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SUMMARY

Background: Pregnant women are susceptible to common diseases and comorbidities,
requiring medical intervention that may involve pharmaceuticals. Medications taken during
pregnancy may reach the developing fetus and interfere with neurodevelopmental processes,
which can impact the risk of disease later in life. Epigenetic modifications essential for cellular
differentiation and fetal neurodevelopment have been proposed as mechanisms for this link.
Prenatal medication exposures may impact these epigenetic modifications, modulating long-
term adverse effects on brain structure and function. Epidemiological studies have found
associations between commonly used medications during pregnancy, altered epigenetic
patterns in cord blood and adverse neurodevelopmental outcomes in the children. However, the
causative nature of medication-induced epigenetic changes and their role in disease
development are uncertain. The lack of safety data for drugs taken during pregnancy limits the
understanding of how these medications impact fetal neurodevelopment and complicates the
assessment of medication risks and benefits during pregnancy. The aim of this thesis was to

evaluate the effect of paracetamol and citalopram on early neuronal differentiation.

Methods: First, this thesis presents a 20-day in vitro protocol for neuronal differentiation of
human embryonic stem cells (hESCs) to generate a robust model for drug exposure. Second, a
molecular timeline of gene expression and epigenetic patterns at four timepoints during
neuronal differentiation were constructed using a multi-omics approach of bulk RNA-
sequencing (RNA-seq), DNA methylation (DNAm), single-cell RNA-sequencing (scRNA-seq)
and single-cell ATAC-sequencing (scATAC-seq). Third, the paracetamol-induced changes in
gene expression and epigenetic modifications in hESCs and during neuronal differentiation was
assessed using this multi-omics approach. Additionally, integration of chromatin opening with
promoters of active genes to identify potential regulatory regions and DNAm was linked with
modulation of gene expression. Fourth, the changes to cell-type composition, time- and dose-
effects of citalopram exposure to hESCs during neuronal differentiation was assessed using

DNAm, RNA-sequencing and single-cell RNA-sequencing analyses.

Results: The protocol for neuronal differentiation of hESCs consisted of three stages: neural
induction, self-pattering and neuronal maturation stage. The protocol was optimized for time-
course of neuropharmacological exposures. The multi-omics characterisation of these cells

identified decreased expression of pluripotency markers and increased expression of neuronal
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markers from Day 0 to 20. DNAm changes correlated with gene expression changes during
neuronal differentiation, and scRNA-seq analysis identified heterogeneous populations of
progenitors, mature neurons, and immature neurons with telencephalic signatures. Exposure to
therapeutic concentrations of paracetamol to hESCs undergoing neuronal differentiation
induced transcriptional and DNAm changes in genes involved in neuronal development.
scRNA-seq analysis identified subtle differences in cell composition between the paracetamol-
exposed cells and control cells at Day 20 and changes in several major cellular processes.
Integration of the scATAC-seq and scRNA-seq data at Day 20 revealed changes in chromatin
opening and transcriptional activity linked to putative regulatory regions associated with
paracetamol exposure. We also found a dose-dependent increase in DNAm levels at significant
sites in paracetamol-exposed cells compared to controls, and the differential methylation was
linked to differential expression. An overlap was identified between dysregulated genes in
paracetamol-exposed differentiating cells and differentially methylated genes in cord blood of
children with ADHD exposed to paracetamol during pregnancy. Finally, exposure to
therapeutic concentrations of citalopram to hESCs undergoing neuronal differentiation
induced a dose-dependent effect of citalopram exposure on the number of DEGs but did not
affect DNAm levels. scRNA-seq revealed a citalopram-induced increase in pseudotime values,
indicating enhanced neuronal maturation. Time- and dose-effects of citalopram were identified
in genes involved in neuronal development, brain function, depression and therapeutic

mechanisms.

Discussion: Using the hESC neuronal differentiation model and multi-omics to investigate the
effects of paracetamol or citalopram exposure on early human neurodevelopment revealed
dysregulation of genes involved in key neuronal differentiation processes at bulk and single-
cell RNA levels. Paracetamol exposure identified transcriptional dysregulation suggesting
potential developmental delays during early neuronal differentiation. Further, differential gene
expression, DNAm and chromatin accessibility were identified for genes associated with
neuronal maturation, neurogenesis, synaptogenesis, neurotransmitter signalling and genes
implicated in neurodevelopmental disorders, suggesting potential mechanistic pathways for
paracetamol. Changes in epigenetic modifications linked to gene expression and the overlap
with differentially methylated genes in the cord blood of children with ADHD exposed long-
term to paracetamol during pregnancy indicates paracetamol-induced epigenetic regulation
of gene expression programmes in early brain development. Citalopram exposure

identified time- and dose-dependent effects expression of genes involved in neurodevelopment,
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axon guidance, neuronal maturation, synaptic transmission and stress response, providing
important insights into the potential molecular mechanisms underlying the effects of citalopram
exposure on early brain development. The dose-dependent effects on gene expression, coupled
with the absence of significant DNA methylation changes, suggest the involvement of
alternative gene regulatory mechanisms. Moreover, citalopram had an effect on genes linked
major depressive disorders and potential antidepressant therapeutic mechanisms. These
molecular alterations may contribute to the observed effects of citalopram on early brain
development and potentially influence neurodevelopmental outcomes. Overall, results from
paracetamol and citalopram exposure offer important mechanistic insights and potential
translational implications. However, an in vitro hESC neuronal differentiation model does not
fully reflect the complexity of in vivo neurodevelopmental processes. Further, these studies

does not account for neurodevelopmental outcomes, metabolites, fetal-maternal interactions or

genetic vulnerability.

Conclusion: The findings of this thesis provide valuable insights into the effects of paracetamol
and citalopram exposures on DNAm, chromatin opening and gene expression during early
neuronal differentiation. Future studies aiming to determine the causality of paracetamol- and
citalopram-induced epigenetic and transcriptional changes and their role in disease
development, may facilitate more accurate assessments of the risks and benefits of these

medications during pregnancy.

SAMMENDRAG

Bakgrunn: Gravide kvinner er sarbare for vanlige sykdommer og komorbiditeter som krever
medisinsk behandling, inkludert farmaseytiske midler. Legemidler som tas under graviditeten
kan na fosteret og forstyrre nevroutviklingsprosesser, noe som kan pavirke risikoen for sykdom
senere i livet. Epigenetiske endringer, som er essensielle for cellular differensiering og fosterets
nevroutvikling, har blitt foresldtt som mekanismer for denne sammenhengen. Prenatal
medikamenteksponering kan pavirke disse epigenetiske mekanismene og modulere langvarige
uonskede effekter pd hjernestruktur og -funksjon. Epidemiologiske studier har funnet
sammenhenger mellom medikamenter som er vanlig a bruke under graviditet, endrede
epigenetiske menstre 1 navlestrengsblod og ugunstige nevrologiske utfall hos barna.
Arsakssammenhengen mellom medikamentinduserte epigenetiske endringer og betydningen

for sykdomsutviklingen er ukjent. Medikament kan ikke bli testet pa foster under utvikling,
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dermed er vurderingen risiko og fordeler av medikamentbruk under graviditet vanskelig. Mélet
med denne avhandlingen var & studere effekten av paracetamol og citalopram p4 tidlig nevronal

differensiering av humane embryonale stamceller (hESCs).

Metoder: Denne avhandlingen presenterer en 20-dagers in vitro protokoll for nevronal
differensiering av hESCs som en modell for tidlig human nevroutvikling. Genekspresjon og
epigenetiske modifikasjoner ble kartlagt ved fire tidspunkter under nevronal differensiering ved
hjelp av en en multi-omic metode som inkluderer mélinger av RNA-sekvensering (RNA-seq),
DNA-metylering (DNAm), enkeltcelle RNA-sekvensering (scRNA-seq) og enkeltcelle ATAC-
sekvensering (scATAC-seq). Deretter ble paracetamol-induserte endringer 1 genekspresjon og
epigenetiske modifikasjoner i hESCs under nevronal differensiering vurdert ved bruk av den
samme multi-omic metoden. I tillegg ble dataene integrert for 4 identifisere genekspresjon
assosiert med kromatindpning eller DNAm. Til slutt ble endringer i celletype-sammensetning,
tid- og dose-effekter av citalopram-eksponering for hESCs under nevronal differensiering

vurdert ved hjelp av DNAm, RNA-seq og scRNA-seq.

Resultater: Protokollen for nevronal differensiering av hESCs bestod av tre stadier: nevronal
induksjon, selv-menstring og nevronal modning. Protokollen ble optimalisert for
nevrofarmakologiske malinger. Karakteriseringen ved bruk av multi-omic metode av disse
cellene identifiserte en nedregulering av pluripotensmarkerer og en oppregulering av nevronale
markerer fra Dag 0 til 20. Endringer i DNA-metylering korrelerte med endringer i1
genekspresjon under nevronal differensiering, og enkeltcelle RNA-sekvenseringsanalyse
identifiserte heterogene cellepopulasjoner av progenitorer, modne nerveceller og umodne
nerveceller med molekylare signaturer fra telencephalon. Eksponering av paracetamol i hESCs
under nevronal differensiering induserte endringer 1 transkripsjon og DNA-metylering 1 gener
involvert i nevronal utvikling. Enkeltcelle sekvenseringsanalyse identifiserte subtile forskjeller
1 cellekomposisjonen mellom paracetamol-eksponerte celler og kontrollceller ved Dag 20, samt
endringer 1 flere viktige cellulaere prosesser. Integrering av scATAC-seq- og scRNA-seq-data
ved Dag 20 identifiserte endringer 1 kromatindpning og transkripsjonsaktivitet forbundet med
paracetamoleksponering. Vi fant ogsa en doseavhengig ekning i DNAm-nivdene i signifikante
seter 1 paracetamol-eksponerte celler sammenlignet med kontroller, samt en sammenheng
mellom differensiell metylering og differensiell genekspresjon. Dysregulerte gener i
paracetamol-eksponerte celler under differensiering overlappet med gener med differensiell

metylering 1 navlestrengsblod hos barn med ADHD eksponert for paracetamol under
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graviditeten. Eksponering av citalopram 1 hESCs under nevronal differensiering identifiserte en
dose-effekt pa antall differensielt uttrykte gener, men pavirket ikke DNAm-nivéene. scRNA-
seq avdekket en citalopram-indusert gkning i pseudotidverdier, noe som indikerer fremmet
nevronal modning. Tids- og doseeffekter av citalopram ble identifisert i gener involvert 1
nevronal utvikling, hjernefunksjon, depresjon og virkningsmekanismer for terapeutisk

effekter.

Diskusjon: Ved a bruke en hESC-modell for nevronal differensiering og multi-omic-analyser
til & undersoke effekten av legemiddeleksponering pd tidlig human nevroutvikling, ble
dysregulering av gener involvert i viktige nevronale differensieringsprosesser identifisert pa
bade global og enkeltcelle RNA-nivd. Paracetamoleksponering identifiserte transkripsjonell
dysregulering som kan indikere mulige forsinkelser i1 utviklingen under tidlig nevronal
differensiering. Videre ble differensiell genekspresjon, DNAm og kromatin-dpenhet identifisert
1 gener knyttet til nevronal modning, nevrogenese, synaptogenese, nevrotransmitter-signalering
og gener involvert i nevrologiske utviklingsforstyrrelser, noe som antyder potensielle
virkningsmekanismer for paracetamol. Endringer i epigenetiske modifikasjoner knyttet til
genekspresjon, og overlapp med differensielt metylerte gener i navlestrengsblodet til barn med
ADHD eksponert for paracetamol under lang tid, indikerer at eksponering av paracetamol mulig
kan fere til epigenetisk regulering av genekspresjon 1 tidlig hjernutvikling.
Citaloprameksponering identifiserte tid- og dose-effekter pa genuttrykk knyttet til nevrologisk
utvikling, aksonveiledning, nevronal modning, synaptisk overfering og stressrespons, noe som
gir viktige innsikter i de potensielle molekylare mekanismene som ligger til grunn for effektene
av citaloprameksponering pa tidlig hjernutvikling. Dose-effekter pa genekspresjon, kombinert
med fraveer av signifikante endringer i DNA-metylering, antyder involvering av alternative
genreguleringsmekanismer. Citalopram pavirket ogsa gener knyttet til depresjon og potensielle
terapeutiske virkningsmekanismer av antidepressiva. Disse molekylere endringene kan mulig
medvirke til de observerte effektene av citalopram pa tidlig hjernutvikling og potensielt pavirke
nevroutviklingsutfall. Samlet sett gir disse resultatene viktige mekanistiske innsikter og
potensielle implikasjoner for translasjonell forskning. En in vitro hESC-nevronal
differensieringsmodell kan imidlertid ikke gjenspeile kompleksiteten i1 in vivo nevroutvikling.
Modellen tar heller ikke hensyn til nevroutviklingsutfall, metabolitter, fetale-maternelle

interaksjoner eller genetisk sarbarhet.
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Konklusjon: Funnene i denne avhandlingen gir verdifulle innsikter i effektene av paracetamol-
og citaloprameksponering pa epigenetiske modifikasjoner og genekspresjon under tidlig
nevronal differensiering av hESCs. Fremtidige studier som tar sikte pd & fastsld
arsakssammenhengen mellom paracetamol- og citalopram-induserte epigenetiske og
transkripsjonelle endringer samt deres rolle i sykdomsutvikling, kan bidra til en bedre vurdering

av medikamenters risiko og fordeler under graviditet.
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1.1 Medications during pregnancy

CHAPTER 1: INTRODUCTION

1.1Medications during pregnancy

1.1.1 Pregnant women and the use of medications

Common diseases that affect the general population, for example cardiovascular disorders,
influenza and other infectious diseases, seizure disorders, migraine and psychiatric disorders,
also affect pregnant women. Moreover, pregnant women have an increased risk of
comorbidities such as gestational diabetes, hyperemesis, hyperthyroidism and hypertension.
These pre-existing and pregnancy-related conditions often require pharmaceutical intervention.
In addition, a substantial number of women become pregnant unintentionally!, and may be
exposed to medications prior to finding out. While unnecessary exposure to medications should
be minimized, avoiding treatment for serious illness could potentially be more harmful for both

the mother and the developing child than the medication used to treat the condition.

Despite the need for medications during pregnancy there is a large gap in knowledge on how
they affect the developing child. Of the 468 medications that were approved by the US Food
and Drug Administration between 1980 and 2000, 91% had an unknown teratogenic risk?, with
an average time of 27 years from approval to pregnancy risk classification’. Due to the
exclusion of pregnant women in clinical trials for ethical reasons, safety data is difficult to
obtain. Moreover, the extensive physiological changes in pregnant women can affect
pharmacokinetics of medications, thus data derived from studies on non-pregnant woman may
lead to wrongful interpretation in the context of pregnant women®*. This poses a challenge for
weighing the benefits of pharmaceutical interventions in pregnant women against the potential
risks to the developing fetus. Nevertheless, 81% of women use either over the counter (OTC)

or prescription medications at least once during pregnancy”.

Embryonic and fetal developmental periods are highly susceptible to potential teratogens,
including medications®. Thus, medications taken at different times during pregnancy could

affect different developmental processes®.

