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After the legalization of marijuana for recreational and medicinal use in the United
States, more and more young adults of child-bearing age have legal access to it. Marijuana has
been found to cause neurological, respiratory, urogenital, reproductive and immune health
abnormalities. Despite its adverse health outcomes, research also suggests that cannabinoids,
chemical constituents of marijuana may be useful for the treatment of pain, nausea, epilepsy,
obesity, and several human health conditions. Delta-9 tetrahydrocannabinol (Δ9-THC), which is
one of the psychoactive constituents of marijuana, can induce epigenetic alterations
(epimutations) on genome DNA of gametes due to chronic paternal consumption. Nevertheless,
it has not been experimentally demonstrated yet whether the marijuana-induced alterations in the
germline epigenome can be passed onto the offspring causing transcriptional profiles of
abnormal health phenotypes. The present study, therefore, examined pre-conceptional paternal
(F0) THC exposure effects on epigenome of the paternal germline and transcriptional profiles of
the derived male offspring (F1). Hypotheses tested that 1) THC induces transcriptional
alterations in the testis and epigenetic aberrations in the germline of exposed father; 2) the
offspring born with the THC-exposed father exhibit transcriptional alterations in various somatic
tissues indictive of adverse health conditions. Reproductively active male medaka fish were
exposed to four different concentrations of THC (0, 30, 120, 600 ug/L) for 21 days and their
fertilization efficiency was determined, including epigenetic profile of their sperm and
transcriptome profile of the derived offspring. Paternal THC exposure reduced fertilization
efficiency of the F0 father and F1 derived offspring. Direct THC exposure resulted in
differentially expressed genes (DEGs) related to metabolism, neuron-specific RNA splicing

mechanism, and myocyte formation in the father’s testis, while DEGs mainly related to
metabolism, neuron signaling, and immune system were found in F1 somatic tissues.
Differentially methylated regions (DMRs) in F0 sperm predicted dysregulation in F1
transcriptome profile. Molecular changes observed in the present study suggest effects of
paternal THC exposure on their fertility and offspring reproductive and metabolic health.
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CHAPTER I: INTRODUCTION
1.1 Marijuana Usage
Marijuana use is becoming more permissive after legalization for recreational and
medicinal uses in the United States, more and more young adults of child-bearing age have legal
access to it. In 2015, Hasin et al. showed a significant increase in the prevalence of marijuana
use disorder (MUD) compared to 2001-20021. The number of people who were diagnosed with
MUD in 2012-2013 was doubled compared to 2001-2002. The study also suggests that people
who have a history of marijuana use but are no longer users are more likely to develop MUD
even without consuming marijuana. In a similar study, an increase of MUD diagnosis among
adolescents and adults, who are over 26 years old of age, was reported in 2016 compared to
20082.
Marijuana usage can also lead to increased dependence on other illicit drugs such as
nicotin and cocain. Younger heavy users are more susceptible than older heavy users3,4. In 2016,
a study tested the correlation of MUD between different age groups and suggested that MUD is
more frequently diagnosed in younger respondents than older respondents, regardless of the time
frame and intensity of use5. Simultaneous alcohol and marijuana (SAM) use is also an increasing
trend in society. In 2018, a study reported that SAM use prevalence was the highest among
young adults, with a strong positive correlation between marijuana use and alcohol use,
suggesting that young adults are at higher risk of developing symptoms due to SAM use6. It is
also suggested that SAM among young adults is showing an increasing trend from 2014 to 2016.
Furthermore, epidemiological studies suggest that consumption of marijuana leads to
neurological, respiratory, urogenital, immune health abnormalities and is increased risk of
developing cardiovascular diseases7,8. Especially among adolescents, long-term use or heavy use
of marijuana are strongly associated with adverse effects of addiction, altered brain development,
and cognitive impairment. While the trend of adolescent marijuana use is increasing, this age
group is at a higher risk of developing neurological health conditions and if marijuana exerts
epigenetic impacts, the children of this age group are also likely to be at high risk.
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1.2 Cannabinoids and the Endocannabinoid System
Marijuana smoke is composed of 400 chemicals, of which 150 are cannabinoid
compounds9. Isolated cannabinoids from marijuana include Δ8-tetrahydrocannabinol (Δ8-THC)10,
cannabidivarin (CBDV)11, cannabinolic acid (CBNa)12, tetrahydrocannabivarin (THCV)13,
cannabigerol (CBG)14, cannabinol (CBN)14. Cannabichromene (CBC)14, cannabichromevarin
(CBCV)12, and Δ9-tetrahydrocannabinol (Δ9-THC)15. Among the isolated cannabinoids, the
primary psychoactive constituent of marijuana is Δ9-tetrahydrocannabinol (Δ9-THC) targets the
endocannabinoid system (ECS), which regulates biological processes involved in development
and neuroplasticity16. Δ9-THC activates specific cannabinoid receptor CB1 and CB2, which are G
protein-coupled receptors17. The cannabinoid (CB) receptors play a major role in nervous system
development, receiving signals from the eCB system (ECS), and triggering subsequent cell
signaling processes18. One of the important enzymes that participate in subsequent signaling
within the ECS is FAAH, which is a hydrolyzing enzyme that adjusts subsequent signaling. ECS
also takes part in the reproduction systems in both males and females. It is suggested that ECS
and CB receptors contribute to gametogenesis, embryo implantation, and fetal development in
females, as well as sperm motility, sperm fertility, and chromatin structures in males17,19,20.
The ECS can be epigenetically modulated, which leads to alterations in biological
processes, including reproduction. Because the CB receptors are crucial to the nervous system as
well as reproduction, the consumption of exocannabinoids can also be influential to the body.
Particularly, CB1 receptor signalling has been shown to influences chromatin remodeling in
spermatids by affecting the content of transition protein 2 (TNP) and histone displacement.
Inhibition of CB1 results in a decrease in TNP, increasing histone retention in the spermatids. Narachidonoylethanolamine treatment of the inhibited cells leads to increased TNP mRNA levels,
suggesting that the addition of eCB or exocannabinoids is able to reverse the effects causing by
the absence of CB1 receptor20.
Research shows that the affinity of THC to CB receptors exceed other constituents such
as cannabidiol (CBD), cannabigerol (CBG), and cannabinol (CBN), leading to the hypothesis
that THC is more influential than other cannabinoids. After consumption, THC is metabolized to
11-hydroxy- Δ9-tetrahydrocannabinol (11-OH-THC), and excretion include 11-nor-9-carboxy2

Δ9 -tetrahydrocannabinol (THC-COOH) and glucuronide17,21. The metabolites of THC remain
longer in the body, staying in the system for longer periods21.

1.3 THC in the Environment
Prevalence of THC in natural water of the United States has not been comprehensively
investigated yet. Based on the frequency and amount of consumption and excretion rate in
designated areas, THC has been anticipated to be present in water bodies at the detectable level.
Based on the activities of THC-COOH, which is a metabolite of THC, effects on aquatic fauna
are expected22–30. It is not clearly understood what level of endocrine disruption is occurring in
the aquatic biota due to the THC released in the areas where cannabis use has been legalized.
Municipal water makes its way to the wastewater treatment plant and is released into the
environment after a series of purification processes. Studies conducted outside the United States
suggest that, in influent wastewater, the conenctration of THC has been found to be from 11.3136 ng/L while in effluent wastewater, the concentration ranges from 1.75-124 ng/L. In surface
water, THC concentration has been detected at a range of concentrations between 0.3 and 24
ng/L.

