emanating from secondary motor neurons in vehicle control (n=11) eagdl6THC-treated

embryos (n=11). (HJ) Bar graph comparing percentage of dorsal branches (H), ventral branches
() and lateral branches (J) emanating from secondary motor neurons in vehicle control (n=11)
and 3mg/L CBD treated embryos (n=9): *Significantly differentfrom vehicle control

p<0.001 ** Significantly different from vehicle contr@<0.0L, *Significantly different from

vehicle controp<0.(. Significance was determined using a fearametric MantWhitney

analysis

101



Figure 3.9 Expression of nicotinic acetylcholne receptors (nAChRs) aR dpf
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Figure 3.9 Expressionof nicotinic acetylcholine receptors (nNAChRs) in 2 dpf embryos of

controls, 6mg/L THC - and 3mg/L CBD-treated fish.(Ai D) -bungarotoxin labelling of

postsynaptic membranes at the NMJ in zebhetrunk musculature. (E) Bar graph representing
thetotalnmb er -baifn gdr ot oxi n punct a?areaand tommhred ver per
between vehicle control (n=10) anarg/L THC-treated embryos (n=6). (F) Bar graph
representingbuhganaoambernoputct a wf compamd mi ni mu
between vhkicle control (n=10) and gg/L THC-treated embryos (n=6). (G) Bar graph
representing t-hbengatatornumbpunof gdl@mandnt ed ove
compared between vehicle control (n=8) and@L CBD-treated embryos (n=7). (H) Bar graph
representingbuhganaoambernoputct a wf ¢compamd mi ni mu
between vehicle control (n=8) andr®)/L CBD-treated embryos (n=7)**Significantly

differentfrom vehicle controls p<0.Q*Significantly different from vehicle contl p<0.(b.

Significance was determined using a fmarametric ManfWhitney analysis
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Figure 3. 10 Quantification of the response rate of &lpf zebrafish larvae totouch and

sound stimuli
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Figure 3.10Quantification of the response rate of &ipf zebrafish larvae to touch and

sound stimuli. (A) Bar graph comparing the ratio of larvae responding to a touch stimulus in
vehicle control (=39 embryos in 4 experiments) anagd. THC groups(n=51 embryos in 4
experiments). (B) Bar graph comparing the ratio of larvae responding to a touch sirmulus
vehicle control (n=42 embryos in 4 experiments) amagd. CBD groups(n=25 embryos in 3
experiments) (C) Bar graph comparing the ratio of larvae responding to a sound stimulus in
vehicle control (=30 embryos in 5 experiments) anagd. THC groups(n=30 embryos in 5
experiments). (D) Bar graph comparing the ratio of larvae responding to a sound stimulus in
vehicle control (n=24 embryos in 4 experiments) anagd. CBD groups(n =30 embryos in 5
experiments). ** Significantly differentfrom controlsp<0.001 *Significantly different from
vehicle controp<0.(. Significance was determined using a fearametric ManitWhitney

analysis
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Chapter 4

Early Exposure to THC Alters M-Cell Development in Zebrafish Embryos

| had previously found that zebrafish embryos exposed to THC during gastrula
exhibitedaltered fast escapes in response to acoustic buteaitanosensitive stimyChapter
3), indicating a possibldeficit with M-cell form or function. Myresults from the present study
indicate that Mcells are largelyntact following exposure to THC during gastrulation and that
there appars to be minor but significanhanges to neuronal morphology. Moreover, muscle

morphology ad locomotor responseseaalsoimpacted by exposure to THC.

4.1 Results

4.1.1 THC exposure reduces axonal diameter of Mell

In chapter 3) found that zebrafish embryos exposed to THC frod0ImgL exhibited
morphological and neuronal changes that ranged fronff ect @t the lower concentratiorts,
disorganized neuronal morphology and alterations in responses to sound atehe high
concentrations. In the present studyntinuemy work by examining the morphologf M-
cells following exposure to the primapgychoactive ingrednt in cannabis, THG.exposed
zebrafish embryos to 6 mg/L THC bbad done previously and cpared these embryos with
vehicle controls (0.6% methanol). An immunohistochemicalyais of Mcell morphology was
performed at 2 dpf witant-r3A10. Embryos exposed to THC eltied M-cells that were largely
similar to controls but appeared disheveled and possessed slightigrtand wispier looking
axons(Fig 4.1 Ai E). The diameter of the Mell body was unchaed (p > 0.05; n =i8.0) (Fig
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4.1 C), whereas the Mell axon diameter was significantly smallettle treated group
compared witlcontrols (p < 0.05). Specifically, the-bell diameter in the control group was 2.0
+0.1um (n =8) while it was 1.5 0.1um (n = 11) h theTHC-treated group (Fig 4.F). To
confirm these findingd, performed an additional immunohistochemical analgsihe Mcdls