1.2Human embryogenesis

Embryogenesis starts with fertilization, where the genetic material of an ovum and

spermatozoon fuse together forming a zygote (Fig. 1). This event is followed by cleavage, a
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series of mitotic divisions resulting in undifferentiated cells called blastomeres. At the 4/8-cell
stage maternally stored mRNA and proteins are replaced by the activation of embryonic
transcription programme. Then, starting between the 8- and 16-cell stage, the process of
compaction and polarization follows. The blastomeres bind tightly together and obtain
apicobasal polarity’. At embryonic day 5, the developing structure is called a blastocyst,
comprised of trophectoderm tissue (precursors of the placenta) surrounding the inner cell mass

(ICM) and a fluid-filled cavity called blastocoel’.
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Figure 1. Development of the human embryo. The zygote undergoes cleavage into undifferentiated blastomeres.
Then the morula forms, where the initial cell fate decision into trophectoderm and ICM take place. By embryonic
day 5 the blastocele cavity has formed, resulting in the blastocyst comprised of trophectoderm, hypoblast and
epiblast tissue. Morphological transformation and epiblast epithelialization results in a bilaminar disk primed for
gastrulation. Gastrulation starts at embryonic day 14, establishing the three germ layers: ectoderm, endoderm and
mesoderm. Tissues derived from trophectoderm, hypoblast and epiblast are shown in orange, purple and blue

respectively. Adapted from Shahbazi (2020)7 with permission. Created with BioRender.com.

The ICM gives rise to pluripotent epiblast and extra-embryonic hypoblast, which are the
precursors of the embryo and yolk sac, respectively. At this stage, the blastocyst implants into
the uterine lining and subsequently goes through a morphological transformation to form the
bilaminar disc which has now acquired a dorsal/ventral axis®. The epiblast cells in this bilaminar
disk differentiates into extra-embryonic amniotic epithelial cells which serve as a membrane
outlining the amniotic cavity, or remains pluripotent epithelium’. Gastrulation starts at

embryonic day 14 with the formation of the primitive streak, which establish the cranial/caudal
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axis. The epiblast cells then lose their pluripotency and commit to the mesoderm, endoderm or

ectoderm lineages.

Endoderm and mesoderm originate from epiblast cells that undergo epithelial-to-mesenchymal
transition and subsequently migrate through the primitive streak’. Endoderm is the precursor of
cells found in the respiratory system, thyroid, liver, pancreas and intestines. Mesoderm is the
precursor of muscle, connective tissue, bone, cartilage, kidney, reproductive organs,
subcutaneous layer of the skin, circulatory and lymphatic systems, microglia and adrenal
cortex®. Ectoderm originates from the remaining outer layer of epiblast cells that do not go

through the primitive streak and generates the nervous system and epidermis’.

1.2.1 Nervous system development

Primary neurulation, neural tube formation leading to the formation of the brain and spinal cord,
occurs between embryonal weeks 3 and 4 (Fig. 2)°. At the end of gastrulation, dorsal mesoderm
forms the notochord, a crucial structure for initiation of neurulation. Signals from the notochord
cause the overlaying ectoderm layer to thicken and form the neural plate. The cells that
encompass the neural plate undergo neural induction, resulting in neuroepithelial stem (NES)
cells'?. Next, the neural plate folds inward starting from the center of the embryo and progress
outward in cranial and caudal direction, forming the neural fold surrounding the neural
groove'!. Further, the neural fold fuse together resulting in the cerebrospinal fluid-filled neural
tube, the precursor of the spinal cord and brain’. Neural crest cells detach from the fusing
grooves and compose a layer separate from the surface ectoderm and the neural tube. These
migratory and multipotent cells will eventually form the peripheral nervous system, spinal and
cranial nerves, melanocytes, bone and cartilage!?. The surrounding surface ectoderm becomes

the outer layer of the skin.

As the embryo develops, the neural tube forms three distinct segments: the forebrain, midbrain
and hindbrain (Fig. 3). By embryonic week 5, telencephalon and diencephalon have developed
from the forebrain, mesencephalon has developed from the midbrain and the metencephalon
and myelencephalon from the hindbrain'3. In the adult brain, the telencephalon becomes the
cerebrum, the major control center for sensory perception, motor function, emotions, language,
learning and memory. The diencephalon develops into the hypothalamus, epithalamus and

thalamus. Mesencephalon, metencephalon and myelencephalon forms three distinct regions of
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the brainstem: midbrain, pons and medulla oblongata, respectively. Moreover, the cerebellum

develops from metencephalon'?
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Figure 2. Primary neurulation. Lefi panel: Dorsal view of the embryo at approximately embryonic day 22.
Stippled lines show cross-sections viewed in right panels and represent the progressive closure of the neural tube.
The notochord initiates thickening of ectoderm to generate the neural plate. Folding inward starts in the center of
the embryo forming a neural groove. The neural fold fuse together forming the neural tube towards the caudal end
and neural crest cells towards the dorsal end of the ectoderm. Modified from Sadler (2005) "' with permission.

Created with BioRender.com.

The cells in the developing brain acquire distinct identities according to their spatial positions
through a process called neural patterning'. Neural patterning is defined by morphogen
gradients along the anterior-posterior and dorsal-ventral axis, which mediate region-
specification of NES cells to neural progenitor subtypes by initiating local transcriptional
networks (Fig. 3)!°. The anterior-posterior axis is coordinated by signals from Wnt, retinoic
acid (RA) and fibroblast growth factor (FGF) morphogens. Wnt morphogens control the
forebrain, midbrain, hindbrain and anterior spinal cord segmentation in a dose-dependent
manner'®, while RA and FGF morphogens control spinal cord segmentation!”. Moreover, the

dorsal-ventral axis is coordinated by Wnts, bone morphogenic proteins (BMPs) and sonic
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hedgehog (SHH). Increasing concentrations of Wnt and BMPs lead to more dorsal identities,

whereas SHH causes ventralization'>.
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Figure 3: Neural patterning. Top panel: The anterior-posterior axis is coordinated by Wnt, RA and FGF
morphogens. The segmentation of the forebrain, midbrain, hindbrain and anterior spinal cord is controlled by the
Wht-gradient, whereas spinal cord segmentation is controlled by RA and FGF gradients. Bottom panel: The dorsal-
ventral axis is coordinated by opposing gradients of Wnt and SHH morphogens. Adapted from Tao and Zhang

(2016) ' with permission. Created with BioRender.com.

At the cellular level, neurodevelopment entails a series of tightly regulated events. NES cells
undergo extensive proliferation followed by the onset of neurogenesis, where they differentiate
to radial glia (RG) cells'®. RG cells are self-renewing progenitors of neuronal, glial and
oligodendroglial lineages, in addition to acting as a scaffold for migrating neurons's.
Redundant cells are eliminated by apoptosis!’®. RG cells undergo asymmetrical divisions,

resulting in new RG cells and primitive, committed neurons, neuroblasts?’. Neuroblasts then
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migrate from their sites of origin to their final destination in the developing cortex and
cerebellum. Here, dendritic growth, synaptogenesis, maturation and finally myelination
occur!®. Disruption of any of these finely tuned processes can singly or in combination cause

minor or severe malformations and functional abnormalities contributing to NDDs”.

1.3Epigenetic mechanisms in embryonic development

Cell specification during embryonic development, including neurodevelopment, is regulated by
epigenetic mechanisms. Historically, there have been multiple definitions of epigenetics?!.
Here, epigenetics will be referred to as the study of mitotically heritable chemical modifications
to DNA and DNA associated proteins that regulate gene expression patterns without changes
to the DNA sequence itself?>??. Epigenetic modifications mediate cellular memory which is
essential to cellular differentiation during normal embryonic development and for maintaining

cell identities throughout adult life?*.

Epigenetic transcriptional control should be seen in context with chromatin, the dynamic
structural organization of the genome in complex with proteins which condenses DNA in the
cell nucleus (Fig. 4). In the chromatin complex, 145 base pairs (bp) DNA is coiled around
histone octamers consisting of two copies of four histone proteins (H2A, H2B, H3 and H4),

collectively called a nucleosome?.

Chromatin can be highly condensed in the form of heterochromatin associated with
transcriptional silence, or more loosely bound as euchromatin associated with active
transcription?. A linker histone, histone H1 interacts with the entry and exit point of the
nucleosome and promote chromatin compaction. Epigenetic mechanisms that are involved in
cellular memory and interact to regulate the cell-type specific, dynamic state of chromatin are
DNA methylation (DNAm) and post-translational modifications (PTM) of histones?¢. The sum
of these chemical modifications comprises the epigenome of a cell, which is established by
intrinsic signals from the genome and may be influenced by extrinsic signals from the
environment. Thus, epigenetic alterations can be viewed as a link between the environment and

changes in gene expression resulting in a particular phenotype.
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Figure 4. Epigenetic factors involved in transcriptional regulation. The basic functional unit of chromosomes
is chromatin, which consist of coiled up DNA in complex with nucleosomes. Two copies of each histone H2A,
H2B, H3 and H4 together with approximately 145 bp of DNA constitute one nucleosome. Regulation of gene
expression is dependent on the accessibility of DNA to the transcription machinery, which is affected by post-
translational histone modifications, such as histone methylation and acetylation, and DNAm. Tightly packed
heterochromatin is associated with transcriptional silencing, whereas euchromatin is more loosely bound and
associated with active transcription. HDMs, histone demethylases; HMTs, histone methyltransferases; HDACs,
histone deacetylases; HATSs, histone acetyltransferases; DNMTs, DNA methyltransferases. Adapted from Joosten

et al. (2018)%" with permission. Created with BioRender.com.

1.3.1 Post-translational histone modifications

Amino acids at the N-terminal tails, C-terminal tails and non-tail regions of histone proteins
can be covalently modified after translation, although it occurs most frequently at N-terminal
tails?. These modifications include methylation, acetylation, phosphorylation, ubiquitination,
SUMOylation, citrullination, glycosylation and ADP ribosylation and are involved in the
regulation of gene expression through their recruitment of regulatory proteins and by altering
chromosome structure?’. Moreover, histone PTMs are essential for the regulation of other cell
processes such as DNA replication, DNA repair, cell cycle control and DNA condensation

during cell division?®,

Histone acetylation is catalyzed by histone acetyltransferases (HATs) and is reversed by histone
deacetylates (HDACs)?. Histone acetylation occurs on lysine residues and is generally
associated with transcriptional activity, whereas histone deacetylation is associated with

transcriptional silence?. For example, acetylation of histone H3 lysine 9 (H3K9ac), H3K 14ac
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and H3K27ac are found at enhancers (cis regulatory elements (CREs) which interact with
regulatory proteins to enhance the transcription target genes) and transcription start sites (TSS)
of active genes?®. In contrast, histone methylation acts as both repressive and activating signals
depending on the degree of methylation and the position in the histone. Histone methylation is
catalysed by histone methyltransferases (HMTs) and demethylated by histone demethylases
(HDMs) and occur on lysine, arginine and histidine residues?®. Moreover, there is an additional
level of complexity in that lysine residues may exhibit mono-, di- or tri-methylation and
arginines may be mono- or di-methylated in a symmetrical or asymmetrical manner*’. For
example, histone H3 lysine 4 mono-, di- and tri-methylation (H3K4me/me2/me3), H3K9me,
H3K27me and H3K36me/me3 are considered active chromatin marks, whereas H3K9me3,

H3K27me3 and H4K20me3 are considered marks of repressed chromatin®!.

Histone PTMs affect chromatin accessibility by altering histone-histone and DNA-histone
interactions, creating binding sites for chromatin modifiers and influencing nearby occurrences
of PTMs?!. For example, acetylation and phosphorylation decrease the positive charge of
histones, thereby resulting in weaker DNA-histone interactions and subsequent decompaction
of the chromatin structure and transcriptional accessibility?’. The various histone modifications
and the interplay between them results in different effects on gene regulation, and they are

reversible, dynamic and tightly regulated®.

1.3.2 DNA methylation

Methylation of DNA occurs by covalent binding of methyl-groups (CH3) to the fifth carbon of
cytosine, generating 5-methylcytosine (SmC). In mammals, DNAm mainly takes place on
cytosine-phosphate-guanine (CpG) dinucleotides, but is also on non-CpGs in embryonic stem
cells (ESCs) and adult brain®?. In the human genome there are approximately 29 million CpGs
of which 65-80% are methylated®>. DNAm is involved in regulation of gene expression,
genomic imprinting, X-chromosome inactivation, chromosomal stability and genomic defense
against transposable elements®**. DNAm patterns are cell-type specific, mitotically heritable and

are important for lineage commitment and cellular memory during development.

The establishment of DNAm is catalyzed by DNA methyltransferases (DNMTs). DNMT]1 is
responsible for maintaining global DNAm patterns®>. Immediately after replication the DNA is
hemimethylated: the parental strand is methylated while the newly synthesized daughter strand
is unmethylated. The multidomain protein UHRF1 (ubiquitin-like, containing PHD and RING
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finger domains 1) recognizes H3K9me3 and hemimethylated DNA, and recruits DNMTT to the
replication fork by ubiquitylating K14, K18 and K23 on histone H3%¢. Then, DNMTI
methylates the hemimethylated DNA, ensuring restored symmetry and inheritance of DNAm
patterns through cell division*. The DNMTs responsible for de novo DNAm are DNMT3A
and DNMT3B in conjunction with the regulatory factor DNMT3L. DNMT3L interacts with
unmethylated H3K4 and recruits two DNMT3A and one DNMT3B to form a tetramer capable
of establishing new DNAm groups?’.

DNA demethylation can occur via passive or active processes. Passive demethylation is the
result of lack of maintenance of DNAm after DNA replication, diluting the methylation groups
over consecutive rounds of cell divisions®. In contrast, active demethylation occurs by
enzymatic modification or removal of the methyl group catalyzed by ten-eleven translocation

(TET) enzymes*.

CpG dinucleotides are generally underrepresented in the mammalian genome, thought to be
due to the high mutation rate of SmC which, via spontaneous deamination forms thymine (T).
The exception from this underrepresentation can be found in CpG-rich regions defined as CpG
islands (CGIs), which are often unmethylated in germline cells and consequently stably passed
on to the next generation®>. CGIs remain primarily unmethylated in somatic cells. Furthermore,
CGls are found at two-thirds of mammalian promoter regions and TSSs, but can also be found
in gene bodies and intergenic regions**. DNAm at CGI promoters is well known as a
transcriptional repressive epigenetic signal through recruitment of transcriptionally repressive
methyl-CpG-binding proteins (MBPs), interfering with TF binding and nucleosome positioning
(Fig. 5)*. In contrast, actively transcribed genes typically have unmethylated CGI promoters
and are associated with H3K4me334. This allows promoter binding of CXXC domain-
containing activator complexes, while methylation-sensitive TFs bind to unmethylated
enhancers (Fig. 5)*°. However it is becoming clear that the function of DNAm varies with the
context in which it is found*’. DNAm can also facilitate transcriptional activation through TFs
that preferentially bind to methylated sequences (Fig. 5)**. The activity of genes with CGI
promoters can be regulated in a flexible manner by polycomb repressive complex 2-mediated
H3K?27 methylation, whereas long-term stabilization of silencing can be achieved with DNAm.
Examples of DNAm-based silencing include X-chromosome inactivation, genomic imprinting

and genes specific to germline cells.



1.3 Epigenetic mechanisms in embryonic development

Ly g

Target gene

Enhancer Promoter

i MW‘P?W?

