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Abstract

Misoprostol is a drug commonly used for medical termination of pregnancy, and
improper use has been linked to neurodevelopmental disorders such as Moebius
syndrome and Autism Spectrum Disorder (ASD). It is an analog of prostaglandin type E
signalling lipids, like PGE+1 and PGE_, and binds the same E-Prostanoid receptors,
which regulate mechanisms of neurodevelopment. Previous research from the Crawford
lab found that PGE: affected migration, differentiation, and expression of genes
associated with ASD in NE-4C neuroectodermal stem cells, and neurite elongation in
Neuro-2A neuroblastoma cells. The objective of this study was to determine if
misoprostol alters the same cellular behaviors in NE-4C and Neuro-2A cells. Time-lapse
microscopy was used to observe migration, neurosphere morphology, and neurite
extension in the cell models. Misoprostol treatment decreased migration (speed and
distance travelled) of NE-4C stem cells in a dose-dependent manner. Expression of
stem cell marker Oct4 and neuronal marker Map T demonstrated a misoprostol induced
delay in NE-4C differentiation. This was associated with changes in neurosphere
morphology and expression of adhesion molecule genes, Cdh2 and NCAM. In
differentiating Neuro-2A cells, chronic misoprostol exposure elongated primary neurites
and branches, but decreased branch density. These results demonstrate the influence
of misoprostol on cellular mechanisms of migration, differentiation, and neurite
elongation, suggesting that prenatal exposure may alter these processes, resulting in

abnormal neurodevelopment.
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1 - INTRODUCTION

1.1 - Lipid Signalling in the brain

Fatty acids are critical for the proper maintenance and development of the
human body. These lipids are then metabolized into many bioactive molecules. For
example, linoleic acid is converted into arachidonic acid (AA), a polyunsaturated
omega-6 fatty acid. AA is mainly present within cell membranes in the liver, muscles,
and brain. Phospholipase A2 (PLAZ2) acts on cell membranes to release AA in response
to various stimuli such as inflammation, illness, and stress "2 (Fig 1). AA is a common
precursor to the majority of eicosanoids (such as prostaglandins, thromboxanes and
leukotrienes) which are signalling molecules that have many physiological functions
(primarily immunity, brain health, cell growth and pain perception). Prostaglandins and
thromboxanes are synthesized from AA via the action of cyclooxygenase enzymes
(COX-1 and COX-2) '. COX-1 is expressed constitutively throughout most of the body.
COX-2 is inducible in peripheral tissues but is constitutively expressed in the central
nervous system 3. In the brain, COX-1 is expressed in microglia, astrocytes and neurons
while COX-2 is expressed in glutamatergic neuronal cells 4. Stimuli such as trauma and
inflammation are able to induce COX-2 expression, which has been implicated with the
pathological production of prostaglandins °>. COX enzymes synthesize prostaglandin H2
which is further synthesized into prostaglandin E2 (PGE-:) via PGES (prostaglandin E-
synthase). (Fig 1). Environmental factors and diet can affect the balance of the

endogenous fatty acids which are required to produce these molecules. Many diseases
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such as Alzheimer’s Disease (AD), schizophrenia, and autism spectrum disorder (ASD),
have been linked to altered fatty acid levels ®, signifying their importance for

neurodevelopment.
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Figure 1: Prostaglandin Synthesis
Phospholipase Az replenishes the arachadonic acid supply from the plasma

membrane. Arachadonic Acid (AA) precursor is then converted to PGE2 by COX1/2
enzymes. Common drugs such as NSAID’s inhibit COX activity. Environmental
factors such as air pollution and heavy metal affect the supply of membrane
phospholipids. The up and down arrows represent findings from ASD. PGE2 goes on
to bind any of the EP1-4 receptors leading to its physiological effects. Being an
analogue, Misoprostol can also bind the EP1-4 receptors. Figure modified from?°.



1.2 - Prostaglandin E2 signalling

PGE: is the principle molecule responsible for physiological regulation in the
prostaglandin system. PGE: acts on four E-Prostanoid (EP1-4) receptors with varying
affinities (EP3>EP4>>EP2>EP1) 7. EP receptors initiate signalling cascades through
bound G proteins. EP4 and EP2 receptor binding activates adenylate cyclase which
increases the concentration of cCAMP signalling molecules that can activate Protein
Kinase-A (PKA). Furthermore, both receptors can activate Phosphatydil Inositol-3-
Kinase (PI-3K). EP1 binding increases intracellular [Ca?*] levels which activate Protein
Kinase-C (PKC). EP3 has three different splice variants which can increase or decrease
cAMP and [Ca?*] depending on which G protein subunit was bound. Elevations in [Ca?*]
increase Calcium Calmodulin Kinase Il (CAMKII) activity, which has been shown to play
a critical role in long term potentiation &. Enzymes like Protein Kinase C (PKC) and PLA-
2 are also [Ca?*] dependant and have been found to be regulated by PGE: signalling*°.
In an in-vitro neural stem cell model, EP4 and EP2 receptors were localized to the Golgi
Apparatus and nuclear envelope respectively, while EP1 and EP3 were on the
endoplasmic reticulum membrane and plasma membrane. PGE: signalling caused EP4
translocation to the plasma membrane in stem cells, and to the growth cones in
differentiating neuronal cells. '%'1. Prostaglandin signalling leads to the activation of
downstream kinases which regulate gene transcription to control cell functions and
regulatory responses such as proliferation, differentiation, and migration '? (Fig 2). A
major target of these kinases is the transcription factor CREB. In immature mouse
cortical neurons, PKA and CAMKII induced Ser-133 CREB phosphorylation which

resulted in decreased dendritic numbers and length, as well as decreased neuron
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survival 3. Another study found EP4 receptor dependent inhibition of CREB activation in
HEK-293 cells via PGE; '*. These are just some examples of the many effectors part of
the prostaglandin E2 network. Disrupting the activity of any of these targets may have

varied effects on neural development and behavior.
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Figure 2: EP Receptor Signaling
A) EP1 receptor signaling activates PLC and increases intracellular [Ca?*] which

regulates PKC activity. B) EP2 receptor signalling increases cAMP which activates
PKA and CREB. PI-3K is also activated. C) EP4 receptor also regulates CREB
phosphorylation and PI-3K activity. D) EP3 receptor regulates cAMP and [Ca?*] in
either direction, depending on the splice variant. Figure taken from 8, refer to Appendix
A for copyright permissions.




1.3 - The Role of Prostaglandin E2 in the nervous system

Prostaglandins are involved in a wide diversity of physiological functions which
are mediated by COX activity. This includes pain perception, immune regulation,
cardiovascular function, fertility, and neuronal development. During episodes of
inflammation such as fever or trauma, cytokines like Interleukin 1-Beta (IL-13) induce
COX-2 expression '°. This leads to an increase in PGE2 which causes vasodilation and
hyper-permeability at the site of inflammation®. The inflammation response also
induces hyper-nociception in sensory neurons from rat Dorsal Root Ganglia (DRG) via
EP4 receptor binding and PKA activation.

In the central nervous system, PGE: is the primary signalling lipid, regulated
mostly by constitutively expressed COX-2. One of the primary functions of PGE: is to
facilitate synaptic signalling, plasticity, and long term potentiation in brain regions such
as the hippocampus®. COX-2/PGE: signaling in hippocampal and cortical neurons
regulates formation of dendritic spines and facilitates activity dependant synaptic
plasticity 7. By regulating [Ca?*] it can alter synapse activity through changes in gene
expression '8, Retrograde PGE:; signalling at post synaptic terminals has been
associated with Long Term Potentiation (LTP) via presynaptic EP2 receptor mediated
activity '°. Furthermore, research in ASD and AD have discovered neuroprotective roles
for PGE2 4. COX-2 activity can be induced in microglia, imparting neuroprotective anti-
inflammatory effects through the activation of EP2 and EP4 receptors, increasing the
expression of neurotrophins 4. Research from the Crawford lab has found that altering
COX and PGE: activity affects the expression of morphogens like WNT which can

disrupt prenatal development and neuronal differentiation %2921, This is due to the role



of PGE: in regulating dendritic spine formation, neuronal migration, and cell fate 22724,
Events such as brain trauma and ischemia lead to neuroinflammation which induces
COX-2 activity and increases PGE:. This increase was found to exacerbate
neurodegeneration following ischemic strokes. The neurotoxic response is due to over
excitation of glutamatergic neurons which can cause synaptic dysfunction and
apoptosis®. Furthermore, EP1 activation was found to be neurotoxic by impairing the
Na* Ca?* exchange in overexcited neurons?. The neurotoxic and neuroprotective
effects of prostaglandins maintain a fine balance which is mediated by COX-1 and
COX-2 activity.?® In the digestive system, constitutive COX-1 expression is required for
the protection of epithelial cells that line the gastrointestinal tract °26-?7. In reproduction,
PGE: promotes oocyte maturation, sperm penetration, and early embryonic
development. The presence of a COX knockout renders mice infertile 28. Perturbations
in PGE2 signalling during conception and pregnancy could affect embryogenesis and

neurodevelopment with lasting behavioral changes after birth?.



1.4 — Abnormalities in the PGE: signalling pathway and brain pathology

The functional importance and ubiquitous nature of prostaglandin signalling has
made it a valuable target for chemical manipulation. Some of the most widespread
analgesics used are Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) or Coxib’s
(selective COX-2 inhibitors). Aspirin and ibuprofen are common NSAIDs that relieve
pain, headaches, and inflammation. These drugs block the production of PGE> by the
inducible COX-2 in the peripheral tissues 3. However, COX-2 is constitutively expressed
in the brain. As such, the action of these drugs during critical periods in pregnancy have
been associated with increased likelihood of neurodevelopmental disorders 2° (Fig 1).
Clinical studies in individuals with ASD show that disruption of PGE: signalling due to
various genetic and environmental risk factors contributes to irregularities during
embryonic neurodevelopment which leads to various autism related behavioral
differences 2°21.3°_ For example, it was found that individuals with autism had
heightened levels of PGE: in their blood plasma 2. Altered PGE: levels could disrupt the
regulation of neurological functions such as synaptic plasticity, neuronal migration, and
differentiation (Fig 1). Furthermore, children with ASD had reduced methylation
capabilities and increased levels of harmful oxidative stress biomarkers like oxidized
glutathione 3'. Neuroactive steroid hormones, such as androsterone and pregnenolone,
were also elevated in ASD afflicted children 32. Markers, like the ones mentioned above,
can be examined to describe neurological damage or developmental irregularities. The
differentiation and development of living organisms is highly regulated by molecules
called morphogens. For example, the WNT gene, responsible for producing the WNT

morphogen, has been shown to regulate cell fate, neuronal migration, and



10

organogenesis during embryonic development 243334 Many of these functions are
similar to the ones listed for PGE: in Figure 1. Recent research from the Crawford lab
has provided evidence that PGE> can affect the expression of WNT and related genes
10,2021.24.30 Therefore, alterations in PGE; signalling can be detrimental due to its effects
on gene expression. It was found that people with autism have a neuronal signalling
imbalance where there are more excitatory signals than inhibitory3®. This is attributed to
reduced GABA signalling in ASD afflicted individuals®®. Research has shown that PGE>
is able to regulate GABA by affecting [Ca?*] levels via EP1 and EP3 receptors 3" (Fig
2). In activated microglia, prostaglandin synthesis was found to be inhibited by a
metabolite of acetaminophen 3°. There is a risk that pregnant mothers who take these
medications may be affecting the neurodevelopment of their children. A cohort study
associated prenatal acetaminophen use with the development of ASD and hyperkinetic
symptoms*°. Even perfumes and cosmetics have neuromodulating effects which can
increase the risk of ASD symptoms #'. The chemicals used in fragrances are poorly
regulated and rarely disclosed. One study tested 91 perfumes and found that they all
exhibited at least some degree of mutagenic activity on human neuroblastoma cells at
concentrations expected to reach a fetal brain*'. Therefore, from conception children

are vulnerable to environmental factors which could alter neurodevelopment.
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1.5 - The role of the COX-2/PGE: signalling pathway in Autism — Molecular and
behavioural evidence

Research from the Crawford lab focuses on the neurodevelopmental effects of
altered PGE: signalling, employing the use of murine cell models, like neuroblastomas
(Neuro-2A) and neuroectodermal stem cells (NE-4C), and murine animal models. The
in-vitro research with NE-4C cells has shown that higher levels of PGE> augments the
proliferation and migration of stem cells, elongates neuronal extensions, elevates
intracellular calcium levels, and expedites neuronal differentiation 10.18.24.42,
Dysregulation of these traits can have consequences in neuronal communication and
signalling '2. It was found that PGE: interacts with the WNT morphogen, which is
responsible for body axis patterning, cell fate, cell proliferation, and cell migration 2443,
Abnormal WNT signalling has been previously associated with ASD 34. One study from
the Crawford lab performed whole genome microarray analysis on COX-1 and COX-2
knockout mice at embryonic day 16 and 19 ?'. They found that only the E16 COX-2
knockout affected WNT gene expression?'. This was associated with increased levels of
active B-Catenin and an overall increase in the number of affected genes?!. B-Catenin
is a transcription co-factor that regulates the expression of genes including COX-2
(ptgs2) and WINT %4, Further research observed the effect of maternal PGE; injections
on the brains of embryonic and early postnatal murine offspring °. They found that
PGE: increased the expression of two WNT target genes at each of the developmental
stages 3°. This was associated with increased stability (not marked for degradation by
GSK3B) and activation (PKA phosphorylation) of B-Catenin 3°. Moreover, offspring of

