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Abstract

Prostaglandin E2 (PGE>) is a signaling molecule derived from the lipid membrane through the

enzyme cyclooxygenase—2 (COX-2). These studies aim to investigate how changes in COX-

PGE: signalling can influence mouse gene expression and alter oxidative stress in neuronal cells.

In study 1 we use microarray analysis to identify differentially expressed genes among males and

females at embryonic day 16 (E16) and 19 (E19). Bioinformatics software outlined genes
involved in mitochondrial function, inflammatory responses and synaptic plasticity. In study 2,

differentiated Neuroectodermal (NE-4C) stem cells were treated with two concentrations of

PGE.. Fluorescence microscopy with MitoSox Red was used to measure superoxide production.

Both concentrations of PGE: significantly increased superoxide production in a dose-dependent
manner. In summary, these results indicated that altered levels of PGE> can result in abnormal
expression of important developmental genes involved in the mitochondrial function, as well as

production of reactive oxygen species (ROS).
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Chapter 1- Introduction and Background

1.1 PGE; role in Autism
1.1.1 PGEzand healthy brain development:

Omega-6 linoleic acid is a precursor molecule for Arachidonic acid (AA), which can be
cleaved from the phospholipid membrane via phospholipase A2 (PLA2), due to increased
neurotransmitter binding (Farooqui et al., 2007). This can also occur due to environmental
factors, which can lead to increased cytokine expression (Farooqui et al., 2007). AA is an
important precursor molecule because it can be further metabolized into bioactive molecules
known as eicosanoids. Some examples of eicosanoids include prostaglandins, thromboxanes,
leukotrienes, lipoxins, and cannabinoids (Bell et al., 2004).

In order for AA to be converted into eicosanoids, it must first be converted into PGH; by
Cyclooxygenase 1 (COX-1) and Cyclooxygenase 2 (COX-2), as a result of several oxygen-
driven reactions (Lee et al., 2017). Following this, several prostaglandins can be generated,
including PGE», PGF2, PGD», and thromboxane A2 (Lee et al., 2017). The major lipid molecule
in the nervous system is PGE>. The COX- PGE: pathway regulates processes such as gene
expression through the activation of the G-protein-coupled EP receptors (Furnuyashiki and
Narumiya, 2011). Once PGE: is synthesized, it binds and activates, one of several E-prostanoid
receptors, known as EP1-4 (Lawrence, 2010). Each receptor has a specific function. For
example, EP1, is known to play a role in Ca?* concentrations, while EP2, EP3 and EP4, play
roles in cCAMP and PKA signalling (Lawrence, 2010). A brief overview of the metabolism of

PGE:2 can be found in Figure 1.



1.1.2 Abnormal PGE: signaling and ASD

Abnormalities in fatty acid metabolism have been seen to have characteristic effects in
individuals with autism spectrum disorders (ASD) (Yehuda et al., 1999). These imbalances can
have effects due to the fact that these fatty acids can play crucial roles in the development,
maintenance and function of the nervous system (Lawrence, 2010). Abnormal levels of fatty
acids can be a result of many different factors, such as environmental factors (Yehuda et al.,
1999). A very common type of abnormality which is found in individuals with ASD, are
imbalances to omega-6 (Yehuda et al., 1999). Omega-6 imbalances have been noted to be found

alongside several ASD phenotypes (Lawrence, 2010).

Abnormalities in the COX2-PGE: signaling pathway due to genetic and environmental
factors can also lead to ASD. There has also been substantial research investigating the link
between abnormal lipid signalling and ASD (Sang and Chen, 2006). For instance, there has been
evidence linking the COX2- PGE; pathway and many functions involved in healthy brain
development. Some functions which have been noted to be affected by disruptions in the COX2-
PGE:2 pathway include, dendritic spine formation, learning and memory, and synaptic plasticity,
all of which have actually been associated with ASD as well (Chen et al., 02, Chen and Brazan,
2005, Burks et al., 2007). One factor which can lead to ASD is an abnormal ratio of AA to
Omega 3 and 6 fatty acids. This can result in increased PLA2 activity and a decrease in AA, as
well as an overall increase of PGE; in the blood of human patients with ASD (Bell et al., 2010,
Jory, 2016, Tostes et al., 2013). Also, a genetic factor which can lead to increased risk of ASD is
involving the Ptgs2 gene which encodes for COX-2. A polymorphism in this gene has been seen
to connect to ASD behaviours (Yoo et al., 2008). Additionally, evidence indicates that the

misuse of misoprostol is linked to ASD. Misoprostol is a PGE2 analogue that can bind to the EP



receptors. When misoprostol is ineffectively used in an attempt to terminate a pregnancy, it has
been associated with an increased risk of ASD in the offspring (Bandimal, 2003, Schuler et al.,
1999, Pastusrak et al., 1998). Our review article describes the link between various abnormalities
in the COX2-PGE; pathway and ASD. For instance, we noted that environmental factors such as,
inflammatory responses, oxidative stress, pesticides, over-the-counter drugs, are all known to
influence the level of PGE, increase the vulnerability of the brain to the effects of PGE; and

have been associated to ASD (Tamiji and Crawford, 2010, Wong et al., 2014).

1.1.3 Role of COX-1 and Cox-2 in the brain

There is also evidence connecting the COX2-PGE: pathway with crucial aspects of brain
development. As mentioned previously, there are two forms of COX which play a role in PGE>
synthesis, COX-1 and COX-2. COX-1 is constitutively expressed in the brain and is primarily
found in microglia and is seen to be upregulated in many biological processes (Amateau and
McCarthy, 2004, Kirkby, 2012). On the other hand, COX-2 is found in an inducible form as an
inflammatory response in many tissues, such as kidney and intestinal tissues (Yamagata et al.,
1993). However, in the brain COX-2 is constitutively expressed primarily in glutamatergic
neurons, the cerebral cortex, hippocampus, cerebellum, and spinal cord (Hewett et al., 2016,
Kaufmannet al., 1996). There have been many research articles noting that COX2-PGE>
signalling plays a role in healthy brain development. For instance, it was observed that COX-1
and COX-2 expression was seen to be increased in the fetal brain, thus indicating that these
enzymes play a role in brain development (Gersting et al., 2009). Additionally, the COX2-PGE:
pathway has been connected to embryonic development and neurogenesis. For instance, it was

observed that there is a spike in PGE; levels and EP receptor expression during embryonic



development, coinciding with the onset of neurogenesis (Hatae et al., 2002, Tamiji and

Crawford, 2010).

1.1.4 COX-PGE> connection to ASD

Research from our lab has indicated molecular evidence to link disruptions in the COX2-
PGE: pathway with brain development and ASD. For example, in vitro studies in our lab have
demonstrated that treating cells with increased concentrations of PGE2, have altered many
cellular functions. There has been evidence that treating neuronal cells with PGE> has shown
altered intracellular calcium levels in the growth cones and cytosol of cells, hindrance of neurite
outgrowth, an increase in migration and proliferation of neural stem cells, as well as accelerated
neuronal differentiation (Tamiji and Crawford, 2010, Davidson et al., 2016, Wong et al., 2014).
Furthermore, a study in our lab showed that treating NE-4C cells with PGE: altered Wnt-
dependent migration and proliferation of the cells (Wong et al., 2014). This is an important
finding since Wnt has been shown to play a key role in prenatal brain development, indicating
that alterations in Wnt due to PGE> treatment could have lasting effects on neurodevelopment

(Wong et al., 2014).

In vivo studies were also conducted in our lab to highlight the effects of disrupting the
COX2-PGE; pathway in an animal model and how this can relate back to ASD. Studies were
done using a COX-2 deficient mouse model and a PGE: injected mouse model to investigate
how altered levels of PGE:> can affect the developing mouse brain. One study in our lab was
conducted using a COX-2" knockout (KO) mouse model to conduct a whole genome microarray
analysis on mice at embryonic day 16 and embryonic day 19 (E16 and E19). This analysis
indicated that the COX-2 deficiency in males and females led to the dysregulation of many

genes, including those associated with ASD and many other neurological processes such as



synaptic plasticity, long-term potentiation, and axonal guidance (Rai-Bhogal et al,. 2017; Rai-

Bhogal et al, unpublished).

Two other studies in our lab focused on how altered levels of PGE: led to behavioural
abnormalities in mouse offspring, which are characteristic of ASD. The studies used a COX-2
knockin (KI) model and a PGE: injected model. The study using the COX-2 KI model concluded
that ASD behaviours were more expressed in males rather than females (Wong et al., 2017). The
behaviours demonstrated by the mice were associated with increased anxiety, hyperactivity,
motor defects, and decreased sociability, all of which are associated with ASD behaviours
(Wong et al., 2017). Furthermore, another study in our lab showed that if pregnant mice are
injected with PGE> at embryonic day 11 (E11), similar behaviour defects are noted in offspring
(Wong et al., unpublished). These studies are similar to another study where the COX-2
deficiency also led to ASD-like behaviours primarily in rat offspring (Dean et al., 2012). This
study also showed that male rats with the COX-2 deficiency also exhibited changes in sensory
integrations and social interactions, both of which are phenotypic characteristics of ASD (Dean
et al., 2012). Therefore, both of these studies indicate that prenatal irregularities in the COX2-

PGE: pathway can have lasting effects postnatally, which may contribute to ASD.
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Figure 1. Synthesis of PGE2. Arachidonic acid can be converted into various prostaglandins.
One of the most active prostaglandins is PGE2, which can activate four types of EP receptors,
known as EP1, EP2, EP3, and EP4. The activation of these receptors can lead to many

physiological and pathological processes by altering gene expression (Wong et al., 2017).



1.2 Oxidative Stress

1.2.1 What is Oxidative stress?

Over the years, there has been research suggesting that oxidative stress and PGE are
connected. Much of this research has been done to show that oxidative stress can influence the
production of PGE>, and recently there has been research indicating a possible feedback loop,
where changes in PGE> can also lead to alterations in the amount of oxidative stress within cells
(Akyol, 2004, Black et al., 2011. Kosuge et al., 2020). Within cells there is an equilibrium
present in which reactive oxygen and nitrogen species are regulated by antioxidants (Chahum,
2016). However, there may be times when the amount of reactive species is greater than the
antioxidant molecules are capable of lowering, leading to redox stress (Lushchak, 2014). One
very common type of this stress is known as oxidative stress. This is usually caused by oxygen
molecules being converted into free radicals or non-radical oxidants, which can have detrimental
effects on the cells. These oxidants are usually generated from the mitochondria, through leaks in
the electron transport chain, or through oxygen conversion elsewhere in cells, such as via
enzymes (Seis et al., 2017). In fact, about 90% of free radicals generated, are derived from the
mitochondria (Lushchak, 2014). The first conversion which happens to oxygen is the production
of superoxide anion (O2") (Islam, 2016). From there many other oxidants can be produced, such
as hydroxyl radical and hydroxyl anion (Islam, 2016)). Superoxide is one of the most common
types of reactive oxygen species (ROS). Also, the enzyme nitric oxide synthase (NOS), can
convert nitrogen into nitric oxide (NO), a very common reactive nitrogen species (RNS) (Costa

etal., 2016).

Usually, the concentration of these redox by-products fluctuates within a normal range,

which is regulated by antioxidant activity. However, for oxidative stress to occur there is an



imbalance between the generation and elimination of the redox oxidants (Drose and Brandt,
2012). Therefore, one of the better definitions for oxidative stress is, when the concentration of
the normal amount of ROS is chronically enhanced, this can lead to detrimental effects on the
cell (Figures 2 and 3) (Bigarella et al., 2014). Some of these effects include, disturbing cell

respiration, metabolism, gene expression and eventually cell death (Bigarella et al., 2014).
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Figure 2. ROS generation and effects on the cell. ROS generation can start via leaks from
mitochondria or enzymes such as NADPH oxidase. From here superoxide (O2") can be produced,
which can be converted into other radicals and non-radical oxidants, such as hydrogen peroxide,
and then hydroxyl radical. The production of such oxidants can have many effects within the

cell. For example, proteins, lipids and DNA can be oxidized, leading to many changes in the cell.
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enzyme nitric oxide synthase, which can be activated by O2". Increased amounts of nitric oxide

can lead to various affects in the cell such as, protein, lipids and nucleic acid oxidation.
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1.2.2 Oxidative stress in the Brain
Interestingly, one of the most vulnerable areas to redox is the brain (Chahum, 2006). The

main reason for this is the lack of antioxidants in the brain (Cobley et al., 2018). Other reasons
include the fact that the brain requires much more energy than other parts of the body, and the
brain has higher lipid and iron concentrations (Cobley et al., 2018). Most of the energy used in
the brain is burned by the neurons. Neurons in particular lack a very important antioxidant
known as glutathione (GSH), therefore leaving neurons and the brain vulnerable to oxidative
stress because they lack the essential ability to detoxify ROS (Cole et al, 2016). Another
interesting fact is that the brain is more susceptible to ROS during early development and this

phenomena has been linked to many neurological disorders (Cole et al, 2016).

1.2.4 Oxidative stress in ASD
As mentioned previously, glutathione (GSH) is an antioxidant that works as a major

redox buffer (Robb et al, 2018). There is a specific ratio within an organism that must be
maintained between GSH and its oxidized form, GSSG (Dominko and Dikic, 2018). At basal
concentrations, GSH/GSSG work as a redox scavenger and helps maintain basal levels of
radicals. However, at times of chronic ROS exposure, there is less GSH, so the redox
homeostasis is altered (Dominko and Dikic, 2018)). In autism spectrum disorders, it has been
shown that there are reduced amounts of GSH, but increases in the GSSG concentrations (Robb
et al., 2018). This is similar to what we expect to see with increased ROS, suggesting that

increased ROS is characteristic of ASD.

Also, it has been seen in samples of blood plasma from children with ASD, that there is

increased NO production (Yui et al., 2016). Increased oxygen radicals have been shown to
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increase inflammation, damage the cell membrane, and lead to cell death (Yui et al., 2016). With

that, there is a lot of evidence to suggest that chronic oxidative stress is a characteristic of ASD.

1.2.5 Oxidative Stress and PGE>
The connection between oxidative stress and PGE:z is still growing. There is some

evidence to suggest that ROS and RNS lead to PGE> production, as well as research showing
that PGE:> can also lead to ROS and RNS production, which would suggest a type of positive
feedback loop. There are studies which indicate that PGE> influences ROS and RNS production,
however in many of these studies, non-neuronal cells are investigated. Based on this evidence, |

will be investigating the role PGE: plays on ROS and RNS production in neuronal cells.

For starters, a study investigated how ROS induced from mechanical injury to cultured
human Keratinocytes, affected PGE. production. Here, it was seen that over time as more ROS
was produced, by increased injury to the keratinocytes, more PGE2 was produced as well. PGE>
was produced in an exponential manner until the cells became saturated and a plateau in PGE>
production was observed (Black et al., 2011). This suggests that ROS played a role in PGE>

generation in human keratinocytes.