Target gene

Enhancer Promoter

Target gene

Enhancer Promoter

® Methylated CpG

? Unmethylated CpG

@ Methyl-CpG-binding proteins

() Methyl-CpG-binding transcription factor
5 Methyl-sensitive transcription factor

@ CXXC domain-containing activator complex
'H3Ka4Me3

Figure 5. Transcriptional regulation by DNAm. A) Genes with methylated CGI promoters are repressed through
the binding of repressive methyl-CpG-binding proteins (MBPs). Methylated enhancers can also block the binding
of TFs that are sensitive to methylation. B) Unmethylated CGI promoters are associated with trimethylated H3K4
(H3K4me3) and accessible to binding of CXXC domain-containing activation complexes. Moreover, transcription
factors bind to unmethylated enhancers to initiate transcription. Gene activation is not sensitive to gene body
methylation, although it is proposed to block transcription initiation of repetitive DNA elements. C) Genes with
methylated low density CpG promoters do not interact with MBPs and can be transcribed in some cases.
Methylation-specific transcription factors can bind to methylated enhancers associated with H3K4me3. Adapted
)

from Spruijt and Vermeulen (2014)°” with permission. Created with BioRender.com.

Gene bodies typically have a low density of CpGs which are methylated in a tissue-specific

manner. In contrast to CGI promoter methylation, gene body methylation is not associated with

10
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transcriptional repression®*. Despite being bound by MBPs, similar to CGIs at TSS, methylation
at gene body CGIs is positively correlated with transcription, suggesting that silencing of genes
is due to interference with transcriptional initiation but not elongation in mammals*’. Although
the function of gene body methylation is not yet fully understood, two hypotheses have been
proposed. First, gene body methylation is thought to contribute to chromosomal stability by
silencing intragenic cryptic promoters of repetitive DNA elements, including retrotransposons
and LINE1 elements*. Second, gene body methylation may be involved in regulation of
splicing. There is significantly higher methylation levels in exons compared to introns*!.
Moreover, constitutive exons are more highly methylated than alternative exons*’. Thus,
DNAm may facilitate splicing through methylation-sensitive regulatory mechanisms. For
instance, DNAm prevents binding of CTCF protein which is involved in exon inclusion by

slowing down RNA polymerase II elongation*’.

The function of DNAm at intergenic regions and regulatory elements such as enhancers and
insulators, is not yet fully elucidated. Generally, enhancers have a lower CpG density than
promoters, and methylation levels are more dynamic and cell type-specific than promotor
methylation**, Whereas enhancer DNAm levels are inversely correlated with transcriptional
activity similarly to promoter methylation levels, their activity is also dependent on several

other factors*.

1.3.3 Chromatin accessibility

Physical accessibility of DNA sequences for transcriptional machinery is controlled by
chromatin opening, a dynamic process influenced by various factors, such as histone
modifications, chromatin remodelling complexes, DNAm and transcription factors (TFs)*. TFs
are key regulators of this process either by competing with histones and other chromatin-
binding proteins, by recruiting chromatin remodellers or by opening chromatin directly, to
modulate nucleosome occupancy and regulate DNA access®. The interaction between TFs and
the accessibility landscape of a cell type is reciprocal, chromatin accessibility influences TF

binding, and consequently transcription of genes.

Dysregulation of chromatin opening can disrupt gene expression programs, and has been

implicated in NDDs*-48,

11
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1.3.4 Epigenetic patterns during embryonic development

Cellular differentiation is regulated by epigenetic mechanisms. After fertilization, the
epigenome is reprogrammed to restore totipotency before new cell type-specific patterns are
established. This critical developmental period of major epigenetic reprogramming and cell fate

decision events may be particularly susceptible to alterations by environmental influences.

Genome-wide DNA demethylation occurs in early preimplantation embryos (Fig. 6),
subsequently reaching the lowest levels of DNAm at the early blastocyst stage**. During
reprogramming, the paternally inherited genome undergoes active demethylation mediated by
TET3, where 5SmC is oxidized to form ShmC, 5fC and 5caC. The levels of oxidation derivatives
of 5mC then gradually decrease through passive DNA replication-dependent dilution®. In
contrast, the maternally inherited genome is protected from TET3-mediated demethylation, and
is subsequently passively demethylated during zygotic cleavage due to the exclusion of the
maintenance enzyme DNMT1 from the nucleus®*. Following reprogramming, around the time
of implantation, de novo DNAm mediated by DNMT3A and DNMT3B occur rapidly to
establish the embryonic methylation pattern*. During differentiation de novo methylation and
demethylation of the DNA take place in a dynamic manner to ensure lineage commitment>°.
However, approximately 20% of CpGs escape this global wave of demethylation!. The CpGs
which retain methylation inherited from gametes are located mainly in imprinting control

regions and evolutionary young retrotransposons>*.
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Figure 6. DNAm reprogramming during embryonic development. After fertilization, global DNAm is erased.
The maternal pronuclear genome undergoes passive demethylation, whereas the paternal pronuclear genome
undergoes active demethylation by TET enzymes. At the blastocyst stage, de novo methylation by DNMT3A and
DNMT3B occur to reestablish methylation patterns. Adapted from Zeng and Chen (2019)* with permission.

Created with BioRender.com.

In ESCs, low-density CpG promoters that are associated with tissue-specific genes are mostly
methylated, whereas CGI promoters that are associated with developmental genes are generally
unmethylated?. This methylation status is dynamic and changes during differentiation. Upon
commitment to neural lineages, genes related to pluripotency and non-neural lineages gain
DNAm at their promoters contributing to their long-term silencing. In contrast, some distal

regulatory elements related to neural genes undergo DNA demethylation™.

Compared to DNAm, less is known about the major changes in global chromatin organization
and PTMs of histones in the preimplantation embryo. The reprogramming of histone PTMs
involves a series of extremely complicated and highly controlled locus-specific events which
is not yet fully understood>. The histone marks of parentally inherited genomes are
characterized by asymmetry in the zygote and through the 4-cell stage, and it is believed that

this asymmetry is necessary for epigenetic reprogramming. Protamines in the paternal

13
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pronucleus are replaced by maternally inherited histones genome-wide in the zygote>. The
maternal pronucleus contain PTMs resembling those of somatic cells, whereas the paternal
pronucleus is distinguished by a hypomethylated chromatin state thought to permit increased
accessibility to the paternal genome from the late zygote stage®®. In the maternal pronucleus,
histone methylation marks that are typical features of heterochromatin such as H3K9me3,
H3K27me3, H3K64me3 and H4K20me3 are lost by the 4-cell stage®*>6. Moreover, the loss of
repressive marks is consistent with the timing of embryonic genome activation from the 4-cell
stage®®. Histone methylation marks are then progressively re-established, with a delayed

detection tri-methylation compared to mono-methylation marks in early development’.

In ESCs it has been shown that non-transcribed genes encoding developmental regulators can
be kept in a poised state, where their promoters carry opposing PTMs including the active marks
H3K9ac and H3K4me3 and the repressive mark H3K27me3>’. In response to developmental
signals during differentiation, promoters of tissue-specific genes lose the H3K27me3 mark and
become de-repressed®. For example, genes encoding TFs involved in neural development,
including PAX6, NESTIN, SOX1, ASCLI and NKX2.2, carry these opposing histone marks in

ESCs. H3K27me3 is then lost during neural differentiation, resulting in gene activation®®,

1.4Epigenetic dysregulation and disease

Aberrant epigenetic regulation of gene expression may cause altered phenotypes and ultimately
lead to disease. This is evident from the fact that many Mendelian disorders are caused by
mutations in genes encoding epigenetic regulators®®. Genetic variants in genes encoding major
regulators of DNAm, including DNMT and TET genes, can cause neurological disorders,

immunodeficiencies and cancers3*.

Epigenetic dysregulation has also been implicated in NDDs. Genetic variants in the X-linked
MECP2 gene (encoding the MBP methyl CpG-binding protein 2, MeCP2) causes Rett
Syndrome, a progressive NDD characterized by intellectual disabilities, ataxia, autism and
seizures®®. MeCP2 functions as a global repressor of transcription by binding to methylated
CGIs and recruiting HDACs, and disruption of this process can cause aberrant gene
expression®!. Genetic variants in MECP2%? and other MBPs, including MBD5%-%4, MBD3 and
MBD4, are also indicated as risk factors for ASD, which is a common comorbidity of Rett

syndrome®’. Additionally, genome-wide association studies (GWAS) and have identified
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variations DNMT3A and in genes encoding chromatin remodelers, including CDHS/CTNNBI,
CHD2 and ARID1B, associated with increased risk of ASD®%4, Collectively, this indicates the

importance of epigenetic regulation to NDDs.

1.4.1 Neurodevelopmental teratogens and disorders

Teratogens are substances that disrupt fetal development and cause physical or functional
deficits in the child following exposure during pregnancy. In the 1960s it was discovered that
thalidomide, at the time an OTC medication taken worldwide against sleeplessness and morning
sickness, caused severe birth defects in thousands of children®. The extent of this scandal has
fortunately not been repeated, however other medications have been reported to have severe
teratogenic effects in children exposed in utero. Isotretinoin, a treatment for severe acne, when
used during pregnancy was shown to cause congenital craniofacial, cardiac and thymic defects

and neurocognitive impairment®’

. Exposure to valproic acid (VPA), a treatment for epilepsy,
bipolar disease and prevention of migraines, has been associated with an increased risk of
congenital defects in developing children, including neural tube defects, heart defects, cleft
palate, limb defects and genitourinary defects®®. Moreover, prenatal exposure to the
anticonvulsant topiramate has been associated with autism spectrum disorder (ASD) and

intellectual disabilities®

. Other commonly used medications used by pregnant women that
have been linked to congenital abnormalities are lithium°, used to treat mental illness, the blood
thinner warfarin’! and tetracyclines’?, used to treat bacterial infections. These medications are
considered to be major teratogens. As mentioned, however, there are numerous medications for
which safety data is scarce or lacking completely. Studies where long-term and subtle outcomes

of medication exposure are investigated, including neurodevelopmental outcomes, are few and

far between and often underpowered.

Medications that cross the placenta and the blood-brain barrier may interfere with normal fetal
neurodevelopment. Most medications may reach the embryo via passive diffusion’®, or even
active transportation, and thus have the potential to perturb neurodevelopment. Normal
neurodevelopment involves complex processes such as neural differentiation, proliferation,
migration, synaptogenesis, apoptosis, myelination, synaptic pruning and development of the
blood-brain-barrier’*. Disruption of these events may result in long-term adverse effects in
central nervous system function’>. Thus, this critical developmental period which continues

during the entire pregnancy, is highly sensitive to environmental influences®. This is also
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evident from the observations that some well-defined neurotoxins such as lead and

methylmercury affect the developing brain at lower concentrations than the adult brain’®.

Several environmental compounds have been associated with neurodevelopmental toxicity
(NDT) in children exposed in utero. Prenatal exposure to organophosphates, a group of
pesticides present in food, water and soil which inhibit acetylcholinesterase activity’’, have
been linked to ASD’8. Polybrominated diphenyl ethers are additive flame retardants which have
been associated with decreased motor function, attention, cognitive scores and altered
behaviour”8. Further, bisphenol A (a component of polycarbonate plastic), air pollutants,
maternal alcohol consumption, smoking, malnutrition and infection are also associated with
adverse neurodevelopmental outcomes’>’881-86 Some of the pathophysiological mechanisms
proposed to be involved in the neurotoxic effect of these compounds are oxidative stress,
immune system dysregulation, altered neurotransmitter systems and thyroid hormone

disruption’®,

Disruption of brain development can result in a variety of conditions defined as
neurodevelopmental disorders (NDDs), such as attention-deficit/hyperactivity disorder
(ADHD), ASD, intellectual disabilities, learning disabilities, epileptic encephalopathies and
schizophrenia®’. NDDs affect 17% of US children aged 3 to 17 years, and the prevalence has
increased over the last two decades®®. ASD, is characterized by challenges in social interaction,
communication and restricted interests and behaviours®?®>. ADHD, characterized by
hyperactivity, inattention and impulsivity, is the most common NDD with a prevalence of 5%
worldwide®®. Although ADHD is highly heritable®!, environmental factors such as maternal
stress, anxiety, depression, smoking and alcohol consumption, prenatal exposure to
organophosphates, polychlorinated bisphenyls, bisphenol A, methylmercury and lead have
been associated with ADHD’>%24 Despite the differences in clinical presentation, ADHD

shares both genetic’ and environmental’” risk factors with ASD.

The causes of NDDs are highly complex and poorly characterized, however the interplay
between heterogeneous genetic factors, environmental influences and epigenetic factors are
proposed to be the major contributors to NDD aetiology®®. Considering the enormous
socioeconomic burden and the individual burden NDDs represent, it is crucial to identify and

minimize the environmental risk factors. Therefore, it would be valuable to obtain pregnancy
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safety data, including long term neurodevelopmental effects, for medications commonly used

by pregnant women.

1.4.2 Teratogenicity of common medications during pregnancy

The theory of developmental origins of adult-onset disease postulates the idea that an organism
is capable of adapting to environmental signals during development, thus affecting risk of
disease later in life, including NDDs®’. This risk may be modulated through alterations of
epigenetic patterns. Since epigenetic modifications are mitotically heritable, they provide a
potential mechanism for long-term changes in gene expression after withdrawal of the

exposure

Developmental plasticity is supported by a number of epidemiological studies showing that
maternal stress and nutrition status is associated with diseases such as obesity, diabetes, mental

illness and childhood NDDs in the child®*®-19, Animal studies have shown that prenatal and

02 103

early postnatal environmental factors such as maternal behaviour!??, heavy metals'®,

104 6

pharmaceuticals'®, endocrine disruptors'® and low-dose radiation'®® can cause altered

epigenetic modifications and modulate disease susceptibility. For example, perinatal exposure
to methylmercury in mice is associated with altered behaviour and long-term silencing of the

BDNF promoter by DNA hypermethylation, increased H3K37me3 and decreased H3

107

acetylation'?’. However, whether these changes in epigenetic patterns are mediators, modifiers

or consequences of disease is largely unknown (Fig. 7).

Prenatal exposure to medications

?

Epigenetic modifications ' > Disease risk

Figure 7. Are medication-induced epigenetic changes causative or a consequence of disease? Prenatal
exposure to medications is associated with changes in epigenetic patterns and disease risk. However, it is unknown
whether the increased disease risk is caused directly by medication exposure or mediated via epigenetic
modifications. Furthermore, we do not know if these epigenetic changes mediate increased disease risk or if they

are a consequence of disease mechanisms.

A range of prenatal environmental exposures in humans are associated with altered DNAm in

cord blood, including heavy metals'® 1% bisphenol A'!!, air pollutants'!?, maternal
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113,114 115,116 7

smoking , antiepileptic medications , methadone!'” and paracetamol'!®. Prenatal
exposure to maternal smoking is a well-studied example and has been associated with a number
of adverse effects in the child, such as low birthweight, asthma, behavioural problems and
NDDs, including ASD and ADHD!!~12!, Smoking-induced DNAm changes have been found
in several fetal and newborn tissues, including cord blood, placental tissue, peripheral blood,
lung tissue and cortical plate, and can persist into childhood and adolescence and modulate risk

of disease!"°.

Prenatal environmental exposures may have a direct effect on the epigenome by altering DNAm
or PTM patterns, or indirectly by activating TFs or other regulatory proteins. The antiepileptic
and teratogen VPA functions as an HDAC inhibitor, directly causing histone hyperacetylation
and subsequent demethylation of specific genes'?>. Moreover, epigenetic etiologies are often
implicated when prenatal exposure to medications cause long-term gene expression changes
which can lead to phenotypic alterations in the offspring. Thalidomide, isotretinoin, selective
serotonin reuptake inhibitors (SSRIs) and cannabis are examples of such medications'>3~123,

However, future studies are warranted to confirm the potential role epigenetic mechanisms have

in mediating the medication-induced effects and disease susceptibility.