PGE: injected mice displayed reduced cell density in the cerebellum and altered
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neuronal migration in the neocortex 3. The findings were age-dependant and sex-
dependant, similar to ASD pathology in humans. The most recent research from the
Crawford lab observed ASD related behaviors such as repetition, anxiety, and motor
defects in COX-2 deficient mice 2° and maternal PGE; injected offspring 4°. These
behaviours were more prominent in the male mice ?°, suggesting a sex bias that is also
found in human cases of ASD “5. Moreover, COX-2 deficiency had a greater effect on
ASD related gene expression in males than in females?’. PGE: injection resulted in
more pronounced anxiety and social behaviors, whereas COX-2 deficiency caused
motor deficits not seen in PGE: injected offspring %°. Maternal perturbations in COX-
2/PGE: signalling was also shown to affect microglial cell density, morphology, and
activity in P8 mice brains 4’. Evidence from the literature suggests that microglia play an
essential role in regulating neurodevelopmental processes like migration, differentiation,
and synaptic plasticity 8-5°. Overall, evidence from the Crawford lab has demonstrated
that PGE: can affect neurodevelopment by disrupting cellular processes and altering

ASD related gene expression, leading to behavioral defects postnatally.
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1.6 — Misoprostol
The prostaglandin pathway has proven to be a very effective target for

therapeutic manipulation. As mentioned earlier, prostaglandin function is determined by
the activation of EP receptors. Therefore, agonists and antagonists against the majority
of EP receptors have been manufactured for research and clinical use ’. Additionally,
many pharmaceutical drugs impart their effects by acting on the prostaglandin signalling
pathway. Such medicines include NSAID’s (Nonsteroidal anti-inflammatory drugs;
general COX inhibitors), Coxibs (selective COX-2 inhibitors), corticosteroids (inhibit
PLA?), and misoprostol %'. Misoprostol is a PGE1 analogue that is commonly used to
induce labor, treat stomach ulcers, and medically terminate pregnancy. Clinical studies
have found that prenatal misoprostol exposure was linked to increased risk of birth
defects such as Moebius syndrome, limb malformations, and ASD-like characteristics
52-56_The prenatal brain undergoes rapid development and is susceptible to changes in
lipid signalling brought on by diet or drugs. For medical termination of pregnancy, the
World Health Organization (WHO) suggests 200 mg of oral mifepristone followed by
800 g of misoprostol, repeating as necessary °’. Mifepristone is a steroidal
antiprogestogen medication which induces uterine contractions by inhibiting
progesterone from binding EP receptors on the uterus %8. It also primes the myometrium
for prostaglandins, therefore enhancing uterine contractions when taken in combination
with misoprostol ®. Common side effects of misoprostol include nausea, diarrhea,
heavy bleeding and in rare cases uterine rupture °’. Misoprostol alone is about 75%
effective for complete termination of pregnancy in the first trimester, compared to 95%

when taken in conjunction with mifepristone %%-81. A clinical study found that ongoing
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pregnancy occurred in 16.6% of women assigned to misoprostol treatment alone . In
comparison, only 1.5% of women had ongoing pregnancy when given mifepristone with
misoprostol . Children born following misoprostol exposure are associated with a
greater risk of birth defects. One of the largest clinical studies which looked at first
trimester misoprostol exposure, in approximately 250 pregnant women, found that it
was associated with an almost 2-fold increase in major congenital malformations, as
defined by EUROCAT (European Registration of Congenital Anomalies and Twins) 5462,
The majority of participants took the oral formulation with malformations arising from
doses as low as 200 pg %+%. This resulted in symptoms like facial paralysis and club
feet, which are consistent with Moebius syndrome and misoprostol exposure 52:53.63.64
During the first gestational month an embryo has already formed the neural tube and
begun to form the forebrain, midbrain, and hindbrain. Insults during this critical period
can result in severe defects such as spina bifida®. Coincidentally, this is approximately
the same time when mothers would take misoprostol which led to the aforementioned
malformations 5656, In more conservative countries, such as those in Latin America, only
1in 4 abortions are considered safe and many women resort to off-label illegal use of
misoprostol 96768 The lack of proper training and available follow-up care greatly
increases risk of adverse events. Furthermore, off-label misoprostol is most commonly
available in oral formulation, while vaginal and sublingual routes are far more effective
66,69_

While the majority of research on misoprostol has been clinical, the Crawford lab
has previously shown in differentiated neuroblastoma (Neuro-2A) cells that misoprostol

decreases neurite length and increases intracellular [Ca?*] levels via PKA %71 One
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study determined that neonatal misoprostol injections did not cause
neurodevelopmental toxicity based on their evaluations of sensory and motor
development in the mice 7. However, the use of misoprostol in that study is analogous
to the timing when women would use misoprostol to induce labour. The preceding
clinical research was primarily from prenatal misoprostol exposure, in which women
would use it to medically terminate a pregnancy or to treat their Gl issues. Although the
majority of research in the Crawford lab is focused on PGE2, misoprostol binds the
same EP receptors (EP3=EP4=EP2>>EP1) as PGE, at approximately a 10-100 fold
decreased affinity 7. This is due, in part, to their similar molecular structures. One of the
ways natural prostanoids and EP receptor agonists differ from each other is based on
their ring substructure 7. PGE2 has a hydroxyl group on its E-ring which directly
interacts with the EP receptor to mediate activity 7. However, this interaction does not
occur with misoprostol, possibly contributing to its decreased receptor affinity 7.
Therefore, misoprostol is likely to act via similar mechanisms as PGE:, by binding the
same EP receptors. Currently there is a lack of molecular research on misoprostol’s
influence on neuronal development. In this thesis, | aim to describe the effect of

misoprostol on neuronal stem cells and their differentiation.
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1.7 - Experimental Model Systems

Two well established neuronal cell models were chosen for this research,
neuroectodermal (NE-4C) stem cells and neuroblastoma (Neuro-2A) cells.
NE-4C stem cells are an in-vitro model system commonly used to study embryonic
brain development because they can be induced to differentiate, following similar
processes that occur during neurodevelopment 10.11.18.24.75 NE-4C cells are derived
from the brains of embryonic day 9 (E9) mice, which is analogous to the period when
women would take misoprostol to terminate pregnancy. This corresponds to a
gestational age of 5 weeks in humans, when somites would begin to form along the
body axis to signal migrating neuronal precursors in the developing nervous system 76,
By lacking functional p53 genes, the cells are immortalized. Through established
methodology, the cells can reliably be induced to differentiate into astrocytes or
neurons, or they can be maintained in their undifferentiated state ’°. Therefore, this
model system allows the study of two different stages of brain development.

Development of the nervous system relies on specific environmental niches
which promote proper migration, differentiation, and communication of cells.
Neurosphere assays are often used as an in-vitro model system which resembles some
of these processes 2477-8°_ When induced to differentiate, NE-4C cells cluster together
and form sphere shaped aggregates 8'. The formation of the spheres and the progress
of differentiation is outlined in Figure 3. This characteristic progression was previously
confirmed in the Crawford lab for NE-4C cells ?*. Neurospheres provide a
microenvironment for neurogenesis to occur, in which cells are constantly proliferating

and differentiating. Morphological characteristics, such as size, are indicative of their
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proliferation 77 and differentiation capabilities 7°. Furthermore, cell-cell communication
and adhesion are greatly regulated for neurogenesis within these microenvironments.
One of the ways in which these cells communicate with each other is through Notch
signalling. Notch and WNT/B-catenin are known to regulate each other transcriptionally,
and post-transcriptionally &2.

The adhesion of neighboring cells and the communications between them are
regulated via cadherins, integrins, laminins, and cell adhesion molecules. Examples like
N-Cadherins (Cdh2) or Neural cell adhesion molecule (NCAM) are widely expressed
during embryonic development, and specifically during neuronal differentiation 8384,
Cdh2 is a type | classical cadherin that is regulated by [Ca?*]. The transmembrane
protein has been shown to interact with B-catenin as an effector 8. In cultured rodent
cortical neurons, Cdh2 promoted cellular aggregation, neurite branching, and synaptic
differentiation 8. One of the main functions of NCAM is to regulate the migration and
differentiation of neuronal precursors 8. Prenatally, it's enzymatic activity is often
modified by the addition of polysialic acid (PSA) to become PSA-NCAM 8488,

Previous research has already shown that PGE: effects neurosphere
morphology and Cdh2 expression 4. It is likely that prenatal exposure to drugs which
alter prostaglandin signalling, would affect neurodevelopment through the previously

mentioned mechanisms.
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Figure 3: NE-4C differentiation process
The process of differentiation for NE-4C cells. Aggregation occurs around day 2, and

neurospheres are formed around day 6. Following growth, committed neuronal
progenitors migrate outwards around day 10. Adapted from 7.
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The second cell model used here is Neuro-2A cells derived from the murine
neural crest. This cell line is commonly used to study synaptic signalling, neuronal
differentiation, actin mechanics, and dendritic arborization. For example, one study
found that Dock4, a gene associated with ASD , regulates neurite formation in
differentiated Neuro-2A cells through actin and Rac1 activity. It concluded that healthy
Dock4 expression was needed for proper neuronal network formation in the developing
brain®. In Neuro-2A cells, axons and dendrites are indistinguishable from each other.
However, many processes which regulate neurite extensions are also shared between
axons and dendrites °':92, Previous research in the Crawford lab has shown that acute
treatment with PGE_ or misoprostol increased intracellular [Ca?*] levels and decreased
the length of neurites in Neuro-2A cells %71, These cells can be induced to differentiate,
which can be observed by neuritogenesis and extension length. This cell model enabled
research on chronic misoprostol exposure during differentiation and neurite formation.
The results may reflect the development of prenatal neuronal networks in the

misoprostol exposed fetus.
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1.8 - Objectives and Hypothesis

The literature has demonstrated that prostaglandin E2 signalling plays a vital role
for proper functioning and development. Altered signalling has been implicated in many
neurodevelopmental pathologies such as ASD, AD, Parkinson’s Disease (PD), etc.
24,512,20.8563 Djet, medicine, and other external factors such as perfumes have been
shown to affect PGE> production and contribute to these disorders 34, In many
countries, using misoprostol alone is still recommended as a safe choice for medical
termination of pregnancies °%-%9, However, little is known about misoprostol’s adverse
effect on prenatal neurodevelopment. There have been many published case studies
where the misuse of misoprostol for terminating pregnancy during the critical period led
to the development of Moebius syndrome and ASD 5254.56.63_ Previous studies from the
Crawford lab have demonstrated that in mice a single injection of the endogenous PGE:2
during the first trimester can result in abnormal expression of ASD genes and autism-
related behaviours 2939, Previously in NE-4C cells, PGE: affected stem cell migration,
the rate of differentiation, neurosphere morphology, and gene expression 04,
Misoprostol exposure on differentiated Neuro-2A cells was shown to cause neurite
retraction and altered CREB signalling 7>7". In this study | examined the effect of
misoprostol exposure on neuronal stem cells and their differentiation.

The main goal of this research is to uncover the molecular mechanisms by which
misoprostol affects neuronal development and whether the effect is dose dependent.

| hypothesize that misoprostol will elicit similar effects (differentiation, migration,
extension) in neuronal cells as PGE>, based on previously published research from the

Crawford lab 10.18.24.71.95,
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The research outlined in this thesis has been separated into three studies, each

focusing on specific aspects of neuronal development:

Study 1: The role of misoprostol in the migration of undifferentiated
neuroectodermal (NE-4C) stem cells

The first study investigated the effect of misoprostol on cellular migration in
undifferentiated neuroectodermal NE-4C stem cells. The main goal of this study is to
determine the effect of misoprostol on traits of matility in undifferentiated NE-4C cells.
Time-lapse videos of the cell cultures were made under a 10x inverted phase contrast
Nikon Eclipse TI-E microscope every ten minutes for a total of 24 hours in order to
record individual cell tracking. Cells were then tracked and analyzed using NIS
Elements software (Nikon). This method has previously been used to show the effect of
PGE: on migration in NE-4C cells'®. CREB activity, a common downstream transcription
factor, was determined through western blot analyses. Previous research with Neuro-2A
cells showed that PGE> and misoprostol both affect CREB phosphorylation, which
regulates gene transcription, via EP receptor signalling .

| hypothesize that misoprostol will affect the distance travelled, displacement,
and overall speed of movement in NE-4C stem cells, through pathways that result in

altered CREB activity.
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Study 2: Misoprostol increases the growth of NE-4C neurospheres and delays
differentiation

The second study determines misoprostol’'s influence on aggregation and
clustering of differentiating NE-4C cells in neurospheres. The main goal of this study is
to determine the effect of misoprostol on the rate of differentiation of NE-4C cells. Using
the same software and microscope as described in study 1, the morphology of
differentiating neurospheres was analyzed based on area, perimeter, and roundness
over an 8 day period. The expression of specific genetic markers was analyzed via PCR
to describe the progress of differentiation in the cells. This method has previously been
used to show that PGE: increases the rate of differentiation and the size of
neurospheres in NE-4C cells ?*. They also found that Cdh2 expression, a gene involved
in cell adhesion, was affected by PGE: exposure.?*. Therefore, | used quantitative real-
time PCR (qRT-PCR) to measure the expression of adhesion molecule genes Cdh2 and
NCAM.

| hypothesize that misoprostol will affect the morphology of neurospheres, the
rate of differentiation, and the expression of adhesion molecules, in differentiating NE-

4C cells.
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Study 3: The effect of misoprostol on neurite length, CREB phosphorylation, and
branch density in Neuro-2A cells

The third study looks at chronic misoprostol exposure in differentiating
neuroblastoma Neuro-2A cells. The main goal of this study is to determine the effect of
misoprostol on neurite extensions. Cells were recorded using the same microscope as
described above in study 1 over a 3 day period. Neurite extensions were analyzed using
the Fiji distribution of Imaged with the Simple Neurite Tracer plugin %8, The Crawford
lab has previously found that PGE> and misoprostol induced neurite retraction in
differentiated Neuro-2A cells 7°. This study differs by exposing Neuro-2A cells to
misoprostol chronically from the start of differentiation. It was previously shown that
acute PGE: and misoprostol exposure affects CREB phosphorylation in Neuro-2A cells
%_Therefore, in this study | used western blots to examine CREB activity for
differentiated Neuro-2A cells under chronic misoprostol treatment.

| hypothesize that misoprostol will affect neurite formation, elongation, and

CREB expression in differentiating Neuro-2A cells.
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2 - METHODS

2.1 - Cell Culture

Murine NE-4C cells or Neuro-2A cells (ATCC) were kept in an incubator at 5%
CO2 and 95% humidity at 37 °C. Cells were grown in growth media on culture plates
coated with 0.01% Poly-L-Lysine (Sigma, 70,000-150,000 MW). Growth media
consisted of Minimum Essential Medium (MEM, Gibco) supplemented with 2mM L-
Glutamine (Sigma), 100 U/mL Penicillin/Streptomycin (Invitrogen), and 10% Fetal
Bovine Serum (Gibco). Cells were regularly subcultured at a 10:1 ratio and growth

medium was changed every 2 days.