Furthermore, in a paper looking at the production of PGE> in LPS treated rat microglia, it
was shown that the LPS exposure led to a significant PGE: production increase (Wang, et al.,
2004). Also, it was seen that by inhibiting NADPH oxidase, there was a significant decrease in
PGE: production. LPS is also well-known to increase ROS production in many ways, including
via the enzyme NADPH oxidase (Akyol, 2004). Therefore, this adds to the idea that LPS induces
ROS, through NADPH oxidase activity, which in turn leads to PGE> production (Wang, et al.,

2004). This indicates that there is a connection between ROS production and PGE> production.
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Also, there is a recent study which showed that increased levels of PGE: also increased
the production of ROS, which in turn led to a greater degree of neurotoxicity in motor neurons,
similar to the effects seen in ALS (Kosuge et al., 2020). NSC-34 cells were plated and used to
conduct ROS detection experiments (Kosuge et al., 2020). In this paper, researchers also
investigated how the antioxidant N-acetyl cysteine (NAC), can influence ROS production. It was
observed that PGE> led to increased ROS production and increased levels of neurotoxicity, but
treatment with NAC led to much less neurotoxicity within cells. This exemplifies that PGE> does
indeed participate in ROS generation, suggesting the existence of a feedback loop between the
production of PGE2 and ROS. This is a concept that will be further investigated in our

neuroectodermal stem cells.

Additionally, there are many studies which investigate the connection between NO and
PGE:. For instance, in a study looking at human granulosa cells cultured from women undergoing
IVF treatment, it was observed that increased NO production, via the use of the NO donor
SNAP, led to a significant increase in PGE production (Fang et al., 2015). This is an example

of how treating cells with NO can influence PGE> production.

Interestingly, in a study looking at how treatment with norepinephrine alters NOS activity
and PGE:2 production in the hypothalamus of mice, it was observed that treatment with
norepinephrine led to increased levels of NO production and increased levels of PGE> production
in medial hypothalamic slices (Retton et al., 1992). Furthermore, inhibiting NOS activity with
NMMA treatment, led to significantly less PGE2 production, compared to basal levels of PGE:
production (Retton et al., 1992). These results indicate that in the medial hypothalamic
fragments, NO is one factor responsible for abnormally increased PGE; production via NO

activity (Retton et al., 1992).
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Furthermore, there has also been evidence that PGE> can influence the production of NO.
A recent study indicated that PGE: influences the function of iINOS, thus altering the production
of NO in murine cells (Cheng et al., 2011). There were also results indicating that nNOS can also
be altered by PGE>, which also altered NO production (Cheng et al., 2011). Based on these

findings, there is evidence that there is indeed a feedback loop between nitric oxide and PGE-.

Based on the available evidence from non-neuronal cells described above, it appears that
various forms of ROS and RNS can influence the production of PGE2. Two types of oxidants

which are involved in the production of PGE: are superoxide and nitric oxide.

The free radical, superoxide, also plays a role in PGE> production. Superoxide leaked
from the mitochondria has been seen to induce COX-2 activity and PGE> production (Blanco et
al. 2008). Mitochondrial dysfunction has many implications on cell function, including PGE;
production. It has been seen that as the mitochondria continues to leak superoxide, it is also seen
to increase the level of mitochondrial dysfunction within cells, as well as alter PGE; production
(Blanco et al., 2008). This combination of increased ROS, mitochondrial dysfunctional, and
abnormal levels of PGE>, can have detrimental effects on cells (Blanco et al., 2008). In a recent
study it was seen that PGE> can also play a role in mitochondrial dysfunction by altering the
membrane potential of the mitochondrial membrane, leading to increased production of ROS,

including superoxide (Corrado et al., 2018).

When it comes to the PGE> pathway, nitric oxide has been seen to play a critical role in
its signaling. It has been observed that nitric oxide, derived from NOS, can bind to specific
receptors on the COX-2 enzyme, which can influence PGE: production (Sangwon, 2014). It has
also been observed that NO synthesized by two isforms of the NOS enzyme, nNOS and iNOS,
can bind to the COX-2 enzyme, which in turn influences the production of many prostaglandins,
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including PGE> (Sangwon, 2014). In fact, a recent study has indicated that the opposite pathway
is true too, where PGE: influences the function of iINOS, thus altering the production of NO in

murine cells (Arcoleo et al., 1995).

As seen from the examples above, superoxide and NO can alter PGE> production by
influencing COX-2 activity and the pathway by which PGE: is produced. However, there have
been very recent studies that indicate that a feedback loop may be present, where PGE: levels
can alter the production of superoxide and NO. Therefore, in this study | will investigate if this

feedback loop is present in differentiated neuronal cells as well.

1.2.6 Other Roles of Nitric Oxide
As mentioned previously, nitric oxide contributes to oxidative stress conditions in cells,

but there are also positive effects associated with NO. NO plays a role in learning and memory
and contributes to neurotransmission (Akyol, 2004). NO diffuses from the post synaptic
membrane to the presynaptic neuron’s membrane, leading to neurotransmission (Akyol, 2004).
Due to nNOS producing NO which crosses into the presynaptic neuron, guanylyl cyclase
becomes activated, leading to cyclic guanosine-monophosphate (cGMP) binding to downstream
receptors, such as cGKI, which promotes presynaptic neurotransmitter release (Vincent, 2010).
Therefore, NO plays a crucial role in proper neuron function and influences many downstream

pathways (Vincent, 2010).

Additionally, NO plays a role in long term potentiation (LTP), resulting in synaptic
plasticity and learning and memory (Esplugues, 2002). In order for LTP to occur, glutamate must
bind to NMDA receptors on the post synaptic neuron, which sparks many downstream events,

including nNOS producing NO (Jung et al., 2013). Following this, increased levels of NO also
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lead to increased glutamate production in the presynapse, resulting in a sort of positive feedback

loop, also strengthening LTP (Jung et al., 2013)

Therefore, due to the many roles NO plays in the CNS, there must be a balance which is
maintained within cells. If this balance becomes disturbed, there may be many detrimental
effects to cells and the brain, such as discrepancies in LTP, learning and memory, and even

oxidative state (Esplugues, 2002).
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Chapter 2- Objectives and Hypothesis

2.1 General Objective
The overall objective of this research is to examine the effect of altered COX2-PGE>

signalling on the development and function of the nervous system. My aim is (1) to evaluate if
reduction in PGE: levels affect prenatal brain development by investigating key biological
processes, such as mitochondrial function, inflammatory response and synaptic plasticity, using
whole genome microarray analysis data generated in our lab from male and female mice lacking
cyclooxygenase-2 (COX-27") as a new model systems of ASD (Study 1) and (2) whether
exposure to increased PGE: levels leads to oxidative stress using our in vitro neuronal cell model
system (Study 2).

2.2 Study 1: Identification of genes associated with mitochondrial function, inflammatory

response, and synaptic plasticity using the whole genome microarray data from male and
female COX2-/- offspring

2.2.1 Objective
The objective of this study is to examine differentially expressed genes of COX-2

knockout (COX-2 ") offspring which are associated with mitochondrial function, inflammatory
responses, and synaptic plasticity, and determine their association to ASD. My goal is to identify
which ASD-risk genes belong to important developmental gene networks and identify if there

are any stage and sex-dependent differences.

2.2.2 Rationale
Previous research in our lab has indicated several trends from previous microarray

studies. For example, it was observed that males had more differentially expressed genes at E16
than E19, but females had similar amounts of differentially expressed genes at both stages. (Rai-
Bhogal et al,. 2017; Rai-Bhogal et al, unpublished). Also, females were observed to have more

genes which were differentially expressed at both stages. In fact it was observed that a majority
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of these genes which were differentially expressed at both stages in females, shifted from a
downregulation at E16 to an upregulation at E19 (Rai-Bhogal et al,. 2017). This indicates that in
females there is an increased risk of a differentially expressed genes retaining abnormal
expression throughout neurogenesis until birth (Rai-Bhogal et al, unpublished). Additionally, it
was observed that more genes which were differentially expressed in males were connected to
neurodevelopmental disorders compared to those found in females (Rai-Bhogal et al,. 2017; Rai-
Bhogal et al, unpublished). Lastly, there were 44 ASD-risk genes identified in males compared
to only 6 ASD-risk genes differentially expressed in the female data (Rai-Bhogal et al,. 2017,
Rai-Bhogal et al, unpublished). There were also behavioural abnormalities found to be associated
with a COX-2 deficiency seen to also be associated with ASD. For instance, a study from our lab
using a COX-2" knockin model concluded that ASD behaviours were observed more often in
males rather than females (Wong et al., 2017). The behaviours demonstrated by the mice were
associated with increased anxiety, hyperactivity, motor defects, and decreased sociability, all of

which are associated with ASD behaviours (Wong et al., 2017).

In this study, I used the microarray data to investigate differentially expressed genes
associated with mitochondrial function, inflammatory responses, and synaptic plasticity within
our COX-2""mice, and to research if there are stage and sex differences in the expression of these
genes. This model was used due to the fact that there has been an abundance of evidence in
recent years, connecting abnormalities in PGE2 and ASD (Tamiji and Crawford, 2010, Dean et

al., 2012, Wong et al., 2017, Rai-Bhogal, 2017).

Furthermore, genes associated with these three functions are of interest because many
studies have linked abnormalities in mitochondrial function, inflammatory responses and

synaptic plasticity with ASD. For instance, abnormal mitochondrial function can lead to
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increased levels of oxidative stress and further mitochondrial dysfunctions. Both of these have
negative effects on a developing fetus and have been linked to ASD (Blanco et al., 2008). In fact,
literature has shown that environmental factors such as oxidative stress can further alter PGE>

and lead to ASD (Frustaci et al., 2012, Valko et al., 2005).

Additionally, disruptions in the inflammatory response mechanism can lead to
detrimental effects on cells and has been linked to ASD. For example, studies have shown that
genes involved in neuroinflammatory responses are found to be dysregulated in brain tissue
samples of children with ASD (Ralnigles et al., 2011). Another study has indicated that certain
inflammatory markers such as microglia and cytokines are seen in much higher volumes in brain
samples of children with ASD (Allely et al., 2013, Elias et al., 2015). As mentioned previously,
the COX-2 inducible form plays a key role in inflammatory responses, so deficiencies in COX-2

are expected to greatly alter inflammatory responses (Blais et al., 2005).

Furthermore, disruptions in synaptic plasticity are also associated with ASD. For
instance, studies have indicated that abnormalities in synaptic plasticity can lead to disruptions in
neural circuits which are involved in language and social behaviours, characteristic in ASD
(Gilbert et al, 2014, Kelleher et al., 2005). Two studies in our lab, previously using a COX-2
deficient mouse model as an ASD mouse model, have indicated that synaptic plasticity can be
altered by this deficiency. For example, previous microarray analysis identified many
differentially expressed ASD-risk genes which also had ties to synaptic plasticity (Rai-Bhogal et
al., unpublished). Furthermore, in the COX-2 knockin model, genes associated with ASD
behaviours were identified as differentially expressed and many of them also played a role in

synaptic plasticity.
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Also, many genes which are primarily associated with mitochondrial function,
inflammatory responses, and synaptic plasticity are also associated with genes involved in other
processes as well. The stage at which the genes are differentially expressed is important to
evaluate because ASD is a known neurodevelopmental disorder. Therefore, by identifying at
what point in development specific genes are dysregulated, we can gather insight into how
differential gene expression at different stages can have implications postnatally as well.
Additionally, investigating sex differences is valuable as well due to the fact that many
neurodevelopmental disorders, such as ASD are characterized by a sex-bias, where males are
more likely to have the disorder. Looking at sex differences between gene regulation patterns
may provide insight which may be connected to the sex-bias observed in individuals with these

neurodevelopmental disorders.

2.2.3 Hypothesis
| hypothesize that there will be genes associated with mitochondrial function,

inflammatory responses, and synaptic plasticity, which are differentially expressed in the E16
and E19 COX-2" offspring. These genes will also be expressed differently based on the sex of
the offspring. Finally, genes identified from the microarray analysis to be primarily a part of one
functional group, will also influence genes from the other two groups of interest. Also, |
hypothesize that the mitochondrial, inflammatory and synaptic plasticity genes identified in this
study in COX-2"7 offspring using David Bioinformatics and KEGG databases, are causative

genes in ASD and also other neurological disorders.

2.2.4 Methodology
Mitochondrial, inflammatory response, and synaptic plasticity genes identified to be

differentially expressed in the microarray data were screened through several different types of

databases such as DAVID, GeneMania, KEGG, and Cytoscape, in order to identify networks
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and biological functions which these genes influence. Due to the interest of these genes and their
connection to ASD and other disorders, the stage and sex at which the dysregulations occurred

were also be scrutinized.

2.2.5 Experimental Model system

Pregnant females which were heterozygous for the COX-2 gene were obtained from
Taconic Bioscience (Wong et al., 2017, Rai-Bhogal, 2017, Rai-Bhogal, unpublished). These
mice were bred with homozygous knockout males to get offspring at the E16 and E19 stages,
which are homozygous COX-2"". Wild-type mice are also bred to also provide E16 and E19
samples. In order to determine the embryonic day, a vaginal plug is used to identify Day 1. On
day 16 and 19, samples are collected from the COX-2"-and wild-type mice, and they are placed
in a TRIzol solution. Three samples from the COX-2"-and wild-type mice are collected. The
COX-2""mouse model is a suitable model for this experiment because it has been used in many
other papers as a means to investigate the molecular mechanisms of the genetic deficit in COX-2,
to investigate how this deficit relates to ASD (Liu et al., 2017, Kwan et al., 2016). Breeding of
the animals, collection of RNA and microarrays analysis was conducted in our lab by previous

students (Wong et al., 2017, Rai-Bhogal, 2017, Rai-Bhogal, unpublished).
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2.3 Study 2: The effects of PGE2 on the production of superoxide and nitric oxide, in
differentiated neuronal cells

2.3.1 Objective
The objective of this study is to determine if PGE; alters the concentration and rate of

superoxide and nitric oxide production, within differentiated neuronal cells. Furthermore, we aim

to investigate whether these changes induced by PGE; are dose-dependent.

2.3.2 Rationale
A mentioned above, both superoxide and nitric oxide play a role in the production of

PGE-2. Both of these oxidants can influence the production of PGE> by affecting COX-2 activity

and therefore play a role in PGE> production.