1.4 Health Impacts of THC Use
THC and other cannabinoids such as CBD have been used for the treatment of pain,
nausea, epilepsy, obesity, and several human health conditions; however, their harmful effects on
reproductive health are not clearly understood. In a recent study, co-administration of THC and
CBD resulted in an increased level of THC tissue accumulated in tissues compared to THC
alone31. The presence of THC in the brain was also detected when only CBD was used. THC can
lead to more serious effects and cause extraordinary dysregulations compared to CBD. As
aforementioned, the rate of marijuana use among adolescents is increasing suggesting that they
are at high risk of developing neurological conditions. THC, as the major psychoactive
component, has been associated with neuronal dysregulations. It was reported that THC exposure
during the window of adolescent neurodevelopment can lead to enduring neuropsychiatric-like
behavioral, phenotypic, and molecular changes at the cortical and subcortical levels, as well as
microstructural changes in areas of the brain32,33. These effects were limited to exposure in
3

adolescents but not in adults. THC exposure in adolescents also leads to GABA dysfunction in
the prefrontal cortex, and DAergic dysregulation in the subcortex, suggesting a possible
schizophrenia endophenotype in adulthood34.
Despite the lifelong effects of THC in nervous system, it is possible to exert an impact on
the health of future generations. In a recent comparative human and rat study, exposure to
cannabis or delta-9 tetrahydrocannabinol resulted in significant changes in sperm methylome,
predicting genes and pathways, which if dysregulated in the offspring can potentially promote
abnormal embryo development and certain cancers35. It is not clearly understood if parental THC
exposure-induced epigenetic alterations in the germline can be erased during vertical
transmission to their derived offspring as embryos and their germline stem cells can correct
parental epigenetic alterations soon after fertilization through epigenetic reprogramming of the
genome. A research gap exists as to whether parental cannabinoid exposure establishes heritable
epigenetic memories in the germline and leads to altered health outcomes in the offspring and
subsequent generations or not.

1.5 Epigenetic Reprogramming of Cells
The term epigenetics refers to the changes in gene expression without changing the
nucleotide base pairs in the gene sequence. The four main epigenetic mechanisms include DNA
methylation, post-translational histone modification, non-coding RNA, and nucleosome
remodeling. Among these, DNA methylation is the most studied mechanism that involves
cytosine methylation at the cytosine-guanine dinucleotide junctions(CpG). The methylation that
occurs on the 5’ end of cytosine is called 5-methyl cytosine (5-mC). The conversion of cytosine
to 5-mC is thought to inhibit the binding of transcription factors and decrease gene expression.
The enzymes involved in this conversion process are referred to as the DNA methyltransferase
(Dnmt) family. Dnmt3a and Dnmt3b genes encode for de novo methyltransferases that transfer
the methyl group onto the target cytosine while Dnmt1 protein maintains the transferred methyl
group. DNA methylation is thought to be able to occur in both somatic as well as reproductive
cells36.
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Besides the epigenetic changes in the somatic cells, the changes carried by reproductive
cells will undergo epigenetic reprogramming upon fertilization. After fertilization, the two
gametes immediately separate and go through reprogramming separately. The male and female
pronuclei have very distinct DNA methylation profiles during reprogramming. The paternal
genome massively loses its methylation profile after fertilization, while the maternal genome
does not undergo massive demethylation. Therefore, both paternal and maternal genomes have to
re-establish methylation pattern prior to blastula stage. In this process, paternal genome seems to
undergo massive reprogramming, compare to maternal genome. As a result, paternal alleles have
been believed to me more susceptible to stressor than maternal alleles36.
Another genome-wide reprogramming event is reprogramming occurs in primordial germ
cells (PGC). PGCs are undifferentiated germ stem cell that will be differentiated into gametes as
organisms develop over time. During the development of a PGC, DNA methylation profile of its
genome is erased and re-established before it differentiates into a sex-specific germ cell
(spermatogonia or oogonia). This is a critical phenomenon which if went away can result in
abnormal reproductive health outcomes and overall health of the derived offspring. Life style and
environmental stressors can affect the epigenetic profile of germ cells by producing epigenetic
alterations (also called epimutations); however, the reprogramming process can correct them in
somatic cells in the post-fertilization stage embryo and in PGCs during sex determination
through gonadal differentiation36.
Recently, Bhandari and Wang37–39 illustrated comparative profiles of genomewide DNA
methylation in medaka, zebrafish, and mammals37 (Figure 1) suggesting that medaka and mouse
share a common mechanism of epigenetic reprogramming; whereas zebrafish show a different
pattern. This discovery suggests that mechanisms underlying epigenetic inheritance of
phenotypic traits can be studied using medaka as an animal model. This following model states
that epigenetic memories passed on by parental gametes are reprogrammed in the embryo by
blastula stage and those in the PGCs are reprogrammed by the initiation of sex diffentiation of
germ cells. In order for epigenetic memories to be transmitted to offspring, they must either
escape this reprogramming event or escape and re-establish later.
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Figure 1. DNA methylation reprogramming model during embryogenesis37.
1.6 The Medaka Fish Model
The current study used medaka fish as an animal model and determine paternal gamete
methylome and transcriptional dysregulation in the brain, liver, and testis of their offspring in
adulthood. Medaka fish is suitable for this study for the following reasons37,40: i) medaka germ
cells express both types of cannabinoid receptors (Cnr1 and Cnr2). THC exposure reduces
fertility in male medaka; ii) they have XX and XY sex-determination system with males having a
master male sex-determining gene on the Y chromosome41 as in mice and humans; iii) epigenetic
reprogramming of post-fertilization embryo and primordial germ cells is similar to humans and
mice37–39, suggesting that epigenetic responses to environmental stressors are processed in
medaka similarly to mammals; iv) external fertilization allows the collection of unfertilized eggs
for epigenome analysis; v) sperm can be collected from males without sacrificing them42; vi)
embryos develop externally and are optically clear, so developmental stages can be examined
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under the microscope43; vii) genome is sequenced and well-annotated, and genome size is 0.77
GB, which makes the high-throughput sequence analysis process easier and economic.

1.7 Current Study
Cannabis use can result in molecular alterations as latent effects that can lead to adverse
health outcomes later in life. It is believed that these effects are mediated by epigenetic
mechanisms. Epigenetic effects of cannabis use on reproductive and offspring health are largely
unknown44. The current study addresses this issue using a suitable animal model, unique concept,
and a multi-level -omics approach. This study is based on a concept of paternal origins of
offspring health and disease. The study examines the following: a) epigenetic biomarkers of
THC exposure in gametes, b) whether THC-induced epigenetic aberrations in paternal (F0)
gametes predict and truly reflect transcriptional dysregulation and adverse outcomes in F1
offspring somatic tissues, and c) the paternal origin of THC effects on offspring health.
Even though literature suggests that THC exerts an epigenetic effect on sperm
epigenome, whether or not the epigenetic effects can be passed on to offspring remains
unknown. This study examines if the epigenetic influences can be passed on to the offspring and
if the paternal THC exposure changes predict phenotypic changes of the derived offspring. To
confirm the effects of THC on male germ cells and fertility, we exposed reproductively active
adult male medaka fish to 4 different concentrations (0, 30, 120, and 600 µg/L) of THC (Sigma
#T4764) for 21 days and mated the exposed males with unexposed females (3 pairs/group, five
biological replicates) for four days without exposure (figure 2). Spermatogenesis is a continuous
process. During the treatment of THC, spermatogonia differentiate into spermatocyte and
spermatid stages. Spermatids then undergo the process of spermiogenesis and mature into
spermatozoa45. This cycle in medaka fish lasts 21 days. Thus, it is believed that 21 days of THC
treatment exerted any influence THC produces on the final germ cells. During the process of
zygote development, extensive demethylation of paternal DNA has been observed46,47. Studies
have shown that paternal imprinting can be passed on to the offspring with the presence of
Dnmt1 and Dnmt3a which re-establish methylation patterns after the demethylation process48–50.
Therefore, DNA methylation altered by THC exposure is likely to pass on to the offspring.
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Figure 2. Overall Experimental Design.
Wildtype female fish was used to mate with THC-treated male fish to study the paternal
inheritance of epimutations. The changes observed in offspring was only coming from the father.
Using high-throughput sequencing techniques, mainly Whole Genome Bisulfite sequencing
(WGBS) and RNA sequencing (RNAseq), the experimental design in this study combines the
methylome and transcriptome profiles to explore the origin and passage mechanism of THCinduced molecular information to offspring. These results provide experimental evidence for the
impact of chronic paternal THC exposure on gamete quality and offspring health. In the
meantime, it also generates a basic genome-wide multi-level omics database on reproductive
cells and adult organs in this animal model, which will be useful for future studies.
The present study examined epigenetic effects of THC exposure on gamete quality and
offspring health using the medaka fish as an animal model and is highly significant and timely
for the following reasons:
1) Effects of THC exposure on male reproductive tissues are determined: Cannabis abuse has
detrimental effects on male fertility both in vitro and in vivo51–54. Phenotypic defects include
oligospermia, sperm abnormalities including reduced sperm motility, altered sex hormone levels,
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and lesions in the testes with THC dose of 5-10 mg/kg body weight of the animal54,55 and
oligospermia in humans due to 3 months of marijuana smoking56. There are more reports on
reproductive parameters affected by marijuana smoking or THC exposure; however, the heritable
changes marijuana smoking or THC exposure can establish in germline cells are not clearly
understood. In this study, we determined reproductive effects, mainly fertilization efficiency of
males, and transcriptional aberrations in the reproductive tissues of the exposed males. The study
compares medaka phenotypic defects in the testis with the defects reported in mammals,
justifying the use of medaka fish in paternal origins of offspring health and Disease.
2) Heritable DNA methylation signatures in the sperm were determined prior to mating:
Sperm of the THC-exposed fathers was analyzed by whole-genome bisulfite (methylome)
sequencing before mating. The differentially methylated regions (DMRs) are determined, and the
functional pathways predicted by DMRs are confirmed in the offspring tissues in adulthood. So
far, no studies have reported an epigenome-wide map of sperm of the fathers and transcriptome
map of their offspring tissues, despite multitudes of studies have reported paternal THC effects
on offspring health. This study is the first to report such a comprehensive molecular map of
paternal THC exposure effects.
3) Insights into parental origins of offspring health and disease is provided: It is not clearly
understood whether epigenetic alterations in sperm of the THC-exposed father result in
transcriptional dysregulation in adult tissues of their F1 offspring, leading to adverse health
effects. In the current study, we examined transcriptional changes in the brain, liver, and gonads
of the offspring fish in adulthood, whose father was THC exposed prior to conception
(fertilization) and whose sperm were shown to harbored differentially altered methylome
profiles. Histological examinations of somatic tissues, especially gonads was performed to
determine the pathology of these tissues. This part of the aim adds new information to the current
concepts of paternal origins of health and disease (POHaD), especially regarding the question of
whether or no epimutations can serve as biomarkers or predictors of offspring health.
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CHAPTER II: MATERIALS AND METHODS
2.1 Chemical Preparation
All final dosing solutions were prepared in glass containers using deionized water and
DMSO.1 mg/mL Δ9-Tetrahydrocannabinol solution in methanol was obtained from SIGMAALDRICH. The THC solution was diluted to produce 3 stock solutions corresponding to each
concentration. The stock solutions were then diluted to 30 μg/L, 120 μg/L, 600 μg/L for the
exposure of 3 treatments with 3 biological replicates per treatment. Vehicle control contained
both methanol and DMSO at the final concentration of 0.0006%.