2.2 - RNA and Protein Isolation

Isolation of protein and RNA was done following the Nucleospin RNA/Protein
protocol with the required reagents included in the kit (Macherey Nagel). Briefly, culture
plates were aspirated and treated with a lysis buffer (inactivating RNases, proteases,
etc.) prior to manual collection with a cell scraper (SPL Life Sciences). Lysates were
treated with 70% ethanol to prime the nucleic acids to bind to the silica membrane. A
filtration step bound the RNA to the silica membrane, while the flow-through contained
protein for later isolation. A recombinant DNA nuclease (rDNase) reaction mixture was
applied to the bound silica membrane to remove contaminating DNA. After several
washes to purify the solution, RNA was eluted with RNase free water. Isolation was
performed with RNase free labware and sterile practices. Protein was precipitated by

treating the flow-through with Protein Precipitator buffer and 50% ethanol. After drying,
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the protein pellet was dissolved in a 1% SDS solution containing protease inhibitors ([3-
glycerophosphate and sodium orthovandate). All samples were kept at -20 °C prior to

further analyses.

2.3 - Western Blot analyses

Misoprostol’s influence on CREB phosphorylation was determined by quantifying
the protein expression of CREB and pCREB (Serine 133 phospho-CREB) in the cell
cultures. Samples were prepared by treating 25ug of protein with 1x Laemmli loading
buffer (BioRad) before being loaded on 10% SDS-polyacrylamide gels for
electrophoresis and subsequent transfer onto 0.2um nitrocellulose membranes
(BioRad). Membranes were incubated overnight with rabbit monoclonal primary anti-
CREB (Cell Signalling #9197) or rabbit monoclonal primary anti-pCREB (Cell Signalling
#9198) at a 1:1000 dilution in 5% Bovine Serum Albumin (BioShop), followed by goat
anti-rabbit horseradish peroxidase-conjugated secondary antibody (Abcam #ab6721).
Membranes were treated with ECL enhanced chemiluminescence substrate (BioRad)
prior to visualization with the Geliance 600 Imaging System (Perkin Elmer). Band
intensities were quantified using Genetools software (SynGene). Relative quantities for
CREB and pCREB were determined against the expression of Gapdh (Glyceraldehyde
3-phosphate dehydrogenase) housekeeping gene (1:10,000, Abcam #ab8245; goat
anti-mouse horseradish peroxidase-conjugated secondary antibody, Abcam #ab97040).
Fold change values were calculated relative to the vehicle control samples. All results

were obtained from 3 biological replicates.
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2.4 - Reverse Transcription and Polymerase Chain Reaction

Gene expression was analyzed by Reverse Transcription Polymerase Chain
(RT-PCR) Reaction. Isolated RNA (3ug) samples were treated with 1x DNAse | buffer
(New England Biolabs (NEB)) for 10 minutes at 37°C to remove any DNA contaminants.
Ethylenediaminetetraacetic acid (5mM EDTA, Sigma) was then added for 10 minutes at
75°C to inactivate DNAse |. The treated RNA samples were subsequently incubated
with 200 uM dNTP (NEB) and 4.6 uM Oligo(dT)1s (NEB) for 5 minutes at 65°C to prime
the RNA strands for reverse transcription. Complementary DNA synthesis was initiated
through the addition of 1x Reverse Transcriptase Buffer (NEB) and 200U of M-MuLV
Reverse transcriptase (NEB). Samples were incubated for 1 hour at 42°C and 10
minutes at 90°C to complete the reaction.

Polymerase Chain Reaction was done to amplify genes of interest from the
reverse transcribed cDNA samples. The reaction mixture contained 1x Taq Reaction
buffer (BioBasic), 2mM Magnesium Sulfate (BioBasic), and 200 yM dNTP (NEB), along
with 1 yM primer solution and 2U Tag DNA Polymerase (BioBasic). The PCR cycle
consisted of a 1 minute denaturing step at 94°C, a primer annealing phase for 30
seconds at 55°C, and strand elongation for 30 seconds at 72°C. An Eppendorf 5531
Mastercycler was used to amplify samples for 30 cycles with the final elongation step
extended to 5 minutes. PCR products were mixed with 6x Orange G loading dye
(Sigma) and electrophoresed through a 1.2% Agarose (Bioshop) gel in 1x TAE (Tris-
Acetate-EDTA) buffer. SafeView Classic (Applied Biological Materials) was used to

stain the DNA for visualization with the BioDoc-It Imaging System.



Successful reverse transcription was verified by amplifying the cDNA with

primers for the housekeeping gene Gapdh. Presence of Gapdh PCR product confirmed

successful cDNA synthesis. The progress of differentiating NE-4C cells was determined

by PCR analysis with primers for Oct4 (Octamer Binding Transcription Factor 4 - early

stem marker), and MapT (microtubule — associated protein Tau - neuronal

differentiation marker). Absence of the astrocyte marker, Gfap (glial fibrillary acidic

protein), was used to confirm commitment to the neuronal lineage and compared

against a mouse whole brain positive control sample. PCR Primer sequences can be

found in Table 1.

Table 1: Primers used for PCR amplification.

The target genes were used to determine differentiation progress and cell type.

Target Forward primer (5'—3") Reverse primer (5'—3')

Gapdh TGGAAGGACTCATGACCACA TTCAGCTCAGGGATGACCTT
Oct4 CTGGCTAAGCTTCCAAGGGC CCAGGGTCTCCGATTTGCAT
MapT TGAGATTGCTTGCGTTGTGG ACAGCAACAGTCAGTGTAGA
Gfap TCAATCAGTGCTAAGCTTCATA TGCAGCCAGGAATAGACCTT

2.5 - Quantitative Real-Time PCR

Differences in neurosphere morphology (ie: size) can be affected by cellular

proliferation, differentiation, adhesion, or communication. In order to determine the

effects of misoprostol on differentiation of neurospheres, quantitative real-time PCR
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(qRT-PCR) was done to measure the expression of adhesion related genes Cdh2 and
NCAM. Cadherins2 (Cdh2) is primarily involved with cell adhesion, but it also has roles
in cellular communication and neurodevelopment %°. Neural Cell Adhesion Molecule
(NCAM) has been involved with neural differentiation, migration, and synaptic plasticity
80,88,100_

Primers chosen for the aforementioned genes were previously developed by a
PhD student (Christine Wong) from the lab and had been verified for gRT-PCR with the
NE-4C model system (?* (Table 2)). For each sample, 1.5 pL of cDNA was added to
18.5 uL of ADVANCED gPCR mastermix with SUPERGREEN dye (LOW ROX; Wisent),
prior to being loaded onto custom Tagman Array 96-well FAST plates (Applied
Biosystems) in technical triplicates. Equal amounts of RNA from day 0 biological
triplicates were pooled and reverse transcribed to use as the calibrator samples
between runs. The 7500 Fast RT-PCR system (Applied Biosystems) was used to run
the reaction and quantification was done following the AACt method. The geometric
mean from two housekeeping genes, HPRT (hypoxanthine phosphoribosyl transferase)
and PGK1 (Phosphoglycerate Kinase 1), was used as previously established
endogenous controls to quantify the expression of the genes of interest 101.102,
Threshold values (Ct) for each gene of interest were compared to the geometric mean
of the Ct values for the housekeeping genes ( ACt = Ctiarget - GM(Ctrer) ). The relative
quantities (RQ) were calculated by comparing the ACt values of each sample against
the controls. These RQ values represented the fold change difference in gene
expression for the sample versus the control. Results were from 3 biological replicates,

each run on a separate FAST plate in technical triplicates.



Table 2: Primers used for qRT-PCR.
Primers are written in the 5°-3’ direction for the forward (F) and reverse (R) sequences.
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R - CGTTCGGACCTCCACAATG

Amplicon

Gene Sequences Length (bp)
HPRT F - TCCATTCCTATGACTGTAGATTTTAT 75

R -AACTTTTATGTCCCCCGTTGACT
PGK1 F - CAGTTGCTGCTGAACTCAAATCTC 65

R - GCCCACACAATCCTTCAAGAA
Cdh? F - CCACTTATGGCCTTTCAAACACA 93

R - CCGTAGAAAGTCATGGCAGTAAACT
NCAM F - TCATGTGCATCGCTGTTAACCT 125
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2.6 - NE-4C Migration Timelapses

Timelapses of NE-4C cells were made to analyze cellular migration. Culture
plates (35mm, BD Falcon) were seeded with 1.5x10° cells and kept in a chamber (In-
Vivo Scientific) which maintained incubation conditions. Within the chamber, cells were
imaged with a 10x inverted phase contrast Nikon Eclipse TI-E microscope every ten
minutes for a total of 24 hours. Prior to imaging, growth medium was supplemented with
either 10 uM or 30 uM of misoprostol (Cayman). For the vehicle condition, growth
medium was supplemented with 0.05% dimethylsulfoxide (DMSO, Sigma). Studies have
shown that 0.05% DMSO is appropriate and safe to use as a vehicle for in-vitro neuron
analyses '3, Analysis using NIS Elements Software (Nikon) was performed to examine
migratory characteristics such as displacement, path length, and speed. New daughter
cells were tracked until their first division (Fig 4). Cell position was defined as the center
of the soma for the purposes of tracking. Time between divisions was recorded as the
cell cycle duration. All results are based on 100 cells from 3 independent experiments
for each condition. Cell lysates were collected for protein and RNA following completion

of each timelapse.

2.7 - Differentiation of NE-4C cells and neurosphere induction

To prepare for differentiation, 1x10° NE-4C cells were seeded on 60mm culture
plates (BD Falcon) and left overnight in growth media. Differentiation was induced by
replacing the growth media with serum free Neurobasal (Gibco) supplemented with B-
27 (Gibco), 2mM L-Glutamine, and 100 U/mL Penicillin/Streptomycin. These

supplements have been previously established to promote differentiation and growth in
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neuronal cells 24104105 Differentiation medium was supplemented with either 0.05%
DMSO for the vehicle condition, or 30 yM misoprostol for the treatment condition. The
media was replaced every other day for a total of 8 days of differentiation. Lysates were
collected on days 0, 2, 4, 6, and 8 for RNA and protein. Three biological replicates were

made for each condition.

2.8 - Measuring neurospheres

Differentiating culture plates were imaged with a 10x inverted phase contrast
Nikon Eclipse Ti-E microscope prior to media changes. Each image comprised of 125
fields at 3 different focal lengths. Images were taken every 2 days for the duration of
differentiation (days 0, 2, 4, 6, 8). Aggregates of NE-4C cells were seen after two days
of differentiation. NIS Elements software (Nikon) was used to trace the perimeter of the
neurospheres and determine their areas. Roundness was calculated by using the
formula Roundness = 4 x 1 x Area / (Perimeter)?. A perfect sphere has a roundness of 1
while a line has a roundness of 0. Therefore, neurospheres whose roundness was
closer to 1 had a more spherical shape. The neurosphere analysis protocol was

previously established by Wong et al., in 2016 24,

2.9 - Differentiation of Neuro-2A cells and neurite analysis

To induce differentiation, 1x10° Neuro-2A cells were seeded on 60mm culture
plates and left overnight in growth media. Differentiation was induced in Neuro-2A cells
by culturing them in growth media containing only 0.5% FBS. Serum starvation has
previously been shown to induce differentiation in Neuro-2A cells '%. Differentiation

lasted over 72 hours with one media change in between. The vehicle condition had
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0.05% DMSO added to the differentiation medium. The misoprostol condition had 30

MM of misoprostol added to the differentiation medium. Cells were imaged with a 10x
inverted phase contrast Nikon Eclipse Ti-E microscope twice a day, with each image
containing 125 fields. Cells were collected for protein and RNA following the 72 hour
differentiation period. Neurites were analyzed using the Fiji distribution of ImageJ with
the Simple Neurite Tracer plugin -9, Primary neurites were defined as the longest
whole branch extending from the soma of a cell. Branching neurites were defined as
extensions coming from the primary neurite (Fig 13A). The length ratio was quantified
as the cumulative length of all primary neurite extensions divided by the cumulative
length of all neurite branches. Branch density was calculated as the number of
branches divided by the cumulative length of primary neurites and then multiplied by
one hundred. All results were obtained from three biological replicates for each

condition and day.