For example, there are studies which suggest that superoxide also plays a role in PGE>
production. There is evidence that superoxide leaked from the mitochondria has been seen to
induce COX activity and PGE> production (Blanco et al. 2008). It has been seen that as the
mitochondria continues to leak superoxide, and there is increased level of mitochondrial
dysfunction within cells, PGE> production is altered (Blanco et al., 2008). Interestingly there is
also evidence of a feedback loop between superoxide and PGE;. A recent study demonstrated
that PGE:> can also play a role in mitochondrial dysfunction by altering the membrane potential
of the mitochondrial membrane, leading to increased production of ROS, including superoxide
(Corrado et al., 2018). Therefore, it is worthwhile to investigate mitochondrial derived forms of
ROS, namely superoxide. In a more recent study on ALS, it was observed that ROS levels are
altered due to the activation of the EP2 receptor of PGE> in motor neurons. (Kosuge et al., 2020).
These findings also suggest that PGE; does indeed influence the production of ROS, including

superoxide.

22



There are also examples where nitric oxide derived from NOS, can bind to binding sites
on the COX-2 enzyme, thus altering the production of PGE> (Sangwon, 2014). nNOS and iNOS,
have been seen to bind to COX-2, which in turn influences the production of many
prostaglandins, including PGE> (Arcoleo et al., 1995). Furthermore, there has also been evidence
that PGE:2 can influence the production of NO. A recent study indicated that PGE; influences the
function of iINOS, thus altering the production of NO in murine cells (Cheng et al., 2011). Based
on these findings, there is evidence which indicates that there is indeed a feedback loop between

nitric oxide and PGE:.

2.3.3 Hypothesis
| hypothesize that exposure to PGE> will induce the production of mitochondrial-derived

superoxide anion, and nitric oxide produced from NOS, in a dose-dependent manner, in

differentiated neuronal cells.

2.3.4 Methodology used to test the hypothesis
Fluorescence microscopy will be used to detect the fluorescence intensity (FI) of

superoxide and nitric oxide production over time of differentiated neuronal cells from four
different treatment conditions. Two dyes will be used, MitoSox Red dye, which is specific for
labelling superoxide derived from mitochondria, and DAF-2DA, which is specific for labelling

nitric oxide found in the cytosol of the cell

2.3.5 Experimental Model System
I will be testing my hypothesis by using neuroectodermal (NE-4C) stem cells, a well-

established in vitro model system in our lab. The cells were produced from primary brain cell
cultures of fore-and midbrain vesicles of 9-day old mice embryos lacking functional p53 protein.
In studies previously conducted in our lab, it was determined that NE-4C cells are a suitable

model system for experiments regarding PGE>, due to the fact that NE-4C cells contain all four
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EP receptors (Wong et al., 2014). Therefore, any process being investigated can be tested with
these cells, since all the receptors which need to be bound to are present (Wong et al., 2014).
Furthermore, NE-4C cells undergo differentiation and become neuronal cells, similar to those
found in the healthy brain since they undergo proliferation, migration and differentiation, into
neurons (Varga et al., 2008). Using differentiated neuronal cells allows for insight into how
altered PGE> concentrations can affect neurological processes and neurodevelopmental
disorders. These cells will undergo differentiation over an 8-day period, using serum deprivation.
On the eighth day of differentiation, experiments were conducted. Cells are said to be fully
differentiated on Day 8, due to the downregulation and absence of specific genes associated with
stem cells and then the presence of genes associated with neuronal cells, being expressed (Wong

etal., 2014).

2.3.6 Changes to the thesis content related to COVID-19

As a result of COVID-19 related university and lab closures, some aspects of study 2
could not be completed. For example, performing real-time PCR in PGE; treated NE-4C cells to
identify the expression level of several ROS regulated genes and NOS isoforms. Additionally, |
was not able to complete the additional MitoSox Red assay experiments to obtain more accurate
traces for the positive control and some experimental samples. Due to these limitations we added
study 1, which could be completed remotely and had some relevance to study 2. Study 1 uses

new experimental approaches and shows new skills added to the thesis.
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Chapter 3-Methodology

3.1 Study 1: Identification of genes associated with mitochondrial function, inflammatory
responses, and synaptic plasticity using whole genome microarray data from males and
females COX2-/- offspring

3.1.1 Animal Model

Pregnant females which were heterozygous for the COX-2 gene (B6; 129P2-Ptgs2tmi/uncy
were obtained from Taconic Bioscience. These mice are known to have a disruption in Ptgs2
gene expression. Female homozygous mice become infertile due to these disruptions, therefore
heterozygous COX-2 female mice had to be bred with homozygous knockout males (COX-2")
(Wang et al., 2010). This model has been used in many other papers as a means to investigate the
molecular mechanisms of this genetic deficit in COX-2, and to see how it relates to ASD (Liu et
al., 2017, Kwan et al., 2016). Furthermore, wild-type mice were also bred to serve as a control.
Mice were bred and housed at York University on a 12-hour light/dark cycle and animals were
provided with unlimited food and water. In order to determine the embryonic day, a vaginal plug
is used to identify Day 1. On days 16 and 19, samples are collected from the COX-2" and wild-
type mice, and they are placed in a TRIzol solution. Three samples from the male and female

COX-2""mice and wild-type mice were collected.
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3.1.2 Microarray Analysis

Once samples were collected, total RNA was extracted using the TRIzol method (Fisher
Scientific, Toronto, Canada). Following this, RNA samples were taken to the Princess Margaret
Genomic Center (Toronto, Canada). Here, whole genome microarray was conducted, data was
analyzed, and quality control measures were taken. For male samples, Mouse WG-6 V2
BeadChip (Illumina) microarray was conducted, whereas Mouse Genome 2.0ST GeneChip
(Affymetrix) microarray was conducted for females. This is due to the fact that the microarray
analysis was conducted on female mouse samples after a period of time where the BeadChip
used on the male samples was discontinued. The microarray for both sexes contained 45 281
target probes which came from the National Center for Biotechnology Information Reference
Sequence (NCBI) RefSeq (Build 38 Release 22), the Mouse Exonic Evidence Based

Oligonucleotide, and the RIKEN FANTOM2 database. Statistics were conducted using R.
3.1.3 Identification of differentially expressed genes

Following the microarray analysis, all genes which were identified as differentially
expressed in the COX-27-mice were normalized to the expression of the same genes found in the
WT mice. This comparison was done for genes expressed in the males and females at both E16
and E19. This normalization resulted in a fold change, where the WT mouse gene expression
was set as 1. Genes were identified as dysregulated if the fold change of their expression was
>1.5. Using this cut-off point, genes of interest from three different functional groups;
mitochondrial function, inflammatory responses, and synaptic plasticity, were screened and any
genes where the expression was >1.5, were investigated for this study. Genes from these

functional groups were investigated because there is abundant research to connect these

26



functions and pathways with ASD and other neurological disorders, as seen in many publications
in our lab (Rai-Bhogal et al., 2017, Wong et al., 2015, Wong et al., 2018). Genes were identified
as being involved in mitochondrial function, inflammatory responses or synaptic plasticity using

the software program DAVID Bioinformatics (http://david.abcc.ncifcrf.gov/).

3.1.4 Bioinformatics and analysis of biological function

The gene list generated using DAVID Bioinformatics was then cross-referenced to the
microarray list of genes to determine at what stage the gene was dysregulated and among which
sex. Following this, using one of the extensions from DAVID Bioinformatics known as Kyto
Encyclopedia of Genes and Genome (KEGG), we were able to identify specific functions,

pathways, and diseases associated with each gene.

3.1.5 Identification of ASD-risk genes and gene interaction

Once details about each gene was noted, the Autism Database (AutDB,

http://autism.mindspec.org/) and KEGG were used in order to identify which genes were ASD-risk

genes and publications which provided insight into the gene’s link to ASD were recorded. Next,
another software program, Cytoscape (http://cytoscape.org) and the plugin GeneMania
(http://GeneMania.org) were used to illustrate connections between the genes, based on if the
genes played a role in similar pathways. This was done by inputting the list of genes from each
functional group into GeneMania separately and identifying the connections. Once interaction
plots were developed for each subset of genes, GeneMania was used once more to identify genes
which were connected between all the groups. Here, genes from all the groups were inputted and
an interaction plot was created highlighting connections between genes involved in the same

pathways, but from a different functional group.
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3.2 Study 2: The effects of PGE2 on the production of superoxide and nitric oxide, in
differentiated neuronal cells

3.2.1 Cell cultures and Differentiation

As mentioned previously, NE-4C stem cells were used for Study 2. Stem cells were
maintained in minimum essential media (MEM). In order for cells to become differentiated, they
had to undergo serum deprivation. The cells were differentiated by first plating undifferentiated
NE-4C stem cells onto a 60mm plate with Minimum Essential Media (MEM). The next day
MEM was removed and neurobasal media supplemented with B-27, was added to the plate (Day
0 of differentiation). This media mixture is a form of serum free media (SFM). Media was
changed every other day and by day 6 of differentiation, neurospheres had formed and were
floating within the plate. These neurospheres were collected and disrupted in a 15mL centrifuge
tube, then they were pipetted back onto their plates, in fresh SFM. On day 8, cells were fully

differentiated and experiments were conducted.

3.2.2 Superoxide detection using fluorescence microscopy

Following differentiation (on day 8), fluorescence microscopy was used to detect
mitochondrial derived superoxide production within NE-4C cells. Prior to treatment with our
four conditions, SFM was removed from the 60mm plates and the cells were then treated with
PGE2, H20-, or left untreated in PBS. Cells were imaged using Mitosox Red which has an

emission of 510 nm.

Four different treatment groups were investigated. First the untreated differentiated cells
were used as the basal condition. Here, cells were incubated in PBS without additional reagents.

Next, there was theluM or 10uM PGE:; treated cells. For these treatments, media was removed
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and PBS is added to the plate. 1uM PGE2 or 10uM PGE: is then added to the cells and the plate
is incubated for 30 minutes. Following this, the plate is washed 3 times with PBS, and then the
cells are left in PBS for experiments. Finally, the positive control, 100uM H2O3, is used. For this
treatment, media is removed and PBS is added to the plate. 100uM H20- is added to the plate
and this is incubated for 1 hour. Following this, the plate is washed 3 times with PBS, and then

the cells were left in PBS for experiments.

With this dye, the cells are incubated in 5mM MitoSox Red for 30 minutes before imaging
begins. Therefore, the dye is added along with the PGE: or, for the plates containing H20-, the
dye is added 30 minutes into the H.Oz incubation, so the cells are exposed to the dye for just 30
minutes. Following these incubations, the plate is imaged using the fluorescence filter TRITC,
for two hours. Images are taken every 30 seconds, so there was a total of 240 images per

condition.

After the cells were imaged, the amount of fluorescence was quantified using the NIS
element software. This was done by selecting 20 cells per plate for each biological replicate.
Then, the software was used to quantify the intensity of fluorescence generated over a two-hour
period. This was used to indicate how the concentration of superoxide produced changed

throughout the experiment.

Following this, another analysis was conducted in order to calculate the kinetic rate of
superoxide production for each treatment. This was done by first identifying the point of
inflection of each plot generated from the intensity of fluorescence over time (plot used for
concentration analysis). After the exponential growth of each plot was found, the maximum
slope was found. This maximum slope is the kinetic rate of each plot. The Kkinetic rate is a

quantity which is used to indicate a ratio of how much superoxide is being generated per minute.
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The rate was found for each of the three replicates of each treatment, which were then averaged,
in order to give an average rate for each treatment. Therefore, there were 3 kinetic rates for each

treatment which were averaged to give one representative rate for the respective treatment.

3.2.3 Nitric oxide detection using fluorescence microscopy

For the nitric oxide detection, similar procedures were followed as for the superoxide
detection. Cells were grown and differentiated in the same manner. In order to quantify the level
of intracellular nitric oxide in NE-4C cells, the fluorescent dye of 4, 5 diaminofluroescein
diacetate (DAF-2 DA) was used, which has an emission of 515 nm. Images were taken using the

FITC filter.

Four different treatment groups were investigated. First the untreated differentiated cells
represented the basal condition. Cells were incubated in PBS without additional reagents. Next,
there were the 1uM PGEz and 10uM PGE: treatments. For these conditions media was removed
and PBS is added to the plate. 1uM PGEz or 10uM PGE: is then added to the cells and the plate
is incubated for 30 minutes. Following this, the plate is washed 3 times with PBS, and then the
cells are left in PBS for experiments. Finally, the positive treatment, 1 ug/mL LPS is used. Here,
media is removed and PBS is added to the plate. 1 ug/mL LPS is added to the plate and this is
incubated for 2 hours. Following this, the plate is washed 3 times with PBS, and then the cells

are left in PBS for experiments.

Afterwards, 5 uM of DAF-2DA was added to the cells and they were imaged for 45 minutes.
This means that the dye was not incubated prior to imaging. An image was taken every 30
seconds, using a time-lapse florescence microscope system (Nikon Eclipse Ti-E) with NIS

Elements software.
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Following this, the same type of analysis was conducted as with the superoxide detection.
First, concentrations were analysed using DAF2-DA and fluorescence microscopy. Then Kkinetic

rates were calculated by finding the point of inflection for each treatment.
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3.3 Statistical analysis

3.3.1 Statistical analysis conducted for superoxide detection in differentiated NE-4C cells

Once the fluorescence data was quantified from the trials using MitoSox Red, further
statistical analysis was conducted. First, statistics were conducted on the concentration data
collected. Using SPSS, randomized block analysis was conducted using the maximum point of
fluorescence per cell, per condition. For example, fluorescence data was collected for 80 cells
per condition. Then the maximum point of fluorescence was taken from each of the 80 cells, and
a randomized block test was then conducted. Also a Tukey’s post hoc test was done, with an
alpha of 0.05, to indicate any significant differences between the different treatments. These
statistics were conducted to see if there is a significant difference in the concentration of

superoxide produced between each treatment.

Next, statistics were conducted for the kinetic rates of each treatment. This was done
using an unpaired two-sample T-test. T-tests were conducted using SPSS, from the kinetic rates
calculated for each of the three replicates calculated for each of the treatments. Therefore, for
each treatment n=3, and the kinetic rates from each replicate were averaged to give the average
kinetic rate for each treatment. Significance was determined if the p-value was said to be less

than 0.05.
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3.3.2 Statistical analysis conducted for nitric oxide detection in differentiated NE-4C cells

Statistics conducted for nitric oxide are done in the same manner as for the superoxide
detection. However, data was collected from 15 cells per each plate. Therefore, there were 60

cells analysed for each of the 4 treatments.

Then, a randomized block design was conducted, followed by a Tukey’s post hoc. This
was done on the concentration data, in order to determine if there is a significant difference in the

amount of nitric oxide produced between the treatments.

Once the concentration data was analysed, Kinetic rates were analysed. This was also
done using a two-sample T-test, which averaged the 3 kinetic rates determined for each

treatment. Significance was determined if the p-value was less than 0.05.