by labelling reticulospinaheurons using the ar@MO44 antibodyl found that there was an
oveall reduction in the intensitgf the fluorescent labelling of many neurons in the Hir€ated
animals compared with contrglBig 4.1 G, J). The diameter of the Mell body remained
unchangedFig 4.1 1); however, the diamet@&f the M-cell axon was significantly smaller (12
0.06um, n = 9) inthe treated group compared witkhicle controls (1.& 0.1um, n=7) (p <
0.05) (Fig4.1L). These rest$, obtained using two distinahd independent antibodies, strongly
suggest that the Mells exhibi small but significant changésllowing exposure to 6 mg/L THC

in the gastrulation stage.

4.1.2 Escape response properties were altered due T¢1C exposure

To determine if the properties of the escape responsedesdditered by exposure to
THC, | recorded the @end following a mechanosensitive stimulus to the head of 2 dpf
embryos.The Gbend response rate between the two groupsinakar and there were no overt
differencesdhetween the treatments. However, the angle of ther@ was signifiaatly greater
in the THC-treatedanimals compared with vehict®ntrols (Fig £ A; p < 005; n =7i 13).
Analysis of the maximurspeed and acleration showed no significantftierences in these

parameterg¢Fig 4.2 B, C; p >0.05;n = 7 13).On the other handhe time to maximum bend of
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the trunk was giager in theTHC-treated animal@Fig 4.2 D, p < 0.05; n =713), likely because

the bendangle was greater.

4.1.3 White and red muscle fibers appear thinner and kghtly disorganized in THC

treated embryos

Since a deficit in muscle development may contribute to the chasticern the Cbend
responsel decidedto examine muscle morph@w. | performed an immunohistochemical
analysis of the trunk musclesconjunction with labelling of the nicotinic receptors using
fluorescently tagged- bungarotoxinThe trunk muscles of embryonic and larval zebrafish
embryos are congsed of a single layer of outexd muscles and several layers of inner white
musclegWaterman, 1969)The oute red muscle of vehicle contrahimals developed in an
orderly fashion with clear and precise boumeabetween the trunk segme(fg 4.3). Thea-
bungarotoxin labelling of nAChRs in untreated animals wadynaligned at thesegmental
boundaries (Fig.3 AT C) as described in previous studiesfebvre et al.2007; Park et al.,
2014) However, embryoseated with THC exhibited thinnerdividual muscle fibers (Fig.3
E) that appeared less tighhpcked, with larger spaces in between the fibers and unclear
segnental boundaries. The diametéTHC-treated red muscle fiber was reduced to5012
pm from control values of 6.8 0.3um invehicle exposed fibers (F§3 G, p < 0.05; n = 24
34). However, the lengths of the fibers remainadhanged (Fig.3 H). Moreover, the nAChR
expression, that was largely confined to segmentaboundaries, &ws somewhat disorganized

(Fig 4.3 D-F).
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A correspondin@nalysis of the white fibers using the F310 antibody combinedawith
bungarotoxirlabelling of NAChRs pvided asimilar result (Fig 44). The white filer diameter
for control embryosvas 7.8t 0.3um (Fig4.4 G), whereas it decreased to 4.6.3um for
THC-treated embryo muscfiers (Fig4.4 G, p < 0.05; n = 1182).1 did not observe any
significant changes in the length ioidividual fibers (Figd.4 H). The white fibers exhibited
periodic regions of disorgdzation with intemittent NAChR expression (F#@4 Di F). Further,
the labelling ofa-bungarotoxin showenhorecondensed nAChR #t was also disorganized (Fig

44D).

4.14 THC does not dter nACh R subunit expression

To determine if the expression of the nAChR subunits was altered following THC
exposure| performed a semi quantitative analysis of the mRNA foatheyande subunits in
relation totheb subunit. However, found no significant differences in thelative expression of
the nAChRsubunits (Figt.5 AT C), suggesting that differences in nAChR subunits expression do

not occur as result of early THC exposure nmy experimental paradigm.