2.10 - Statistical Analysis

Statistical analyses for all experiments were done on Python v3.7 97 using
publicly available libraries (pandas'®, statsmodels %, numpy''°, matplotlib™"). A log1o
transformation was applied on measures which were skewed in order to satisfy the
normality assumption. Criteria for significance was set at *p < 0.05, **p < 0.01, ***p <
0.001.

For experiments with undifferentiated NE-4C cells, one-way Analysis of Variance
(ANOVA) was done to verify if there were any differences between the groups.

Significance for all the pairwise differences were quantified with Tukey’s Honestly
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Significant Difference (HSD)''2 post hoc test. Protein expression was analyzed with one
way ANOVA followed by Holms '3 corrected independent T-tests against the control
group.

The differentiating NE-4C neurosphere experiments were measured over time (8
days). Throughout differentiation they undergo a variety of processes. Therefore, there
was a possibility that misoprostol could affect some processes differently than others,
which would only be seen on specific days rather than a global trend. To account for
this, a two-way ANOVA was done to include the possibility of interaction effects
between the treatment and the duration of differentiation. All pairwise differences were
then compared via Tukey HSD post hoc test. Gene expression was also analyzed with
two-way ANOVA and daily pairs were compared by Holm’s corrected independent T-
tests.

The differentiating neurite experiments were analyzed with two-way ANOVA
followed by Tukey HSD post hoc test for the primary and branch measurements, and by
Holms corrected pairwise T-tests for the length ratio, branch number, and branch
density measurements. The expression of CREB proteins were compared in day three

Neuro-2A cells by independent T-tests, as there were only two groups.
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3 - RESULTS

3.1 - STUDY 1: The role of misoprostol in the migration of undifferentiated
neuroectodermal (NE-4C) stem cells

The cell model used for this study was NE-4C neuroectodermal stem cells. They
are derived from E9 mice brains, which corresponds to the most commonly indicated
time for misoprostol misuse in reported cases of Moebius syndrome and Autism 75114,
As the nervous system develops, neuronal precursors will respond to migration signals
coming from somites, radial glial cells, and other cells in the immediate environment.
These signals include cell adhesion molecules, cadherins, and cytokines’®1®, Disrupted
migration impacts cell fate as well as cell number at the final destination. For example,
cortical development is dependent on appropriate responses to signals for proper
migration and formation of the functional layers''®. The following results demonstrate

the effect of misoprostol exposure on NE-4C stem cell motility.

3.1.1 - Dose dependent effect of Misoprostol on the migration of undifferentiated NE-4C
stem cells

The migration behavior of undifferentiated NE-4C cells was determined via NIS
elements time-lapse tracking software as previously done by Wong et al., in 2014 0.
Cells were treated with 10 uM misoprostol, 30 uM misoprostol, or vehicle prior to the
time-lapse. Cells were recorded every 10 minutes for a 24 hour period. They were
tracked for their entire cell cycle, starting initially after a daughter cell had split from its
mother, and ending right before the daughter cell split again (Fig 4). A total of at least

100 cells from three independent experiments were measured for each condition.
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Migration was defined as distance travelled, displacement from origin, and overall
speed.

The distance was defined as the path length travelled by the cell during the
duration of a whole cell cycle. One-way ANOVA analyses determined that there was a
significant difference between the treatments on the distance travelled by NE-4C cells
(F2207y= 24.51, p < 0.001, Fig 5A). Vehicle treated cells had travelled an average of
245.08 + 7.86 ym. The 10 uM misoprostol treatment was not statistically different from
the control cells (243.59 + 8.24 ym, p > 0.9). However, when compared to vehicle and
10 uM misoprostol conditions, treatment with 30 uM of misoprostol had significantly
decreased the path length travelled to 185.23 £ 6.13 uym. This represents a 24%
decrease in total cellular movement vs the control (p < 0.001) (Fig 5A). The significant
difference between 10 yM and 30 uM treatments (p < 0.001) suggests that misoprostol
induced reduction in distance travelled by NE-4C stem cells is dose dependant.

The speed of NE-4C cells was measured by calculating the ratio of distance to
cell cycle duration. One-way ANOVA of speed values suggested a significant difference
between the treatments (F2207)= 27.18, p < 0.001, Fig 5B). On average, NE-4C cells
travelled at a speed of 21.51 £ 0.69 ym/hr. Misoprostol’'s effect on speed was not
observed with a 10 yM dose (20.33 £ 0.85 ym/hr, p = 0.295). However, when treated
with 30 uM misoprostol, the average speed was reduced by 28% to 15.40 + 0.44 ym/hr
(p < 0.001). (Fig 5B). Additionally, NE-4C stem cells treated with 30 uM misoprostol
were significantly slower than cells treated with 10uM misoprostol, adding further

support for the dose dependant nature of its effects.
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Cell cycle duration was defined as the time between the birth of a new daughter
cell and the moment that it divided again (Fig 4). There was a significant effect on cell
cycle duration based on the One-way ANOVA analysis (F297)= 3.67, p < 0.05, Fig 5C)
On average, the NE-4C cell cycle lasted about 11.56 + 0.19 hrs in the vehicle condition.
Misoprostol significantly increased the time between divisions by 6.4% with a 10 uM
dose (12.29 £ 0.17 hrs, p < 0.05). However, at 30 uM, misoprostol had no effect (12.01
+ 0.21 hrs, p = 0.226) (Fig 5C).

Misoprostol treatment also significantly reduced the dispersion capability of NE-
4C cells, quantified by their displacement. Displacement was defined as the straight-line
distance of the cell between the start and end of its cycle. One-way ANOVA determined
that there was a significant difference between treatments on the displacement of NE-
4C cells (F(2,207)= 3.95, p < 0.05, Fig 6). The average displacement of NE-4C cells was
46.67 + 3.86 um in the vehicle. The 10 yM misoprostol dose decreased cell
displacement to 36.55 £+ 2.76 ym, but the difference was not significant (p = 0.144). The
30 uM misoprostol dose significantly decreased NE-4C displacement by 30% to 32.68 +
2.23um (p < 0.05) when compared to the vehicle (Fig 6A). Dispersion scatterplots for
the vehicle and misoprostol treatments illustrate the dose dependant restraining effect
of misoprostol on NE-4C stem cells (Fig 6C). When treated with 30 yM misoprostol, NE-
4C stem cells were less dispersed than the control (p < 0.05) (Fig 6B). This effect was
only seen at 30 uM, suggesting that it is dose dependant.

In summary, the 30 uM misoprostol treatment caused a significant decrease on
all measures of motility (distance, speed, displacement) when compared to the control.

This effect was not observed in the 10 uM treatment. Therefore, misoprostol decreased
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NE-4C motility in a dose dependant manner. In a similar experiment, PGE: also had a
dose dependant effect on cell motility '°, but at lower concentrations likely due to its
higher affinity to EP receptors 7. Based on these results, the 30 uM dose of misoprostol

was chosen as the primary experimental treatment for studies 2 and 3.

3.1.2 - Misoprostol decreased the expression of CREB protein in NE-4C stem cells

A major downstream regulator of the PGE2-EP receptor signalling pathway is the
activation of PKA. This kinase phosphorylates many effectors, including the key
neuronal transcription factor CREB, which typically regulates neuronal survival,
migration, and differentiation 31495, Western blot analysis was done to measure the
level of total CREB and phosphorylated pCREB (at Ser-133) proteins in NE-4C stem
cells. Fold change values were standardized such that the vehicle = 1. The level of
CREB was found to be significantly different amongst the three conditions (F3,) = 5.51,
p < 0.05, Fig 7A). While 10 uM misoprostol had no effect (Fold Change = 0.931 +
0.162, p > 0.900), treatment with 30 uM misoprostol significantly decreased the level of
total CREB (Fold Change = 0.547 + 0.099, p < 0.05) when compared to the control (Fig
7A). Misoprostol’s effect on pCREB level was similar to its effect on CREB (F(3,) = 5.48,
p < 0.05, Fig 7B). At a 30 uM dose, misoprostol significantly decreased the level of
pCREB (Fold Change = 0.639 £ 0.124, p < 0.05) when compared to the control (Fig
7B). This reduction in pCREB level was not observed with the 10 yM misoprostol
treatment (Fold Change = 0.823 + 0.109, p = 0.286). There was no significant difference
between 30 uM and 10 uM misoprostol on the levels of CREB and pCREB (CREB:

MP10 Fold Change = 0.931 + 0.162; MP30 Fold Change = 0.547 + 0.099, p = 0.07;
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pCREB: MP10 Fold Change = 0.823 + 0.109; MP30 Fold Change = 0.639 + 0.124, p =

0.305) (Fig 7 A, B).
Therefore, the results suggest that, in undifferentiated NE-4C cells, the 30 uM
misoprostol treatment decreased the level of total CREB protein and reduced the level

of Ser-133 phosphorylated CREB.
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Figure 4: lllustration of the timeline for NE-4C cell tracking.
Tracking began on both daughter cells immediately following the first division.

Tracking was stopped for the respective daughter cell when it completed a full cell
cycle (reached the second division). Cells were imaged with a 10x inverted phase
contrast Nikon Eclipse TI-E microscope. NIS Elements (Nikon) software was used
for manual cell tracking. N=100 cells from three independent experiments tracked

for each condition.
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Figure 5: Misoprostol decreased the migration of undifferentiated NE-4C
cells.

A) Misoprostol treatment decreased the total path length travelled by NE-4C cells
at a 30 uM dose, but not at 10 uM. B) Average speed travelled by the cells was
significantly decreased only with the 30 uM dose of Misoprostol. C) Only the 10 uM
misoprostol condition increased the cell cycle duration. The results represent an
average of N=100 cells per condition, from three independent experiments. Error
bars represent SEM, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 6: Misoprostol affected the dispersion of undifferentiated NE-4C cells.
A) Treatment with 30 uM misoprostol decreased the displacement of undifferentiated
NE-4C cells. B) Overlap of NE-4C cell dispersion comparing the 30 yM misoprostol
condition against the vehicle. C) Individual dispersion graphs of NE-4C cells for each
condition. The edge of each scatterplot is 150um away from the origin. Treatment
with 30 uM misoprostol resulted in less dispersion of cells compared to a 10 uM dose
or vehicle. The results represent an average of N=100 cells per condition, from three
independent experiments. Error bars represent SEM, *p < 0.05, **p < 0.01, ***p <
0.001.
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Figure 7: Misoprostol decreased total CREB protein level in NE-4C stem cells.
A & B) Treatment with 30 uM misoprostol significantly decreased the expression of

CREB and pCREB protein in undifferentiated NE-4C cells. C & D) Representative
western blots of CREB and Ser-133 pCREB protein for the treatments, including
GAPDH controls. The results represent an average of three western blots containing
samples from three independent experiments. Statistical analyses were done with
one-way ANOVA followed by Holms corrected multiple independent T-tests. Error
bars represent SEM, *p < 0.05.
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3.2 - STUDY 2: Misoprostol increases the growth of NE-4C neurospheres and
delays differentiation

In this study NE-4C cells were used due to their characteristic differentiation
process (Fig 3). Once differentiation is induced, proliferating cells migrate inwards to
form aggregates. These aggregates then develop into three dimensional neurospheres
in which cells proliferate or commit to neuronal differentiation. After further neurosphere
growth, cells proceed to migrate outwards to complete differentiation®*1"7. In the
developing nervous system migratory signals like cell adhesion molecules and
cadherins regulate the migration and rate of differentiation of neuronal precursors 7615,
In neurosphere assays, these same signalling molecules regulate cellular
communication and cell fate 88.87.99 The morphology of neurospheres throughout
differentiation reflect the processes that occur at each step. These processes are
analogous to migratory differentiation within the developing nervous system. Previous
research has shown that PGE: increased the rate of differentiation and altered Cdh2
expression in NE-4C cells 24, Therefore, this study aims to determine whether
misoprostol has a similar effect on the progression of differentiation and expression of

adhesion molecule genes in differentiating NE-4C cells.

3.2.1 - Misoprostol slows the rate of differentiation

As described in Figure 3, NE-4C cells differentiate following the characteristic
progression of proliferation, aggregation, and neurosphere formation. Neurospheres
were imaged every two days for an eight-day period under vehicle or misoprostol

conditions. The images in Figure 8 A demonstrate the growth of neurospheres as the
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cells proliferate and aggregate. Cells within the neurospheres express genetic markers
which can be analyzed to indicate their stage of development.