The study of epigenetic side-effects of medications, especially in context of prenatal exposures,
may contribute to the understanding of underlying disease etiologies, subsequently establishing
and reducing risk factors for NDD. In utero exposure to medications which affect the
epigenome during neurodevelopment pose a potential risk to the unborn child. However, safety
data remains lacking or inconclusive for the majority of medications commonly used during
pregnancy. In this thesis, the focus is on two medications that are frequently taken by pregnant

women: the analgesic paracetamol and the antidepressant citalopram.

1.5Paracetamol and pregnancy

1.5.1 Properties and metabolism of paracetamol

Paracetamol, also called acetaminophen, is an OTC medication used world-wide to treat pain
and fever. It is a compound with low molecular mass (151 g/mol) capable of passive diffusion
though membranes'?¢. Paracetamol is the first line treatment for pain and fever in all age groups,

including children, pregnant women and nursing women'?®,
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The metabolism of paracetamol is complex and results in a number of metabolites. After
therapeutic doses, the two major metabolic fates of paracetamol are paracetamol-glucuronide
and paracetamol-sulfate conjugates, which are readily excreted by the kidneys'?’. A small
proportion (< 5%) is also secreted as unchanged paracetamol. Moreover, paracetamol can be
oxidized to form the reactive metabolite N-acetyl-p-benzoquinone imine (NAPQI). NAPQI is
detoxified by binding to glutathione and excreted by the kidneys as paracetamol-cysteine and
paracetamol-mercapturic acid conjugates. Whereas only small levels of NAPQI are formed at
therapeutic doses, the sulfation and glucuronidation pathway gets saturated at supratherapeutic
doses and the proportion of oxidized paracetamol increases causing an hepatotoxic effect'?’.
Additionally, a small proportion of paracetamol undergo deacetylation to form p-aminophenol.
In mice, p-aminophenol is transported to the spinal cord and brain where fatty acid amide
hydrolase catalyze the conjugation with arachidonic acid to form the bioactive metabolite N-

arachidonoylphenolamine (AM404)!28

. More recently, AM404 was also detected in human
cerebrospinal fluid (CSF)!'?°. The different pathways of paracetamol metabolism change during
pregnancy and with age in children. In pregnant women paracetamol half-life was lower
compared to non-pregnant women due to enhanced glucuronidation and oxidation'*°. In
children, the sulphation pathway dominates from birth, whereas the glucuronidation pathway

is mature from about two years of age'3!.

The mechanism of action of paracetamol remains a subject of controversy'?’. The proposed
primary pathway by which paracetamol mediates its analgesic effect is through inhibiting the
synthesis of prostaglandins, which are important mediators of inflammation, pain and fever'?’.
Prostaglandin synthesis from arachidonic acid is catalysed by cyclooxygenase-1 (COX-1) and
COX-2. COX-2 catalyses the synthesis of prostaglandins from endocannabinoids!?S.
Paracetamol acts as a competitive substrate of the COX-enzymes under low peroxide conditions
and inhibits both COX-1 and COX-2, although the major effect appears to be on COX-2'%6. It
has been proposed that paracetamol influences the descending serotonergic antinociceptive
pathway'3!. Paracetamol may act as a pro-drug, with the metabolite AM404 involved in the
analgesic effect. AM404 is a strong activator of the vanilloid receptor subtype 1 (TRPV1) and
an inhibitor of endogenous cannabinoid reuptake. Moreover, AM404 has been found to inhibit
COX-1 and COX-2'32, In rats, the analgesic effect of paracetamol was lost by inhibiting AM404

activity'32. Analgesic action through cholinergic systems, central noradrenergic systems and

nitric oxide pathways has also been proposed'?°.
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Paracetamol is distributed in the body without binding to plasma proteins or tissues, thus
concentrations found in vivo can be directly correlated to concentrations used for in vitro
studies!?®. Following a standard therapeutic dose in adults (1 g four times per day), the peak
plasma concentration has been found to be between 11-30 mg/L (70-200 uM) depending on
how it is administrated, whereas the average plasma concentration over time is around 2 mg/L

(13 HM)126’133'

1.5.2 Paracetamol in pregnancy

Paracetamol is the first-choice treatment for pain and fever during pregnancy and has
historically been considered safe to use. Reported paracetamol consumption during pregnancy
varies from 4-81%, with the lowest levels in Saudi Arabia and highest levels in France'3*.
Between 1997 and 2004, ~65 — 70% of US and Canadian expectant mothers reported
paracetamol use at least once!*>. The intake of paracetamol was highest in the first trimester
(54%) and decreased slightly by the second (51%) and third (48%) trimesters'*>. It was also
shown that the intake of paracetamol during pregnancy increased by almost 30% from 1976 to
1990s before stabilizing!3. This finding is in line with a Norwegian study from 2010, where
67% of pregnant women reported using paracetamol'*°. A study from 2012 reported that 48%
of pregnant women from Europe, North America, South America and Australia used
paracetamol at some point during pregnancy’. Paracetamol intake was higher in Northern
Europe (62%) than in Western Europe (52%) and Eastern Europe (27%)°. Similar results have
137-139

been found in several recent studies in different geographic areas and time periods

Overall, the global prevalence of paracetamol consumption during pregnancy is high.

Paracetamol crosses the placenta. In term pregnancies, comparable peak paracetamol
concentrations and half-life was shown in maternal blood compared to cord blood, indicating
that maternal paracetamol concentrations can be used as estimate for fetal exposure!“.
Furthermore, a study using an ex vivo placenta perfusion model showed that fetal
concentrations reached 96% of the maternal concentrations within 3.5 hours during maternal-

173

to-fetal transfer of paracetamol’”. It was also shown that the metabolites paracetamol-

glucuronide and paracetamol-sulphate crosses the placenta, albeit at a lower rate’3.

Paracetamol readily crosses the blood-brain barrier and has been detected in human

cerebrospinal fluid (CSF), thus it has the potential to affect neurodevelopment'*'~'43, In children
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given 15 mg/kg paracetamol intravenously, CSF concentrations ranged from 1.3-18 mg/L (8-
120 uM) depending on time after injection'®. At the maximum CSF concentration, the

concentration ratio (CSF/plasma) was 0.95'4

. Prior to the establishment of placental circulation
at embryonal Day 17-20'%, the fraction of paracetamol that reaches the developing embryo

does so via passive diffusion’.

1.5.3 Paracetamol exposure in early development of animals

The effect of developmental exposure to paracetamol has been studied in several species. In
zebrafish (Danio rerio), wild-type and /phn3.1 knockdown (ADHD-model) embryos were
exposed to sub-toxic concentrations of paracetamol either for two hours or six days and
locomotor activity was measured. Neither wild-type nor /phn3.1 knockdowns exposed to

145

paracetamol reported increased hyperactivity In contrast, studies in rodents have

demonstrated the risk of offspring adverse neurodevelopmental outcomes following prenatal or
early postnatal exposure to paracetamol at doses mirroring human therapeutic doses. In mice,
paracetamol exposure on postnatal day 3 and 10 (corresponding to the beginning of the third
trimester and time around birth in human pregnancies), but not day 19 (corresponding to a 2-
year-old child), resulted in increased spontaneous behaviour, decreased habituation capability

146,147

and reduced special learning . These paracetamol-induced effects were not dependent on

gender!'4’

. Moreover, another study in mice found a decreased number of neurons in the
hypothalamus in male offspring following prenatal paracetamol and aniline (environmental
pollutant and precursor of paracetamol) exposure. As adults, the offspring exhibited reduced

sexual behaviour and territorial display'*%.

In rats, prenatal exposure to high doses of paracetamol caused a reduction in the number of fetal
germ cells and altered the timing of germ cell development!#’. Long-term prenatal and postnatal

exposure to paracetamol at clinically relevant doses, modulates neurotransmission in the

150,151

medulla oblongata and cerebellum of rat offspring . Work from the same group

demonstrated altered spatial memory, social behaviour and decreased motor function in the

2

paracetamol-exposed offspring'>>2. Another model assessing paracetamol exposure at

embryonic day 15-19, showed changes in gene expression for genes involved in immune- and

inflammatory responses, proliferation and differentiation'>>.
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Taken together, the evidence indicates adverse reproductive and neurodevelopmental outcomes
following paracetamol exposure in rodents. Whether these results are relevant to humans is

unknown.

1.5.4 Prenatal exposure to paracetamol and neurodevelopmental outcomes in human
studies
Paracetamol exposure during pregnancy has been associated with cerebral palsy!**, language
delay'®, childhood asthma'>® and cryptorchidism'®’ in children. A number of cohort studies
published in the last decade have examined the relationship between prenatal exposure to
paracetamol and long-term adverse neurodevelopmental outcomes in children. In 2013, a
sibling-controlled analysis 0f 2919 same-sex sibling pairs of the Norwegian Mother, Father and
Child cohort (MoBa) found an increased risk of adverse neurodevelopmental outcomes in
children exposed to paracetamol during pregnancy'*8. Specifically, paracetamol exposure for
28 days or more was associated with increased externalizing and internalizing behavioural
problems, higher activity levels, poor gross motor development and communication at three
years of age. The analysis was adjusted for confounders such as fever, infections, back pain and

co-medication use during pregnancy'>8,

Another study of 51200 children in MoBa reported that long-term (>28 days) exposure to
paracetamol during pregnancy was associated with a moderately increased risk of
communication problems and motor milestone delay in 18 month old children!*. In contrast to
the sibling-controlled study, an association with activity problems and externalizing behaviours
was not found. A suggested explanation for this was that these behaviours are more difficult to
observe at 18 months compared to 3 years of age. In a follow-up study from MoBa, which
included 32934 children, only associations with internalizing behaviour problems remained at

5 years of age'®.

A prospective study of more than 60000 children in the Danish National Birth Cohort (DNBC)
found that paracetamol exposure during pregnancy was associated with ADHD-like
behavioural problems in children at age 7, increased risk for hyperkinetic disorder (a severe
form of ADHD) and use of ADHD medications'®'. These risk associations increased with the
frequency of paracetamol use during pregnancy. Potential confounders adjusted for included
maternal inflammation, infection and smoking during pregnancy, maternal mental health

problems, age and the childs birth weight and gestational age, none of which affected the results.
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In contrast, a study from the same group found associations between prenatal exposure to
paracetamol and an increased risk of ASD with hyperkinetic symptoms, the association was not
found in other ASD cases suggesting a specific impact on hyperactive behaviour problems!¢?,
In line with the above-mentioned findings, an analysis of 871 children in the Auckland
Birthweight Collaborative Study cohort, where children exposed to paracetamol prenatally had
an increased risk of ADHD and ADHD-like behaviours at age 7 and 11'63,

Recently, several additional cohort studies have been published supporting the previous
paracetamol-induced risk associations'®*18, A study of 7797 mothers along with children and
partners in the Avon Longitudinal Study of Parents and Children found that prenatal
paracetamol exposure was associated with higher odds of the child having conduct problems,
hyperactivity symptoms and emotional symptoms at age 7'®>. These associations were not
found for maternal postnatal or partner’s use of paracetamol, indicating that the associations
found for maternal prenatal use cannot be explained by unmeasured behavioural or social
factors related to paracetamol use. A study of 2644 children in a Spanish birth cohort reported
that prenatal paracetamol exposure was associated with an increased risk of hyperactivity and
impulsivity symptoms at 5 years of age!®. Additionally, an increased risk of ASD symptoms
in paracetamol-exposed males compared to paracetamol-exposed females was found. Another
study assessed attention and executive function in a sub-sample of 1491 children at age 5 in the
DNBC!'7. The prenatally paracetamol exposed children had poorer metacognitive skills and
attention function compared to unexposed children. Further, a trimester-specific effect was
observed in the association between paracetamol exposure and poor attention function, with the
strongest association found for exposure during the first trimester. The same group also found
an association between maternal paracetamol use during pregnancy and lower 1Q in the child
at age 5, whereas when paracetamol was used to treat maternal fever the effect appeared to be

compensatory'68,

The aforementioned analyses were adjusted for a range of potentially confounding effects.
However, parental symptoms of ADHD and unmeasured familial factors such as genetic
background was not accounted for, with the exception of genetic background in the sibling-

158

controlled study'>°. Expectant mothers with impulsive personality traits are associated with

higher odds for paracetamol consumption during pregnancy, which could potentially influence
the risk of ADHD in the child'®. Addressing this issue, a study of 112973 children from MoBa,

including 2246 with an ADHD diagnosis, found that prenatal paracetamol exposure was
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associated with an increased ADHD diagnosis in the children, and the association remained
after adjusting for parental ADHD symptoms, indication of paracetamol use, maternal

symptoms of depression and other factors!”.

To date, a causal relationship between prenatal paracetamol exposure and ADHD/ADHD-
symptoms in children has not been established. Three meta-analyses have been published, and
despite the heterogeneity in study designs and outcome measures, they agree that paracetamol
consumption during pregnancy increases the risk of ADHD by 25-35 %!7"'73, This risk
increased with long-term exposure. Of note, quantitative bias analysis of these data have
suggested that the increased risk of ADHD may be due to unmeasured confounders!”3. Overall,
adverse neurodevelopmental effects of paracetamol have been found independently in several
different cohorts using different exposure and outcome measures and adjusting for a wide

variety of confounding factors.

1.5.5 Paracetamol and DNA methylation

A study from our group used a sample of 383 cord blood samples from MoBa to conduct an
epigenome-wide association study (EWAS) to assess whether long-term prenatal exposure (=
20 days) was associated with an ADHD diagnosis and DNAm differences!'®. No significant
differences in DNAm were found when comparing the groups exposed to paracetamol alone or
diagnosed with ADHD alone with controls (no paracetamol and no ADHD). In contrast, long-
term prenatal exposure to paracetamol was associated with DNAm differences in children with
an ADHD diagnosis compared to controls (6211 CpGs) and the no paracetamol/ADHD control
group (193 CpGs). This result implies that individuals that are susceptible to ADHD respond
differently to prenatal paracetamol exposure than controls, and this response may be mediated
at least partly by epigenetic mechanisms. The differences in methylation were found in genes
involved in oxidative stress, neural transmission and olfactory sensory pathways''®. The
differences in methylation were found in genes involved in oxidative stress, neural transmission
and olfactory sensory pathways'!!. Other EWAS have identified differentially methylated
CpGs associated with prenatal paracetamol exposure in placental tissue and blood, adding to

the evidence of paracetamol-induced epigenetic differences'7417°,
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1.5.6 Potential mechanisms for effect of paracetamol on neurodevelopment

The mechanism by which paracetamol may interfere with neurodevelopment is unknown,
however several hypotheses have been proposed. First, paracetamol may influence the immune
system and induce oxidative stress!”’. This hypothesis supported by the EWAS from MoBa that
found associations between long-term paracetamol exposure during pregnancy and DNAm
changes in genes related to oxidative stress and neural transmission in children with ADHD''8,
Second, paracetamol could interact with the endocannabinoid system which is important for
neurodevelopment!’8, Third, paracetamol may interfere with brain-derived neurotrophic factor
(BDNF)!46, BDNF is important for several neurodevelopmental processes and is involves in
learning, memory and attention, and interacts with the endocannabinoid system!”*!80, Fourth,
paracetamol could disrupt normal neurodevelopment by disrupting maternal hormones!”® or

maternal-fetal interactions via the placenta'’™

1.6SSRIs and pregnancy

SSRIs comprise a class of antidepressants (ADs) that act by inhibiting reuptake of 5-HT from
the synaptic cleft of the pre-synaptic cell, thus restoring extracellular 5-HT levels and increasing
serotonergic neurotransmission'8!. Depression and anxiety disorders have been associated with
impaired serotonergic neurotransmission'®?. In the adult brain, serotonin (5-HT) regulates stress

1'83, During development

responses, cognition, attention, emotion, nociception, sleep and arousa
however, 5-HT acts as a trophic factor and plays a crucial role in regulation of processes such
as cell growth, differentiation, migration, myelination, synaptogenesis and pruning'®?.
Consequently, there is a possibility that early life SSRI-exposure and subsequent changes in 5-

HT signalling could affect important developmental pathways.