33



Chapter 4- results

4.1- Study 1: Identification of genes associated with mitochondrial function,
inflammatory responses and synaptic plasticity, using whole genome microarray data
from males and females COX2-/- offspring

4.1.1 Identification of genes from the microarray analysis, associated with mitochondrial
function, inflammatory response, and synaptic plasticity

A mouse genome microarray was conducted on brain tissue collected at embryonic day
16 (E16) and embryonic day 19 (E19), from COX-2"- knockout mice and wild-type (WT) mice.
The microarray analysis was conducted previously in our lab, where gene expression from both
male and female COX-2"- knockout mice, which were expressed at E16 and E19, were
determined and compared to the gene expression of WT male and female mice (Rai-Bhogal et
al., 2017). Following this analysis, the expression of the genes was noted as a fold change
compared to the WT expression. Differentially expressed genes with fold change values > 1.5

were scrutinized and further investigated.

By using the microarray data, insight can be gathered about how a PGE; deficiency can
lead to differentially expressed genes associated with mitochondrial function, inflammatory
responses, and synaptic plasticity. There has been an abundance of evidence in recent years,
connecting abnormalities in PGE2 and ASD (Tamiji and Crawford, 2010, Dean et al., 2012,
Wong et al., 2017, Rai-Bhogal, 2017). Furthermore, genes associated with these three functions
are of interest because many studies have linked abnormalities in mitochondrial function,
inflammatory responses and synaptic plasticity with ASD. Additionally, sex is of interest
because many neurodevelopmental disorders, including ASD, present a sex-bias where males are

more likely than females to have the disorder.

34



Using the data collected from the microarray analysis, several differentially expressed
genes involved in multiple pathways were identified based on if their fold change values were
> 1.5. The genes were of interested if they are involved in mitochondrial function, inflammatory
responses, or synaptic plasticity. As seen in Table 1, 12 genes were identified as differentially
expressed in the COX-27 knockout mice. In Figure 4, the localization of these genes in neuronal

cells is illustrated

Each of thel2 genes is differentially expressed in either males or females, but never in
both sexes. For example, in Table 1, it is observed that Ndufa3, Ndufc2, ATP5e, Sdhc, Eif3c,
EiF4a2, and GRiA2 (7 genes) are differentially expressed in only females while the genes,
Ndufb10, TSC2, NFiB, TGFRB2 and MEFC2 (5 genes) are differentially expressed in males
only. None of the 12 genes were dysregulated in both males and females. This indicates that sex
may be a key factor in determining which genes become differentially expressed since the genes

are specifically expressed between either of the two sexes.

Furthermore, most of the 12 genes identified are differentially expressed at only one
stage. As seen in Table 1, Ndufa3, TGFRB2, MEFC2, GRiA2, Sdhc, EiF3c, and NFiB (7 genes)
were dysregulated at E16. However, only Ndufc2 and ATP5e (2 genes), were dysregulated at
E19. Interestingly, Ndufb10, EiF4a2, and TSC2 (3 genes) were dysregulated at both E16 and
E19. This is interesting because it suggests that certain genes may become differentially
expressed due to abnormalities during specific stages of development, since a majority of the

genes in Table 1 are differentially expressed in only 1 specific stage.

All genes listed in Table 1 are either upregulated or downregulated. Upregulated values
are seen in green, whereas downregulated gene expression in seen in red. As mentioned

previously, 9 genes are seen to be dysregulated at one specific developmental stage, whereas 3
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genes were observed to be dysregulated at both E16 and E19. A majority of the genes
dysregulated at only one stage, were observed to be upregulated compared to the WT mice. 7
genes (Ndufa3, Ndufc2, ATP5e, Sdhc, EiF3c, NFiB, and TGFRB2) were upregulated at one stage
and 2 genes (MEFC2 and GRiA2) were downregulated. Of the 3 genes which were dysregulated
at both E16 and E19, it was seen that the genes were dysregulated differently at each stage. For
instance, 2 of the genes (EiF4a2 and TSC2) showed a downregulation at E16, but an
upregulation at E19. However only 1 gene (Ndufb10) showed an upregulation at E16, which

shifted to a downregulation at E19.

Furthermore, out of all the genes, Ndufa3, Sdhc, and EiF3c, were upregulated in females
at E16, while Ndufc2 and ATP5e were upregulated at E19 in the females. Also, GRIA2 is
downregulated at E16 for females, and there are no genes downregulated for females at E19.
These trends do not include EiF4a2 which is dysregulated in females at both stages, exhibiting a
downregulation at E16 and an upregulation at E19. As for males, NFiB and TGFRB2 are
upregulated at E16 while no genes are upregulated at E19. There are no downregulated genes for
males. Again, these trends do not include the 2 gene which are dysregulated in males at both E16
and E19. Ndufb10 is upregulated at E16 and downregulated at E19, whereas TSC2 is

downregulated at E16 and upregulated at E19.

In figure 4, the localization of the 12 genes gathered from the microarray analysis is
depicted. It is observed that a majority of the genes gathered from the microarray data are
localized within the mitochondria of neuronal cells. These genes include Ndufa3, Ndufc2,
Ndufbl10, ATP5e, which are a part of the electron transport chain (ETC), and Sdhc, EiF3c,
EiF4a2, and TSC2, which can be found in the mitochondrial matrix. These 8 genes play crucial

roles in correct mitochondrial function, but also have roles in some other biological processes,
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which will be highlighted in Table 3 and Figure 8. The other 4 genes gathered from the
microarray data, NFiB, TGFRB2, MEF2C, and GRiA2, can be localized in the cytosol of
neuronal cells and play roles in many other pathways, such as those involving inflammatory

responses and synaptic plasticity. This will also be discussed further.

The above observations are interesting since they demonstrate many of these gene
dysregulations are sex-specific and only occur at one stage. A majority of the genes that were
differentially expressed at E16 returned to a normal level by E19 to show similar gene
expression as the WT mice. This may suggest that there are possible compensatory mechanisms
which the developing mouse may undergo as a means to combat the dysregulations that the
COX-2" knockout mice undergoes. A compensatory mechanism would allow the organism to
normalize the expression of a dysregulated gene, in order to reduce the risk associated with
prolonged abnormal gene expression. This could explain why there are different expressions of
the genes at different stages of development. This can especially be suggested for the 3 genes
which are differentially expressed at both stages. These genes have a shift in their expression
from one stage to the next, which may be due to an overcompensation for the abnormal
expression at E16, which can lead to an opposite dysregulation at E19. However, another
explanation could be that normally, a specific gene is only required at a critical period, which

would also lead to shifts in gene expression between stages.

Furthermore, the genes listed in Table 1 have been associated with many key functions
that are important for prenatal brain development and are also associated with ASD. These genes
can be divided into three main functional groups which are, mitochondrial function (Ndufa2,

Ndufbl, Nduf3c, ATP5e, Sdhc, EiF3c, EiF4a2, TSC2 ), inflammatory responses (NFiB,
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TGFBR2) and synaptic plasticity (MEFC2, GRiA2). Some characteristics of these genes and their

interactions to other genes, will be discussed further.
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Table 1. Fold change of COX-2" differentially expressed genes obtained from microarray

analysis for male and female mice at E16 and E19. The fold change expression of

differentially expressed genes found in male and female COX-2"- mice at embryonic day 16
(E16) and embryonic day 19 (E19). A green number indicates and upregulation, whereas a red
value indicates a downregulation. Fold changes were obtained by comparing genes expression to
a Wild-type mouse model. Whole genome microarray analysis was conducted to determine the
expression of the genes. A negative value indicates a downregulation whereas a positive value
indicates an upregulation. The functional group which each gene will be categorized under is
also noted. This group is determined by the primary role these genes play in neuronal cells.

Gene

Ndufa3

Ndufc2

Ndufb10

ATP5e

Sdhc

Eif3c

Eif4a2

TSC2

NFiB

Gene Name

NADH:
ubiquinone
oxidoreductase
subunit A3
NADH:
ubiquinone
oxidoreductase
subunit C2
NADH:
ubiquinone
oxidoreductase
subunit B10
ATP Synthase
Epsilon Chain E
Succinate
Dehydrogenase
Complex Subunit
C
Eukaryotic
Translation
Initiation Factor
3 Subunit C
Eukaryotic
Translation
Initiation Factor
4 Subunit A2
Tuberous
Sclerosis 2
Protein
Nuclear Factor
IB- Type

Functional
Group
Mitochondrial

Mitochondrial

Mitochondrial

Mitochondrial

Mitochondrial

Mitochondrial

Mitochondrial

Mitochondrial

Inflammatory

Female
E16
+1.53

+1.68

+1.88

-1.91

Male
E16

+1.78

-2.07

+1.612

Female
E19

+1.52

+1.82

+1.59

Male
E19

-6.53

+1.83
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TGFRB2 Transforming
Growth Factor B
Receptor 2
MEF2C Myocyte
Enhancer Factor
2C
GRIiA2 Glutamate
Receptor
lonotropicAMPA
Type 2

Inflammatory

Synaptic
Plasticity

Synaptic
Plasticity

- +1.54

- -2.96

-3.14 -
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Ndufb10,NdufC2,NdufA3 ATP5e

Nfib
TGFBR2
MEFC2
GRiA2

Sdhc
EiF3c
EiF4a2
TSC2

Figure 4. Localization of genes associated with mitochondrial function, inflammatory
response, and synaptic plasticity based on interactions determined using Cytoscape
software. A list of genes associated with mitochondrial function, inflammatory response, and
synaptic plasticity was obtained using Cytoscape. The localization of the genes was determined
using DAVID bioinformatics software. Genes were either expressed in the mitochondrial matrix,
electron transport change, or cell cytosol. Genes expressed in the electron transport chain are
expressed in one of the five complexes (I-1V and green channel). The mitochondrial genes of
interest were primarily expressed in complex | and ATP Synthase (green channel).
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4.1.2: Analysis of mitochondrial gene interaction and localization, using interaction plots
generated with Cytoscape, for mitochondrial genes dysregulated in the microarray analysis of
COX-2" knockout mice

Mitochondrial dysfunction plays a role in the brain and has been associate with several
neurological disorders, including ASD. For instance, many symptoms associated with increased
levels of mitochondrial dysfunction, such as intellectual disability, language and speech
impairments, and behavioural abnormalities, have also been associated with disorders such as,
ASD, Alzheimer’s disorder, Parkinson’s disorder, and Schizophrenia (Guilivie et al., 2010, Goh
et al., 2014). One manner in which mitochondrial dysfunction can occur is via gene
dysregulation (Goh et al., 2019). Therefore, we have investigated how a COX2-PGE: signalling

deficit can influence genes associated with mitochondrial function.

Once genes from the COX-27 knockout mice microarray analysis were identified to be
associated with mitochondrial function using various literature and DAVID Bioinformatics
(https://david.ncifcrf.gov), they were analyzed using the Cytoscape GeneMania plugin
(GeneMania.org). This plugin was used to illustrate the interactions of the 8 mitochondrial genes
found from the microarray analysis. These 8 genes are Ndufa3, Ndufc2, Ndufb10, ATP5e, Sdhc,
EiF3c, EiF4a2 and TSC2. The interactions between the genes were determined by the software
based on similarities in the pathways and biological processes the genes are involved in. These
interactions are illustrated in Figure 5. Following the use of Cytoscape, the genes were analysed
using DAVID Bioinformatics once more, to determine the localization of the genes within the

mitochondria of neuronal cells. This is also shown in Figure 5.

In Figure 5, it is observed that there are 8 genes, Ndufa3, Ndufc2, Ndufb10, ATP5e, Sdhc,

EiF3c, EiF4a2 and TSC2, which were dysregulated in the microarray analysis of the COX-2"
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knockout mice, which are also associated with mitochondrial function. In Figure 5, differential
gene expression in males is depicted by blue triangles, whereas red triangles indicate female
dysregulations. Upward facing triangles are representative of upregulations of the specific gene
and downward facing triangles represent downregulations. All expressions are compared to a
wild-type mouse model. Differential gene expression at E16 is shown on the left of the figure
and differential expression at E19 is shown on the right. ASD-risk genes are identified by an
asterisk. The localization of the gene expression is shown by rectangles indicating if the genes
are primarily involved in the mitochondrial membrane potential and the electron transport chain

(ETC), ATP synthesis, or as a secondary mitochondrial enzyme.

Using this figure, it is observed that Ndufb10, and TSC2 are dysregulated in males,
whereas Ndufa3, Ndufc2, ATP5e, Sdhc, EiF3c, and EiF4a2 are dysregulated in females, among
the two embryonic stages. This is noteworthy because this could indicate a sex-bias in terms of

differential gene expression.

In terms of differential gene expression, there are many interesting observations which
can be made between E16 and E19. At E16, 6 out of the 8 mitochondrial genes are seen to be
differentially expressed. Ndufa3 and Ndufb10 are directly involved in the electron transport
chain, whereas Sdhc, EiF3c, EiF4a2, and TSC2, are all secondary enzymes which act upon the
mitochondria. Interestingly, it was observed that Ndufa3, Sdhc, EiF3c, and Eif4a2 were
dysregulated in females, whereas Ndufb10 and TSC2, were dysregulated in males. Among these
genes at E16, Ndufa3, Sdhc, EiF3c, Eif4a2, and TSC2 are downregulated and Ndufb10 is
upregulated. Interestingly, all the female genes were seen to be upregulated while for the male
genes Ndufb10 was upregulated and TSC2 was downregulated. Therefore, there is just one

downregulated gene observed at E16, which is found in males.
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Furthermore, as mentioned previously, all of the genes found in the microarray data were
divided into subsets of genes based on function. The mitochondrial subset set of genes are the
only set of genes which demonstrate shifts in the expression of certain genes at different stages.
At E19, there are also only 6 out of 8 mitochondrial genes that are differentially expressed, but a
few of them are different from those differentially expressed in E16. Here, Ndufc2, Ndufb10 and
ATP5e are all involved in the ETC, with ATPESe being specifically involved in the ATP
synthesis aspect of the ETC. However, EiF4a2 and TSC2 are involved in the mitochondria as
secondary enzymes. Furthermore, there is a shift at E19, where it is observed that Ndufc2 and
ATP5e are now dysregulated, but they were not at E16, and Sdhc and Ndufa3 are no longer
dysregulated at E19. Additionally, there are shifts in the dysregulation pattern of Ndufb10, TSC2,

and Eif4a2, which will be discussed further.

In terms of sex differences, Ndufc2, ATP5e and EiF4a2 are differentially expressed in
females, while Ndufb10 and TSC2 are differentially expressed in males at E19. Of these genes,
those dysregulated in females are all upregulated, whereas for the genes associated with males,
Ndufb10 is downregulated and TSC2 is upregulated. Therefore, there is only one downregulated

gene at E19 that is observed on in males.