PCR analyses was performed using Oct4 and MapT markers which are
commonly used to identify the presence of stem cells (early) and neuronal precursor /
differentiating cells (late), respectively?. In the vehicle treatment, Oct4 expression
lasted up to day 6 coinciding with the appearance of MapT. This indicates that at day 6
there was a mixture of stem cells and differentiating neuronal cells. By day 8, the
absence of Oct4 expression suggests that there were few / no more stem cells present
in the culture. All or most of the cells were differentiating neurons, evident by the
presence of MapT (Fig 8B). These results demonstrate a molecular switch from stem
cell to neuronal precursor occurring between days 6-8 of differentiation in the vehicle
group. In contrast, misoprostol treated cells expressed Oct4 throughout all the days
measured, indicating the presence of NE-4C stem cells on day 8. The differentiation
marker, MapT, only appeared for misoprostol treated cells at day 8 (Fig 8B). The results
showed that, unlike the vehicle, there was no evidence of a complete shift from stem
cell to neuronal precursor state by day 8 for the misoprostol treated group. The
presence of both stem cells and differentiating neuronal cells at day 8 support the
findings of increased neurosphere area and perimeter for the misoprostol condition (Fig
9 A, B). These results suggest that there is an overall delay in differentiation due to
misoprostol treatment.

Gfap expression was tested to verify the absence of astrocytes in the

differentiating neurospheres. Gfap exposure was only seen in the positive control
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(mouse brain tissue), demonstrating that NE-4C cells only committed to neuronal

differentiation in culture (Fig 8B).

3.2.2 - Misoprostol’s effect on the size of neurospheres

Neurospheres are formed when neuronal stem cells aggregate together to create
a microenvironment optimal for differentiation. It was previously found that morphology
of the neurospheres indicate the ability of NE-4C cells to differentiate, cluster together,
and communicate with adjacent cells®*. Neurosphere shape is defined by area,
perimeter, and roundness. For each measurement, a two-way ANOVA determined that
there was a significant interaction between treatment and differentiation day (Area:
F(1,1781y= 12.06, p < 0.001, Fig 9 A, D ; Perimeter: F(1,1781)= 7.88, p < 0.001, Fig 9 B, E ;
Roundness: F(1,1781)= 104.37, p < 0.001, Fig 9 C, F). Therefore, TukeyHSD post-hoc
analysis was done for all comparisons to see the effect of misoprostol for each day that
was measured. Approximately 225 neurospheres were measured every two days for
each treatment condition, resulting in a total of about 1800 measured neurospheres.
The differentiation of NE-4C cells in both conditions followed typical trends, shown in
Figure 8A and in Wong et al.,>* (2016), beginning with proliferation between days 0-2,
inward migration and aggregation at days 2-4, and neurosphere formation on days 6-8.
These behaviours were verified by morphological analysis (Fig 9 D, E, F).

The area of neurospheres was affected by misoprostol treatment at the start (day
2) and end (day 8) of differentiation. On day 2, misoprostol treated cellular aggregates
were smaller compared to the vehicle treatment (Day 2: Vehicle = 9041 + 595 um?; MP

= 6289 = 151 uym?, p < 0.01) (Fig 9A). There was no difference between the two
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conditions in neurosphere area on days 4 and 6 (Day 4: Vehicle = 19387 + 1508 ym?;
MP = 15155 + 710 um?, p = 0.644; Day 6: Vehicle = 20791 + 1245 ym?; MP = 17980 +
912 um?, p > 0.900) (Fig 9A). However, by day 8, misoprostol treated neurospheres
were significantly larger than the control (Day 8: Vehicle = 30922 + 3470 ym?; MP =
40427 + 2852 um?, p < 0.001) (Fig 9A). Based on the area, both conditions
demonstrated the typical neurosphere growth pattern of exponential growth (Day 0-2),
inward migration (Day 2-4), plateau (Day 4-6), and further growth (Day 6-8), as was
previously seen in Wong et al., (2016) ?* (Fig 9D). As differentiation progressed, larger
neurospheres observed in the misoprostol condition could reflect a greater quantity of
proliferating stem cells within the spheres. This would suggest that differentiation was
delayed as shown in Figure 8B.

The perimeter of neurosphere aggregates was approximately 12% greater in the
misoprostol condition when compared to the control on day 2 (Day 2: Vehicle = 361 +
8.61 um; MP =403 £ 7.67 um, p < 0.01) (Fig 9B). Again, no statistical difference was
found between the treatments on days 4 - 6 (Day 4: Vehicle = 502 £ 17.8 ym; MP = 456
+ 10.2 ym, p = 0.814; Day 6: Vehicle = 500 + 13.6 ym; MP =473 £ 10.9 uym, p > 0.900)
(Fig 9B). By day 8, the perimeter of misoprostol treated neurospheres was significantly
greater than the perimeter of neurospheres treated with vehicle (Day 8: Vehicle = 589 +
27.1 ym; MP =690 £ 26.4 um, p < 0.01) (Fig 9B). The progression of perimeter change
per day exhibited the same trend that was seen for the area, starting off with growth
(Day 2-4), a plateau (Day 4-6), and further growth (Day 6-8) (Fig 9E).

Roundness of neurospheres reflects the migratory and adhesive abilities of the

NE-4C stem cells?478. The effect of misoprostol on neurosphere roundness reflected the
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decreased area and increased perimeter seen on day 2. Misoprostol treated clusters
were significantly less round on day 2 than clusters from the control group (Day 2:
Vehicle = 0.786 + 0.008; MP = 0.547 + 0.011, p < 0.001) (Fig 9C). However, by day 4
onwards there was no difference between the two conditions (Day 4: Vehicle = 0.879 £
0.009; MP = 0.864 + 0.007, p < 0.001, Day 6: Vehicle = 0.874 + 0.004; MP = 0.886 +
0.005, p < 0.001, Day 8: Vehicle = 0.907 + 0.007; MP = 0.914 + 0.006, p < 0.001) (Fig
9F).

Overall, misoprostol induced reduction in NE-4C stem cell migration may have
contributed to the decreased roundness and increased perimeter seen for early, day 2,
aggregates. Therefore, misoprostol may delay early differentiation at the inward

migration stage.

3.2.3 - Expression of cell adhesion molecules during differentiation

Cell adhesion molecules play an important role in the regulation of cellular
differentiation. For example, Cdh2 is responsible for cell-cell adhesion and
communication®388_ |t has many roles in neurodevelopment. Previous research from the
Crawford lab has found that PGE: increases gene expression of Cdh2 on day 6 2.
NCAM is another adhesion molecule that has been shown to affect migration, neurite
formation, and differentiation of neuronal cells 8-8.118 _|n this study, a qRT-PCR analysis
was done to measure the gene expression of Cdh2 and NCAM.

The expression of Cdh2 was measured across 8 days of differentiation. Results
from a two-way ANOVA determined that the main effects of treatment and differentiation

progress did not significantly affect the expression of Cdh2 (differentiation progress:
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F@16) = 2.89, p = 0.068 ; treatment: F(1,16y= 0.06, p = 0.812) (Fig 10). However, there

was a significant interaction between the treatment and length of differentiation (F(3,16) =
4.99, p <0.05) (Fig 10). Therefore, Cdh2 expression was compared on each day. On
day 2, vehicle treated aggregates expressed Cdh2 at a Relative Quantity (RQ) of 6.281
+ 0.996. Treatment with misoprostol trended toward a significant reduction in day 2
Cdh2 expression as compared to the control (Day 2: MP RQ = 1.996 + 0.526, p =
0.057) (Fig 10). There was no significant difference in Cdh2 expression between the
conditions on days 4 and 6 (Day 4: Vehicle RQ = 8.096 £ 0.725; MP RQ =7.291 £
2.715, p > 0.900, Day 6: Vehicle RQ =6.113 £ 0.998; MP RQ = 6.939 + 1.024, p >
0.900) (Fig 10). On day 8, misoprostol treated neurospheres significantly increased
Cdh2 expression when compared to the control group (Vehicle RQ = 3.394 + 0.213; MP
RQ = 8.503 £ 0.960, p < 0.05) (Fig 10). This is opposite to the trend seen on day 2.
Overall, misoprostol treatment led to increased expression of Cdh2 after 8 days of
differentiation. These results suggest that misoprostol treatment may alter the regulation
of cellular development by affecting the expression of Cdh2.

The genetic expression of the cell adhesion molecule, NCAM, was also
examined. Two-way ANOVA showed that the expression was significantly affected by
differentiation progress (F3,16)= 11.82, p < 0.001), treatment (F(1,16)= 17.55, p < 0.001),
and their interaction as well (F3,16)= 8.14, p < 0.01) (Fig 11). Vehicle treated cells
expressed NCAM at an RQ of 5.248 + 0.975 on day 2. Misoprostol treatment
significantly reduced NCAM expression in the day 2 aggregates to an RQ of 0.975 +
0.096 (p < 0.05) (Fig 11). The result was similar to the trend found on day 2 for Cdh2

expression. NCAM expression was not affected by treatment on day 4 (Day 4: Vehicle
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RQ =4.515+0.815; MP RQ =4.910 + 1.220, p > 0.900) (Fig 11). Misoprostol treatment

also reduced the expression of NCAM in day 6 neurospheres by almost 75% when
compared to vehicle (Day 6: Vehicle RQ = 18.341 + 3.048; MP RQ =4.937 + 1.311,p <
0.05) (Fig 11). By day 8, NCAM expression had stabilized for both treatments (Day 8:
Vehicle RQ =8.090 + 1.189; MP RQ = 7.127 £ 1.852, p > 0.900) (Fig 11). It was noted
in vehicle treated cells that NCAM expression increased approximately 4-fold from day
4 to 6 and then decreased to less than half on day 8 (Day 4: Vehicle RQ =4.515
0.815; Day 6: Vehicle RQ = 18.341 * 3.048; Day 8: Vehicle RQ = 8.090 * 1.189) (Fig
11). Therefore, on day 6, NE-4C neurospheres experienced a sharp increase in NCAM
expression, which did not occur in the misoprostol treatment (Day 4: MP RQ =4.910
1.220; Day 6: MP RQ = 4.937 + 1.311; Day 8: MP RQ = 7.127 + 1.852) (Fig 11). The
upregulation of NCAM found in the day 6 vehicle group coincides with the initial
appearance of MapT expressing neuronal precursors (Fig 8B). These results suggest
that misoprostol alters the expression of adhesion molecules, such as Cdh2 and NCAM,
and disrupts neurodevelopment by affecting the aggregation and differentiation of

neuronal precursors.
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Figure 8: NE-4C neurospheres at different stages of differentiation.

A) Images represent NE-4C neurospheres at day’s 2,4,6 and 8 of differentiation. The
vehicle condition is on the top, and 30 yM misoprostol condition is below. An average
of N= 225 neurospheres were measured every 2 days for each treatment. The scale
represents 500 um. B) The PCR results for Oct4, MapT, and Gfap expression from
both treatments (V = Vehicle, MP= Misoprostol 30 uM). On day 8 the vehicle group
did not express Oct4 unlike the misoprostol group. MapT expression started on day 6
for the vehicle group and on day 8 for the misoprostol treatment. Gfap expression
was only seen in the positive control mouse brain lane, labelled (+). The PCR was

verified against the housekeeping gene Gapdh. PCR was run 3 times with 3 biological
replicates.
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Figure 9: Misoprostol increased neurosphere size during differentiation of NE-
4C cells.
A) Misoprostol treatment resulted in a decrease in neurosphere area on day 2 and

an increase in area on day 8. B) Misoprostol treatment resulted in an increase in
neurosphere perimeter on days 2 and 8. C) Misoprostol treatment resulted in less
round neurospheres on day 2. The line graphs (D, E, F) show an increasing trend
from days 2-4, with a plateau from days 4-6, and a subsequent increase from days 6-
8 on all parameters. Averages for neurosphere area, perimeter, and roundness were
determined from approximately N=225 neurosphere measurements for each
treatment every two days from a minimum of 3 independent experiments. Statistical
significance was determined by a two-way ANOVA with Tukey HSD post hoc
analysis; error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 10: Misoprostol increased Cdh2 expression of differentiated NE-4C cells.
Gene expression is represented as a Relative Quantity (RQ) ratio against day 0

control sample expression. On day 2, misoprostol trended towards a significant
decrease in Cdh2 expression (p < 0.06). On day 8, misoprostol treated cells
expressed significantly more Cdh2 than the control. Each sample was run in technical
triplicates for each plate. The results represent an average from 3 biological
replicates. Statistical significance was determined with two-way ANOVA followed by
Holms corrected multiple independent T-tests. Error bars represent SEM.*p < 0.05,
**p <0.01, **p < 0.001.
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Figure 11: Misoprostol altered NCAM expression of differentiating NE-4C cells.
Gene expression is represented as a Relative Quantity (RQ) ratio against day 0

control sample expression. Misoprostol treated cells had significantly lower NCAM
expression on day’s 2 and 6 of differentiation. Each sample was run in technical
triplicates for each plate. The results represent an average from 3 biological
replicates. Statistical significance was determined with two-way ANOVA followed by
Holms corrected multiple independent T-tests. Error bars represent SEM.*p < 0.05,
**p <0.01, **p < 0.001.
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3.3 - STUDY 3: The effect of misoprostol on neurite length, CREB
phosphorylation, and branch density in Neuro-2A cells

To study the effect of misoprostol on neuronal network formation, Neuro-2A cells
were chosen due to their fast rate of differentiation and pronounced neurite extensions.
Signalling molecules that guide cellular migration are also known to guide neuronal
outgrowths 888118 Neuritogenesis and elongation occur when differentiation begins.
Generally, neurite length corresponds to differentiation progress. Aberrant neuronal
extensions may affect the development of the nervous system resulting in altered
behaviours. Overactive neuronal signalling has been implicated in neurodevelopmental
pathologies such as ASD 3°. The results of this study demonstrate the effects of chronic

misoprostol exposure on neurite formation in differentiating Neuro-2A cells.