2.2 Animal Care and Exposure
The Hd-RR strains of medaka (Oryzias latipes) were used. The study was conducted at
the University of North Carolina at Greensboro, under the approval of the Institutional Animal
Care and Use Committee (IACUC #19-003 and amendment 4). Δ9-THC was purchased from
Sigma (T4764 in methanol). Medaka was maintained at the density of five males per 4L
polycarbonate tank. Fish were fed Otohime C1 medaka food (Reed Mariculture, USA) twice
daily. Water temperature was maintained at 26 ±0.5°C and the light: dark cycle was set at 16:8
hours. Based on a previous study showing the efficacy of the concentration on zebrafish, a
concentration of 30 µg/L THC was chosen57. A maximum concentration of 600 µg/L was used
based on a study that suggested this concentration is embryonic lethal58. A total of 4 groups were
used (vehicle control, 30 μg/L, 120 μg/L, and 600 μg/L), containing 3 biological replicates per
exposure group. A total of 12 glass tanks were maintained during the exposure. The exposure
solutions were changed every 7 days for a total of 21 days. Water quality was monitored daily
(dissolved oxygen, temperature, pH) and weekly (ammonia and hardness). Unused food and
debris were siphoned out from the tanks daily.

2.3 Mating and Offspring Production
After the 21-day exposure, 3 out of 5 female fish were transferred to the mating tanks
containing 5 female fish per tank for 5 days. Tissue samples were collected from the remaining
10

male fish. Embryos were collected twice a day during mating and were cleaned, followed by a
sanitization process in 0.5% saltwater for 2 hours. The embryos were counted and incubated in
0.001% methylene blue solution at 27 °C until hatching. The hatched F1 generation was raised
under the same conditions as the F0 generation (Otohime C1 medaka food, 26 ±0.5°C, light: dark
cycle at 16:8 hours). When they became sexually matured, at approximately 150 days, male fish
tissue samples were collected and examined.

2.4 Sample Collection
After 21 days of THC exposure, F0 male fish were anesthetized with 250 μg/L MS-222,
and the brain, testis, and sperm were collected in DNA/RNA shield (Zymoresearch). Sperm cells
were isolated and collected according to the protocol described in Wang and Bhandari39. In short,
100% and 50% percoll gradient were used to separate sperm from other cell types. After
centrifugation for 20 minutes at 1,160g at 20 °C, sperm in 100% percoll was collected and
DNA/RNA shield was added. The collected samples were stored in the -20 °C freezer until
DNA/RNA extraction. In total, 60 brain samples, testis samples, and sperm samples were
collected (5 male per biological replicate, and 3 biological replicate tanks per treatment group).
Using the same protocol, brain, liver, and gonad samples of F1 male fish were collected for
further examination.

2.5 Histology
Standard H&E histological procedures were used to determine phenotypic traits in testis.

2.6 DNA/RNA Isolation
F0 sperm DNA was extracted using a Zymoresearch Quick-DNA Miniprep kit (D3024)
according to the manufacturer’s instructions. F0 testis DNA and RNA were extracted using
Zymoresearch Quick-DNA/RNA Microprep Plus kit (D7005) according to the manufacturer’s
instruction. F0 brain DNA and RNA were extracted using Qiagen All Prep Universal kit (No.
80224) according to the manufacturer’s instruction. F1 brain, liver, and testis DNA and RNA
were extracted using Zymoresearch Quick-DNA/RNA Miniprep Plus Kit (D7003) according to
11

the manufacturer’s instruction. The extracted DNA samples were all stored in a -20 °C freezer in
the water while all RNA samples were stored in a -80 °C freezer in water until further analysis.

2.7 Real-time qRT-PCR
The expression of cannabinoid receptors were examined by real-time RT-qPCR. Specific
primer pairs were designed using Primer3web and are shown in appendix A. Primer sequences
spanned one intron-exon junction to avoid amplification of genomic DNA. Ef1a was used as an
endogenous reference gene to determine relative expression levels. qPCR was performed by
mixing PowerUp SYBR Green Master Mix (Applied Biosystems, A25742) and samples,
followed by placing the samples in a QuantStudio 3 Real-Time PCR System with the following
temperature regimes: 2 min at 50 °C, 10 min at 95°C, 40 cycles at 95°C (15s), and 60°C (1 min).
Gene expression was analyzed using ΔΔCT method and have been presented as fold change
against control.

2.8 DNA Gel Electrophoresis
A 2% agarose gels was used for DNA gel electrophoresis. DNA samples were mixed
with 6X DNA gel loading dye (Thermo Scientific™) prior to loading. Wet loading technique
was used for sample loading. The gel was run at 100 volts for 75 minutes. DNA gels were
imaged by Biorad Molecular Imager ChemiDoc XRS System.