1.6.1 Properties and metabolism of citalopram

SSRIs are generally well-tolerated, and include medications such as fluvoxamine, paroxetine,
sertraline, fluoxetine, citalopram and escitalopram. In addition to being the first-line treatment
of depressive disorders, SSRIs are used to treat other psychiatric illnesses such as obsessive-

compulsive disorder, anxiety, panic disorders and social phobias'84.
Citalopram (MW = 405 g/mol) is a commonly used SSRI with relatively few side effects and

high clinical efficiency'®>!85. It has high bioavailability (~80-100%) and a half-life of

approximately 35 hours in healthy adults. Moreover, 80% of citalopram is protein-bound and
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it is widely distributed in peripheral tissues'®2. Citalopram is a highly specific inhibitor of 5-HT
reuptake, whereas its effect on dopamine and noradrenaline reuptake is negligible!®.
Furthermore, citalopram is a racemic, bicyclic compound consisting of two enantiomers: R-
citalopram and S-citalopram'®!. The major effect of citalopram has been attributed to the S-
enantiomer, thus leading to the development of another SSRI, escitalopram, where S-citalopram
is the active ingredient. In vitro, S-citalopram was shown to be 167 times more potent than R-

citalopram'®’. The ratio of S-enantiomer/R-enantiomer in citalopram varies from 0.32 to

1.25186,

The major metabolite of citalopram is CYP2C19-catalyzed R/S-demethylcitalopram, which is
further demethylated to R/S-didemethylcitalopram. Oxidation and deamination of citalopram
results in R/S-citalopram N-oxide and citalopram propionic acid derivatives, respectively.
These metabolites are excreted by the kidney. In addition, about 12-23% is excreted as
unchanged citalopram'3!. The metabolites of citalopram (and escitalopram) do not cross the
blood-brain barrier readily, and the concentrations in plasma are much lower than the parent

compound, suggesting that their contribution toward the clinical effect is negligible'82.

The recommended citalopram dosage varies between 10 and 60 mg per day, and the reported
mean peak plasma concentration at steady state is 126 pg/L (311 nM) which is reached 2 to 4
hours after intake of 40 mg per day'®. It has been shown that there is a linear relationship
between citalopram dosage and steady-state citalopram concentrations, although no correlation

had been found between clinical effect and plasma concentrations'.

1.6.2 Citalopram in pregnancy

Depression or depressive symptoms are reported in ~15% of pregnant women'®8. Untreated
depression may cause adverse effects in the child, including cognitive, emotional and
behavioural problems, as well as adverse health effects in the mother'®®. SSRIs have been used
since the early 1990s and is the first-choice class of antidepressants during pregnancy in many
countries. Reported prevalence of SSRI use during pregnancy varies with country and

populations, estimates range from 1-7% in European countries and 5-8% in North America!%*-

194 Data from the US showed that among the 6.2% SSRI-exposed pregnant women the most
common medication was sertraline (2.1% of pregnancies) and the least common medication

was citalopram (0.8% of pregnancies). Antidepressant use during pregnancy increased more
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than 2-fold from 1999 to 2003'°2, This finding is supported by data from other

populations!?%-193-19,

A study looking at pregnancies in European countries from 2004 to 2010 found that 4.5% were
prescribed SSRIs, ranging from 1.2% in parts of Italy to 4.5% in Wales!**. Citalopram and
fluoxetine were the most prescribed SSRIs in Denmark and UK, whereas in the Netherlands
and Italy it was paroxetine!®*. Comparable results were found in a study of pregnancies in
Nordic countries between 2008 and 2012. 3.3% of pregnant women were exposed to SSRIs,
ranging from 1.8% in Norway, 3.7% in Sweden and Denmark, and 7.0% in Iceland'**. Exposure
rates were highest in the first trimester and decreased in the second and third trimester. The
most commonly used SSRIs were sertraline in Iceland and Sweden, citalopram in Denmark and

193

escitalopram in Norway'”>. Another study reported that 0.9% of pregnant women in MoBa used

SSRIs, of which citalopram/escitalopram was the most frequently used (0.5% of

)197

pregnancies)'”’. This study also supported a decline in prevalence of SSRI use in the second

and third trimester.

CYP2C19, the enzyme responsible for the primary metabolism of citalopram, is highly
genetically polymorphic, and thus varies in its pharmacokinetic function. CYP2C19 activity
has been shown to be reduced during pregnancy, affecting citalopram clearance!®®. Citalopram
readily crosses the placenta. One study measuring levels of antidepressants in cord blood at
birth after a daily dose from 20-40 mg per day, found citalopram concentrations ranging from
<10-36ug/L (<25-89 nM)!*°. Metabolites of citalopram was measured to <10-11 ug/L (< 32-
36 nM). The mean cord/maternal concentration ratio was 0.7 (range 0.17-1.42)'°. A similar
study, where median citalopram dose was 20 mg per day, reported citalopram concentrations
ranging from 20-50 pug/L (49-123 nM) and metabolite concentrations ranging from 9-23 ug/L
(29-74 nM) in cord blood?®. The mean cord/maternal concentration ratio was measured as 0.83
(range 0.77-0.86), which was higher compared to other antidepressants. At day three,
citalopram still persisted in infant blood?”. A third study found citalopram cord blood
concentrations after median daily dose of 20 mg ranging from 5-62 pg/L (12-153 nM) and a
median cord/maternal concentration ratio of 0.78 (range: 0.46-1.66)?°'. Considerably higher
citalopram concentrations were found in amniotic fluid compared to maternal serum (mean
ratio 1.8), providing evidence of fetal exposure of citalopram through ingestion and re-ingestion

of amniotic fluid in addition to cross-placental exposure®°!.
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SSRIs are able to cross the blood-brain barrier to reach their site of therapeutic action. A study
analyzing the distribution pattern of citalopram found serum concentrations ranging from 28-
279 pg/L (69-689 nM) and corresponding CSF concentrations ranging from 13-96 ug/L (32-
237 nM) after a median daily intake of 20 mg2%2. The mean CSF/serum concentration ratio was
0.35, whereas when only accounting for the unbound fraction of serum citalopram (20 %) the
relationship was reversed and the ratio was calculated to be 1.77. This indicates easy transport
of citalopram over the blood-brain barrier and residence time in the CSF?%2. Overall,
citalopram/escitalopram are commonly prescribed medications during pregnancy and readily
cross the placenta and blood-brain barrier, and subsequently have the ability to affect the

developing child.

1.6.3 Citalopram exposure during early animal development
Long-term safety data for SSRIs from animal studies are limited. Some studies did not find any

203,204

significant effect on prenatal exposure of SSRIs on learning and memory , whereas others

found changes in behaviour, brain structure and function in the offspring?°>2%, For citalopram

specifically, perinatal exposure of mice resulted in adult altered emotional behaviour??’

. Inrats,
perinatal exposure to citalopram decreased the expression of 5-HT transporter in fibers of the
hippocampus?®®. Structural and functional differences have been found in the corpus callosum,
reminiscent of findings in ASD patients. As juveniles, these rats exhibited impaired social
behaviour and response to novelty?”. Reduced social behaviour was also found in two
additional studies of prenatal and early postnatal citalopram-exposed rats, paralleling ASD-
symptoms in humans?°62!0, Learning deficits, impaired memory, decreased sexual behaviour,
compulsivity, anxiety-like and depressive-like behaviour were also observed in rats exposed to

citalopram during early development?06-210-213,

Escitalopram is a newer medication compared to citalopram and studies of the effect on early
development are scarce. Since escitalopram consist of the S-enantiomer of citalopram one
would expect similar effects. However, escitalopram exposure in rats throughout gestation did
not find effects on memory, learning, anxiety-like behaviour or hippocampus gene expression
in male offspring?'4. In female offspring, prenatal escitalopram exposure resulted in fewer
social interactions and increased expression of 5-HT receptors in the amygdala as adolescents
but not as adults?!®. Female mice which were treated with escitalopram neonatally exhibited

increased depressive-like behaviour and interrupted sleep patterns as adults?!®.
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A meta-analysis which pooled together data from perinatal exposure to different SSRIs in mice
and rats found overall reduced activity and exploration behaviour, more passive stress coping
style and decreased sensory processing efficiency in the offspring. Subgroup analysis also
found that animals which were exposed postnatally (corresponding to the third trimester in
humans) to SSRIs were less social and had poorer learning and memory skills compared to

control animals?!’

. This meta-analysis was limited by the varying quality of the individual
studies included, confined by poor reporting of blinding, randomization and outcome measures,
which potentially could introduce bias and hinder accurate interpretation. Additionally, the use
of animal models with generally higher dosing regimens compared to humans, different route
of administration and half-lives of compounds may not adequately reflect the clinical situation

in humans, limiting the generalizability of findings.

1.6.4 Prenatal exposure to SSRIs and neurodevelopmental outcomes in human studies

The effect of prenatal exposure to SSRIs on the developing child is conflicting, particularly
studies of individual medications, as opposed to SSRIs as a group, and long-term
neurodevelopmental outcomes. Whereas AD do not seem to be major teratogens, they may
increase the risk of poor neonatal adaption symptoms, including feeding difficulties, reflux,

sleep disorders, restlessness and excessive crying'®’.

When studying long-term outcomes of SSRI-use during pregnancy, given that maternal mood
and depression disorders may possibly also result in adverse neurodevelopmental outcomes in
the child?'®, a major challenge is to separate between the effects of medication exposure and
the underlying depression, as well as the severity of depression symptoms. Pregnant women
who continue using antidepressants during pregnancy may be more severely depressed than
untreated mothers, but at the same time, they may experience fewer depression symptoms due
to treatment. Additionally, the adverse effects seen in children of mothers with depressive
disorders may be confounded by genetic or familial factors, e.g., poor parenting?'®. Individual
studies vary considerably in study size, exposure measures, outcome measures and confounding

factors that are accounted for, thus reporting inconsistent results.

Some studies have reported long-term behavioural outcomes of prenatal SSRI exposure such
as increased depressive symptoms, internalizing behaviour and anxiety symptoms after

adjusting for maternal psychiatric illness?**?22, However, one follow-up study indicated that
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the association with anxiety symptoms could be due to familial confounders after paternal

characteristics also were accounted for %23

. Another study reported that more severe neonatal
adaption symptoms following prenatal SSRI-exposure was associated with increased social-
behavioural disturbances in 3 year old children??*. Furthermore, a sibling-controlled study
found an association between prenatal AD (mostly SSRIs) exposure and increased risk of

anxiety in 3 year old children??>,

There are several meta-analysis of prenatally AD- or SSRI-exposed children which have
revealed an increased risk of ADHD and ASD compared to controls when accounting for
measured confounders only??6-22°. However, few of the individual studies included in these
metanalyses accounted for severity of maternal depression and paternal characteristics. When
correcting for paternal AD use the association with ADHD diminished, whereas the association
with ASD remained albeit somewhat reduced, suggesting that familial confounding plays a role

in the observed risks?26-230:231

. Furthermore, sibling-controlled studies found no significant
associations between prenatal AD-exposure and ASD or ADHD, supporting that familial
confounding factors may be important?2%228, Several studies found associations between AD
use before pregnancy and increased risk of ADHD and ASD of similar magnitude as reported
for use during pregnancy??%?28232_ These results indicate that confounding by indication could
account for the observed risks of prenatal use of AD. Finally, a recent study from MoBa of
6395 children of women with clinical depression/anxiety during pregnancy reported no
substantial differences in ADHD risk between AD-exposed group compared to the non-

medicated group at 5 years of age, whereas a modest increase in ADHD risk was reported at 7-

9 years of age®*3.

For citalopram and escitalopram, only a few studies have been conducted. One study followed
pregnant women during pregnancy and lactation, assessing weight and neurodevelopmental
outcomes (classified as normal/abnormal) in the children up to one year of age. No difference
in neurologic status was found between the citalopram exposed children and control infants?3*.
Another study of 396 pregnant women reported higher risk of poor neonatal adaption following
citalopram-exposure, similar to other SSRIs, whereas long-term outcomes were not
measured?®. A study of prenatal exposure to escitalopram reported significantly lower birth
weight compared to controls, whereas long-term outcomes were not measured®*®. Overall, the

impact of prenatal SSRI-exposure on long-term neurodevelopmental outcomes remains

uncertain.
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1.6.5 SSRIs and DNA methylation

Studies elucidating associations between SSRI use during pregnancy and DNAm changes in
cord blood are few and of varying quality. None of the studies investigated the effect of
individual medications as opposed to AD or SSRIs as a group. One recent EWAS using 450k
Illumina BeadChips found that prenatal AD exposure was associated with DNAm differences
at 130 CpGs in cord blood in 479 children?’. One CpG which mapped to ZNF575, had
significantly lower methylation levels in AD-exposed compared to controls, was replicated in

d?*’. In contrast, another EWAS using

an independent cohort and persisted into early childhoo
the same platform found no associations between prenatal SSRI-exposure and differences in
DNAm?38, This study included cord blood from only 58 children and did not correct for cell-
type composition. Using bisulphite pyrosequencing, CpGs mapping to COL7A41, NFKB2,
SLC6A4, FKBP5 and DNMT3A4 were significantly differentially methylated in SSRI-exposed
children compared to controls?*®. In two additional EWAS conducted using the 27k Illumina

239 as well

platform, a comparison was made between 151 AD-exposed children and 50 controls
as between 19 AD-exposed children and 25 controls?*°. These studies identified differentially
methylated CpGs associated with TNFRSF21, CHRNA4*°, CYP2E1, EVAI and SLMAP**,
Further, the association with CYP2E was replicated with bisulphite pyrosequencing using cord
blood samples from 42 children. CYP2E! DNAm levels were negatively correlated with
maternal depressive symptoms in children exposed to SSRIs, but not in unexposed children,

suggesting a maternal depression-medication interaction®4’.

Other bisulphite pyrosequencing-based candidate gene studies found somewhat conflicting
results. Whereas one study associated prenatal AD exposure to decreased methylation levels at
one CpG mapped to SLC644*%® (encoding a serotonin transporter), another study reported
associations with increased methylation levels at 6 CpGs mapping to the same gene®*!. A third
study found no associations between prenatal SSRI-exposure and DNAm at SLC644%**>. DNAm
of NR3C1 (encoding glucocorticoid receptor) and BDNF (encodes brain-derived neurotrophic
factor), genes involved in neurotransmitter activity and neural differentiation respectively, was
not associated with prenatal exposure to antidepressants?*3243-243, DNAm levels of a CpG
mapping to the glucocorticoid receptor co-regulator FKBPS5, was associated with prenatal

exposure to SSRIs in cord blood?*®, but not in placental tissue?*®.