3.3.1 - Misoprostol affects the length of Neuro-2A neurites

Neurites are the primary form of contact between neuronal cells. Chemicals such
as neurotransmitters enable signalling between a network of neurons connected via
their dendrites or axons. Neurite measurements represent these extensions. It was
previously found that acute PGE2 and misoprostol induced neurite retraction in
differentiated Neuro-2A cells’%%. In this experiment | aimed to determine the effect of
long-term misoprostol treatment during differentiation, on neurite length. Differentiation
was induced for a period of 3 days via the standard technique of serum starvation°.
Neurites were measured throughout differentiation and classified as primary (the
longest extension) or branching (extensions coming off of the primary neurite) (Fig
12A). Representative images of the day three Neuro-2A cells can be seen in Figure

12B.
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A two-way ANOVA analysis determined that there was no interaction between
differentiation time and treatment with respect to primary neurite length (F¢1,14)= 1.0, p =
0.335) (Fig 13 A, B). However, the main effects of treatment and time were both found
to be significant (Treatment: F1,14) = 7.91, p < 0.05; Time: F(1,14) = 69.15, p <0.001) (Fig
13 A, B). At day 1 there was no difference in neurite length between the conditions (Day
1: Vehicle = 34.143 £ 0.614 ym; MP = 37.543 + 0.801 um, p = 0.152) (Fig 13A). On day
2 and 3, treatment with misoprostol significantly elongated primary neurites by
approximately 25% when compared to the vehicle on both days (Day 2: Vehicle =
44.740 £ 1.031 ym; MP = 55.265 + 1.300 um, p < 0.001; Day 3: Vehicle = 60.105 +
1.235 ym; MP = 76.235 + 1.739 uym, p < 0.001) (Fig 13A). Under both conditions,
neurites grew significantly longer as differentiation progressed (p < 0.001). On individual
days, longer neurite extensions were found in the misoprostol treatment (Fig 13B).
Overall, these results suggest that misoprostol consistently increased the length of
primary neurites compared to the vehicle.

Similar to primary neurites, branches are involved in the formation of synapses in
the nervous system. Two-way ANOVA determined that treatment (F(1,14) = 6.48, p <
0.05), differentiation time (F1,14) = 19.76, p < 0.001), and their interaction (F1,14) = 6.08,
p < 0.05), all significantly affected the length of neurite branches) (Fig 13 C, D). On the
first day, misoprostol had no effect on branch length (Day 1: Vehicle = 13.676 + 0.522
um; MP =13.442 + 0.596 pm, p > 0.900) (Fig 13C). However, misoprostol treatment
significantly increased the length of neurite branches on days 2 and 3 when compared
to the control (Day 2: Vehicle = 14.479 + 0.562 ym; MP = 18.074 £ 0.882 um, p < 0.05,

Day 3: Vehicle = 16.130 + 0.683 ym; MP = 21.565 * 1.003 ym, p < 0.001) (Fig 13C).
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The vehicle treated cells did not experience any significant growth in their branching
neurites over the course of differentiation (Vehicle: Day 1 = 13.676 + 0.522 ym; Day 2 =
14.479 £ 0.562 ym; Day 3 = 16.130 £ 0.683 uym, Day 1-2: p > 0.900; Day 2-3: p =
0.736). On the other hand, misoprostol treated cells had significant neurite branch
growth after the first day (MP: Day 1 = 13.442 + 0.596 ym; Day 2 = 18.074 + 0.882 pym;
Day 3 = 21.565 + 1.003 um, Day 1-2: p < 0.001, Day 2-3: p < 0.001) (Fig 13D). These
results suggest that misoprostol also increases the length of neurite branches.

The length of primary neurites and branches were compared to each other as a
ratio (primary neurite length/ branch length) to determine if misoprostol’s effect differs
based on the type of neurite. Neurons can be categorized into functional classes based
on the morphology of their axons and dendrites. Branching dendrites tend to be
involved in divergent connections which send signals to many cells from one neuron"®,
Whereas long axons tend to converge onto a post-synaptic cell which receives signals
from multiple other neurons''®. Therefore, a large length ratio would suggest a
preference for convergence, while a small ratio would suggest a preference for
divergence. Two-way ANOVA results determined that the neurite length ratio was not
affected by differentiation time (F1,14) = 1.08, p = 0.315), the treatment (F(1,14) = 3.92, p =
0.068), or their interaction (F1,14)= 0.33, p = 0.574) (Fig 14). Therefore, misoprostol’s

influence on neurite elongation did not differ for primary neurites or branches.

3.3.2 — Misoprostol affects the density of neurite branches

Neurite branch formation was measured by counting the number of branches for

each day. Two-way ANOVA determined that there was no significant effect on the
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number of branches during the experiment (Time: F1,14) = 2.65, p = 0.126; Treatment:
F,14 = 0.54, p = 0.475; Interaction: F(1,14) = 0.34, p = 0.571) (Fig 15A).

The results above showed that misoprostol increased the growth rate of neurites,
but did not affect the number of branches. This suggests that misoprostol may affect the
density of neurite branches. Density was defined as the number of branches per 100
pum of primary neurite. The two-way ANOVA found that only the treatment affected the
branch density (F(1,14) = 5.19, p < 0.05), while differentiation time (F1,14) = 2.68, p =
0.124), and its interaction with the treatment (F(1,14) = 0.18, p = 0.682), did not (Fig 15B).
On days 1 and 2, there was no significant difference for branch density between
misoprostol and the control (Day 1: Vehicle density = 0.642 + 0.03 branches/100 um;
MP density = 0.556 + 0.155 branches/100 ym, p = 0.613, Day 2: Vehicle density =
0.571 + 0.085 branches/100 ym; MP density = 0.386 + 0.057 branches/100 pym, p =
0.293) (Fig 15B). However, on day 3, misoprostol treatment significantly decreased
branch density by about 27% when compared to the control (Vehicle density = 0.550 +
0.018 branches/100 ym; MP density = 0.401 + 0.031 branches/100 ym, p < 0.05) (Fig
15B). Therefore, after three days of differentiation, misoprostol decreased the density of

branches in Neuro-2A cells, which may affect their ability to form synapses.

3.3.4 - Misoprostol requlates CREB phosphorylation

PKA is the major kinase activated in the PGE>-EP2/EP4 signalling pathway. One
of the targets of PKA is the transcription factor CREB. It was previously found that acute
PGE: or misoprostol treatment caused neurite retraction and a short-term increase in

CREB phosphorylation for differentiated Neuro-2A cells 7995, Other work from the
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Crawford lab found that PGE:2 induced neurite growth in differentiating NE-4C cells was

PKA dependant #2. The goal of this experiment was to determine if chronic exposure
would result in CREB phosphorylation after 3 days of differentiation. Protein levels of
total CREB and Ser-133 phosphorylated CREB were analyzed from the lysates of
Neuro-2A cells which differentiated under vehicle or misoprostol conditions. Total CREB
level did not differ between conditions (Vehicle Fold Change = 1; MP Fold Change =
0.979 £ 0.141, T(1,4) = 0.15, p = 0.888) (Fig 16A). However, the level of phosphorylated
CREB (active) was significantly increased in misoprostol treated Neuro-2A cells
compared to the vehicle (Vehicle Fold Change = 1.0; MP Fold Change = 1.2 + 0.035,
T4 =5.73, p <0.01) (Fig 16B). The trend suggests that misoprostol treatment
increased CREB phosphorylation. These results suggest that chronic exposure does
increase the amount of Ser-133 phosphorylated CREB, likely due to increased PGE»-

PKA activity.
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Vehicle Misoprostol 30

Figure 12: Representative images of differentiating Neuro-2A cells and
neurites.
Images are from Neuro-2A cells which have been differentiating for 3 days in

serum free medium. A) Unedited image on the left. Image on the right shows the
primary neurite highlighted in red and the branch highlighted in blue. B) Vehicle
cells are on the left and 30 uM misoprostol treated cells are on the right. The
scale represents 200um.
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Figure 13: Growth of Neuro-2A neurites during differentiation.

Cell cultures treated with vehicle or 30 uM misoprostol were imaged every 24 hours
and neurite extensions were measured on a Log1o scale for statistical analyses. A,C)
After 1 day of differentiation, neurites from both conditions were similar in length. By
day 2 and 3, misoprostol treated cells had significantly longer primary neurites and
branches than the vehicle control. B) Primary neurites from both treatments grew
significantly on a daily basis. D) Branches grew daily only from the misoprostol
condition. Measurements were taken from an average of approximately N=750
primary neurites and N=200 branches per condition per day. Statistical analysis was
done via Two-way ANOVA, followed by Tukey HSD post-hoc tests. Error bars
represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 14: Length ratio of primary neurites compared to branches
The length ratio of primary neurites compared to neurite branches in Neuro-2A cells

treated with vehicle or 30 uM misoprostol. Throughout differentiation, misoprostol
treatment did not significantly affect the ratio of primary/branch neurite length.
Therefore, the effect of misoprostol does not differ between the type of neurite.
Measurements were taken from an average of approximately N=750 primary neurites
and N=200 branches per condition per day. Statistical analysis was done via Two-
way ANOVA, followed by Holm’s corrected multiple T-tests. Error bars represent
SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 15: Neurite branch formation and density in Neuro-2A cells treated with

Vehicle or 30 uM Misoprostol.
A) The number of neurite branches did not differ between condition or day for Neuro-

2A cells. B) The density of branches was quantified as the number of branches per
100um of primary neurite. By day three, the density of branches was significantly
lower for misoprostol treated Neuro-2A cells. Statistical analyses were done with two-
way ANOVA followed by Holm’s corrected pairwise T-tests. Error bars represent
SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 16: Level of CREB and pCREB proteins in Neuro-2A cells after 3 days of
differentiation.
CREB proteins were quantified via western blot. Fold Change of protein level is

relative to the vehicle control. A) Level of CREB protein was unaffected by
misoprostol treatment. B) Level of Ser-133 phosphorylated CREB protein was
significantly increased with misoprostol treatment compared to vehicle.

C & D) Representative western blots for the protein level of CREB and Ser-133
pCREB in the cell treatments, including GAPDH controls. Three biological replicates
were analyzed. Independent T-tests were done for the statistical analysis. Error bars
represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001.



65

4 - Discussion

Previous findings in the literature and from the Crawford lab suggest that
alterations in COX/PGE: signalling can disrupt neurodevelopment and contribute to
pathologies such as ASD 20230, The present study provides evidence that misoprostol
alters processes crucial to neurodevelopment, such as migration and differentiation of
neuronal cells. | found that misoprostol reduced the migratory ability of NE-4C stem
cells (Fig 5, 6) and decreased CREB protein levels (Fig 7). Moreover, misoprostol
delayed the differentiation of NE-4C neurospheres (Fig 8), resulting in morphological
changes (Fig 9) that were associated with altered expression of cell adhesion molecule
genes Cdh2 and NCAM (Fig 10, 11). In differentiating Neuro-2A cells, chronic
misoprostol exposure enhanced neurite elongation (Fig 13), reduced neurite density
(Fig 15), and increased the level of pPCREB (Fig 16). The objective of this work was to
determine misoprostol’s influence on cellular behavior in-vitro, and its relation to
neurodevelopment.

In many conservative countries, such as those found in Latin America,
misoprostol is often used off-label to induce medical termination of pregnancy .
However, due to the conservative nature of those areas, follow-up care and education is
very poor, which radically reduces the efficacy of the drug %3%8. In this study |
hypothesized that misoprostol would have similar effects as PGE> based on (1)
previous studies from the Crawford lab, (2) its structural similarity to PGE2, and (3) its
affinity to the EP 1-4 receptors. In the subsequent sections | discuss possible
explanations for the outcomes of this study, and how misoprostol exposure may

contribute to brain pathology.
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4.1 - Misoprostol reduces the migration ability of NE-4C stem cells

In the first study | investigated the effects of misoprostol on NE-4C stem cell
migration. Previous research from the Crawford lab showed that PGE: rescued
migration in NE-4C cells that were suppressed by WNT treatment '°. Comparisons
between the two studies are difficult due to the addition of WNT. Although PGE2 had no
effect on its own, | hypothesized that misoprostol would affect motility in NE-4C cells
due to its different affinity to EP receptors. The results showed that at low
concentrations misoprostol had no effect on migratory traits (cell speed, distance
travelled, and final displacement). At higher concentrations misoprostol decreased the
motility of the cells, opposite to the effect of PGE2> on WNT-treated NE-4C cells. |
determined that misoprostol decreased the cellular migration ability of NE-4C stem
cells, evident by their reduced speed, distance and displacement, in a dose dependant
manner. Decreased motility was only seen in the 30 yM misoprostol group. The 10 uM
treatment had no effect on the cell’'s motility.