2.9 Library Preparation for Methylome/Transcriptome Analysis
Whole-genome bisulfite sequencing (WGBS) library of F0 testis DNA was prepared with
NEBNext® Ultra™ II FS DNA Library Prep Kit (NEB, E7805S) and EZ DNA MethylationLightning Kit (Zymo Research, D5030) according to the manufacturer’s user manual. The
process was described in a previous study39. Briefly, 400 ng purified genomic DNA, as well as a
5% negative control, were fragmented by mixing with NEBNext Ultra II FS Enzyme Mix and
incubating at 37°C for 9 minutes, 65°C for 30 minutes, and hold at 4°C. To ligate the methylated
adapters, the reaction mix, enzyme mix, and the adaptor were mixed and incubated at 20°C
overnight. NEBNext Sample Purification Beads (E7767L) were used for size selection according
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to the protocol. Bisulfite conversion was done using EZ DNA Methylation-Lightning Kit
according to the protocol. DNA fragments were amplified with Universal and Index PCR
primers for 13 cycles and lastly, the amplified DNA was purified using QIAquick Gel Extraction
Kit (Qiagen, 250) according to the manufacturer’s protocol.
The RNA sequencing library was prepared with NEBNext® Ultra™ II FS RNA Library
Prep Kit for Illumina (NEB, E7770). 500ng extracted RNA was purified using Oligo dT Beads
(E7490). Fragmentation was done according to the protocol. First cDNA synthesis was done by
mixing fragmented RNA with NEBNext First-Strand Synthesis Buffer and Enzyme Mix, and
incubate for 10 minutes at 25°C, 50 minutes at 42°C, 15 minutes at 70°C, and Hold at 4°C.
Second strand cDNA synthesis was done by mixing the first-strand synthesis product with
NEBNext Second Strand Synthesis Reaction Buffer and Enzyme Mix and incubate at 16°C for 1
hour. The cDNA was then purified using NEBNext Sample Purification Beads. End prep of
cDNA was done by mixing NEBNext Ultra II End Prep Reaction Buffer and Enzyme Mix with
the cDNA and incubate at 20°C for 30 minutes, 65°C at 30 minutes, and hold at 4°C. Adaptor
was diluted according to the input RNA amount, and cDNA was ligated at 20°C for 3 hours.
Purified cDNA was amplified with Universal and Index PCR primers for 13 cycles, and lastly,
the cDNA was purified using QIAquick Gel Extraction Kit (Qiagen, 250) according to the
manufacturer’s protocol.

2.10 Bioinformatics Data Analysis
Methylome Data Analysis: Bioinformatic analysis of WGBS data were conducted
together with Dr. Xuegeng Wang using the pipelines previously developed in our laboratory for
medaka epigenome analysis38,39. Briefly, a three-step process were applied: read filtering, read
alignment, and quantification of methylation levels. A custom pair-wise alignment script was
applied to find reads hit by the adaptor sequence for trimming. Low-quality base trimming was
performed by Trimmomatic. Medaka genome was downloaded from Ensembl, and filtered
paired-end reads were mapped against the reference by Bismark_v0.22.3. The average
methylation level in each stage of embryos was measured as the sum of the number of CpG
cytosines that are not converted to Ts (as indicated by Cs in reads mapping over CpG cytosines
in the genome), divided by the total number of CpG cytosines in uniquely mapped reads. The
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significance of the differentially methylated sites (DMS) between two samples was performed by
a two-tailed Fisher’s Exact Test.
RNAseq Data Analysis: The Bhandari Lab has developed pipelines for medaka RNA
sequencing data analysis as well59. Sequencing reads from each sample were mapped to medaka
reference transcripts (Ensembl version 103, ASM223467v1) using HISAT2 software with
default parameters 60,61. Cufflinks software were used to conduct the differentially expressed
gene (DEG) analysis. Ingenuity Pathway Analysis (IPA) software was used to determine
molecular networks and pathways affected by THC exposure. The Pathways disrupted by THC
in sperm with the pathways represented by transcriptomes in adult tissues were compared using a
R-script Tidyverse. Since samples were barcoded, it was easier for tracing back their parent-oforigin and their epigenome and miRNA profile in gametes.
Methylome Transcriptome combined Data Analysis: To study the correlation between
methylome and gene expression, we bined genes into respective categories based on their
expression levels, such as 1 for OFF and 10 for highest expression and similarly for
promoter/enhancer epimutations and predict their relationship by R script Tidyverse (v1.3.0). Dr.
wang has streamlined this R Script for use in medaka methylome and transcriptome data
analysis. Ingenuity Pathway Analysis (IPA) software was used to determine molecular networks
and pathways affected by THC exposure. Pathways predicted by THC-induced sperm
epimutations (F0) to be disrupted in F1 somatic cells was confirmed in the transcriptome profile
of the brain, liver, and testis of F1 offspring.

2.11 Pathway Enrichment Analysis
Gene Ontology and pathway enrichment analysis were performed using PANTHER
Overrepresentation Test (Released 20201218) with the GO database. Gene Ontology (GO) terms
in the biological processes (GO biological process complete), molecular functions (GO
molecular function complete), cellular component (GO cellular component complete), and
PANTHER Pathways annotation were selected. Fisher’s exact test followed by the false
discovery rate (FDR) correction was used to determine significance. An FDR adjusted p-value <
0.05 indicates significantly enriched GO and pathway terms.
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Ingenuity Pathway Analysis (IPA) was performed on transcriptome sequencing data
using QIAGEN IPA software (Released March 2021). Gene IDs of significant DEGs from the
transcriptome sequencing in ENSEMBL format were converted into human ID annotation.
Human ENSEMBL gene ID was obtained from ENSEMBL Biomart (Released May 2021).
Ingenuity Pathway Analysis using converted human genes reflects potential THC effects on the
biological systems in humans.
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CHAPTER III: RESULTS
3.1 Phenotypic Results and Expression of Cnr Genes
RT-qPCR was performed on the testis of untreated medaka fish to indicate the presence
of cannabinoid receptors prior to THC exposure. All of the cannabinoid receptors were expressed
in wild-type medaka testis as shown in figure 3.

Figure 3. Gel electrophoresis of cannabinoid receptors in untreated medaka testis amplified by
qPCR. Ef1a gene was used as an internal control. Both isoforms of cannabinoid receptor 1
(Cnr1-1, Cnr1-2) and receptor 2 were expressed in the testis, suggesting a presence of
cannabinoid receptors in the testis of male medaka.
After 21 days of THC exposure, the treated fish (F0) were mated with unexposed female
fish for 5 days. Numers of fertilizaed and unfertilizaed eggs were counted to determine
fertilization efficiency. Fertilized eggs were matined until adulthood. Tissue samples were
collected from F0 fish and used for transcriptome and methylome sequencing.
To examine cannabinoid receptor expression, RT-qPCR was performed on testis RNA of
the THC-exposed fish (figure 4). The expression of all cannabinoid receptors increased in testis
of fish exposed to 120 μg/L and 600 μg/L concentrations, whereas the expression did not change
in response to 30 μg/L THC treatment. These results suggest that THC induces expression of cnr
genes dose-dpenedently. Fertilization efficiency of 30 μg/L treated fish as well as fish born with
30 μg/L treated fathers showed significant reduction, whereas cnr expression was not
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significantly changed compared to control. These results indicate cnr expression may link to
protective pathways involved in reproductive processes.