There are 3 genes associated with mitochondrial function which demonstrate a change in
regulation pattern at E16 and E19. For example, TSC2 and EIF4a2 are downregulated, while
Ndufb10 is upregulated, at E16. However, at E19 the opposite is observed where TSC2 and
EIF4a2 are upregulated and Ndufb10 is downregulated at E19. As mentioned previously, this
shift in dysregulation can be due to an overcompensation during development, in an attempt for

the COX-2"- knockout mice to normalize the dysregulation seen at E16.
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In Figure 5, the interactions between each gene are also illustrated. It can be observed
that the genes which are primarily involved in the electron transport chain (ETC) are all
connected to each other. This is due to the fact that these genes interact with one another to help
transport electrons through the various complexes of the ETC. These genes are also connected to
genes outside of the ETC. Each of the ubiquinone genes which act upon the ETC also interact
with at least one other gene from outside the ETC. Also, Ndufb10 and Ndufa3 are connected to
ATP5e, but Ndufc2 is not. This suggest that Ndufb10 and Ndufa3 interact with genes further
down the ETC than Ndufc2. Also, since each ubiquinone gene connects to genes outside the
ETC, this indicates that genes from the ETC also interact with genes in the mitochondrial matrix.
This is interesting because this means that genes from the ETC can influence genes in the matrix,
which are also known to be connected to genes outside of the mitochondria, which can
potentially influence many other cellular processes and pathways. Therefore, the ETC complex
genes may not just be associated with the mitochondria. The localization of each gene is
demonstrated in Figure 5. This figure illustrates that the 8 genes associated with mitochondrial
function are localized in very distinct regions of the mitochondria. However, by comparing this
figure to Figure 4, it can be observed that the genes localized to separate areas of the
mitochondria, interact with genes in other parts of the mitochondria as well. Also, most of the
genes which are associated with secondary enzymes outside of the ETC are connected to one
other secondary enzyme gene and one gene localized in the ETC. However, EiF4a2 is the
exception to this rule, as it is connected to 2 secondary genes and no genes found within the

ETC.

Furthermore, in Figure 5, ASD-risk genes are identified with an asterisk. There are 4

ASD-risk genes, ATP5e, TSC2, Sdhc, and EiF3c, which are associated with mitochondrial
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function. Of the 4 risk genes, ATP5e, TSC2, and Sdhc are connected to one another. This may
suggest that these 3 genes may directly influence each other and dysregulations in one of these
genes may result in dysregulations in the other two, which can lead to ASD. However, although
EiF3c is not directly connected to the other ASD-risk genes, it may be indirectly connected to
the other 3. For instance, EiF3c is connected to EiF4a2, which is connected to Sdhc, which could

be the possible link between EiF3c and the other 3 ASD-risk genes.

Additionally, these 4 ASD-risk genes also show interesting dysregulations between E16
and E19 and both sexes. For instance, at E16 3 of the 4 ASD-risk genes are seen to be
dysregulated with 2 of them being upregulated. At E19, 2 ASD-risk genes are differentially
expressed, both of which are upregulated. Sdhc, EiF3c and ATP5e are all upregulated in females
either at E16 or E19. However, TSC2 is downregulated at E16 and upregulated at E19, in males.
These are fascinating observations because these trends can indicate that the sex bias associated
with these genes can be linked to the sex difference observed with ASD. Finally, since there is a
shift in the dysregulation of TSC2 between both stages, TSC2 may contribute to ASD in multiple
ways, since the shift in dysregulation can alter pathways which the gene is involved in, at E16
and then at E19, in multiple ways that can lead to ASD. This indicates that TSC2 is a gene which

must be carefully regulated because any dysregulation can have severe effects.

Therefore, interesting trends were observed among the differentially expressed genes
associated with mitochondrial dysfunction. For starters, since all the genes in this category were
found to be differentially expressed in the microarray data, this may indicate that the COX2-
PGE: signalling pathway plays a crucial role in mitochondrial function. Furthermore, seeing as
there were more genes differentially expressed in females, this can indicate a sex bias in the

differential gene expression among genes associated with mitochondrial function.
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Figure 5. Comparison and localization of differential gene expression for genes associated
with mitochondrial function from the microarray analysis of COX-2"7- mice at E16 and

E19. The expression of genes associated with mitochondrial function were determined using data
from the microarray analysis of COX-2"- male and female mice. Differential gene expression in
males is depicted by blue triangles, whereas red triangles indicate female dysregulations. Upward
facing triangles are representative of upregulations of the specific gene and downward facing
triangles represent downregulations. Differential gene expression at Embryonic day 16 (E16) is
shown on the left of the figure and differential expression at embryonic day 19 (E19) is shown
on the right. ASD-risk genes are identified by an asterisk. The localization of the gene expression
is shown by rectangles. Localization was determined using DAVID bioinformatics. The red
rectangle outlines genes involved with the electron transport chain (ETC) and mitochondrial
membrane potential. The green rectangle shows genes which play a role in ATP synthesis. The
blue rectangle highlights genes which are secondary enzymes found in the mitochondrial matrix
that act upon the ETC. Lines are used to connect genes which play a role in similar pathways.
These interactions were generated using GeneMania.
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4.1.3- Analysis of the interaction of genes associated with inflammatory responses, using
interaction plots generated with Cytoscape, for COX-2"- knockout mice

Literature has shown many connections between ASD and abnormal inflammatory
responses. Many aspects of abnormal immune response, such as irregular cytokine and
microglial activation, are also observed in individuals with neurological disorders like ASD and
Alzheimer’s disorder (Elias et al., 2015). Inflammatory responses can be altered due to abnormal
gene expression, therefore it is worthwhile to investigate if abnormal COX2-PGE: signalling can

result in the differential gene expression of inflammatory response genes.

Following the COX-2"- knockout mice microarray analysis, 2 genes were identified to be
associated with inflammatory responses (NFiB and TGFRBZ2), using various literature and

DAVID Bioinformatics (https://david.ncifcrf.gov). Both of these genes were found to be

upregulated at E16, but normally regulated at E19, compared to the WT mice. Genes were then
analyzed using the Cytoscape GeneMania plugin (GeneMania.org). This plugin was used to find
other genes which are associated with similar processes and pathways as the inflammatory
response genes found from the microarray analysis. The interactions were determined by the
software based on the similar pathways and biological processes the genes are involved in. These

interactions are illustrated in Figure 6.

In Figure 6, it can be observed that there were no genes dysregulated in females however,
the two genes dysregulated in males are identified by blue triangles. Upward facing triangles
symbolize an upregulation of the gene expression, whereas downward facing triangles represent
a downregulation. There were no downregulated genes to report. Differential gene expression

was determined by comparing expression from COX-2" animals and wild-type animals. Grey
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ovals indicate that the gene was not listed as differentially expressed from the microarray
analysis, but using GeneMania, a connection between genes in ovals and the genes we found in
the microarray data, was observed. Genes listed were not found to be differentially expressed at
E19 in the microarray analysis. ASD-risk genes are identified with an asterisk. Lines connecting

genes indicate that both genes play roles in similar pathways.

From the microarray analysis, 2 genes were found to be associated with inflammatory
responses, NFiB and TGFRB2. Using Cytoscape, 6 other genes, TSC1, PrkcB, NFiX, Acvrl,
TGFBR1 and Trp53, were identified to be connected with the 2 genes from the microarray data,
which are also involved in inflammatory responses. This association was determined based on if
the genes connected are involved in pathways involved in other biological responses. TGFBR2
and NFiB were identified using the microarray analysis to be upregulated in males at E16. These
genes are upregulated by a fold change of 1.61 and 1.54, respectively. However, at E19, these
genes are no longer differentially expressed. This indicates that there may be a shift in which
genes are functionally needed at each specific stage, thus altering the gene expression between
E16 and E19. Alternatively, it is also possible that there is a compensatory mechanism which
occurs after E16 to allow both these genes to adjust their regulation back to similar values as the

WT mice.

In Figure 6, it is evident that many of the genes are interconnected due to connections
being highlighted between each gene and multiple others, all of which are involved in similar
aspects of the inflammatory response. For example, Trp53, TGFBR1, and Acrv1l are connected to
4 other genes, whereas genes like NFiB and TGFBR2 are connected to 7 and 6 genes
respectively. TSC1 has connections to PrKcB, TGFBR1, Trp53, NFiB, and TGFBR2. PrKcB has

connections to TSC1, Acrvl, TGFBR1, and Trp53. Acrvl is connected to PrKcB, NFiB, and
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TGFBR2. TGFBRL1 is connected to TSC1, PrKcB, NFiB, and TGFBR1. Trp53 is connected to
PrKcB, TSC1, NFiB and TGFBR1. TGFBR2 is connected to all the genes except NFiX, whereas
NFiB is connected to all of the other 6 genes. This illustrates that all of the genes listed in Figure
6 are connected to several other genes which are involved in inflammatory responses, indicating
that these genes can play multiple roles in pathways involved in inflammatory responses. The
exception is NFiX, which is only connected to NFiB. This suggests that NFiB and NFix work in a
very specific manner to contribute to inflammatory responses. Due to the fact that a majority of
the genes involved in the inflammatory responses are connected to each other, this could suggest
that these genes contribute to similar processes and they could possibly influence the expression

of each other along specific pathways.

Although only TGFBR2 and NFiB were observed to be differentially expressed in the
COX-2"- knockout mice microarray, 5 of the 8 genes depicted in Figure 6 are ASD-risk genes,
including the 2 from the microarray data. These genes are TGFBR2, NFiB, TSC1, PrKcB, and
TGFBRL. Interestingly, each of these ASD-risk genes interact with each other. This can be an
indication that these genes may influence one another directly and may result in ASD. This
means that there is the possibility that a dysregulation in one gene, can lead to dysregulations in
others, leading to a higher risk of ASD. For example, TGFBR2 and NFiB are associated with
upregulations in males at an early stage. This may lead to changes in the inflammatory pathway
which can alter the regulation of the other 3 ASD-risk genes. It is also worth noting that the
dysregulations seen in TGFBR2 and NFiB were only observed in males. This is important
because it is known that ASD has a higher prevalence in males, so these observations made from

the microarray data could support this.
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Figure 6. Interaction of gene expression for genes associated with inflammatory responses
based on differential gene expression determined from the microarray analysis of COX-2"
mice at E16. The genes found in the whole genome microarray study for the COX-27-model,
which were linked to various inflammatory responses at E16, were used to create interaction
networks, using GeneMania. Genes dysregulated in females are identified with a red triangle and
genes dysregulated in males are identified by blue triangles. Upward facing triangles symbolize
an upregulation of the gene expression, whereas downward facing triangles represent a
downregulation. Differential gene expression was determined by comparing expression from
COX-2" animals and wild-type animals. Grey ovals indicate that the gene was not listed as
differentially expressed from the microarray analysis. Genes listed were not found to be
differentially expressed at E19 in the microarray analysis. ASD-risk genes are identified with an
asterisk. Lines connecting genes indicate that both genes play roles in similar pathways.
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4.1.4- Analysis of the interaction of genes associated with synaptic plasticity, using interaction
plots generated with Cytoscape, for COX-2-/- knockout mice

There has been a lot of research connecting ASD and synaptic plasticity. There has been
ample evidence to indicate that there are abnormalities in synaptic plasticity in individuals with
ASD (Kelleher and Bear, 2005). Many genes can influence synaptic connectivity and the degree
of synaptic plasticity which occurs in the brain. Therefore, investigating if a COX2-PGE>
signalling deficit can alter the expression of genes associated with synaptic plasticity, could

provide insight into how abnormal PGE: signalling can contribute to ASD.

Following the COX-27- knockout mice microarray analysis, genes were identified to be
associated with synaptic plasticity using various literature and DAVID Bioinformatics

(https://david.ncifcrf.gov). The two genes identified using the microarray analysis were MEFC2

and GRIiA2. These genes were then analyzed using the Cytoscape GeneMania plugin
(GeneMania.org). This plugin was used to find other genes which are associated with similar
processes and pathways as the synaptic plasticity genes found from the microarray analysis. The
interactions were determined by the software based on similarities in the pathways and biological

processes the genes are involved in. These interactions are illustrated in Figure 7.

In Figure 7, it can be observed that genes dysregulated in females are identified with a
red triangle and genes dysregulated in males are identified by blue triangles. Upward facing
triangles symbolize an upregulation of the gene expression, whereas downward facing triangles
represent a downregulation. Grey ovals indicate that the gene was not listed as differentially
expressed from the microarray analysis, but through the use of GeneMania a connection was
found between the genes in the ovals and genes from the microarray analysis, based on their role

in synaptic plasticity. Genes listed were not found to be differentially expressed at E19 in the
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microarray analysis. ASD-risk genes are identified with an asterisk. Lines connecting genes

indicate that both genes play roles in similar pathways.

From the microarray analysis 2 genes, MEFC2 and GRiA2, were found to be associated
with synaptic plasticity. Using Cytoscape, 4 other genes, FmR1, Grin2b, cyfipl and EiF4e, were
identified to be associated with MEFC2 and GRiA2, which are also involved in synaptic
plasticity. MEFC2 was identified using the microarray analysis to be downregulated in males at
E16, whereas GRiA2 was identified to be downregulated in females at E16. The fold change for
these genes were 2.96 and 3.14, respectively. However, at E19, these genes are no longer
differentially expressed compared to the WT mice. This indicates that there is a possible
compensatory mechanism which occurs after E16 to allow both these genes to adjust their

regulation back to similar values as the WT mice.

From Figure 7, it can be observed that GRIA2 is connected to most of the other genes
except for EiF4e. This means that GRiIA2 is involved in many pathways and its regulation can
also influence other genes. FmR1 and Grin2b are connected to 3 other genes, whereas as Cyfipl
and MEFC2 are connected to just 2 other genes. GRiA2 is connected to MEFC2, Grin2b, FmR1,
and cyfipl. MEFC2 is connected to GRiA2 and Grin2b. FmRL1 is connected to GRiA2, Grin2b,
and cyfipl. Grin2b is connected to MEFC2, FmR1 and GRIiA2. Cyfipl is connected to GRIiA2,
FmR1 and EiF4e. Interestingly, EiF4e is only connected to Cyfipl, suggesting that it is involved
in a very specific manner to synaptic plasticity. These interactions between the genes provide
insight into the potential mechanisms the interconnected genes may be a part of, which can

influence synaptic plasticity within neuronal cells.