One clinical trial has assessed the effect of escitalopram in adult patients with major depressive

disorder, comparing treatment responders and non-responders’*’. There were 2571
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differentially methylated CpGs in escitalopram responders compared to non-responders, some
of which overlapped with differentially expressed genes, supporting a role of epigenetic factors
in treatment response. Moreover, in vitro exposure to 50 uM citalopram induced DNAm
changes in genes related to proliferation and cell cycle regulation, neurodevelopment,

depression nucleic acid metabolism and small molecule biochemistry in HEK293 cells?*®,

The above-mentioned DNAm studies are heterogenous in relation to study sample and size,
assessment of maternal mental health disorders and antidepressant exposure, confounding
adjustment, sample size and methylation assessment platforms. Inconsistent results from these
studies increases the difficulty in interpreting the effect of prenatal antidepressant-exposure on
the developing child, and in assessing whether an epigenetic etiology is involved in the potential

adverse outcomes.

1.7Limitations of common methods used to study medication safety during
pregnancy
Since pregnant woman are usually excluded from randomized control trials, safety data for

pregnancy outcomes is normally obtained from case reports, epidemiological studies, animal

studies and in vitro cellular studies.

1.7.1 Case reports

Case reports are useful for reporting novel or rare observations. However, one cannot infer
causality or generalize from this type of study. Inherently, incidence, rates and ratios in a
population cannot be quantified in case reports. In addition, as case reports are retrospective,

they are subject to recall bias?*.

1.7.2 Epidemiological studies

Epidemiological studies, for example cohort and case-control studies, are powerful for
identifying human teratogenic medications. Some advantages of cohort studies are that
exposure status is determined before outcomes, and multiple outcomes can be investigated
simultaneously. Contrary to case reports, cohort studies can identify population incidence and
risk associations, although rarely clear-cut cause-effect relationships. Similar to case reports,
250

however, recall bias may be an issue with retrospective epidemiological studies

Confounding factors, such as maternal disease, age and smoking status, are major contributors
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to bias in cohort studies, and well-designed studies with sufficient numbers of participants are
required to limit these. Ideally, the teratogenic potential of medications would be discovered
before exposure in pregnant women, although historically that has not been the case as most

human teratogens have been identified epidemiologically or with case reports!.

1.7.2.1 EWAS

EWAS investigates the relationship between DNAm patterns and various phenotypic traits or
diseases. EWAS analyse large-scale DNAm data obtained from high-throughput technologies
to identify differentially methylated sites or regions associated with specific phenotypes?>2. By
assessing DNAm across the entire genome, EWAS can be used for the identification of potential
biomarkers or therapeutic targets, predicting disease risk and assessing medication response.
However, it is important to consider the limitations of EWAS. Firstly, the cross-sectional nature
of these studies limits the ability to establish causal relationships between DNA methylation
and phenotypes. Second, the interpretation of EWAS results is complex due to the high
dimensionality of data, potential confounding factors, and issues of multiple testing correction.
Third, the sample size and tissue specificity can impact the reproducibility and generalizability
of findings?>?. Despite these challenges, EWAS have yielded valuable insights into the

epigenetic aetiology of diseases and phenotypic variations.

1.7.3 Animal studies

All medications are tested for reproductive safety using animal studies prior to obtaining a
market authorization. Animal studies are useful as they can be performed without the presence
of disorder, thereby excluding confounding by the underlying condition. However, the results
are limited by interspecies translatability, and human teratogenic effects cannot be excluded
even when the medication is deemed safe in animals. There are many pharmacokinetic
differences between species, including how medications are absorbed, distributed and
metabolized, and this presents an issue when choosing exposure dosages appropriate to human
clinical setting>*. There are also species differences in gestational length, brain complexity and
behaviour, adding to the challenge in extrapolating data obtained from animal studies to
humans?%. The mean positive predictability rate in animals was found to be 56% for
medications classified as teratogens in humans, a rate only slightly higher than what would have
been observed with random variability?*®. According to the test guidelines established by the

organization for Economic Co-operation and Development (OECD), at least two generations
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of animals are required for evaluation of developmental toxicity (DT)?’. Thus, animal studies
are time-consuming, labor-intensive, expensive, and raise ethical concerns regarding animal

258

welfare*°. Alternative methods should be explored according to the 3R concept for animal use

(reduction, refinement, and replacement).

1.7.4 In vitro studies

In vitro teratogenicity studies are cheaper, easier to perform, allow a better controlled
environment than in animal studies, and reduces the cthical constraint of animal welfare. There
is a wide variety of in vitro platforms used to investigate the mechanistic effects of potential
teratogens on cellular or tissue levels: immortalized cell lines, primary cell cultures, organ
cultures, mammalian and non-mammalian primordia and embryos. These platforms have
varying degrees of ability and reproducibility in predicting teratogens in human pregnancies
and only focus on immediate outcomes?3®. Three such platforms have been validated by the
European Centre for the Validation of Alternative Methods (ECVAM): the mouse embryonic
stem cell test (mEST), rat micromass (MM) test and the rat whole embryo culture assay (WEC
test)?>°. The accuracy in predicting embryotoxic compounds was shown to be 78, 70 and 80%,
respectively?®. Of these tests the mEST does not require the sacrifice of pregnant animals and
is the most widely used?®. However, endpoints such as cell death, growth retardation and
malformations may not be relevant for developmental neurotoxicity, and where minor
functional deficits relating to changes in cellular communication, positioning or differentiation

may be sufficient to cause adverse outcomes.

The use of omics-based methods, i.e. genomics, epigenomics, transcriptomics, proteomics and
metabolomics, with mEST or other DT assays has contributed to a greater understanding of
teratogenic mechanisms of action and effect on functional biological processes during
differentiation®®!. Although a neural embryonic stem cell test (ESTn) showed promising

predictive results?6?

, species-specific differences limit the interpretation of the results to
humans. To try to overcome this, human embryonic stem cells (hESCs) can be used. DT testing
using hESCs have been limited by difficulties in cultivation and differentiation and requires
considerable expertise, and robust and standardized protocols. However, there have been many

advances in recent years (discussed in chapter 1.2.3).

34



1.8 Stem cells and neuronal differentiation

1.8Stem cells and neuronal differentiation

1.8.1 Stem cell types and properties
Stem cells are characterized by their potential to proliferate indefinitely and to differentiate into

263 There are several categories of stem cells based on their developmental

different cell types
potency, the capacity of stem cells to differentiate into specialized cell types of different
lineages. First, totipotent stem cells have the highest developmental potency and can give rise
to all cell types of an organism, including embryonic and extra-embryonic tissues such as the
placenta®®®. Second, pluripotent stem cells can differentiate into all cell types of the three
primary germ layers but cannot form extra-embryonic tissues. Third, multipotent stem cells
have a restricted developmental potential and can differentiate into multiple cell types within a
specific germ layer or tissue lineage. Fourth, unipotent stem cells have the lowest

developmental potency and can only differentiate into a single cell type within a specific tissue

type2®3.,

Stem cells may also be categorised based on their origin: somatic stem cells, ESCs and induced
pluripotent stem cells (iPSCs). Somatic stem cells are multipotent lineage-committed
progenitors that can be found in many body tissues, where their function is to renew postnatal

264

and adult tissue in which they reside**. For instance, neural stem cells can be found in the

hippocampus and olfactory bulb of the adult brain?%3.

ESCs are pluripotent cells derived from the ICM of a blastocyst, which have potential to

263 Tn vivo,

differentiate into cells of the three primary germ layers in the developing embryo
their pluripotent state is transient, whereas it can be maintained by specific factors in vitro. ESC
pluripotent property is regulated by the TFs octamer-binding transcription factor 4 (OCT4;
encoded by POUSF1I), sex determining region Y box 2 (SOX2) and NANOG?%®, These factors
function together in regulatory loops to sustain self-renewal and suppress differentiation by the
co-occupation of regulatory elements in the genome, including their own promoters®®’. In
addition, several signalling pathways are important for the maintenance of pluripotency in
hESCs?%%270 Transforming growth factor B (TGFp)/activin/nodal pathway co-regulates
pluripotency genes though activin/nodal-activation of SMAD2 and SMAD3?’!. SMAD?2 and
SMAD3 then form a complex (SMAD?2/3), which is transported to the nucleus with the help of
the co-SMAD SMAD4, and binds to OCT4 and NANOG. Activation of the Wnt signalling

pathway causes downstream stabilization of B-catenin and inactivation of T-cell factor 3, a
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repressor of NANOG and other ESC-specific TFs?’2. The FGF signalling pathway plays a role
in hESC pluripotency, both via downstream mitogen-activated protein kinase and by acting in

synergy with the TGFp/activin/nodal pathway and the Wnt pathway?"°.

Finally, the third group of stem cells, iPSCs, are somatic cells that are reprogrammed to a
pluripotent state with the TFs OCT4, SOX2, kruppel-like factor 4 and c-myc?”3. The
development of iPSCs enables the generation of disease- and patient-specific stem cells while

circumventing the ethical challenge of using human embryos.

1.8.2 In vitro neural differentiation of hESCs as a model for neurodevelopmental
toxicity

Due to the intrinsic differentiation capacity of pluripotent stem cells (PSCs), they can be used
to model early development. There are currently a large number of protocols which differ in
culturing conditions and duration, describing the generation of a range of neural subtypes from
PSCs, with applications such as disease-modeling, treatment of neurodegenerative diseases,
medication screening and NDT testing. A widely used method of neural induction is through
formation of embryoid bodies (EB), multilayered cell aggregates from which endoderm,
mesoderm and ectoderm lineages can be generated?’*. This platform in combination with
OMICs approaches has been used as a proof-of-principle to test compounds such as cytosine
arabinoside, methylmercury, thalidomide and RA for NDT?75?7°. However, EB are highly
heterogeneous in both cell-type composition and size?*, thus limiting their reproducibility and

suitability for NDT testing.

Other strategies for neural induction rely on co-cultivation of PSCs and stromal feeder cells or
selective survival conditions, with their respective limitations being poorly defined culture
conditions adding additional complexity, and lengthy, low yield differentiation®®*2%2, Neural
induction by selective survival conditions combined with a targeted transcriptomics approach
has been used for NDT testing of the anticonvulsants VPA and carbamazepine?®*?%4, Although,
promisingly, neural markers were differentially expressed in exposed cells compared to control
cells, these protocols come with inherent issues, including cell heterogeneity and assay

variability, that were not properly addressed.
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In 2009, Chambers et al. proposed a method for monolayer neural induction using the small
molecules noggin and SB4315422%, The presence of the BMP inhibitor noggin prevents
SMADI1/5/8-signalling?®®, while TGFB-pathway inhibitor SB431542 prevents SMAD2/3-
signalling®®’, causing perinuclear redistribution of SMAD4, the obligate co-SMAD involved in
pluripotency maintenance. This dual-SMAD inhibition protocol was shown to efficiently
induce neural conversion of hESCs to neural stem cells (NSCs) with a transient PAX6-
expressing anterior phenotype capable of forming neural rosettes?®®. However, the resulting cell
populations presented as heterogeneous neural cells of different developmental stages, thus the
persistence of cell heterogeneity from hESC differentiation remains challenging in the context

of NDT testing.

Since Chambers et al. published the dual-SMAD inhibition protocol, significant efforts have
been made to improve the efficiency and create long-term self-renewing NSCs by using various

morphogens, and extended to generate different endpoints and subtypes of neural cells?®?

,e.8.
motor neurons?®’, GABAenergic neurons?” and dopaminergic neurons®!. Neural induction by
small molecule inhibitors is now the preferred method of ectoderm differentiation due to its
simplicity and reliability, despite heterogeneous cell populations. Exposure to potentially
teratogenic compounds during neural induction by dual-SMAD/small molecule inhibitors has
been used as a model to test for NDT. While applying this model system to compounds such
as VPA?22% silver nanoparticles®®*, the traditional Chinese medicine NeuroAiD?*® and
colchicine?”® have shown promising results, there are limitations to these studies. The outcome
of a neural induction protocol is sensitive to the quality of start-point PSCs, seeding densities?®®,
lab techniques (pipetting techniques, time cells spent in room temperature when changing
media and passaging cells etc.), coating quality of growth surface and fluctuating incubation
conditions. Thus, results vary between labs, different experiments, well-to-well and even
within-well (different developmental stages or fates) and is dependent on highly trained

personnel. In addition, when using OMICs-approaches to detect targets of NDT, variation in

cell type composition between conditions may create bias and should be taken into account.

In vitro neural differentiation of hESCs can recapitulate the temporal changes of in vivo
embryonic neurodevelopment. Cell types generated from hESCs in vitro resemble cell types
found in in vivo development (Fig. 8)'®, thus providing a platform for an increased
understanding of cellular events, gene regulation and signalling pathways involved in NDT.

Nevertheless, in vitro NDT testing is an experimental simplification of in vivo development
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and fetal compound exposure. Maternal-fetal interactions, such as the supply of nutrients and
hormones, placental function and maternal metabolism are lacking in this model, potentially
resulting in biased results?®®. Other limitations include the lack of three-dimensional tissue
structures, specific cell-cell interactions and extracellular environment found in vivo'd.
However, the hESC platform does provide an opportunity to study NDT on relevant cell types,

which cannot be studied in vivo in humans.
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Figure 8. Correlation between in vivo neurodevelopmental structures and in vitro-derived neural stem cells.
Embryonic stem cells (ESCs) are derived from the ICM of a blastocyst. ESCs undergoing neural induction can
generate early neuroepithelial stem cells resembling the cells of the neural plate ?*°. Neural stem cells forming
radially organized columnar epithelial cells are termed neural rosettes, which resemble cells of the neural plate 27
forming the neural tube 2%®. Radial glia-like neural stem cells resemble radial glia cells found in the fetal brain 2%.

Adapted from Conti and Cattaneo (2010)'® with permission.
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CHAPTER 2: AIMS, HYPOTHESIS AND OBJECTIVES OF THE
STUDY

The aim of the work presented in this thesis was to assess the effect of selected medications
used by pregnant women, i.e., paracetamol and citalopram, on gene expression, DNAm and
chromatin structure using neuronal differentiation of hESCs as a model of early human

neurodevelopment.

The rationale for conducting this study was

1) epidemiological studies have linked paracetamol and citalopram exposure during
pregnancy to adverse neurodevelopmental outcomes in the child (chapter 1.4.2,
1.5.4,1.6.4) and

i) EWAS have found associations between paracetamol and citalopram exposure
during pregnancy and changes in epigenetic patterns in children with adverse
neurodevelopmental outcomes (1.5.4, 1.6.4). This thesis presents functional studies
on medication exposure during human ESC neuronal differentiation to identify

potential causal or mechanistic factors involved.

The main hypothesis is that exposure to paracetamol and citalopram cause epigenetic and/or

gene expression changes during neuronal differentiation (Fig. 9).

The specific objectives were to:

1. Establish a neuronal differentiation protocol of hESCs optimized for the study of early
human brain development and neurotoxicology studies.

2. Characterize the transcriptional and epigenetic profiles of the cells derived from
neuronal differentiation at multiple intermediate timepoints using a multi-omics
approach.

3. Study the effect of exposure to paracetamol and citalopram on gene expression and

epigenetic profiles during neuronal differentiation.
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' d Histones

Closed chromatin

Open chromatin

Promoter

Target gene »

DNA methylation

Pharmacoepigenetic modulation of neurodevelopment

Figure 9. Pharmacoepigenetic modulation of neurodevelopment. Exposure to medications during pregnancy

may reach the fetal brain and alter epigenetic and/or gene expression patterns, potentially causing adverse long-

term neurodevelopmental outcomes in the developing child. Created with BioRender.com.
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CHAPTER 3: METHODOLOGICAL CONSIDERATIONS

The current study uses an in vitro neuronal differentiation protocol optimized for medication
exposure as a model of early human neurodevelopment. Multi-omics endpoint outcomes,
including both single-cell and bulk methods, and integrative analyses were used to study the

effect of paracetamol and citalopram in the model.