Figure 4. RT-qPCR result of cannabinoid receptor expression in the testis of control, 30 μg/L,
120 μg/L, and 600 μg/L treated direct-exposed fish. The amplification fold change was
calculated using ΔΔCT method. Mean ± SEM. ∇ p<0.05. Asterisks indicate significance in both
120 µg/L and 600 µg/L groups.
Fertilization efficiency [(total number of eggs fertilized/total number of eggs spawned)
×100] was examined in THC-treated F0 generation as well as F1 generation born with THCtreated fathers (figure 5). The fertilization efficiency of the 30 μg/L treated group was
significantly reduced compared to untreated controls, and in a similar pattern, F1 fish born with
30 μg/L treated fathers also had significantly reduced fertilization efficiency. The fertilization
efficiency values for both F0 males and F1 offspring treated at 120 μg/L and 600 μg/L were not
significantly different from the controls (figure 5). 30 μg/L THC exposure caused the highest rate
of fertility defects compared to other concentrations.
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Figure 5. Fertilization efficiency of treated males and males born with treated father. A)
fertilization efficiency of F0 generation. The efficiency of the 30 μg/L treated group was
significantly reduced. B) fertilization efficiency of the F1 generation. Similar to F0 generation,
the fertilization efficiency of fish born with 30 μg/L treated father was significantly reduced. *:
significance. Mean ± SEM. ∇ p<0.07.
Hatching rate [(total number of eggs hatched/total number of eggs fertilized) ×100] was
examined in THC-treated F1 generation as well as F2 generation born with THC-treated fathers
(figure 6). The hatching rate of the fish born with 30 μg/L and 600 μg/L treated father was
significantly reduced. The fish born with 30 μg/L and 120 μg/L treated grandfathers also had
significantly reduced hatching rate. 30 μg/L THC exposure caused the highest rate of hatching
defects compared to other concentrations.
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Figure 6. Hatching rate of embryos born with THC treated father (F1) and THC treated
grandfather (F2). Embryos were not in direct contact with THC but they were in contact with it as
primordial germ cells. A) Hatching rate of F1. Fish born with 30 μg/L and 120 μg/L treated father
showed significantly reduced hatching rate. B) Hatching rate of F2. Fish born with 30 μg/L and
120 μg/L treated grandfather showed significantly decreased hathching rate. *: significance.
Mean ± SEM. ∇ p<0.07.
To obtain the baseline of phenotypic changes resulted from THC exposure in F0
generation, histology examination was conducted (figure 7). Layers of primordial germ cells
(PGC), spermatocytes, and spermatids are evenly distributed along the membrane of the testis in
control (figure 7A). The distribution of the layers and tubules containing sperm observed in 600
μg/L treated fish is similar to what is seen in the control testis (figure 7D). In 30 μg/L THC
exposed testis (figure 7B), disorganized tubules, thinner layer of hormone producing interstitial
cells, and smaller tubules for sperm collection were observed (indicated in yellow arrow). In the
testis of 120 μg/L treated fish (figure 7C), irregular patches of differentiated germ cells (white
arrow) and smaller tubles containing a reduced number of sperm cells (yellow arrow) were
observed.
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Figure 7. Histological examination of testis in the F0 generation at 20X magnification. A) Testis
of control F0 fish (0 μg/L THC treated). B) Testis of 30 μg/L THC treated F0 fish. C) Testis of
120 μg/L THC treated F0 fish. D) Testis of 600 μg/L THC treated F0 fish. White arrow: Irregular
patches of differentiated germ cells. Yellow arrow: tubules containing sperm.
Histological examination was performed on adult testis of the F1 generation (figure 8).
Layers of primordial germ cells (PGC), spermatocytes, and spermatids are evenly distributed
along the membrane of the testis in the fish born with control father (figure 8A). The distribution
of the layers and sperm count in fish born with 600 μg/L treated father is similar to what is seen
in the control testis (figure 8D). In the testis of fish born with 30 μg/L and 120 μg/L fathers
(figure 8B, 8C), a reduced layer of PGC (black arrow) and increased sperm count (red arrow)
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were observed, indicating a sped up cell differentiation process and discontinued production of
sperm.

Figure 8. Histological examination of testis in the F1 generation at 20X magnification. A) Testis
of F1 fish born with father (0 μg/L THC treated). B) Testis of F1 fish born with 30 μg/L THC
treated father. C) Testis of F1 fish born with 120 μg/L THC treated father. D) Testis of F1 fish
born with 600 μg/L THC treated father. Black arrow: reduced primordial germ cell layer. Red
arrow: increased sperm count.
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3.2 Direct Exposure Effects in the Parental Tissue

3.2.1 THC EXPOSURE EFFECTS ON PATERNAL TISSUES
Transcriptome profile of the paternal (F0) testis and brain were sequenced and analyzed
to determine direct effects of THC exposure in reproductive organs of males. Significantly
differentially expressed genes (DEGs) were identified in the testis and the brain of all treatments
(figure 9). A total of 142 DEGs were identified in the testis of 30 μg/L treated group, 238 in 120
μg/L treated group, and 177 in 600 μg/L treated group. There are 96 DEGs overlapping between
30 and 120 μg/L groups, 95 between 30 and 600 μg/L groups, 115 between 120 and 600 μg/L
groups, and 79 overlapping genes among all treatment groups. In the brain, a total of 105 DEGs
were found in the 30 μg/L treated group, 119 in the 120 μg/L group, and 22 in the 600 μg/L
group. There were 18 overlapping genes between 30 and 120 μg/L groups, 3 between 30 and 600
μg/L group, 2 between 120 and 600 μg/L group, and only 1 overlapping gene among all three
treatments. This suggests that THC affects brain on a dose dependent manner, whereas the
effects on testis is broader which is less dose-dependent.

Figure 9. Overlapping significantly differentially expressed genes (DEGs) in F0 brain and testis
transcriptome. A) Overlapping genes in the testis of F0 generation direct-exposed fish. B)
Overlapping genes in the brain of F0 generation direct-exposed fish.
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A heat map of overlapping DEGs was generated in the testis among the three treatments
to assess the expression profile of each gene against various treatments (figure 10). In the testis,
DEGs were found to be downregulated with a minimum fold change of 1.005 (dark red) and a
maximum fold change of 5.61 (dark blue). There is not a significant pattern noticed in the genes.
The expression of the overlapping genes is consistent among the treatments, suggesting that THC
causes transcriptional repression globally in the testis due to direct exposure.