Furthermore, it is important to note that all of the genes associated with synaptic

plasticity are also ASD-risk genes. This further points to ASD being associated with
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abnormalities in synaptic plasticity and even learning and memory deficits. Also, since MEFC2
and GRIiA2 were determined to be downregulated (fold change of 2.96 and 3.14, respectively) at
E16 and not at E19, this indicate that the downregulation at E16 could have lasting detrimental
effects in terms of neurogenesis, which may lead to ASD and other neurological disorders.
Furthermore, since not all of the ASD-risk genes are directly connected to each other, this could
suggest that there are multiple ways in which ASD can arise from disruptions among these

synaptic plasticity genes.
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Figure 7. Interaction of gene expression for genes associated with synaptic plasticity based
on differential gene expression determined from the microarray analysis of COX-2" mice
at E16. The genes found in the whole genome microarray study for the COX-2"-model which
were linked to synaptic plasticity at E16, were used to create interaction networks, using
GeneMania. Genes dysregulated in females are identified with a red triangle and genes
dysregulated in males are identified by blue triangles. Upward facing triangles symbolize an
upregulation of the gene expression, whereas downward facing triangles represent a
downregulation. Differential gene expression was determined by comparing expression from
COX-2" mice and wild-type mice. Grey ovals indicate that the gene was not listed as
differentially expressed from the microarray analysis. Genes listed were not found to be
differentially expressed at E19 in the microarray analysis. ASD-risk genes are identified with an
asterisk. Lines connecting genes indicate that both genes play roles in similar pathways.
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4.1.5- Analysis of the interaction between genes associated with mitochondrial function,
inflammatory responses and synaptic plasticity, generated with Cytoscape, for COX-2-/-
knockout mice

There are many genes which have been identified to be associated with mitochondrial
function, inflammatory responses, and synaptic plasticity. However, many of these genes could
also be connected to genes which are primarily involved in different functions. This would
indicate that many of the dysregulated genes identified above could also influence other
functions, which are characteristic of ASD and other neurological disorders. This would provide
evidence that many of these dysregulated genes could contribute to neurological disorders in

multiple ways.

Once the interaction between genes from the mitochondrial function, inflammatory
response and synaptic plasticity groups were evaluated separately (above), my goal was to
evaluate whether there were genes within each group that interact with genes from other groups.
This evaluation was done by inputting the 22 genes outlined above, into Cytoscape’s GeneMania
to generate an interaction plot containing all genes from each functional. This interaction plot is

demonstrated in Figure 8.

The purpose of this analysis was to determine if genes from one group (mitochondrial
function, inflammatory response or synaptic plasticity) interacted with genes from another group.
This is of interest because it could provide insight into the other functions of these genes, which
can have lasting impacts on the brain and lead to neurological disorders, not just based on
abnormalities to mitochondrial function, inflammatory responses and synaptic plasticity. This
analysis provides insight into the many other pathways in which the 22 genes listed in Figure 8

can play a role in. This will later be outlined in the discussion.
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In Figure 8, the genes in the red ovals are associated with mitochondrial function,
whereas genes in the yellow ovals are associated with inflammatory response and genes in the
purple ovals are involved in synaptic plasticity. Genes that were identified to be interconnected

with another gene from a different functional group are connected with a black line.

In Table 2, the number of genes from each group which are connected to genes from
another group are depicted. Many genes from each group are connected to genes from both of
the other groups, whereas some genes from a given group are not connected to genes from any
other group. This is the reason why the genes listed in each column do not add up to the number
of genes in total. The purpose of this table is to further convey the data illustrated in Figure 8, by

providing a count of the exact number of group-to-group gene interactions.

Interestingly, many genes interact with genes from other groups. The number of
interactions between each group is highlighted in Table 2. It can be observed that there are 21
gene connections between the three different groups. For example, of the genes associated with
mitochondrial function, ATP5e, Ndufb10, Sdhc, EiF4ac and TSC2 are connected to genes from
the inflammatory response group. Furthermore, TSC2 and EiF4aC are connected to genes in the
synaptic plasticity group. Therefore, from the mitochondrial function group of genes, 5 genes are
connected to genes from the inflammatory response group and 2 genes are connected to genes
from the synaptic plasticity group. This means that 5 of the 8 mitochondrial function genes are

connected to genes from other groups.

In the case of the inflammatory response genes, TGFBR1, Acvrl, NFiX, TSC1 and PrKcB
are connected to several genes in the mitochondrial function group, whereas TGFBR2, Trp53,
TGFBR1, and Acvrl are connected to genes from the synaptic plasticity group of genes.

Therefore, 5 genes are connected to mitochondrial function genes and 4 are connected to
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synaptic plasticity. As depicted in Figure 8, 5 genes are connected to genes from just one other
group and 2 genes are connected to genes from both other groups. Therefore, out of the 8

inflammatory genes, 7 are connected to genes from the other groups.

Finally, for the genes involved in synaptic plasticity, Fmrl, Grin2b, EiF4e, GRiA2, and
MEFC2 are connected to genes from the mitochondrial function group, whereas Fmrl, GRiA2
and MEFC2 are connected to several genes from the inflammatory response group of genes. This
indicates that 5 genes are connected to those in the mitochondrial function group and 3 are
connected to the inflammatory response group. More specifically, Figure 8 illustrates that 2 of
these genes are connected to genes from one group, whereas 3 are connected to genes from both
other groups. Therefore, 5 out of the 6 synaptic plasticity genes are associated with genes from

the mitochondrial function and/or synaptic plasticity group.

Based on the data outlined in Figure 8 and Table 2, it has been observed that 17 of the 22
genes involved in this study are connected to several genes from other groups. These genes are,
ATP5e, Ndufb10, Sdhc, EiF4aC, TSC2, TGFBR1, Acvrl, NFiX, TSC1, PrKcB, TGFBR2, Trp53,
Fmrl, Grin2b, EiF4e, GRiA2, and MEFC2. From this data, it can be suggested that many of the
genes generated from the microarray analysis and GeneMania, are connected to multiple
pathways and they can contribute to down or upstream effects on several mechanisms. For
example, some of the interconnections outlined in Figure 8 have been involved in many
pathways such as the PKA, mTOR, MAPK, AKT and ERK signalling pathways. Some specific
gene interactions which contribute to these pathways will be further elaborated on in the

discussion.
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Figure 8. Gene interaction plot generated using GeneMania for all genes found to be
associated with mitochondrial function, inflammatory response and synaptic plasticity,
based on genes found to be differentially expressed in microarray analysis of COX-27- mice
at E16 and E19. An interaction plot was generated for all the genes previously found to be
associated with mitochondrial function, inflammatory response and synaptic plasticity. Using
GeneMania all the interactions between genes from the three functional groups were identified.
Genes in a red oval are associated with mitochondrial function, whereas genes in a yellow oval
are associated with inflammatory response and genes in a purple oval are involved in synaptic
plasticity. Genes interconnected with another gene from a different functional group are

connected with a black line. Genes highlighted with asterisks represent ASD-risk genes.
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Table 2. Count of the number of genes associated with genes from another functional group
based on interaction plots generated with GeneMania. The number of genes which are
connected to a gene from a different functional group. The total number of genes affected in each
functional group is noted, then the number of these affected genes which are connected to
another gene from a different functional group is also noted. The interaction plot from
GeneMania was used to perform the count (Figure 8). Some of the genes are connected to no

other functional group, whereas some are connected to one other functional group or both.

Functional Total # of # Related to # of genes # of genes
group affected genes mitochondrial ~ connected to connected to
per group function Inflammatory Synaptic
Responses Plasticity
Mitochondrial 8 - 5 2
Function (See Figure 5)
Inflammatory 8 5 - 4

Response (See Figure 6)
Synaptic 6 5 3 -

Plasticity (See Figure 7)
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4.1.5- Analysis of gene properties and associated pathologies for genes gathered from the COX-
2-/- knockout mice microarray analysis and bioinformatics analysis

Following the completion of the GeneMania analysis, and once the 22 genes (Ndufa3,
Ndufa2, Ndufb10, ATP5e, Sdhc, EiF3c, EiF4aC, TSC2, TGFBRL1, Acvrl, NFiB, NFiX, TSC1,
PrKcB, TGFBR2, Trp53, Fmrl, Grin2b, EiF4e, GRIA2, cyfipl and MEF2) were gathered from
the previous analysis shown in Figures 5-7, DAVID Bioinformatics software program was used
once again. This program combined with the KEGG plugin was used to determine the official
gene name of each gene, the human cytoband, the biological processes associated with the gene
and gene ontology, as well as diseases associated with each gene. After this, all the genes which
were determined to be connected to ASD were investigated on the Autism Database website and
the number of publications connecting each ASD-risk gene to ASD, was noted. All of this

information is depicted in Table 3.

From Table 3 it can be seen that of the 22 genes investigated, 17 of them are associated
with ASD. However, all the genes investigated play a role in various neurological disorders.
Some of these include, Cowden’s syndrome, Leigh’s syndrome, Noonan syndrome 6, Soto
syndrome, Marfan’s syndrome and Fraumeni syndrome. These syndromes have been connected

to neurological disorders and disruptions in the development of a healthy nervous system.

There were many other neurological disorders which were related to dysregulations in the
genes listed in Table 3. These genes were colour coded in Table 3, to illustrate that many genes
were observed to play a role in the same neurological disorders, as genes from different
functional groups. For instance, many genes were linked to Alzheimer’s disease (AD),

Huntington’s disease (HD), Parkinson’s disease (PD), Schizophrenia disorder (SZCD),
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Amyotrophic lateral sclerosis (ALS), Fragile-X syndrome (FXS), Autism spectrum disorder
(ASD) and learning disabilities (LD). Interestingly, many of the genes associated with ASD are
also connected to LD and FXS. This is because these disorders are very closely For instance,
children with ASD are also known to have some type of LD. Another example is the connection
between FXS and ASD. Research has connected the genetic condition, FXS, with ASD. This is
because children who have been diagnosed with FXS are more likely to develop ASD (Devitt et

al., 2015).

Furthermore, it is possible that in many of the disorders mentioned above, the abnormal
biological processes result from dysregulations of the same genes. For example, the connection
between ASD and FXS syndrome is demonstrated in this study because in Figure 8, we seen that
there is a connection between several genes associated with FXS and those associated with ASD,
in fact some key genes associated with FXS are also known ASD-risk genes. These connections

will further be discussed.

Additionally, Table 3 provides some insight into some possible sex-biased gene
expressions. The 12 differentially regulated genes found belong to the similar biological
processes with 5 dysregulated in males (Ndufb10, TSC2, NfiB, TGFBR2, and MEFC2) and 7 in
females (Ndufc2, ATP5e, Sdhc, Eif3c, Eif4a2, and GriA2). There were no differentially
expressed genes in both males and females. This indicates that there is a sex-bias. However,
although different genes were dysregulated in each sex they belong to similar biological
processes and can potentially result in autism-related pathologies manifested differently in males

and females.

Furthermore, there are 10 genes identified in Table 3 to be associated with the 12 genes
identified from the microarray. The 10 genes are TSC1, PrkcB, Nfix, TGFBR1, Acvrl, Trp53,
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Fmrl, Grin2b, CyfiP1, and Eif4e, which are written in black in Table 3. These genes were
identified using Cytoscape to be connected to the genes identified to be dysregulated by the
microarray analysis, since these 10 genes also play roles in mitochondrial function, inflammatory
responses, and synaptic plasticity. Many of these genes have been noted to contribute to
biological processes by working alongside the genes identified by the microarray analysis. These

specific pathways will be discussed further.
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Table 3. Gene information gathered from DAVID Bioinformatics and the Autism Database
(AutDB) for all the genes found to be associated with mitochondrial function, inflammatory
response and synaptic plasticity, based on differentially expressed genes in the COX-2"
microarray analysis. DAVID Bioinformatics was used to gather the gene name, human
cytoband, biological function, and associated diseases for each of the genes previously
determined to be associate with mitochondrial function, inflammatory response and synaptic
plasticity. These observations are based on the microarray analysis. Many neurological disorders
were observed to be related to the genes such as Alzheimer’s disease (/1), Huntington’s disease
(HD), Parkinson’s disease (), Schizophrenia disorder (SZCD), Amyotrophic lateral sclerosis
(ALS), Fragile-X syndrome (FXS), Autism spectrum disorder (ASD) and learning disabilities
(LD). These disorders were colour coded to display similarities between the genes. All ASD-risk
genes are underlined and the number of publications found for each ASD-risk gene using the
AutDB was noted as well. Genes written in blue were observed to be dysregulated in males, and
genes written in red were observed to be dysregulated in females. Genes written in black were
identified using Cytoscape to be associated with the genes identified by the microarray analysis

and to also play a role in mitochondrial function, inflammatory responses, or synaptic plasticity.

Gene GeneName Human DAVID Diseases # of
cytoband Biological associated publications
Process with gene on AutDB
Ndufa3 NADH: 19913.42 -Oxidation- , PD, HD, -
ubiquinone reduction SCzD
oxidoreductase (GO:0005739)
subunit A3
Ndufc2 NADH: 11q14.1 -Oxidation- , PD, HD -
ubiquinone reduction,
oxidoreductase -mitochondrial
subunit C2 electron
transport
(GO:0005739)
Ndufb10 NADH: 16p13.3 -Oxidation- , PD, HD -
ubiquinone reduction
oxidoreductase (GO:0005739)
subunit B10
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ATP5e

Sdhc

Eif3c

Ei4fa2

TSC2

TSC1

PrkcB

TGFRB2

ATP Synthase
Epsilon Chain
E

Succinate
Dehydrogenase
Complex
Subunit C
Eukaryotic
Translation
Initiation
Factor 3
Subunit C
Eukaryotic
Translation
Initiation
Factor 4
Subunit A2
Tuberous
Sclerosis 2
Protein

Tuberous
Sclerosis 1
Protein

Protein Kinase
C Beta

Nuclear Factor
IX- Type

Nuclear Factor
IB- Type

Transforming
Growth Factor
B Receptor 2

20013.32

1923.3

16p11.2

3027.3

16p3.3

9q34.13

16p12.7

19p13.13

9P23.3

3p24.1

-ATP synthesis,
-Proton
transport
(G0O:0000275)
-Oxidative
phosphorylation
(GO: 0005739)

RNA transport
(GO: 0005737)

MRNA binding
and initiation
(GO: 0005737)

-Whnt signalling,
-TOR
regulation
(GO: 0005639)
-mTOR
signalling(GO:
0005639)

-NFkB
signalling, -
transport, -
Calcium
signalling (GO:
005737)
-DNA
transcription,
-translation
(GO: 0005634)
-Neuron axon
guidance,
-neural cell
differentiation
(GO: 0005634)
-MAPKK
cascade,
-cytokine
interaction
(GO:0005737)

, 7D, HD,
Leigh
syndrome.
ASD
LD, ASD,
Cowden’s
Syndrome

HD,ASD

1 1 ASD,
Noonan
Syndrome 6

ASD,SCZD.LD

, LD, ASD,
Cerebral
Cortical
Dysplasia

,ASD, LD

ASD,PD, Soto
Syndrome

ASD,PD,
Macrocephaly

ASD, Marfan’s
Syndrome

83

36

17
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TGFBR1

Acvrl

Trp53

MEF2C

GriA2

FmR1

Grin2b

CyfiP1

Eif4e

Transforming
Growth Factor
B Receptor 1

Activin A
Receptor Type
1
Tumor protein
53

Myocyte
Enhancer
Factor 2C

Glutamate
Receptor
lonotropic
AMPA Type 2
FMRP
Translational
Regulator 1

Glutamate
Receptor
lonotropic
NMDA Type
2B
Cytoplasmic
FMR1
Interacting
Protein 1
Eukaryotic
Translation
Initiation
Factor 4E

9922.33

2q24.1

17p13.1

5q14.3

4932.1

Xq27.3

2pl3.1

15q11.2

4923

-MAPKK
cascade,
-cytokine
interation
(G0O:0005886)
-Ligand
Binding
(G0O:0005886)
-Tumor
surpression,
-apoptosis
(GO:0005634)
-Regulation of
synaptic
plasticity,
-MAPK
cascade,
-transcription
(GO:0005737)
-Regulation of
long term
potentiation
(G0O:0005886)
-Regulation of
dendritic spine
development
(GO:0005634)
-Neuroactive
ligand
interaction,
-Nitric oxide
signalling
Translation
repression
(GO:0005773)

-Translation
regulation
(G0O:0005737)

ASD, Marfan’s
Syndrome

HD, Brainstem
Cancer

SZCD, Li-
Fraumeni
Syndrome,
Cancer
ASD,
L.D,Cancer

SCZD,AD,HD,
, FXS, ASD,
ALS

FXS, LD

ALS, HD,
ADHD,SCZD,
ASD

FXS, ASD,
SCZD

ASD, FXS

60

33

35

167
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4.2 Study 2: The effects of PGE2 on the production of superoxide anion and nitric oxide,
in neuronal cells, as an indication of the effects of PGE, on ROS production.