4.15 THC exposure alters the bcomotion at 5dpf

Lastly, | allowed the animals to develop until they were 5 dpf, at which age they actively
swimto feed. This allowed us to determine if exposure to THEc#&d their bsal level of
activity. | foundthat all aspects of their movement were altered by Tid@ment during

gastrulation (Figt.6 Ai D). For instance, the mean distance swam changed from3@20
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mm/hr in the controls (n #7) to960+ 170 mm/h inthe THC-treated animals (Fig.6 A, n =77,

p <0.0@). The mean velocity fell fror@.70+ 0.08 mm/s (n = 77) to 0.220.03 mm/s (n = 79)
(Fig4.6 B, p <0.001), the mean activity fefitom 0.073% (r= 84) to 0.015% (n = 84) (Fi4.6

C, p<0.001) andhe movement frequency fell fro685+ 72 (n = 74) to 24% 44 (n = 74) (Fig

46D, p <0.001)n 5dpf fish previously exposed to THTaken together, these findings suggest
thatcannabinoid treatment during gastrulation affected neuronal morphology tdlalsgree,

as well aghe development of muscle fibers and various aspects of locomotion. These results are
consistent withmy previous study and suggest that developing organisms exposed to THC may

experience subtlalterations in development.
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Figure 4.1 THC exposure reduces Mcell axonal diameter
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Figure 4.1 THC exposure reduces Mcell axonal diameter.(A, G) Immunolabeling of Mcells
with ant-3A10 and antRMO44 in a vehicldreated embryo; (B;) highermagnification of M
cell body and axon of vehickeeated embryos. White arrow shows the cell body of theeN
(C, 1) Bar graph of the width of an Mell body in vehicle an@HC-treated embryos. (0J)
Immunolabeling of Mcells withantr3A10 and antRMO44 in a THCGtreated (6 mg/L) embryo;
(E, K) highermagnification of Mcell body and axon of a THE€eated embryo. Red arrow
points to the proximal axon immediately anterior to the decussation poih). B&r graph of the
diameter oM-cell axons slightly anterior to the decussation point in vehicle and{féed
embryos Significance was determined usingn-parametridVlannWhitney analysis**
Significantly different from vehicle control, p < 0.01. *** Significantly different frohicle

control, p < 0.001.
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Figure 4.2 Exposure to THC during gastrulation alters escape response parameters
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Figure 4.2 Exposureto THC during gastrulation alters escape response parameters.

Analysis and quantification of G-bend parameters was carried out at 2 dpfZebrafish

embryos exhibit a @end in response to a jet of water directed at the head just behind the eyes.
(A) Bar gmaphshowingthe maximum angle of bend for vehicle and Fii€ated (6 mg/L)

embryos. (BBar graph showinghe instantaneous peak speed (mm/s) du€ihbgnd. (C)Bar

graph showinghe instantaneous peak acceleration durisige@d. (D) Bar graph showing the

time for the tail to bend to the maximum an@enificance was determined using non

parametric MantWhitney analysis* Significantly different from vehicle control, p < 0.05.
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Figure 4.3 Co-labeling of red musclefibers and nAChRs using anttF59 and Alexa 488
conjugat e dbungarotoxin, respectively
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Figure 4.3 Co-labelling of red muscle fibers and nAChRs using antF59 and Alexa 488

c 0 nj u g-buhgardtoxid respectively.( A )}Burigarotoxinlabelled nAChRsassociated

with red muscle fibers in vehicleeated embryos. (B) An&-59-labelled muscle fibers
vehicletreated animalsRed arrows point to the edge of a muscle fiber. Inset shows muscle
fibers at higher magnification to better determine the sizkeofiber. (C) Merged image

showing the cdabeled red muscle fiber and NAChR invehitle eat ed a-ni mal s.
bungarotoxidabelled nAChRs associated with red muscle fibers in -Titd&ted (6 mg/L)

embryos. White arrow shows the cluster of NAChRs. (B)-E59 labelled muscle fibers
THC-treated animalsRed arrows point to the edge of a muscle fiber. Inset shows muscle fibers
at higher magnification to better determine the size of the fiber. (F) Merged image showing the
co-labeled red muscle fiber @nAChR in THGtreated animals. (G) Bar graph showing the
diameter of red fibers for vehiclandTHC-treated embryos and ()easuremenf red fiber

length. Significance was determined using Roerametric MansWhitney analysis®**

Significantly differat from vehicle control, p < 0.001.
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Figure 4.4 Co-labeling of white muscle fibers and nAChRs using ant-310 and Alexa 488

c 0 nj u g-lbuhgardtoxid, respectively
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