Reduced cellular motility can have severe implications on the organization of
cells in the developing nervous system. Within the first month of gestation the neural
tube is formed. Cells from the neural tube then migrate throughout the embryo to form
the peripheral and central nervous systems. Misoprostol exposure during these critical
periods may disrupt the ability of these cells to reach their targets, resulting in disrupted
formation of neuronal networks. A recent study from the Crawford lab looked at the
brains of P8 mice whose mothers were injected with PGE2 at E11 or E16 “3. They found
that PGE: injection on either day caused a decrease in cerebellar cell density by P8 3,

This reduction affected both males and females 43. Additionally, prenatal PGE: injection
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altered the expression of growth and motility genes (Spn and Actb) and affected cellular
migration in the neocortex “3. Genes that regulate the cytoskeleton and cellular
migration, such as DCX, have been previously associated with ASD '2°. Furthermore,
Impaired cytoskeletal dynamics have been observed in a subset of ASD patients '2'. It
is well known that cortical organization of cells is impacted in individuals with ASD. For
example, it was found that patients with ASD had significant alterations in the
cytoarchitecture of the cerebellum, amygdala, and striatum regions of the brain 22,
Typically, neuronal migration occurs during the 2" trimester in humans. Therefore, early
misoprostol exposure may disturb neuronal migration leading to developmental
pathologies.

My findings demonstrated that misoprostol treatment significantly reduced the
level of total CREB and phosphorylated CREB in NE-4C cells. Traditionally, PKA
phosphorylates CREB to regulate genes such as c-fos, BDNF, and TH (tyrosine
hydroxylase), which are known to coordinate cellular proliferation, migration, survival,
and tumorigenicity '22-125, Misoprostol induced reduction of Ser-133 phosphorylated
CREB and total CREB protein in NE-4C stem cells may have implications on
neurodevelopment by altering CREB mediated gene expression. A major role of CREB
is to potentiate synapses associated with long term memory '?6. CREB is considered to
be necessary for learned behaviours, such as social norms, which are often impaired in
ASD "%, Disruptions in CREB signalling have been implicated in several cognitive
disorders such as Alzheimer’s Disease and Huntington’s '%’. In fact, CREB was found to
be downregulated in post-mortem brain samples of Alzheimer’s disease '?. Other

studies have demonstrated that CREB signalling plays an important role in regulating
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cellular migration during development. It was found that in mice a CNS specific CREB
knockout altered the migration of neuronal precursors causing abnormal architecture in
the hippocampus and cerebral cortex 2°. One study in zebrafish found that embryos
treated with a functional knockdown of CREB showed altered somite morphology *°.
Neural crest cells rely on somites to guide them as they migrate away from the
notochord. Based on this data, it is likely that misoprostol induced reduction of cellular
motility in NE-4C cells is due to a reduction in total CREB protein, which may affect the
synaptic plasticity and organization of highly structured brain regions during

development.
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4.2 — Reduced motility delays early differentiation in misoprostol treated NE-4C
stem cells

When differentiation is induced in-vitro, cells start to release chemotropic signals
in order to aggregate, forming neurospheres. My results showed that in NE-4C stem
cells, misoprostol caused a reduction in speed, distance travelled, and displacement.
Therefore, the ability to aggregate and form neurospheres may be inhibited by
misoprostol. During the aggregation phase of differentiation, misoprostol treated cells
were not as quick to form complete spherical clusters as the control. This is
corroborated by the fact that on differentiation day 2, misoprostol treated clusters were
less round, had larger perimeters (due to cells that were not completely integrated into
the neurosphere), and smaller areas than clusters from the vehicle condition. Research
has shown that neurosphere formation may also be affected by CREB. A study found
that neuronal stem cells cultured from E14 CREB”- mice formed less neurospheres that
were also smaller in size than those from the control '3'. Therefore, misoprostol delayed
the initial phase of differentiation by decreasing the level of total CREB protein and
reducing the motility of NE-4C stem cells, resulting in neurospheres that were initially
smaller and irregular in shape when compared to the control. This delay is further
supported by the expression of differentiation markers, Oct4 and MapT, which showed
that misoprostol treated neurospheres were less differentiated than the control by day 6.
Therefore, by suppressing the movement of stem cells during the inward migration, and
by reducing the level of CREB, misoprostol delayed the early phase of NE-4C

differentiation.



70

4.3 — Misoprostol affects neurosphere morphology and delays differentiation of
NE-4C cells by altering the expression of Cdh2 and NCAM at different phases

For the second study, | examined the effect of misoprostol on NE-4C
differentiation, neurosphere formation, and genetic expression of two cell adhesion
molecules, Cdh2 and NCAM. Both genes have been implicated in neuronal
differentiation and embryonic development. The results showed that misoprostol treated
cells formed smaller aggregates than the controls on differentiation day 2, suggesting
that it affected inward migration and early cluster formation. This was associated with a
significant reduction in NCAM expression and was mirrored by a decreasing trend in
Cdh2 expression. Additionally, the expression of differentiation markers, Oct4 (stem
cell) and MapT (committed neuron), on days 6 and 8, indicated that misoprostol delayed
the differentiation of NE-4C cells when compared to the control. The effects of
misoprostol on early differentiation were reversed on day 8, evident by the formation of
larger neurospheres that expressed more Cdh2 than the controls. These results
suggest that misoprostol causes a reduction in the expression of cellular adhesion
genes, NCAM and Cdh2, during early stages of differentiation, but an increase in
expression of these genes during later stages, resulting in altered neurosphere
morphology and differentiation progress. The data warrants further consideration of the
roles of these genes in neurodevelopment and the possible repercussions of

misoprostol exposure.
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4.3.1 - Cdh2 expression is associated with decreased migration and delayed
differentiation

During embryonic development, neural crest cells undergo an epithelial-
mesenchymal transformation (EMT) before they migrate from the neural tube to form
the peripheral nervous system 76. The process of EMT enables neural crest cells to
migrate and has been associated with upregulation of Cdh2 '*2. This is in line with the
previous finding that misoprostol reduces the migration ability of NE-4C stem cells by
demonstrating that early misoprostol treated neurospheres have reduced Cdh2
expression, similar to non-migrating neural crest cells. Moreover, CdhZ2 is known to
regulate the start of neuronal differentiation. Early Cdh2 expression was found to be
essential for neuronal differentiation of mouse derived induced pluripotent stem cells
(iPSC’s), with differentiation being completely blocked by Cdh2 knockdown "33, These
data supplement the current findings which suggest that misoprostol delays the start of
neuronal differentiation by showing that it decreases the expression of Cdh2, a gene
required for differentiation. Additionally, Cdh2 expression was greatest for misoprostol
treated neurospheres on day 8, and was significantly higher than the corresponding
controls. This was concurrent with the advent of MapT differentiation marker
expression, indicating that committed neuronal cells first appeared during high
expression of Cdh2. These findings add evidence that Cdh2 expression supports
neuronal differentiation in NE-4C cells.

Previous research from the Crawford lab found that PGE: treated NE-4C cells
had greater expression of Cdh2 than controls at earlier stages of differentiation (Day 6)

24 Moreover, the PGE: treated cells initiated differentiation earlier than their controls 2*.
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In the present study, misoprostol treatment resulted in greater Cdh2 expression than
controls only on the last day (Day 8). This effect coincided with the appearance of
committed neuronal precursors in the misoprostol treatment, based on the expression of
MapT differentiation marker. Therefore, PGE2 and misoprostol both increase Cdh2
expression, but at different stages of development, resulting in seemingly opposite
effects on the rate of NE-4C differentiation. The difference in timing is most likely due to
the difference in EP receptor affinity between the two treatments. It is possible that
misoprostol’s lower affinity for EP receptors resulted in a slower Cdh2 response than
PGE: treatment, leading to an overall delay in differentiation, although this relationship

has not yet been tested.
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4.3.2 - NCAM expression affects early neurosphere formation and commitment to
neuronal differentiation.

Neurospheres, aggregates, and migrating cells all respond to a specific balance
of signals that regulate cell fate and differentiation. In the present study, misoprostol
treated neurospheres had a smaller area and expressed less NCAM than the control on
day 2. One study on mouse neural progenitor stem cells found that acrylamide
treatment inhibited the formation of neurospheres, which was associated with a
decrease in NCAM protein, supporting the current finding that NCAM is associated with
early formation of neurospheres '34. Furthermore, the results suggest that commitment
to neuronal differentiation is regulated by the timed expression of NCAM. Differentiating
neurospheres in vehicle demonstrated a notable increase in NCAM expression on day
6, about 4 times greater than what was seen on day 4. This event coincided with the
expression of MapT differentiation marker, suggesting that NCAM upregulation was
associated with the appearance of committed differentiating neuronal cells. By day 8,
NCAM expression returned to normal and Oct4 stem cell marker expression was
absent, indicating that all cells became committed to neuronal differentiation. The timing
of NCAM upregulation in this study suggests that it may be associated with the switch
from neuronal stem cells to committed differentiating neurons. Minamino et al. (2015)
found that NCAM expression was also upregulated on day 6 for neurospheres derived
from murine embryonic stem cells (ESC) treated with neural induction medium '35,
Moreover, day 6 upregulation of NCAM in the ESC derived neurospheres coincided with
the absence of Oct4 stem cell marker expression '3°. Therefore, the current results,

along with findings from the literature, suggest that NCAM may function as a signal to
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induce the differentiation of stem cells into committed neurons. This theory of NCAM
induced neuronal commitment is further supported by research that showed NCAM
binding inhibited proliferation and induced differentiation of neurons in rat and mouse
hippocampal progenitor cells '°. There was not a similar upregulation event for Cdh2,

suggesting that this role may be specific to NCAM.
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4.3.3 - Misoprostol affects neurosphere morphology by delaying differentiation

Misoprostol treatment suppressed the upregulation of NCAM seen in the
controls, and resulted in neurospheres that were larger (greater area and perimeter) on
day 8. A model for neurosphere growth found that the size of spheres was correlated to
the proliferative potential of cells within the sphere '3¢. Neurospheres containing a larger
proportion of committed neuronal precursors were smaller in size than neurospheres
mostly comprised of neural stem cells '3". Generally, as stem cells progress towards a
differentiated state, their capacity for proliferation decreases '*8. This supports the
finding that misoprostol treatment delayed differentiation, evident by the delayed
expression of differentiation marker MapT, and retained expression of stem cell marker
Oct4 on day 8. The markers indicated that misoprostol treated neurospheres were
comprised of a mixed population of NE-4C stem cells and differentiating neurons, unlike
vehicle treated neurospheres which were mostly comprised of committed neuronal cells.
These results support the current finding that misoprostol increased the size of
neurospheres due to its effects on differentiation. The suppression of NCAM
upregulation suggests that misoprostol disturbed the commitment of neural stem cells
into neurons, resulting in a larger proportion of proliferative stem cells which led to the
increase in neurosphere size.

A previous study from the Crawford lab found that PGE: treatment on
differentiating NE-4C cells resulted in larger neurospheres than the controls on day 8,
similar to the present findings with misoprostol 2 . Moreover, there was a simultaneous

increase in the expression and protein level of Cyclin D1 2. Research has shown that
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Cyclin D1 shortens the G1 phase of the cell cycle, which is characteristic of proliferative
stem cells 1%°. A study found that Cyclin D1 overexpression inhibited neurogenesis and
promoted proliferation in mouse cortical progenitor cells '4°. Although the effect of
misoprostol on Cyclin D1 has not been examined in this study, | suspect that, like PGEo,
misoprostol may also increase the expression and level of Cyclin D1, enhancing the
proliferative potential of cells within the neurospheres causing it to increase in size.
However, unlike misoprostol, PGE: increased the rate of differentiation?*. The opposing
effects are likely due to differences in the downstream effectors induced by PGE2 and
misoprostol. For example, misoprostol treatment alone affected migration in NE-4C
stem cells, whereas PGE: treatment alone did not '°. Furthermore, the Crawford lab has
shown that PGE: treatment on differentiating NE-4C cells increased the expression of
WNT, a gene known to regulate neuronal migration and cell fate 243334, Therefore,
Cyclin D1 enhancement of proliferative cells may have contributed to increased
neurosphere size from both PGE> and misoprostol, whereas earlier differentiation in
PGE: treated cells might have occurred due to the action of other developmental factors
induced specifically by PGEox.

Additional research is required to determine differences between the effects of
misoprostol and PGE2 on downstream signalling as they have different affinities and
sensitization tolerances for the EP receptors. However, results from this study and
findings from the literature suggest that misoprostol treatment delays differentiation of
NE-4C cells and alters neurosphere morphology by affecting the expression of adhesion
molecule genes, NCAM and Cdh2, which are factors associated with cellular

proliferation, migration, and induction of differentiation and neuronal commitment.
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4.5 — Comparing the effects of misoprostol and other teratogens in the
neurosphere model of development

Studies in neuronal models of development demonstrate shared effects caused
by misoprostol and other well-known teratogens such as valproic Acid (VPA),
thalidomide, and ethanol. Interestingly, research shows that these drugs can all interact
with the prostaglandin signalling pathway. Valproic acid was found to decrease the
levels of COX enzymes and PGE: in the rat brain ''. Prenatal ethanol exposure altered
prostaglandin E levels in fetal sheep brains 2. COX activity was inhibited by
thalidomide and its analogues '#3. On the molecular level, these drugs disrupt
mechanisms involved with cellular adhesion, differentiation, and migration.
Phenotypically, deformities of facial regions and speech are affected. Neurospheres
have been previously described as a useful model for studying neurotoxic effects on
early neurodevelopment in-vitro #4145 They have been compared to endogenous
processes such as neural tube formation 44145, Therefore, the neurotoxicity of
misoprostol can be examined by looking at its effects on neurosphere development.
Possible developmental outcomes of misoprostol exposure may be inferred by
comparing misoprostol to better known teratogens that affect similar molecular
processes.