3.1  Neuronal differentiation protocol
As described in chapter 1.2.3, many neural induction protocols already exist, some of which
have been used for toxicity studies. Before developing the protocol described in Paper I*®, we

301,302 However, we

made many attempts to set up two previously described protocols
experienced significant reproducibility issues related to cell morphology and viability. The
reason for the lack of success may be partly due to inexperience with stem cell culturing and
differentiation at this stage, but also old equipment (fluctuating incubator temperature and CO-
levels, manual hypoxia chambers) and inherent properties of the protocol such as media

replacement every second day and cell splits by ratio instead of cell counts.

We needed to optimize a differentiation protocol for neurotoxicology studies, resulting in Paper
3%, In brief, the protocol consists of three stages. At Day 0, hESCs are seeded as single cells
at 17K cells/cm? on geltrex-coated plates and maintained in E8 medium. At Day 1, Stage 1
neural induction is initiated by replacing the E8 media with neural induction medium containing
small molecule inhibitors LDN-193189, SB431542 and XAV939. The medium was replaced
daily. At Day 7, cells are reseeded at 130K cells/cm? on plates sequentially coated with
polyornithine, fibronectin and geltrex. Stage II, the self-patterning stage, starts at Day 7 and
requires daily media changes of neuronal self-patterning medium containing B27 supplement.
At Day 13, Stage III neuronal maturation is initiated. Cells are reseeded at 130K cells/cm? on
plates sequentially coated with polyornithine, fibronectin and geltrex, and neuronal maturation
medium containing B27, FGF2 and EGF is replaced daily until the end of the protocol at Day
20.

The main advantages compared to other neural induction protocols are: 1) media is replaced
every day to avoid stability and degradation issues of nutrients and compounds of interest, 2)

At split days cells were counted instead of using fixed split ratios ensuring equal cell numbers
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across wells, thus reducing well-to-well variation, 3) A self-pattering phase (part II of the
protocol) ensuring that cells recover after split and reducing cell death, 4) Substrate-coating

conditions are optimized for cell adhesion.

3.2  Choice of cell line
At the start of the project, the hESC line H9 (WAO09, WiCell Research Institute, Inc., Madison,

WI, http://www.wicell.org) was used. H9 was originally chosen because it is a well-known and

303, However, H9 was prone to spontaneous neurulation during

frequently used cell line
maintenance culturing, resulting in issues with reproducibility and well-to-well variation. For
this reason, H9 was replaced with HS360°% (KIe009-A, Karolinska Institutet Human
Embryonic Stem Cell Bank, Stockholm, Sweden) for the toxicology studies. HS360 is a male
(46, XY) cell line which was easy to maintain at the stem cell stage, and has previously shown

to be able to differentiate toward neural lineages®®.

3.3  Choice of medication concentrations and metabolites

3.3.1 Paracetamol

We wanted to examine paracetamol at concentrations physiologically relevant to long-term
exposure in vivo. Since paracetamol

1) crosses the placenta,

2) crosses the blood-brain barrier and

3) does not significantly bind to proteins,

maternal plasma/serum and cord blood concentrations can be used as estimates for the amount
of paracetamol that reaches the developing fetal brain (see chapter 1.5.2). Concentrations of
100 uM and 200 uM were chosen to cover some of the range found in vivo, corresponding to

one intermediate and one high peak plasma concentration!2%!33,

Considering the metabolites of paracetamol, it was decided not to include these in the exposure
experiments. It is not known if paracetamol’s metabolites are responsible or contribute to the
potential effects seen in studies of animal and human early development (see chapter 1.5.3-
1.5.4). A cocktail containing both paracetamol and metabolites was considered, though it would
be difficult to determine relevant concentration ratios. Additionally, there were practical issues
with the solubility of the different metabolites, creating problems such as too high solvent

concentrations in the media, different solvents and need for solvent controls, whereas
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paracetamol was solved in distilled H>O and added fresh to media every day throughout the
protocol to recapitulate in vivo long-term exposure. Considering these issues, and that the

differentiation protocol was labour intensive and expensive, we prioritized paracetamol.

3.3.2 Citalopram

For citalopram, the therapeutic concentration range in plasma is considered to be 150-340
nM?3%, However, studies have reported even wider ranges (see chapter 1.6.2), which vary with
dosages and between individuals. Additionally, factors such as protein binding of citalopram,
crossing over the placental and blood-brain barrier require consideration. Thus, estimating the
amount of citalopram reaching the fetal brain is difficult. We opted to expose the differentiating
cells to 100 nM, 200 nM and 400 nM citalopram to cover the concentrations in the therapeutic
range. In addition, cells were exposed to 50 nM to cover the lower-end of citalopram
concentrations found in cord blood. Citalopram was solved in distilled H>O and added fresh to

the media every day throughout the protocol to recapitulate in vivo long-term exposure.

Metabolites of citalopram were not included in the study. The reason for this decision was due
to the metabolites crossing placenta and blood-brain barrier to a lesser degree than citalopram,
and they are thought to have a negligible contribution to the clinical effect. Moreover, the time,

cost and complexity of the experiments was reduced.

3.4  Choice of endpoint omics outcomes

The epigenetic and gene expression profiles of the hESCs and cells undergoing neuronal
differentiation were characterized and compared at several timepoints using a multi-omics
approach. Specifically, we used bulk RNA sequencing (RNA-seq) and DNAm analysis, and
single-cell RNA sequencing (scRNA-seq) and single cell assays for transposase accessible
chromatin sequencing (scATAC-seq) to create a molecular timeline of early neuronal
differentiation and the effects of paracetamol and citalopram exposure. Using a multi-omics
approach we gain insight into both bulk and cell type-specific gene expression, and the potential

DNAm and chromatin regulatory mechanisms.

Epigenetic modifications serve as an important bridge between environmental factors and
phenotypes. To study if medication exposure during neuronal differentiation affected

epigenetic patterns, DNAm analysis using Illumina methylationEPIC microarray was

43



Chapter 3: Methodological considerations

performed. The methylationEPIC microarray provides a cost-effective method to study
approximately 850 000 CpG sites distributed across the genome?’. As mentioned in Chapter
1, an association between paracetamol exposure during pregnancy and DNAm changes in cord
blood has been identified!'®. Thus, we used DNAm analysis to compare the present study with

the MoBa cord blood study.

To study whether changes in DNAm were associated with gene expression changes, we
performed bulk RNA-seq. RNA-seq is the standard method to study gene expression changes
and, given sufficient sequencing coverage, has the power to detect gene expression differences

between groups even for lowly expressed genes®%.

Each cell type has a distinct epigenetic and gene expression profile. The obtained values from
bulk RNA-seq and DNAm methods represent the average expression or DNAm of a cell
population and does not allow deconvolution of cell-type composition. Thus, using these
methods we cannot elucidate if the medication-induced changes are due to differences in cell
type composition or direct effects of the medication exposure. At the time the laboratory work
was conducted for this thesis, established single-cell methods for DNAm were not available to
us. However, the Chromium platform (10x Genomics) was used to capture the gene expression
profiles of individual cells and the heterogeneity of cell populations. This was crucial, as all
neuronal differentiation protocols results in somewhat heterogeneous cell populations. In
contrast to RNA-seq however, scRNA-seq data have relatively low sequencing coverage per
cell. Thus, if RNA-seq was not used, the differences in lowly expressed genes could have been

missed.

Finally, scATAC-seq was used to study condition-specific chromatin opening at single-cell
resolution and integrated with scRNA-seq to identify areas of chromatin that is involved in
regulating gene expression. The single-cell data are available in open-access webtools. For

reproducibility of data analysis, all code has been made available on Github.
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CHAPTER 4: SUMMARY OF RESULTS

4.1  Paper I: Robust neuronal differentiation of human embryonic stem cells for

neurotoxicology

Paper I is a methods paper published in STAR Protocols, describing a 20 day protocol for 2D
neuronal differentiation of hESCs towards heterogenous population of telencephalic
progenitors and neurons®. The protocol is optimized for compound neurotoxicology and early-

brain differentiation studies.

The neuronal differentiation protocol has optimized cell-seeding densities and coating
conditions for high cell viability, which makes it suitable for single-cell omics studies. To
reduce compound instability and degradation when conducting neurotoxicology studies, we
changed the medium daily. Moreover, the protocol provides daily representative brightfield
images for morphology assessment and qPCR analysis of pluripotency and neuronal
differentiation markers. Pluripotency markers NANOG and POUS5FI were highly expressed at
Day 0 and decreased significantly from Day 7. Neuronal developmental markers SOX2, OTX2,
FOXGI, NEURODI, VIM, TUBB3 and MAP?2 increased from Day 7 or Day 13.

4.2 Paper II: A multi-omics approach to visualize early neuronal differentiation

from hESCs in 4D

In Paper II, the neuronal differentiation protocol from Paper I was utilized and derived cells
were characterized using a multi-omics approach, creating a molecular timeline of an in vitro
model of early brain development®*. The aim of this study was to characterize and describe the
epigenetic and gene expression profiles of hESCs (Day 0) and cells undergoing neuronal
differentiation at Day 7, 13 and 20. The results from this study are important for understanding

early events of cell fate commitment during neurodevelopment.

First, using RNA-seq, we identified differentially expressed genes between the four time points.
After Day 0, we found decreased expression of pluripotency genes and increased expression of
genes involved in neuronal differentiation and maturation. Stagewise, the highest number of
changes occurred at the neural induction stage (Day 0 to Day 7). Furthermore, the neural
induction stage also had the highest number of DNAm changes. Similar to the temporal gene
expression changes across neuronal differentiation, we found DNAm changes in genes involved

in neurogenesis and brain development. Integration of bulk gene expression and DNAm

45



Chapter 4: Summary of results

revealed CpG sites predicted to regulate gene expression. We also found that non-CpG DNAm

levels decreased during differentiation.

Gene expression and open chromatin of individual cells, cell heterogeneity, maturation levels
and differentiation trajectories were characterized using scRNA-seq and scATAC-seq. The
ventral telencephalic markers EMX2 and ASCLI were found present from Day 13, whereas
dorsal markers were absent, confirming the spatial identities of the cells. Integration of the two
single-cell datasets were used to identify peak-to-gene links and putative cis-regulatory
elements inferring epigenome regulation at Day 0 and Day 20. Moreover, single-cell data was

made available in user-friendly webtools (ShinyCell and ShinyArchR.UiQ) enabling the

exploration of candidate genes or chromatin regions. This multi-omics approach showed that
the neuronal differentiation protocol recapitulates stages of neuronal progenitor proliferation

and specification.

4.3  Paper III: Multi-omics approach reveals dysregulated genes during hESCs
neuronal differentiation exposure to paracetamol

In Paper III, we exposed hESCs undergoing neuronal differentiation (from Paper I) to
therapeutic doses of paracetamol for 20 days to model the effect on early human brain
development. The aim of this study was to identify the effect of 100 (P100) and 200 uM
paracetamol (P200) on epigenetic and gene expression profiles of differentiating cells at Day 7
and Day 20 using a multi-omics approach. The results from this study are important to delineate
the effect of paracetamol exposure during neurodevelopment and understand the mechanisms

involved.

Bulk RNA-seq time-response analysis between Day 7 and Day 20 identified 121 and 1433
paracetamol-induced differentially expressed genes in P100 and P200 cells compared to control
cells, respectively. These genes were associated with downregulation of biological processes
involved in axogenesis, synaptic transmission, plasticity and organization. Transcriptional
dysregulation of genes linked to neuronal development was identified, indicating a

developmental delay in the paracetamol-exposed cells compared to control cells.
To study cell-type specific paracetamol-induced gene expression changes, scCRNA-seq was

performed. Analysis of 15201 cells revealed a shift in cluster annotations in P100 and P200

cells compared to control cells. Paracetamol induced dose-dependent changes in genes involved
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in neuronal maturation, neurite outgrowth, cortical neurogenesis, expression of
neurotransmitter transporters and WNT and FGF signalling. At Day 7 we observed
downregulation of genes with the shared biological process (BP) generation of neurons and
genes essential for neurogenesis, such as FOXGI and genes of the HES and D families. At Day
20, expression of PAX6 was increased in P200 cells compared to the control, indicating

paracetamol-induced differentiation lag.

To assess whether paracetamol influenced chromatin state during differentiation, scATAC-seq
was performed at Day 20. Integration of scATAC- and scRNA-seq at Day 20 identified 10 460
and 12304 unique putative cis regulatory elements in P100 and P200 cells respectively,

indicating that paracetamol exposure during differentiation affects chromatin accessibility.

To study if paracetamol exposure induced changes in DNAm, EPIC array was performed at
Day 7 and Day 20. DNAm time-response analysis of P200 cells identified significant changes
in 3113 CpGs, involved in processes such as synaptic signalling. Of these CPGs, 180
differentially methylated genes (DMGs) were also differentially expressed. We observed a
dose-dependent paracetamol-induced effect, showing increased DNAm in P100 and P200 cells
compared to control cells at significant CpG sites at both Day 7 and 20. Comparing the
differentially expressed genes (DEGs) and DMGs at Day 20 in the present model to our
previous analysis in cord blood from children exposed to paracetamol during pregnancy, we
identified overlapping genes involved in differentiation, Notch and Hedgehog signalling

pathways, neuronal excitability, neuronal response to injury and toxic insult response.

Finally, scRNA-seq (hescneuroparacet) and integrative scATAC-seq/scRNA-seq datasets

(hescneurodiffparacet) can be visualized using open-access webtools.

4.4  Paper IV: Citalopram exposure of hESCs during neuronal differentiation
identifies differentially expressed genes involved in neuronal development

and depression
In this study, we exposed hESCs undergoing neuronal differentiation (from Paper I) to
therapeutic doses of citalopram for 13 Days to model the effect on early human brain
development. The aim of this study was to identify the effect of 50, 100, 200 and 400 nM

citalopram (Cit50-400) on epigenetic and gene expression profiles of differentiating cells at
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Day 6, 10 and 13 using a multi-omics approach. The results from this study are important for
assessing the effect of citalopram exposure during neurodevelopment and the potential

mechanisms involved.

First, major changes in gene expression and DNAm during neuronal differentiation of control
cells were observed, with many processes related to neuronal differentiation being affected.
Loss of pluripotency markers (e.g. POUS5SF I, NANOG) and increased expression of key markers
involved in neurogenesis (e.g. PAX6, FOXG1, OTX2), confirmed neuronal differentiation. The
differentiation protocol used in this study showed good correspondence with data from paper

II.

Linear time-response analysis of each concentration of citalopram from Day 6 to Day 13
compared to control cells identified affected gene expression but not DNA methylation
(DNAm) levels over time. A dose-dependent effect of citalopram exposure on the number of
DEGs was observed, with Cit400 showing the highest number of DEGs compared to controls.
Some of the time-response DEGs are involved in neuronal development and brain function,
including CCL2, associated with depression brain-immune system communication and
suggested as a potential antidepressant target. The time-response analysis also revealed
transcriptional changes in genes linked to ASD, depression, neurotransmission, and
hippocampal neurogenesis. Gene set enrichment analysis showed enrichment of BPs related to

related to amino acid metabolic and catabolic processes, in line with previous studies.