4.2.1 Fluorescence intensity measurement resulting from superoxide production in four
conditions of differentiated NE4C cells, detected using MitoSox Red.

Superoxide was detected using MitoSox Red (Thermo Fisher Scientific), in differentiated
NE-4C cells. In the following experiments, four different conditions were tested to see how
fluorescence intensity (FI) changes based on treatment. The four treatments are, the untreated
cells (negative control), 1uM PGE, 10uM PGE:2 and H20: (positive control). Before imaging
was conducted, cells were incubated with PGE> (30 minutes) or H.O> (1 hour), along with
MitoSox Red (the last 30 minutes before imaging). Following this, the dye was washed from the
cells using PBS, and imaging occurred while the cells were coated with 3mL of PBS.

Fluorescence was detected at 510nm, with images being taken every 30 seconds for 2 hours.

As seen in Figure 9, there are suspected difference between the treatments. It is observed
that the treatments have similar levels of fluorescence for the first 40 minutes of imaging, but
after this point there are significant deviations between the amounts of fluorescence seen

between the treatments and the trends each plot follows.

Looking at Figure 9, we can observe several trends in how each treatment altered the FI of
MitoSox Red. For instance, it was observed that untreated cells have the lowest amount of
average fluorescence. . In this study we used arbitrary units per minute (a.u/min) to quantify
fluorescence, as in previous literature with MitoSox Red also applied in cell cultures (Ghanian et
al., 2018). The untreated control cells show a gradual increase in superoxide production during
the first 60 minutes, then a peak FI of 980 (a.u/min), followed by a decrease to the basal level at

120 minutes of 687 a.u/min. Next, 1uM PGE: shows a steady increase in FI, where the intensity
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steadily increases to a maximum FI of 1035 a.u/min at 85 minutes and reaches a plateau for the
remaining time. The 10uM PGE:; treatment has an increased amount of fluorescence compared
to the untreated cells. For the 10uM PGE: treated cells, a gradual increase of FI to a maximum of
1465 a.u/min after 2 hour of imaging was observed. HO, was used as a positive control for
detection of superoxide with the MitoSox Red dye with a FI of 2385 a.u/min after 2 hours of

imaging, which appeared to still be increasing after the 2 hours.

If we compare the maximum FI values for each PGE> treatments with the untreated control,
we observed that the 10uM PGE: treatment had a much higher maximum FI (1465 a.u/min after
2 hour) than the 1uM PGE: treatment (1035 a.u/min at 85 minutes). This suggest that there are
differences in the mechanism which the different concentrations of PGE> may cause. For
example, these observations suggest that the affinity and activation of EP receptors differs
between 1uM and 10 uM PGE>. Based on these results, it seems that the 10 uM PGE: treatment
activates the EP receptors longer than the 1uM PGE: treatment, since the 10 uM PGE> treatment
continues to generate superoxide, much longer than the lower dose of PGE>. This indicates that
1uM PGE: likely deactivates the EP receptor activity sooner than a higher concentration. This

alludes to a dose-dependent effect between 1uM and 10 uM PGEx-.

The data illustrated in Figure 9 shows that treatment with PGE> on differentiated NE-4C cells
results in the production of superoxide anion in a dose-dependent manner. In order to determine

if these are significant differences between the treatments, statistical analysis will be conducted.

68



3000

2500

; 2000 W —@— Untreated
(]
> gﬂﬂ‘rugJ-L'-J""'L —8—PGE2 1uM
% PGE2 10uM
g
£ 1500 H202
3 n= 80
c
Q
[8)
wv
o
S 1000
(N
500
0
0 20 40 60 80 100 120 140

Treatment time (minutes)

Figure 9. Average production of superoxide anion from the mitochondria of neuronal
cells using MitoSox Red dye. Data presented is the average fluorescence (n=80) for four
different treatments with SEM bars. Cells were treated with 1 or 10uM of PGE: for 30
minutes, H>O for 1 hour, or left untreated. The fluorescence represents the amount of
superoxide generated within the mitochondria of the cells, followed by 30 minutes of
incubation with the dye. There is no dye left on the plate when imaging occurs, therefore

fluorescence does not begin at 0 arbitrary units (a.u/min).
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4.2.2 Analysis of concentration of superoxide produced in differentiated NE-4C cells, detected
using MitoSox Red

Randomize block analysis was conducted to test whether PGE> increases the production of
superoxide anion, in a dose-dependent manner. Following the fluorescence microscopy used to
detect superoxide production, a randomized block analysis was run to determine if there was a
significant difference in the amount of superoxide produced between the four different
treatments. This was done by finding the maximum point of fluorescence for each of the 80 cells
measured per condition. The 80 values were then averaged, to give the average maximum
fluorescence per treatment. This is a different value from the one mentioned above, as the values
in Figure 4, were collected from averaging all of the FI values of the 80 cells (80 FI values were
averaged per each of the 240 images taken) per treatment, whereas the values used for the
randomized block test, only use the maximum FI for each cell imaged (the maximum FI value
for each of the 80 cells was averaged, at any time point where that maximum occurred). From
here, a randomized block design was used along with a Tukey’s post hoc, to determine if there
was any significant difference between treatments. This is demonstrated in Figure 10.
Representative fluorescent images from untreated cells and 10uM PGE: treated cells are shown

in Figure 10A

Following imaging, statistical analysis was done to determine if there was a significant
difference in fluorescence as a representation of superoxide concentration, between the
treatments. Significance was determined based on the average maximum fluorescence (Figure
10B). Based on the randomized block design and Tukey’s post hoc, it was determined that the
maximum FI from the 1uM PGEz and 10uM PGE: treated cells was significantly higher than the

basal level in the untreated control (p<0.001 in both cases). The maximum FI for 1uM PGE> was
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983 a.u/min, whereas the maximum FI for 10uM PGE: was 1446 a.u/min. There was also a
significant difference in superoxide concentration between 1uM PGE: and 10uM PGE: treated
cells (p<0.001). Also, it was noted that H.O (control), showed a significant difference compared

to the untreated cells (p<0.001).

Based on these results, it can be concluded that the two PGE; treatments did significantly
altered the concentration of superoxide produced. Furthermore, there was a significant difference
between the amount of superoxide produced following treatment with 1uM or 10uM of PGE>

indicating that there is dose-dependent affect in the amount of superoxide produced due to PGE-.
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Figure 10. Superoxide production in response to PGE: treatment detected using MitoSox
Red from the mitochondria of differentiated NE-4C cells. Fluorescence images taken of
untreated cells after 30 minutes incubation with 5uM MitoSox Red dye (top). Images taken of
cell treated with 10uM PGE; and 5uM MitoSox Red for 30 minutes, which was then washed and
removed with PBS before imaging. Both images were taken after one hour of imaging using the
TRITC filter. B. Oz production was measured using time-lapse microscopy. After treating the
cells with either H20> for 1 hour, 1uM or 10uM PGE:> for 30 minutes, cells were imaged with the
MitoSox Red fluorescent dye for 1 hour. Data represented is the mean of the maximum
(maximum FI obtained from 80 cells from 3 independent biological replicates, therefore n=80)
fluorescence for each condition from three independent experiments with SEM bars. The
statistical significance was determined using a randomized block test, followed by Tukey’s post

hoc comparison. ***P<0.001.
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4.2.3 Analysis of kinetic rate of superoxide production in differentiated NE-4C cells, detected
using MitoSox Red

The kinetic rate of superoxide production was determined as a ratio between fluorescence
and time. Following the analysis of the concentration of superoxide production, mentioned in the
previous section, the kinetic rate was determined for each treatment. This was done by
identifying the point of inflection of each plot generated from the intensity of fluorescence over
time. From there, the maximum slope of each plot was found. This maximum slope is the kinetic
rate of each plot. The kinetic rate is a quantity which is used to indicate a ratio of how much
superoxide is being generated per minute. The rate was found for each of the three replicates per
each treatment, which were then averaged, in order to give an average rate for each treatment.
This information was used to determine how much superoxide is being generated per minute,

which can be useful for future studies.

Following the concentration analysis, kinetic rates were determined by finding the point of
infection for each treatment, then the slope (as mentioned above). As seen in Table 4, the 10uM
PGE:2 treatment (18.90 a.u/min) was seen to have the highest kinetic rate, followed by the 1uM
PGE: treatment (13.87 a.u/min), and then the untreated cells (11.71 a.u/min). Since the rate is a
ratio between the amount of superoxide produced and time, a higher kinetic rate value indicates

that more superoxide is produced in a shorter time.

Based on the values in Table 4, unpaired T-test were conducted to determine if there is a
significant difference in the kinetic rate of each treatment. Comparing the untreated cells and the
1uM PGE> treatment (11.71 a.u/min and 13.87 a.u/min), there is a significant difference in the
kinetic rate of the untreated cells and 1uM PGE: treatment (T= 2.935, P<0.004). Following this,

there was a comparison made between the untreated cells and 10uM PGE: treatment (11.71
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a.u/min and 18.90 a.u/min). It was determined that there is a significant difference in the kinetic
rate of the untreated cells and 10 uM PGE: treated cells (T= 12.63, P<0.001) Also, when
comparing the kinetic rate of both treatments of PGE», it was seen that there is a significant
difference in the kinetic rate between the 10uM PGE: treatment and the 1uM PGE: treatment

(T=6.082, p<0.001). These findings are illustrated in Figure 11.

Therefore, the results indicate that as the concentration of PGE> increased, the rate of
superoxide production increased as well. This means that as the concentration of PGE; increased,
the amount of superoxide which was produced over time, also increased in a shorter time.
Therefore, the 10uM PGE: treated cells produced more superoxide faster than any other
treatment group. This also indicates that there is a dose-dependent effect in the rate by which

superoxide is produced, between the 1uM PGE: treated cells and 10uM PGE: treated cells.
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Table 4. Average kinetic rate of differentiated neuronal cells determined using MitoSox

Red dye. Kinetic rates were determined by finding the maximum slope from the plots of each

treatment. For each treatment, the kinetic rates from each of the 3 replicates was averaged (n=3).

The Kinetic rates represent the ratio of the intensity of fluorescence over time (a.u/min).

Untreated cells

1uM PGE>

10uM PGE>

Average kinetic rate

(a.u/min)

11.71

13.87

18.90
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Figure 11. Kinetic rates of superoxide production in response to the treatment with PGE2
using MitoSox Red. The average kinetic rate determined by finding the maximum slope for
each set of data collected from 3 replicates per treatment. Therefore n=3 for each treatment and
the statistical significance was determined using an unpaired two-sample T-test. ** P<0.004,
***P<(0.001.
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4.2.4 Significance of the results observed from superoxide detection

The results generated from the analysis of the concentration data using MitoSox Red
indicate that with the presence of PGE., there is increased production of superoxide generated in
the mitochondria. This is in line with previous literature in non-neuronal cells suggesting that
PGE> may play a role in producing ROS (Kosuge et al., 2020). However, our study shows this
correlation in neuronal cells for the first time. Furthermore, since there was a significant
difference between the intensity of fluorescence between 1uM and 10uM PGE>, we can state that
different doses of PGE:> result in significantly varying degrees of ROS production, thus

indicating a dose-dependent effect.

Based on the data represented in Figure 11 and the significance determined using a two-
sample T-test, it was seen that there is a significant difference in the kinetic rates between each
treatment. There was a significant difference in the rate of superoxide production between the
untreated cells and the 10uM PGE: treated cells (P<0.001). There is also a significant difference
between the untreated cells and 1uM PGE: treated cells. This means that both treatments of
PGE: significantly increased the production of superoxide in a shorter time than the untreated
condition. Interestingly, it was also observed that the concentration of PGE; influences the rate in
a significantly different way, indicating that PGE2 works in a dose-dependent manner, where a

higher concentration of PGE> leads to more superoxide being produced faster.

78



4.2.5 Fluorescence intensity measurement resulting from nitric oxide production in four
conditions of differentiated NE4C cells, detected using DAF-2DA

Nitric oxide (NO) production was measured using time-lapse microscopy. DAF-2DA was
used as the dye to indicate NO production. Cells were treated with either LPS (positive control)
for 2 hours (AdipoGen Life Sciences), 1uM or 10uM PGE; for 30 minutes, or they were left
untreated (negative control). Following treatment with PGE; and incubation, DAF-2DA was
added to the cells and imaging commenced. Images were taken every 30 seconds for 45 minutes

at 515nm.

As seen in Figure 12, in all conditions there is a gradual increase in the production of NO
during the first 15 minutes of imaging. However, each treatment starts at a different fluorescence
intensity, since cells were not incubated with dye prior to imaging. Following the first 15
minutes of imaging, the FI begins to plateau for each treatment. The untreated cells show a
maximum FI of 800 a.u/min, whereas the 1uM PGE: treated cells have a maximum FI of
855a.u/min. 10uM PGE; treated cells demonstrate the highest amount of intensity, with a
maximum FI of 1345 a.u./min, which is higher than the positive control (LPS) that has a

maximum FI of 1130 a.u./min.