The present findings showed that misoprostol affected the differentiation and
formation of NE-4C neurospheres by disturbing the expression of adhesion molecules,
resulting in altered neurosphere morphology and delayed differentiation. Similar studies
have looked at the neurosphere model of development to demonstrate neurotoxicity of

known teratogens such as ethanol and VPA 6414414616117 ' Embryonic exposure to
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these drugs led to common symptoms such as craniofacial abnormalities, limb
malformation, and intellectual impairment 63148150 Ethanol treatment on differentiating
fetal neural progenitor cells resulted in larger neurospheres and altered gene
expression of laminin and integrin adhesion molecules 8. VPA treatment altered the
morphology of human induced pluripotent stem cell (hIPSC) neurospheres and delayed
their commitment to neural differentiation '*4. Results from this study, along with findings
from the literature, suggest that misoprostol disrupts neuronal development in a manner
similar to VPA and ethanol, altering neurosphere morphology, differentiation, and
expression of adhesion molecules. It is well known that ethanol and VPA interfere with
prenatal neurodevelopment, resulting in postnatal cognitive and behavioural defects.
Rats exposed to VPA during E9 exhibited ASD behaviours such as decreased socialism
and hyper-activity'46. Research from the Crawford lab in COX-2 deficient mice and
PGE: injected offspring found similar deficits including anxiety-linked and repetitive
behaviours, supporting the involvement of prostaglandin signalling in ASD neuropathy
2045 Furthermore, VPA and thalidomide have both been shown to cause cranial nerve
damage, which is a common pathology of misoprostol associated Moebius syndrome
64,147,148 The effects of misoprostol found in this study parallel findings from other
teratogens on in-vitro neurodevelopment, suggesting that prenatal misoprostol exposure
may lead to similar postnatal cognitive behavioural defects.

The results from this study warrant further research on the neurotoxic effects that
misoprostol may have on a developing embryo. Misoprostol should only be used for
medical termination of pregnancy if taken concomitantly with mifepristone, so as not to

reduce efficacy. Countries with poor access to treatment, like those in Latin America,



should consider the danger they pose to their citizens by prohibiting proper medical

management options.
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4.6 - Misoprostol induces neurite elongation

Neurite morphology in differentiated NE-4C cells and Neuro-2A cells has been
previously studied by the Crawford lab '870.71.95 They found that acute PGE; or
misoprostol treatment caused neurite retraction in differentiated Neuro-2A cells,
suggesting that misoprostol has the same effect on neurite growth as PGE; 7°. The
hypothesis was that chronic misoprostol treatment would reduce neurite length in
differentiating Neuro-2A cells, similar to what was shown in differentiated cells from
Tamiji's studies (2010) 7°7".95, However, unlike that study, cells were differentiated in
serum free medium instead of H7 (a PKC inhibitor), and treatment was applied over 3
days instead of one day 7%7195_ Results from the current study show that chronic
misoprostol treatment increased the length of primary neurites and branches in Neuro-
2A cells after the first day of differentiation. The contradicting outcome is likely because
H7 was used to induce differentiation. H7 is an inhibitor of PKC that is known to induce
differentiation in Neuro-2A cells '*'. Other studies from the Crawford lab looked at
neurites in NE-4C cells and found that PGE: increased neurite length, similar to the
findings in the present study 842, In the present study, serum starvation was chosen as
a well established alternative method for differentiation of Neuro-2A cells '%¢. Neurites
were defined as primary for the longest extension, and all extensions attached to it were
defined as branches.

Chronic misoprostol exposure significantly increased the length of primary
neurites and branches compared to controls on days 2 and 3. This was associated with
an increase in the level of Ser-133 pCREB, indicating increased activity and

phosphorylation of CREB. Several studies have shown that CREB activation promotes
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the growth of neurites '°2-1%* | Prostaglandin signalling through EP2 and EP4 receptors
regulate the activity of PKA which phosphorylates CREB 8. Unpublished research from
the Crawford lab found that PGE: induces neurite elongation in differentiated NE-4C
cells through a PKA dependant mechanism “2. In cultured mouse Dorsal Root Ganglia
(DRG) cells, PGE:> treatment increased neurite length specifically through the EP2-
cAMP-PKA pathway '55. PGE; was also found to increase neuritogenesis in NSC-34
motor neuron-like cells via cAMP activity '%¢. Therefore, | propose that chronic
misoprostol exposure activated downstream EP2 and EP4 receptor pathways which led
to increased CREB phosphorylation via PKA, promoting CREB mediated transcription of
genes responsible for neurite elongation.

Neurite growth and morphology are valuable indicators of neurite dynamics
which occur during development. Disturbing these processes could result in
neurodevelopmental defects. One study did whole exome analysis of blood samples
from 30 patients with ASD '57. They found that out of 14 candidate genes with novel
mutations, 8 of them regulated neurite growth in Neuro-2A cells 7. The study suggests
that neurite analysis in Neuro-2A cells is a powerful tool to study genes and chemicals
which can alter the formation of neuronal networks '57. Another study looked at neurite
formation in induced pluripotent stem cell (iPSC) derived neurons from ASD patients
with a mutation in SHANKS, a scaffold protein which connects membrane proteins (i.e.
receptors) to the actin cytoskeleton, regulates synapses, and is highly correlated with
ASD %8, They found that during early neurodevelopment, the SHANK3 cells had
elongated primary neurites compared to controls 58, Post-mortem ASD brains were

found to have increased expression of SLC25A12 in the prefrontal cortex 1%°.
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Overexpression of SLCA25A12 induced elongated neurites in mouse embryonic cortical
neurons %%, Data from the literature shows that altered neurite dynamics is a common
pathology associated with ASD. The present finding of misoprostol induced neurite
elongation suggests that misoprostol also affects neurite dynamics. Therefore, prenatal
misoprostol exposure may disturb processes associated with neural network formation,

a pathology common to many neurodevelopmental disorders.
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4.7 - Misoprostol decreases the density of neurite branches in differentiating
Neuro-2A cells

The development of neuronal networks is dependent on many factors, such as
the length of neuronal extensions and arborization of the branches. To examine the
effects of misoprostol on the arborization of neurites, extensions were classified as
primary or branches. The length of primary neurites was compared to the length of
branches by calculating their ratio for each day. Neurite length ratio did not change
throughout differentiation and was unaffected by misoprostol treatment. This suggests
that misoprostol affected neurite elongation the same way for primary and secondary
neurites. The results showed that the quantity of branches unaffected by misoprostol.
However, because misoprostol increased the length of neurites without affecting the
number of branches, | decided to measure branch density by calculating the number of
branches per 100 um of primary neurite. Compared to vehicle, misoprostol treatment
decreased the density of branches by day 3. Therefore, misoprostol treatment reduced
the arborization of differentiated Neuro-2A cells. One study examined neurite growth of
cerebellar primary Purkinje cell cultures from E17 and postnatal day 0 mice'®. They
found that embryonic Purkinje cells had greater axonal elongation, whereas postnatal
Purkinje cells had greater branch arborization'°. The different neurite characteristics of
embryonic and postnatal Perkinje cells suggests that misoprostol treatment alters the
morphology of Neuro-2A neurites towards an embryonic state, evident by the increase
in neurite length and decrease in branch density '°. This is supported by the current
finding that misoprostol delayed the differentiation of NE-4C cells. However,

differentiation progress was not measured for Neuro-2A cells in this study. Therefore,
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prenatal misoprostol exposure may affect the arborization of neuronal cells, like Purkinje
cells, altering the formation of neuronal networks which may contribute to
developmental neuropathy.

ASD is associated with a variety of symptoms stemming from defects in
neurodevelopmental processes. For example, microcephaly and macrocephaly were
both found in ASD afflicted adolescents®'. Brain volume is a function of neuronal
migration and dendritic arborization '¢'. It is well established that ASD neuropathy
involves cerebellar deficiencies such as altered neural circuitry and Purkinje cell defects
162,163 Cerebellar Purkinje cells were found to have decreased branch density in mice
lacking neurotrophin receptor, a common model system for autism research 4. Defects
in neural circuitry may result in neuronal death due to decreased trophic signalling
164,165 Research has shown that withdrawal of trophic factors in-vitro causes cerebellar
Purkinje neuron death through similar processes seen in neurodegenerative disorders
166 A study found that chemogenetic inhibition of Purkinje neuron activity induced social
and repetitive ASD like behaviours '¢7. Moreover, stimulation of Purkinje neurons
rescued social impairment in a mouse model of ASD "7, VPA has been shown to
induce ASD behaviours in rats, and was associated with decreased Purkinje Cells and
atypical cerebrocerebellar circuitry 1. In the present study, misoprostol increased the
level of pPCREB and altered neurite morphology and branch density in differentiating
Neuro-2A cells. Therefore, its plausible that prenatal misoprostol exposure could disrupt
the arborization of neurons, like Purkinje cells, leading to neural circuitry defects and

ASD like behaviours.
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4.8 — Limitations

Several limitations of this study must be considered when interpreting the results.
Firstly, two neuronal cell lines were used as experimental models: mouse
neuroectodermal stem cells (NE-4C) and mouse neuroblastoma cells (Neuro-2A). Cell
lines enable effective study of neuronal differentiation. However, they may not
accurately represent the effects of misoprostol exposure on the cells in-vivo. For in-vitro
studies, primary cell cultures would better predict the effects of misoprostol exposure on
neuronal migration and differentiation. Furthermore, cells within a monoculture are
limited in the extracellular signals that they receive. Prenatal development involves the
release of trophic factors from many different cell types in order to guide cellular
processes of proliferation, migration, differentiation, and apoptosis. Therefore, in-vivo
studies in mice would provide the best representation for the effects of prenatal
misoprostol exposure. In fact, the effect on cellular migration in the brain was already
demonstrated by the Crawford lab with their PGE: injected mouse model 43. Future
studies in mice will be able to demonstrate if misoprostol has a similar effect.

The current results showed that misoprostol induced the expression of Cdh2 and
NCAM, and affected CREB protein level and phosphorylation. These measurements
were made via qRT-PCR and Western Blot analyses. However, measurements of
MRNA based gene transcription do not always correlate with protein translation, and
vice versa. Other factors may regulate the level of specific proteins, such as ubiquitin
degradation complexes, resulting in protein degradation. The prostaglandin signalling
pathway imparts physiological changes by altering the expression of a variety of genes

via the regulation of downstream transcription factors like CREB and 3-Catenin.
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Therefore, misoprostol may affect neurodevelopment through indirect pathways that
were not measured in this study. A microarray study would be effective at determining
the set of genes most affected by misoprostol exposure. Selected candidates should
then be measured for transcription and translation in order to accurately describe the
molecular response to misoprostol.

Lastly, research from the literature allows us to speculate about the pathways
involved in misoprostol induced reduction of motility and delay in differentiation.
However, the addition of kinase blockers, such as H-89 (PKA inhibitor), would enable us
to determine causal relationships and better deduce the prostaglandin signalling
cascades that are involved in misoprostol induced changes in cellular behaviour. Future
research should expand on these findings by determining additional ways in which

prostaglandin signalling can affect neurodevelopment.



87
4.9 - Conclusion

The research presented contributes novel findings of cellular processes that are
vulnerable to misoprostol exposure. Misoprostol reduced neuronal migration in NE-4C
stem cells in a dose dependant manner. It also delayed the differentiation of NE-4C
cells, affecting neurosphere formation and morphology. | propose this was due to
misoprostol induced changes in Cdh2 and NCAM expression, disrupting early migration
and aggregation, and suppressing the commitment of stem cells into neurons. Lastly, in
differentiating Neuro-2A cells misoprostol increased the length of primary neurites and
branches, most likely via EP2 and EP4 receptor mediated signalling which activated
CREB. This led to a reduction in neurite branch density, which has implications for the
effect of misoprostol on neuronal network formation.

The results of this study, along with previous research from the Crawford lab,
demonstrated similar effects of PGE2 and misoprostol. Differing outcomes were most
likely due to different receptor affinities and sensitization tolerances that cause changes
in downstream signalling. Findings from the literature support the results of this study by
demonstrating similar involvement of CREB, Cdh2, and NCAM as regulators of cellular
migration, differentiation, and neurite extension. Neurotoxicity studies with other
teratogens mirrored the current findings with misoprostol, suggesting that prenatal
exposure may cause similar postnatal cognitive behavioural deficits. The current study
has demonstrated that misoprostol exposure affects molecular mechanisms involved in
neurodevelopmental processes such as cellular migration, formation of neuronal
circuitry, and cortical organization, all of which have been implicated in the etiology of

ASD. Prenatal exposure to environmental factors, like misoprostol, could disturb
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neurodevelopment during critical periods leading to adverse outcomes. Knowledge of
the molecular mechanisms affected by misoprostol enable further understanding of its
involvement in the occurrence of neurodevelopmental disorders. Future research should

be done in animal studies to determine misoprostol’s effects on brain physiology.
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