No specific dose- or time-dependent trend in cell-type composition was found using scRNA-
seq analysis 0of 20217 cells. However, significant differences in pseudotime differentiation were
identified between cells exposed to citalopram compared to control cells, driven by temporally
expressed genes such as TAGLN, HESS, FRZB, DDIT4 and NNAT. Citalopram-exposed cells
exhibited higher mean pseudotime levels compared to controls, indicating enhanced neuronal
maturation. Pairwise comparisons of each concentration of citalopram compared to controls
cells revealed common BPs across all days involved in different catabolic and metabolic
processes, protein targeting and viral gene expression. Some BPs related to neuronal
development were also enriched. In contrast, only one CpG was differentially methylated in
Cit400 cells compared to the controls, suggesting that the observed gene expression changes

were regulated by mechanisms other than DNA methylation.
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Finally, dose-response analysis of citalopram exposure revealed 685 DEGs at Day 6. We also
identified 186 DEGs at Day 10 and 333 DEGs at Day 13, compared to baseline (Day 6).
Differential methylation analysis revealed 27 DMCs in response to citalopram exposure at Day
13. Furthermore, BPs related to metabolic and catabolic processes were enriched at Day 13.
The bulk RNA-seq dose-response analysis identified genes that were also found in the scRNA-
seq pseudotime analysis. Notably, citalopram exposure led to dose-dependent downregulation
of DDIT4, a gene associated with major depressive disorder and antidepressant effect.
Additionally, fluctuations in HESS5 expression were observed, which is linked to cell state
transitioning in neural progenitor cells. The scRNA dataset also revealed transcriptional
changes in various other genes involved in brain function, synaptic transmission and plasticity,

in response to citalopram exposure in a dose-dependent manner.
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CHAPTER 5: DISCUSSION

5.1 What does the neuronal differentiation model reflect?

We developed a novel 2D differentiation protocol towards a heterogenous population of
progenitors and neurons bearing telencephalic signatures. Combining RNA-seq, global DNA
methylation, single-cell RNA-seq and ATAC-seq data and analysing the integration across
timepoints (4D analysis), we constructed a molecular timeline and correlated TFs with time-
and population-specific chromatin states in hESCs, early fate commitment and during
differentiation. The in vitro neuronal differentiation protocol of hESCs mimics early human
brain development. The hESCs HS360 used in our experiments represent the ICM of Day 6-

310, and differentiates towards neuronal cells up to 20 days. It is

preimplantation blastocysts
difficult to know the corresponding in vivo developmental timepoint, however it likely reflects
early first trimester development. Neural rosette-structured derived cells at differentiation Day
6-7 correspond to the formation of the neural tube at embryonic week 3-4. The derived cells at

Day 13 and 20 are similar to neuronal progenitor and neuroblast cells®®.

There are several advantages to this study. First, using this hESC neuronal differentiation model
to study medication-exposure we gain valuable insight into a normally inaccessible
developmental window of brain development. The cell-types derived from the neuronal
differentiation protocol may resemble early stages of pregnancy, i.e., first trimester. Further,
using human ESCs there is no need to account for interspecies translatability. Exposing
differentiating cells to paracetamol and citalopram allows us to study the effect of these
compounds without complicating the analysis and interpretation of results due to metabolites.
Moreover, exposing cells to more than one medication dosage and sampling cells at several
timepoints permits the elucidation of dose- and time-responses. In epidemiological studies,
dose and time responses may be difficult to study due to power issues. Another major advantage
of this study is the utilization of single-cell methods, which provide high resolution gene

expression and chromatin opening data, and deconvolution of cell heterogeneity.

Using the HS360 neuronal differentiation model, we can study if exposure to medications
induces changes to epigenetic modifications and gene expression. If so, which functional
pathways do they affect and how does these translate to a clinical setting? The results may

complement epidemiological studies where associations between medication exposure and
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altered phenotype have been identified. Moreover, the results may be used to cautiously

interpret potential mechanisms by which medications alter the phenotype.

5.2  What does the neuronal differentiation model not reflect?

5.2.1 Neurodevelopmental outcomes

We hypothesize that medications used during pregnancy, i.e., paracetamol and citalopram, may
directly or indirectly affect epigenetic modifications, causing long-term adverse
neurodevelopmental outcomes. The model used in the present study is a neuronal differentiation
model, not a disease or phenotype model, thus we cannot answer the important scientific

question if these medications cause adverse neurodevelopmental outcomes in vivo.

Human embryonic stem cells might seem like an unusual choice of starting material. However,
the effects of drugs in reproductive biology are commonly studied using in vitro stem cell
models including hESCs and hiPSCs?*. Taking into consideration the 3R concept for lab
animal use, and the limitations of animal models (as evidence shows that the human neocortex
develops under the effect of additional mechanisms), we decided to use hESC during neuronal
differentiation to gain insight into this inaccessible developmental window. We did not employ
hESC differentiation claiming that we can recapitulate the effect of paracetamol during
pregnancy, but as an alternative method to infer developmental epigenetic and transcriptome

trajectories and the roles of specific genes in brain patterning.

To use the neuronal differentiation model in the context of a phenotype, iPSCs from a disease
group and healthy controls should be used. For example, differentiating iPSCs from ADHD
patients +/- paracetamol could be compared to iPSCs from controls +/- paracetamol. This way
we account for the genetic vulnerability of ADHD patients and determine if paracetamol affects

neurodevelopment differently in ADHD patients compared to controls.

5.2.2 Fetal-maternal interactions

The neuronal differentiation model uses a two-dimensional culturing protocol, which reflects
early-stage neurodevelopment. However, the model does not account for in vivo tissue-tissue
interactions within the fetus or fetal-maternal interactions, including hormonal signalling,
placental function, maternal and fetal metabolism. For example, in vivo fetal exposure in the

developing brain to the medication of interest and metabolites varies with time of exposure
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during pregnancy. The ICM forms primitive ectoderm around Day 7.5 post fertilization. This
leaves a window of 10-13 days before transport though the placental barrier from embryonal
day 17-20'*. Moreover, the fetal liver will start metabolism during the first half of the
pregnancy, potentially resulting in the accumulation of metabolites on the fetal side of the
placenta’!!. Thus, it is important to keep these limitations in mind to not overinterpret the in

vitro findings.

5.2.3 Genetic and familial vulnerability

Paracetamol or antidepressant use during pregnancy may be associated with familial or genetic
factors'®. Thus, adverse neurodevelopmental outcomes observed after medication exposure
could be confounded rather than caused by the medication (Fig. 10). For example, mothers who
are genetically predisposed to ADHD and pass on this risk to the child may also be more

inclined to take paracetamol during pregnancy due to inherent impulsive behaviour.

In this thesis, the effect of medication exposure during neuronal differentiation is studied using
a single hESC line. An advantage of using only one genetic background is that the experiment
is better controlled, we know that the differences we see after medication exposure is not due
to differences in genetic or familial risk factors. A limiting factor in using one genetic
background is that pharmacogenetic factors, how a persons’ genotype affects the way they

respond to medications, cannot be accounted for in this model.

Mothers use of medications
during pregnancy

Genetic risk factors Familial risk factors
e.g. genetic vulnerability to behavior e.g. socioeconomic status,

problems, emotional problems, education, poor parenting,
depression, IQ or personality traits environment in childhood

linked to medication use

Risk of adverse
neurodevelopmental outcomes

Figure 10. Confounding factors. Mothers use of medication during pregnancy is associated with an increased
risk of adverse neurodevelopmental outcomes. The use of medication during pregnancy may be the cause of the

adverse outcomes or may be confounded by genetic and/or familial factors.
5.2.4 Later pregnancy stages

The neuronal differentiation model developed in this project reflects neuronal cells of varying

maturity corresponding to development during first trimester pregnancies. It is currently
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unknown which cell types in the brain or at which trimester medication exposure has the highest
impact on neurodevelopment. The neuronal differentiation model does not relate to
neurodevelopment at later pregnancy stages (2" and 3™ trimesters). Given that brain growth

accelerates in the 3™ trimester>!2

, medication exposure in cells corresponding to this stage may
be relevant to the observed neurodevelopmental outcomes, including fully differentiated

functional neurons and glial cells.

5.2.5 Metabolites

As described in chapter 3.3.1, paracetamol metabolites were not included in this experimental
set-up. It is, however, possible that HS360 cells or HS360-derived NPCs from our protocol
metabolize paracetamol to form the bioactive AM404. The genes encoding the enzymes that
are required for deacetylation of paracetamol to p-aminophenol and further conjugated to form
AM404 are expressed at all four sampling time points (Fig. 11A-B). Similarly, CYP2E], coding
for the enzyme that metabolize paracetamol to NAPQI (Fig. 11A), is expressed at increasing
levels across differentiation albeit at low levels (Fig. 11C). Of note, CYP2E1 is also expressed
at low level in other cell types (e.g., blood) and tissues where paracetamol is not metabolised

(https://www.gtexportal.org/home/gene/CYP2E1). The presence of the required enzymes

AM404 or NAPQI have not been examined, thus these results must be interpreted with caution.
Furthermore, it is unlikely that HS360 cells or HS360-derived NPCs from our protocol

metabolize citalopram, as CYP2C19, which codes for the enzyme responsible for the

demethylation of citalopram, is not expressed (data not shown).
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Figure 11. Metabolism of paracetamol to AM404 and NAPQI. A) Paracetamol is deacetylated by N-
deacetylase to form p-aminophenol, which is further transported to the brain and conjugated with arachidonic acid
by fatty acid amide hydrolase to form AM404. B) Normalized RNA-seq counts for genes NDST! and FAAH
coding for the enzymes N-deacetylase and fatty acid amid hydrolase, respectively. C) Normalized RNA-seq counts
for CYP2E]. B-C) Untreated cells (control) are shown at day 0, 7, 13 and 20.

5.3 Interpretation of findings

5.3.1 How to make sense of the large amount of acquired data?

Using a multi-omics approach to study the effect of medication exposure on neurodevelopment
generates a very large quantity of data. For example, in Paper III we generated both bulk and
single-cell data for gene expression analysis, bulk data for DNAm analysis and single-cell data
for chromatin state. Thus, there were four large datasets from different timepoints and exposure
concentrations. It is thus challenging to interpret the data and narrow it down to the biologically

interesting genes or pathways or mechanisms.

If we have an idea of which mechanisms or biological pathways are involved, a hypothesis-
driven approach can be used. However, as we do not know which biological pathways are
involved in medication-induced adverse neurodevelopmental outcomes, an exploratory
approach was used in this study. First, the datasets from each method were analyzed

individually to find differential changes between conditions. Each comparison for each dataset
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revealed everything between zero significant changes to hundreds of thousands of significant

changes.

There are many ways of presenting significant findings. For example, we showed global gene
expression or DNAm changes, changes in the top significant genes and top biological pathways
related to the changes. We also integrated different datasets and compared significant
genes/loci. Generally, an outcome is more convincing if more than one method identifies
changes in the specific gene or pathway, or if it is consistent between different comparisons,
for example across different exposure concentrations. Also, non-significant finding can be
useful. For example, paracetamol did not induce significant changes in cell populations,
suggesting that cell fate was not majorly changing upon exposure during differentiation.
However, due to the abundance of data generated using the in vitro neuronal differentiation

model, interpretation is complex even without trying to relate the findings to the clinical setting.

Finally, to adhere to the principles of Findability, Accessibility, Interoperability, and
Reusability (FAIR), we provide access to all the single-cell datasets in intuitive, interactive web
applications. By enabling diverse configurations of gene and cluster expression visualisation,
including Uniform Manifold Approximation and Projections, heatmaps, violin plots, box plots,
proportion plots, and bubble plots, these tools facilitate analysis during the neuronal
differentiation protocol and during paracetamol and citalopram exposure. As such, they serve
as valuable resources for future studies including, but not restricted to, the effect of specific

disease variants or drugs in early brain physiology and development.

5.3.2 How to relate the results to the MoBa study?

Gervin et al.l!®

DNAm changes in cord blood and clinical ADHD diagnosis. A similar EWAS looking at the

studied the association between paracetamol exposure during pregnancy and

connection between SSRI use during pregnancy and DNAm has recently been conducted®!®. To
relate the results from the MoBa-study to the current study, we can compare DMCs and DMGs

following paracetamol exposure as both studies have conducted DNAm analysis.

Crucial differences between the paracetamol studies, besides the obvious in vivo versus in vitro
settings, are:
1. The neuronal differentiation model lacks a phenotype or disease outcome, whereas the MoBa

study found associations with ADHD. In the MoBa study, no significant DMCs were identified
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when comparing children without ADHD that had been exposed to paracetamol during
pregnancy compared to controls (no ADHD, no paracetamol). In contrast, DNAm changes were
found in children with ADHD that had been exposed to paracetamol during pregnancy
compared to controls. Thus, paracetamol exposure during pregnancy only induced DNAm
changes in individuals that were susceptible to ADHD. We were unable to account for this
disease susceptibility in our neuronal differentiation model.

2. Different tissues were used in the current study compared to the MoBa study. The MoBa
study used cord blood, whereas the present study used a model of early neuronal cells. We can
speculate if common DMCs and DMGs between the two tissues suggests that paracetamol
exposure modulates changes in early common ancestor cells. Thus, these CpGs could
potentially be used as cord blood biomarkers for paracetamol-induced changes in brain cells.
However, comparing in vivo and in vitro data we should expect to find many differences as

well as some similarities.

In summary, the comparison of in vitro results to cohort studies must be conservative. When
studying medication-induced outcomes, overlapping results between EWAS and the neuronal
differentiation model is more convincing, but we should be careful not to over-interpret the
results. Moreover, we expect large differences in the results between EWAS and the neuronal

differentiation model due to the large differences in methodology.
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CHAPTER 6: FUTURE DIRECTIONS

The safety of medications during pregnancy is a largely understudied field deserving of further
study. For future studies related to the current project, it would be interesting to validate our
findings in other birth cohorts to narrow down clinically relevant paracetamol- or citalopram-
dysregulated genes. DNAm changes associated with citalopram-exposure have recently been
studied in cord blood from MoBa*"3. It would be beneficial to compare our results to this study

in a similar fashion to the paracetamol study.

In Papers III and IV, we study only the compound of interest, paracetamol and citalopram. For
future studies, it would be of interest to conduct a time-course experiment to measure the
concentrations of paracetamol/citalopram and metabolites in the culturing media using mass
spectrometry. If cells are not capable of metabolizing the medications, it would be useful to

study the effect of metabolites individually or in a cocktail with the mother compound.

We have investigated the effect of medications in differentiating cells originating from one cell
type (HS360), and thus one genetic background. As DNAm and gene expression are established
by the genotype, we could apply the model to other hESC lines to delineate if the effects we
see are specific to HS360 or more widely applicable. Moreover, we could apply the neuronal
differentiation model to iPSCs from patients diagnosed with NDDs and compare to controls to
determine if exposure to medications have an effect on the epigenetic regulation of gene

expression.

Our neuronal differentiation model reflects neuronal development during early pregnancy. It
would be valuable to study the effects of paracetamol and citalopram in more mature neurons
following a longer differentiation protocol reflecting second and third trimester development.
Moreover, exposing cells using three-dimensional brain organoids in addition to the current
two-dimensional protocol would allow us to study the effects on the development of other brain

cells and the interactions between these cells.

Finally, it would be of interest to apply this neuronal differentiation model to study the effects
of other potential environmental influences or medications used during pregnancy, such as
NSAIDs, anticonvulsants, antihistamines, antidepressants and antianxiety medications, insect

repellants, natural supplements or air pollutants.
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