Figure 10. Heat map of overlapping DEGs across treatments in F0 testis tissue. All genes were
downregulated. The darker red the cell is, the smaller the fold change is. The darker blue the cell
is, the bigger the fold change is.
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F0 transcriptome data was mapped to Gene Ontology (GO) terms to understand their role
in biological processes. Figure 10 shows the GO terms obtained by mapping transcriptome data
of brain tissue of 30 µg/L and 120 µg/L treated males. Positive regulation synaptic transmission,
neurogenesis, and regulation of membrane potential are the highest enrichment in biological
processes (figure 11A); ion transmembrane transporter activity, inorganic cation transmembrane
transporter activity, and transmembrane transporter activity are the highest enrichment of
molecular functions (figure 11B); microtubule cytoskeleton, somatodendritic compartment, and
synaptic membrane are the highest enrichment in cellular components (figure 11C). In 120 µg/L
brain tissue, only terms in cellular component showed significant enrichment and the highest
enrichments are postsynaptic density, asymmetric synapse, and neuron to neuron synapse (figure
11D). Significantly GO terms were not found in the sequencing result of 600 µg/L brains.
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Figure 11. False Discovery rate value (FDR) of Gene Ontology enrichment in the brain of 30
µg/L and 120 µg/L exposed group. A) Biological Processes of 30 µg/L Gene Ontology terms. B)
Molecular Functions of 30 µg/L Gene Ontology terms. C) Cellular Components of 30 µg/L Gene
Ontology terms. D) Cellular Components of 120 µg/L Gene Ontology terms.
As mentioned above, GO terms for DEGs in the F0 testis were mapped to obtain their
biological roles (figure 12). In 30 µg/L treated testis, multicellular organismal process,
developmental process, and anatomical structure development are the highest enrichment in
biological processes; haptoglobin binding and molecular function are the highest enrichment in
molecular functions; cell-cell junction, anchoring junction, and extracellular space are the
highest enrichment in cellular components. In 120 µg/L testis, the top 20 of biological process
terms were selected to present. Regulation of wound healing, regulation of plasma lipoprotein,
and defense response to other organisms are the highest enrichment in biological processes;
hormone activity is the highest enrichment in molecular functions; protein-lipid complex,
lipoprotein particle, and plasma lipoprotein particle are the highest enrichment in cellular
components. In 600 µg/L testis tissue, cell adhesion, biological adhesion, and cell-cell adhesion
are the highest enrichment in biological processes; nucleotide-binding and nucleoside phosphatebinding are the highest enrichment in molecular functions; cell periphery, intracellular
membrane-bounded organelle, and desmosome are the highest enrichment in cellular
components.
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Figure 12. False Discovery rate value (FDR) of Gene Ontology enrichment in the testis of 30
µg/L, 120 µg/L, and 600 µg/L exposed group. A-C) Biological Processes of Gene Ontology
terms in all three treatments. The top 20 GO terms were selected in the biological processes in
the 120 µg/L treated group. D-F) Molecular Functions of Gene Ontology terms in all three
treatment groups. G-I) Cellular Components of Gene Ontology terms in all three treatment
groups.
Transcriptome sequencing result was also converted to human annotation and mapped to
Ingenuity Pathway Analysis (IPA) to reflect probable THC effects on human biological systems.
In the F0 testis, the integrin-linked kinase (ILK) pathway was affected in the same pattern across
all treatments (figure 13). dsp and krt18 were downregulated, which is predicted to decrease
desmosome assembly and intermediate filament assembly. The software predicted that the
downregulation of these genes was caused by the overexpression of slug, which in turn lead to
increased cell motility, opsonization, cell adhesion, and cytoskeletal reorganization. Furthermore,
cox2 was downregulated, and it is predicted that inflammation would be reduced.
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Figure 13. Ingenuity Pathway Analysis of DEGs in F0 testis. The integrin-linked kinase (ILK)
pathway was found to be regulated in the same pattern across treatments.
Interestingly, different concentrations of THC treatment led to opposite effects in the
brain on the opioid signaling pathway (figure 14). L-vdcc, nmdar, and plcβ1 are downregulated
in the brain of 30 µg/L treated fish (figure 14A), predicting depressed neurotransmission
pathway and activated opioid receptor activities. As a result, it is predicted that ion channels
between neuron junctions are deactivated, solute carrier activities are inhibited, neuron signaling
activities are depressed, and therefore anxiety mechanisms are inhibited. However, in the brain
of 120 µg/L treated fish, ndmar and p300 are upregulated (figure 14B). It is predicted that
signaling between neuron junctions, potential firing in the membrane of the neurons, and ion
channel are overactivated, causing over-responding in the defense mechanism and thus lead to
anxiety.
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Figure 14. Ingenuity Pathway Analysis of DEGs in F0 brain. The opioid signaling pathway was
found to be regulated in the opposite pattern in the brain between A) 30 µg/L and B) 120 µg/L
group. The pathway was not affected in the 600 µg/L group.
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3.2.2 THC EXPOSURE EFFECTS ON PATERNAL GERMLINE EPIGENOME
Methylone profile of the sperm of THC exposed fathers (F0) was determined by using
whole-genome bisulfite sequencing strategy. Differentially methylated regions (DMRs) are one
of the standard units for quantifying epigenetic alterations induced by a specific stressor. DMRs
obtained from a whole tissue cannot predict their location in cell specifically; however, the
DMRs in the sperm predict their location as sperm cells are homogenous cell populations
without contamination of other somatic cells. In the present study DMRs were mapped against
medaka genome to obtain their locations on gene body (island), shore (first 5 kb region from
transcriptional start site), shelf (another 5kb from the shore), and open sea (where no genes are
located) (figure 15). Over 50% of the DMRs were mapped to islands in each treatment regardless
of hyper- or hypomethylation status while less than a quarter of DMRs were mapped to open sea
(a genomic area away from the location of a specific gene).
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Figure 15. Differentially methylated regions (DMRs) in sperm DNA mapped against the island
(CGIs). The left panel shows hypermethylated DMRs positions and the right panel shows
hypomethylated DMR positions. All DMRs were determined by comparing methylation profile
of the same region in control group. A-B) DMR positions in the sperm of 30 µg/L treated fish.
C-D) DMR positions in the sperm of 120 µg/L treated fish. E-F) DMR positions in the sperm of
600 µg/L treated fish.
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3.3 Transcriptome Profile of Tissues in the Derived F1 Offspring
Transcriptome profile was analzyed to determine DEGs in various tissues of the derived
offspring whose father was exposed to THC pre-conceptionally. The overlapping significant
DEGs in the brain, liver, and testis of the fish born with 30 µg/L, 120 µg/L, and 600 µg/L treated
fathers are shown in figure 16. In the brain, 107 significant DEGs were found in the 30 µg/L
group, 285 in 120 µg/L group, and 80 in the 600 µg/L group. A total of 30 genes overlapped
between 30 µg/L and 120 µg/L group; 20 genes between 30 µg/L and 600 µg/L groups; 40 genes
between 120 µg/L and 600 µg/L groups; 10 genes among the three treatments. In the liver, a total
of 51 significant DEGs in 30 µg/L, 134 genes in 120 µg/L, and 138 genes in the 600 µg/L group.
There were 20 overlapping genes between 30 µg/L and 120 µg/L groups; 18 between 30 µg/L
and 600 µg/L groups; 39 between 120 µg/L and 600 µg/L groups; and 8 among the three
treatments. In the testis, there were 91 significant DEGs in the 30 µg/L group, 161 in 120 µg/L,
and 167 in 600 µg/L. There are 26 overlapped genes between 30 µg/L and 120 µg/L groups; 26
between 30 µg/L and 600 µg/L groups; 74 between 120 µg/L and 600 µg/L groups; and 17
overlapped genes among all three treatments.
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Figure 16. Overlapping significantly differentially expressed genes in F1 generation brain, liver,
and testis. A) Overlapping differentially expressed genes in F1 brain among 30 µg/L, 120 µg/L,
and 600 µg/L groups. B) Overlapping differentially expressed genes in F1 liver among all three
treatments. C) Overlapping differentially expressed genes in F1 testis among all three treatments.
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A heat map was generated to determine significant DEGs common among all THC
concentrations in a particular tissue of F1 offspring (figure 17). In the brain and liver heatmap
(figure 17A, B), red cells indicate upregulation and blue cells indicate downregulation while in
the testis, all the genes were downregulated, and the color represents the value of the fold change
(figure 17C). In the brain, the expression pattern among all the genes was consistent except for
col1a1b, which was upregulated in 30 µg/L and 120 µg/L group and downregulated in the 600
µg/L group. All the overlapping genes in the liver were expressed in the same pattern across all
groups. In the testis, all of the overlapping genes are downregulated and there is not a significant
pattern observed.

Figure 17. Heat map of overlapping DEGs across treatments in F1 tissue. A) Heat map of the
brain. Red cells indicate upregulation and blue cells indicate downregulation. B) Heat map of the
liver. Red cells indicate upregulation and blue cells indicate downregulation. C) Heat map of the
testis. All genes were downregulated. The darker red the cell is, the smaller the fold change is.
The darker blue the cell is, the bigger the fold change is.
GO terms of the significant DEGs were annotated to obtain their biological processes in
the brain of F1 fish (figure 18). The most enriched GO terms in the brain of fish born with 30
µg/L, 120 µg/L, and 600 µg/L treated fish are presented in figure 10. In the brain of the 30 µg/L
group, the top 20 terms of biological processes are selected. Muscle cell differentiation and
muscle structure development are the highest enrichment in biological processes; actin filament
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binding is the highest enrichment in molecular function; extracellular space, polymeric
cytoskeletal fiber, and troponin complex are the highest enrichment in cellular components;
fructose galactose metabolism, Huntington disease, and inflammation-mediated by chemokine
and cytokine signaling pathway are the highest enrichment in GO pathway. In the 120 µg/L
group, the top 20 terms of biological processes, molecular functions, and cellular components are
selected. Protein modification by small proteins, homeostatic process, and response to hormone
is the highest enrichment in biological processes; phosphotransferase activity, oxidoreductase
activity, and signaling receptor activity are the most enriched in molecular function; collagen
type V trimer, cellular component, and mature chylomicron are the highest enrichment in cellular
components; nicotine degradation and pyrimidine metabolism are the most enriched terms in GO
pathway. The top 20 of biological processes terms of the 600 µg/L group are selected. Negative
regulation of endopeptidase activity, negative regulation of catalytic activity, and complement
activation are the highest enrichment in biological processes; enzyme inhibitor activity is the
highest enriched term in molecular functions; fibrinogen complex and collagen-containing
extracellular matrix are the highest enrichment of cellular components; blood coagulation is the
highest enrichment in GO pathway.
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Figure 18. False Discovery rate value (FDR) of Gene Ontology enrichment in the brain of F1 fish
born with 30 µg/L, 120 µg/L, and 600 µg/L exposed fathers. A-C) Biological Processes of Gene
Ontology terms in all three treatments. The top 20 GO terms were selected in biological
processes. D-F) Molecular Functions of Gene Ontology terms in all three treatment groups. The
top 20 terms in the 120 µg/L group were selected. G-I) Cellular Components of Gene Ontology
terms in all three treatment groups. The top 20 terms were selected in the 120 µg/L group. J-L)
Pathway annotation of Gene Ontology terms in all three treatment groups.
Significant DEGs in the F1 liver were annotated and biological processes, molecular
functions, cellular components, and GO pathway terms were determined (figure 19). Response to
oxygen-containing compound is the most enriched biological process term in the 30 µg/L group;
iron ion homeostasis and cellular transition metal ion homeostasis have the highest enrichment in
120 µg/L group; sulfur compound biosynthetic process, amide biosynthetic process, and cellular
amide metabolic process have the highest enriched biological process terms in 600 µg/L group.
Significantly enriched terms in 30 µg/L group molecular function were not found. Structural
molecule activity is the most enriched molecular function in the 120 µg/L group; ion binding,
binding, and vitamin B6 binding are the most enriched molecular function in the 600 µg/L group.
Extracellular region is the most enriched cellular component term in the 30 µg/L group; myelin
sheath is the highest enrichment in the 120 µg/L group; cytosol, cytosolic ribosome, and small
ribosomal subunit are the highest cellular component enrichment in 600 µg/L group. No
significantly enriched pathway was found in 120 µg/L liver. In the 30 µg/L group, insulin/IGF

45

pathway-protein kinase B signaling cascade is the most enriched pathway term, and the circadian
clock system is the most enriched in the 600 µg/L group.
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Figure 19. False Discovery rate value (FDR) of Gene Ontology enrichment in the liver of F1 fish
born with 30 µg/L, 120 µg/L, and 600 µg/L exposed fathers. A-C) Biological Processes of Gene
Ontology terms in all three treatments. The top 20 GO terms were selected in 600 µg/L
biological processes. D-E) Molecular Functions of Gene Ontology terms in 120 µg/L and 600
µg/L groups. Significantly enriched terms in the 30 µg/L group were not found. F-H) Cellular
Components of Gene Ontology terms in all three treatment groups. I-J) Pathway annotation of
Gene Ontology terms in 30 µg/L and 600 µg/L groups. Significant pathway terms were not
found in the 120 µg/L group.
GO annotation on significant DEGs in the testis of fish born with 30 µg/L, 120 µg/L, and
600 µg/L treated fathers was determined (figure 20). In the 30 µg/L group, only significant terms
in biological processes were found, and serine hydrolase activity, serine-type endopeptidase
activity, and peptidase activity have the highest enrichment. In 120 µg/L group, primary
metabolic process, regulation of proteolysis, and negative regulation of protein metabolic process
have the highest enrichment in biological processes; transition metal ion binding, molecular
function, and serin-type endopeptidase inhibitor activity have the highest enrichment among
molecular functions; myelin sheath is the most enriched in cellular components. GO pathway
terms were not found in the 120 µg/L group. In the 600 µg/L group, regulation of peptidase
activity, negative regulation of endopeptidase activity, and regulation of endopeptidase activity
have the highest enrichment in biological processes; SNARE binding is the highest enrichment
in molecular function; ionotropic glutamate receptor pathway is the heist enrichment in GO
pathway.
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Figure 20. False Discovery rate value (FDR) of Gene Ontology enrichment in the testis of F1 fish
born with 30 µg/L, 120 µg/L, and 600 µg/L exposed fathers. A-C) Biological Processes of Gene
Ontology terms in all three treatments. The top 20 GO terms were selected in 120 µg/L
biological processes. D-E) Molecular Functions of Gene Ontology terms in 120 µg/L and 600
µg/L groups. Significantly enriched terms in the 30 µg/L group were not found. F-G) Cellular
Components of Gene Ontology terms in 120 µg/L and 600 µg/L groups. H-I) Pathway
annotation of Gene Ontology terms in 120 µg/L and 600 µg/L groups. Significant pathway terms
were not found in 30 µg/L and 120 µg/L groups.
Ingenuity Pathway Analysis was performed on the F1 tissue sequencing result of the
transcriptome. In the liver transcriptome, the AMPK signaling pathway was affected in similar
patterns across the three treatments (figure 21). In the fish born with 30 µg/L treated father, the
AMPK pathway is affected in a way that autophagy, protein synthesis, and apoptosis are
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inhibited, while fatty acid biosynthesis is overactivated (figure 21A). In the 120 µg/L and 600
µg/L group, both autophagy and protein synthesis are predicted to be activated while apoptosis is
predicted to be inhibited (figure 21B, C). Especially in the 120 µg/L group, it is predicted that
the entire AMPK complex is predicted to be inhibited, leading to activation of anabolism
including glycogen synthesis and fatty acid biosynthesis (figure 21C).
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Figure 21. Ingenuity Pathway Analysis of DEGs in F1 liver. AMP-activated protein kinase
(AMPK) signaling pathway was found to be regulated in different patterns in the liver among
fish born with A) 30 µg/L, B) 120 µg/L, and C) 600 µg/L treated fathers.
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3.3 Association of DMR in F0 Sperm with F1 Testis Transcriptome
The DMRs in the sperm of F0 fish were mapped against promoter regions in the genome.
The genes associated with the DMRs were compared to transcriptome in the F1 tissues to look
for a possible relationship between paternal sperm methylation and gene expression in the
offspring tissues. There are two differentially expressed genes in 120 µg/L F1 testes overlapping
with the genes associated with DMRs in 120 µg/L F0 sperm (Table 1), and one DEG in 600 µg/L
F1 testes overlapping with genes with DMRs (Table 2). The gene located on chromosome 8 in
120 µg/L treated sperm (ENSORLG00000022943) is hypomethylated upstream of the promoter
within 5kb of distance, hypomethylated on the promoter, hypomethylated in the gene body 824
bp from the promoter region, and hypermethylated in the gene body 2007 bp from the promoter.
The same gene is upregulated in 120 µg/L F1 testes, indicating a strong association that the
methylation on this particular gene is inherited by the offspring. Similarly, the gene located on
chromosome 10 (ENSORLG00000023590) is hypomethylated upstream and downstream from
the promoter, but it is hypermethylated in the promoter region. The gene is downregulated in the
120 µg/L F1 testes, which also indicates the direct link between the methylation pattern in
parental sperm and gene expression in the offspring testis. Again, the gene located on
chromosome 10 in the 600 µg/L treated sperm (ENSORLG00000023590) is hypermethylated at
both upstream from the promoter and the promoter region. This gene is downregulated in the F1
testis born with 600 µg/L treated father. All these methylome-transcriptome analyses were
peformed manually due to lack of time. A bioinformatic pipeline was developed to screen DMRs
against transcriptional alterations and a relationship list was prepared in the future.
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Chromosome

Start

End

Gene ID

Feature
Orientation

Distance

Methylation
Difference

8
8
8
8
8
8
10
10
10
10
10
10

12660359
12661191
12662827
12666128
12667308
12668491
18936792
18937061
18937763
18938020
18941142
18941649

12660510
12661348
12662915
12666231
12667415
12668792
18936867
18937152
18937902
18938522
18941227
18941706

ENSORLG00000022943
ENSORLG00000022943
ENSORLG00000022943
ENSORLG00000022943
ENSORLG00000022943
ENSORLG00000022943
ENSORLG00000023590
ENSORLG00000023590
ENSORLG00000023590
ENSORLG00000023590
ENSORLG00000023590
ENSORLG00000023590

upstream
upstream
upstream
overlapping
downstream
downstream
upstream
upstream
upstream
upstream
overlapping
downstream

4974
4136
2569
0
824
2007
3658
3373
2623
2003
0
124

-0.10863
-0.107647
-0.21217
-0.161436
-0.117091
0.12286
-0.128065
-0.205107
-0.155048
-0.121802
0.122068
-0.169163

Fold
Change
in F1 Testis
2.11764
2.11764
2.11764
2.11764
2.11764
2.11764
-3.1179
-3.1179
-3.1179
-3.1179
-3.1179
-3.1179

Table 1. Differentially methylated cytosines (DMCs) in the sperm of 120 µg/L treated fish mapped against promoter position and
associated genes compared to differentially expressed genes in the testis of F1 fish born with 120 µg/L THC treated father.

Chromosome
10
10

Feature
Methylation
Distance
Orientation Difference
18936837 18936908 ENSORLG00000023590 upstream
0.136386
3617
18941061 18941189 ENSORLG00000023590 overlapping 0.196109
0
Start

End

Gene ID

Fold Change
in F1 Testis
-3.79305
-3.79305

Table 2. Differentially methylated cytosines (DMCs) in the sperm of 600 µg/L treated fish mapped against promoter position and
associated genes compared to differentially expressed genes in the testis of F1 fish born with 600 µg/L THC treated father

CHAPTER IV: DISCUSSION
Literature suggests that parental experiences can be transmitted to offspring in the form
of fear, anxiety, health, or disease60,62–64. Additionally, environmental EDC exposures can induce
heritable epigenetic alterations in gametes 40,65–80; however, little is known as to whether these
predictions based on epigenetic aberrations in gametes truly reflect transcriptional dysregulation
and overall offspring health. Literature suggests that THC affects the reproductive health of
cannabis smokers; however, it is not clearly understood whether cannabis-induced effects are
heritable.
This study first examined the phenotypic alterations resulted from THC treatment in both
F0 and F1 generations. The phenotypic results presented in this paper showed similar alteration
patterns between F0 and F1 generations, suggesting that THC effects are consistent across
generations. For example, reproductive defects in F0 and F1 generations showed similar pattens.
The fertilization efficiency of 30 µg/L THC direct-exposed fish was significantly reduced, and so
as F1 fish born with 30 µg/L treated father (figure 3). However, 600 µg/L direct-exposed group
and fish born with 600 µg/L treated fathers showed similar fertilization efficiency compared to
control. Hatching rate of babies born from F0 and F1 (F1 and F2 embryo) were also examined
(figure 4). Embryos born with 30 µg/L treated father and 30 µg/L treated grandfather showed
significant decrease in hatching rate, which is consistent with fertilization efficiency pattern.
Furthermore, expression level of cnr genes in the testis of THC treated fish indicated a possible
association between cnr expression and reproductive defects. Both cnr genes were significantly
overexpressed in the testis mRNA of 120 µg/L and 600 µg/L direct-exposed fish, while in 30
µg/L treated testis, they showed 0 to little fold change against control (figure 6). The expression
result suggests the hypothesis that overexpression of cnr genes caused by THC may disrupt
reproduction processes, which leads to decreased fertilization rate and potentially decreased
hatching rate in the offspring.
In the current study, comprehensive transcriptome and methylome sequencing analyses
were performed on THC direct-exposed fish and the offspring. Transcriptome collected from F0
direct-exposure brain and testis were performed to RNA sequencing and overlapping DEGs, GO
analysis, as well as IPA, were performed to obtain associated biological functions of DEGs, and
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the potential pathways affected in the human genome. All but 1 overlapping DEGs in every
tissue and both generations were expressed in similar patterns. In the F0 brain, it was illustrated
by GO analysis that neuronal signaling pathways and functions are affected. The highest
enriched biological processes and molecular functions in the brain are related to membrane
potential and transmembrane ion transporter activities, which leads to dysregulated neuron-firing
process. It was also predicted by IPA that in the human genome, the opioid signaling pathway is
affected in the opposite pattern in 30 µg/L and 120 µg/L treated brain. It can be suggested that
THC usage increases the susceptibility of opioid drug addiction. Although the mechanism
remains unknown, the prediction is able to provide insights into future research directions. GO
analysis in F0 testis did not illustrate a uniform pattern across generations. The reason could be
because of the different cell types within the testis. During spermatogenesis, genes specific to
different phases of germ cell development are expressed, some more than the other81. Although
all the fish were at the same age, THC concentration may affect the rate at which the
spermatogenesis process occurs.
This study also shows that gene expression was altered in a similar pattern in F1 tissues
across all concentration groups. It is worth noting that in GO analysis of both the F1 brain and
testis, functions such as protein activity regulator, metabolism, and immune response are altered
in a similar pattern. Neuronal signaling pathways were not significantly altered in the F1 brain
compared to the F0 brain, indicating that neurological effects of THC may have been removed
during genomic reprogramming. Moreover, GO analysis of the F1 liver indicated that glucose
metabolism, lipid metabolism, protein metabolism, and homeostasis were significantly altered.
IPA also illustrated the potential alteration in the AMPK pathway, though the alterations are
different among the concentration groups. AMPK complex is composed of a catalytic subunit,
and two regulatory subunits and the complex promotes catabolic pathways and inhibits anabolic
pathways82. The pathway is switched on by increased AMP and also regulates cell proliferation
and autophagy82,83. It is also a target for the treatment of cancer. In the F1 liver, the AMPK
pathway is inhibited in fish born with fathers from all three treatments. In the 30 µg/L group,
although anabolism is not fully activated due to the inhibition of the AMPK pathway, autophagy
and apoptosis are inhibited. In the 120 µg/L group, anabolism is activated, and apoptosis is
inhibited due to the inhibition of the AMPK pathway, however, autophagy is predicted to be
activated, which is inconsistent with the mechanism. In the 600 µg/L group, similar to the 120
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µg/L group, apoptosis is predicted to be inhibited but autophagy is activated. But the anabolism
pathways are not predicted to be activated. The result suggests that THC may induce cancer cell
proliferation not only in people who consume THC directly but also in the children that are born
with fathers who have consumed THC.
Furthermore, the current study also compared the DMR profile in the sperm of the fathers
with DEGs in the tissues of the children. Hypomethylation was observed on the promoter of
ENSORLG00000022943 in the 120 µg/L treated group, and upregulation was also observed in
120 µg/L F1 testis transcriptome data, suggesting a strong illustration that methylation on the
promoter of a certain gene in the paternal genome can indicate gene expression in the offspring
tissue. Similarly, hypermethylation was observed on the promoter of ENSORLG00000023590,
and downregulation was observed in the F1 testis. Although DMRs were also noted upstream
from the promoters and in the gene body, it is not yet clear whether those DMRs played a role in
predicting offspring tissue gene expression. In 600 µg/L treated sperm, hypermethylation was
found in ENSORLG00000023590, which was also downregulated in F1 testis. These two genes
are not well characterized in medaka fish. Further investigation on these genes needs to be
conducted and these genes may serve as biomarkers predicting offspring gene expression in the
effects of THC potentially. A pipeline is also in preparation for methylome analysis, which
reflected in larger scales to determine the relationship between sperm methylome and offspring
transcriptome.
Effects of pre-conceptional THC exposure has been previously investigated on sperm
epigenome in many studies84. The disruption in sperm methylome resulted from cannabinoid
exposure was evident and the link between methylome dysregulation and offspring brain related
disorders was also reported in some studies85,86. However, the global association between sperm
methylome dysregulations and offspring somatic transcriptome has not been reported. The
findings in this study provided significant evidence on the global changes in the somatic tissues
of offspring born with THC treated father and the direct link between methylome alterations and
offspring somatic transcriptome. It is evident in this study that the epimutations resulting from
THC can affect offspring health.
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In this study, the presented results showed a strong indication that THC affects
reproductive processes, and the epimutation resulted from the exposure can escape
reprogramming stages and persist in the offspring somatic genome. Although there were only 3
DEGs in the offspring somatic tissue overlapping with paternal sperm DMRs, the association
between histone modification and offspring somatic DEGs were not examined. Given the large
number of DEGs presented in the offspring somatic genome, the next step should be the
investigation of histone modification profiles in the father compared to offspring gene
expression. Moreover, the present study only provided data showing the link between two
generations. Whether the epimutations and differential expressions presented in the study can be
observed in future generations remains unknown. It was also significant that THC affects cnr
expression, which also leads to the question that whether cnr expression is also associated with
the occurrnce of epimutations. Overall, future studies should focus on examining other
epigenetic modification mechanisms, the persistence of the epimutations in future generations, as
well as the link between cnr expression and epigenetic modifications.
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APPENDIX A: PRIMER SEQUENCES

Primer Name

Length (bp)

Primer Sequence

mdEF1a-F6

21

AGA AGG AAG CCG CTG AGA TGG

mdEF1a-R6

22

GCT CAG CCT TCA GTT TGT CCA A

mdCnr1-F1

20

CCC ACC AAT GCT TCA GAT TT

mdCnr1-R1

20

AGA GAC AAC ACA GCC ACA GC

mdCnr1-F2

20

CTC TTC TGG AGG ATG GAC GA

mdCnr1-R2

20

AGG CGT AGA TGA TTG GGT TG

mdCnr2-F1

20

GAG GAA ACC TCA TCC CCA AC

mdCnr2-R1

20

CTC CGG CTC TAG AAG AAC CA

mdCnr2-F2

20

CAG AGG GCT TTT GCT TTT TG

mdCnr2-R2

20

GTG CCA GCC TTA GCT CTT TG

70