These observations from Figure 12 suggest that there may be significant differences in
NO production among many of the treatments. There seems to be great difference in the
maximum FI values from the plots, therefore statistical analysis must be conducted in order to

determine if these differences are significant.
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4.2.6 Analysis of concentration of nitric oxide produced in differentiated NE-4C cells, detected
using DAF-2DA

Following the fluorescence microscopy used to detect nitric oxide production, analysis
was done to determine if there was a significant difference in the amount of nitric oxide
produced between the four different treatments. Analysis was conducted by first finding the
maximum point of fluorescence for each of the 45 cells measured per condition. The 45 values
were then averaged, to give the average maximum fluorescence per treatment. From there, a
randomized block design was used along with a Tukey’s post hoc, to determine if there was any

significant difference from treatment to treatment. This is demonstrated in Figure 13.

From Figure 13, it is illustrated that the maximum FI for untreated cells is 689 a.u/min,
which is not significantly different from 1uM PGE: treated cells, which had a maximum FI of
791 a.u/min (p<0.001). The maximum FI for the 10uM PGE: treated cells is 1258 a.u/min, which
is significantly different from the untreated cells (p<0.001) and the 1uM PGE: treatment
(p<0.001). Also, it was noted that LPS (positive control) shows a significant difference compared

to the untreated cells (p<0.001).

It can be seen from Figure 13 that 10uM PGE: increased the amount of NO produced, as
the average maximum fluorescence increased over time. Also, there is a significant difference
between untreated cells and cells incubated with LPS, making LPS a suitable positive control.
Furthermore, there was not a significant difference between the untreated cells and those treated
with 1uM PGE.z. Additionally, there is a significant difference in the amount of NO produced
between 1uM PGE> and 10uM PGE-. This indicates that there is likely a dose-dependent effect

on NO production induced by PGE-.
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Figure 12. Average production of nitric oxide within the cytosol of differentiated

neuronal cells detected using DAF2-DA. Data presented is the average fluorescence (n=45)
for four different treatments. Cells were treated with 1 or 10uM of PGE> for 30 minutes, LPS
for 2 hours, or left untreated. The fluorescence represents the amount of NO generated within

the cell, while DAF-2DA is on the plate. Images were taken every 30 seconds for 45 minutes.
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Figure 13. Analysis of nitric oxide production detected within the cytosol of differentiated
neuronal cells using DAF-2DA. The data represents the average maximum fluorescence of 45
cells per each treatment, collected using DAF-2DA. A randomized block analysis followed by a
Tukey’s post hoc test was run, to determine if there was a significant difference, in the amount of
fluorescence, between the different treatments. There was shown to be a significant difference
between the untreated cells and 10uM PGE, and LPS (control). (p<0.001)
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4.1.7 Analysis of Kinetic rate of nitric oxide production in differentiated NE-4C cells, detected
using DAF-2DA

Following the analysis of the concentration of nitric oxide production, the kinetic rate
was determined for each treatment. This was done by identifying the point of inflection of each
plot and from there, the maximum slope of each plot was found. This maximum slope is the
kinetic rate of each plot. The rate was found for each of the three replicates per each treatment,
which were then averaged, in order to give an average rate for each treatment. This information
will be used to determine how much nitric oxide is being generated per minute and how each

treatment can alter this rate.

As seen in Table 5, the 10uM PGE:> treatment was seen to have the highest kinetic rate
(19.57 a.u/min), followed by the untreated cells (14.25 a.u/min), then the 1uM PGE_ treatment
(12.65 a.u/min) had the lowest kinetic rate. This would suggest that 10uM PGE2 produces more
nitric oxide faster than any of the other conditions. Interestingly, this would also suggest that

1uM PGE: generates nitric oxide slower than the untreated cells.

Once the Kkinetic rates were determined, an unpaired T-test was conducted in order to
determine if there is a significant difference in the rate at which nitric oxide is produced between
the treatments. These results are illustrated in Figure 14. Comparing the untreated cells and the
1uM PGE; treatment (14.24 a.u/min and 12.65 a.u/min, respectively), there is no significant
difference in the kinetic rate of the treatments. Following this, there was a comparison made
between the untreated cells and 10uM PGE: treatment (14.24 a.u/min and 19.57 a.u/min,
respectively). It was determined that there is a significant difference in the kinetic rate of the
untreated cells and the 10uM PGE: treatment (T= 4.132, P<0.001), Finally, when comparing the

1uM PGE; treatment and the 10uM PGE> treatment, it was determined that there was a
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significant difference in the rate of nitric oxide produced (T=6.091, P<0.001), there was no
significant difference in the amount of nitric oxide produced between the untreated cells and

1uM PGE:; treated cells.

These results indicate that as the concentration of PGE> increased, the amount of nitric
oxide which was produced over time, also increased, meaning that 10uM PGE: treated cells,
produced more nitric oxide faster than any other treatment group. Based on these results, it is
observed that untreated cells and 1uM PGE:; treated cells, generate nitric oxide at the same rate.
This also means that 10uM PGE: treated cells produce nitric oxide at a significantly different
rate than 1uM PGE: treated cells, resulting in a dose-dependent effect in the rate of nitric oxide

production.
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Table 5. Average kinetic rate of differentiated neuronal cells determined using DAF-2 DA

dye. Kinetic rates were determined by finding the maximum slope from the plots of each

treatment. For each treatment, the kinetic rates from each of the 3 replicates was averaged. The

kinetic rates represent the ratio of the intensity of fluorescence over time (a.u/min).

Untreated cells

1uM PGE;

10uM PGE2

Average kinetic rate

(a.u/min)

14.25

12.65

19.57
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Figure 14. Kinetic rates of nitric oxide production using DAF-2DA. The average Kinetic rate
determined by finding the maximum slope for each set of data collected from 3 replicates per
treatment. Therefore n=3 for each treatment and the statistical significance was determined using

an unpaired two-sample T-test. ****P<0.001.
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4.2.8 Significance of the results observed from nitric oxide detection

The results from the concentration analysis indicate that with the presence of PGE>, there
is increased production of nitric oxide generated in the cells. This is significant because with this
information we can conclude that PGE: plays a role in producing RNS. Also, since 10uM PGEx,
showed an increase in NO production, but 1uM PGE:> did not show any difference compared to
the untreated cells, we can assume that a higher dose of PGE: is needed for there to be an effect
on the cells. This higher dose of PGE: resulted in significantly increased levels of NO since there
was a significant difference between the intensity of fluorescence between 1uM and 10uM of

PGE>, thus indicating a dose-dependent effect in production.

This is further illustrated by the kinetic rate analysis, and the significance determined
using the unpaired two-sample T-test. It was seen that there is a significant difference in the
Kinetic rates between each treatment. There was a significant difference in the rate of nitic oxide
production between the untreated cells and the 10uM PGE: treated cells (P<0.001). However,
there is no significant difference in the rate of nitric oxide production between the 1uM PGE;
treated cells and the untreated cells. Another interesting observation is that there is a significant
difference in the rate of nitric oxide production between 10uM PGE:; treated cells and the 1uM
PGE: treated cells. This indicates that PGE2 works in a dose-dependent manner, where a higher
concentration of PGE> leads to more nitric oxide being produced faster. This also demonstrates
that there is a threshold concentration which needs to be reached before there is a significant
increase in the rate of nitric oxide production, since there was no difference seen at the lower

concentration of PGE; and the untreated cells.
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Chapter 5- Discussion

5.1-Study 1: Identification of genes associated with mitochondrial function, inflammatory
responses and synaptic plasticity, using whole genome microarray data from males and
females COX2-/- offspring

5.1.1 Overview of Results

In study 1, several key results were noted which provide insight into how altered COX2-
PGE: signalling can influence gene expression. The COX-2 knock-out mouse model was used to
illustrate that deficiencies in COX-2 and PGE: can lead to differentially expressed genes, which
are important members of pathways associated with mitochondrial function, inflammatory
responses and synaptic plasticity. There were several differences seen in gene expression among
male and female mice, as well as difference in gene expression at E16 and E19. There were also
many ASD-risk genes associated to be a part of the Cytoscape analysis, which are involved in
mitochondrial function, inflammatory responses, and synaptic plasticity. Furthermore, many of
the genes which were identified using Cytoscape to be primarily associated with either
mitochondrial function, inflammatory responses, or synaptic plasticity, were also associated with
many brain pathologies. For example, several genes were associated with ASD, AZD, PD, HD,

FXS, ALS, and many other syndromes associated with the nervous system.

The results from study 1 provide insight into a possible mechanism in which a COX-2
deficiency can have lasting genetic consequences on the developing brain. Many of the gene
dysregulations were observed at only one specific prenatal stage. This is an indication of a
possible compensatory mechanism which the developing mouse may undergo between the two
stages. For example, there were many genes which were differentially expressed at E16 but not
at E19, and vice versa. This can indicate that there was an attempt to compensate for the

dysregulation, which led to a shift in gene expression back to WT levels. However, since there
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were ASD-risk genes (Ndufa3, Sdhc, EiF3c, NFiB, TGFBR2, MEFC2, and GRiA2) which were
only differentially expressed at E16 and not at E19, the initial differential gene expression at E16
could possibly have lasting implication on the fetus, even after birth. For example, dysregulation
in these ASD-risk genes have been noted to play roles in mitochondrial function, inflammatory
responses and synaptic plasticity, all of which have been observed as characteristic features of

children with ASD (Goh et al., 2014, Alley et al., 2013, Gilbert et al., 2014).

5.1.2 Interconnected genes play a role in many key developmental pathways

One interesting finding from study 1 was that many genes identified to be associated
with mitochondrial function, inflammatory responses, or synaptic plasticity, were also seen to be
involved with genes from a different functional group, in other specific pathways. Many of these
pathways have implications in several neurological disorders such as, ASD, AZD, PD, ALS, and
many others. Therefore, since many of the genes listed in Table 3 are known to be linked to the
same disorders as several other genes in the table, it is possible that multiple genes identified in
Table 3 may be components of the same pathways which are associated with specific

neurological disorders.

For example Transforming growth factor Beta 1 and transforming growth factor Beta 2
(TGFBR1 and TGFBR2) are both associated with Glutamate ionotropic receptor AMPA type
subunit 2 (GRiA2). These genes are ASD-risk genes and together have been noted to all play a
role in the protein kinase A (PKA) pathway and the transforming growth factor beta (TGFB)
signalling pathway (Saarienen et al., 2017, Xu et al., 2009). Both pathways play a role in

development which may be altered in a fetus due to dysregulations in the expression of genes
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such as TGFBR1, TGFBR2, and GRiA2. PKA is responsible for crucial signal transduction and
has been noted to play a role in learning and memory (Loomis et al., 1998). The TGFB signalling
pathway is involved in the timing of many key developmental milestones. For instance, it is
responsible for factors associated with cell growth, cell proliferation, cell differentiation and
apoptosis (Saha et al., 2017). Both of these pathways are essential for neurodevelopment as they
are responsible for initiating many key milestones involved in healthy brain and nervous system
development (Meyers et al., 2017, Jason et al., 2010, Saha et al., 2017). Due to the many
biological functions that the PKA and TGFB signalling pathways are a part of, TGFBR1,
TGFBR2, and GRIA2 also play roles in many other downstream cascades. For example, evidence
has suggested that mutations in these 3 genes can lead to apoptosis, increased cell proliferation
and inhibition of tumour supressing factors (Hu et al., 2014, Zhang et al., 2017, Pache et al.,
2014). These factors have widely been associated with cancer, and these three genes have been
noted to be mutated in many cancers such as, breast cancer, lung cancer, colorectal cancer,

endometrial cancers, among others (Hu et al., 2014, Zhang et al., 2017, Pache et al., 2014).

Another pathway which is activated upstream by the gene expression of TGFBR2 and
Myocyte enhancer factor 2c (MEFC2) is the P38 subclass of the mitogen-A protein kinase
(MAPK) pathway (Sapkota et al., 2013). MAPK signalling has been observed to play a crucial
role in neurodevelopment, by promoting differentiation of stem cells into their final fate in the
central nervous system (Albert-Gresco et al., 2012). MAPK has also been noted to play a role in
long-term potentiation (LTP) and learning and memory (Houscott, 2008). TGFBR2 was noted to
be involved in inflammatory responses in study 1 whereas MEFC2 was seen to be involved in
synaptic plasticity. However, these genes can interact with one another to influence the

activation of the P38 MAPK signalling pathway (Schroen et al., 2016). TGFBR2 gene expression
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plays a role in phosphorylating and activating the enzyme TAK1 (also known as mitogen-
activated protein kinase 7, MAP3K7), which then can activate the transcription factor MEFC2,
which thus can alter the p38 MAPK signalling (Sapkota et al., 2013). The p38 subclass of the
MAPK signalling pathway has been associated with certain brain pathologies, such as

Parkinson’s disease and ASD (Robinson et al, 2018, He et al., 2008).

Furthermore, Eukaryotic translation initiation factor 4e (Eif4e), Eukaryotic translation
initiation factor 4a2 (Eif4a2), Tuberous sclerosis complex subunit 1(TSC1) and Tuberous
sclerosis complex subunit 2 (TSC2), all play a crucial role in the mammalian target of rapamycin
(mTOR) signalling pathway (Shownat et al., 2014). These genes belong to the three functional
groups identified in study 1, but all interact with one another to lead to the activation of the
mMTOR signalling cascade. mTOR signalling plays a role in neurodevelopment and is also
associated with many neurological disorders such as ASD, ADHD, Epilepsy and AZD (Lipton
and Sahin, 2015). mTOR is responsible for regulating many neuronal cell functions during
development, such as proliferation, migration, and differentiation (LiCausi and Hartman, 2018).
Additionally, mTOR signalling contributes to dendritic spine formation and synaptic plasticity

(Switon et al., 2017).

Additionally, Activin receptor type-1 (Acvrl), MEFC2, GRiA2, TSC1 and TSC2 play a
role in many subclasses of MAPK signalling (Huang et al., 2008, Poddar et al., 2017, Chen et al.,
2017). Acvrl and TSC1 are involved in inflammatory responses, MEFC2 and GRiA2 are
involved in synaptic plasticity, whereas TSC2 is involved in mitochondrial function, as seen in
study 1. Together these 5 genes are involved in the AKT, extracellular-signalling regulated

kinase (ERK) and p38 subclasses of MAPK signalling (Huang et al., 2008). As mentioned
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previously MAPK signalling plays crucial roles in neurodevelopment and has been associated

with many neurological disorders (He et al., 2008).

Interestingly, there has been a lot of evidence indicating a cross-interaction between
mTOR and MAPK signalling (Mi et al., 2009, Rosina et al., 2019). Literature has suggested that
as there are abnormalities in mTOR signalling, there are also disruptions observed in the MAPK
signalling cascade (Mi et al., 2009). As seen in study 1, there are many genes which are involved
in these two signalling pathways, which are connected to each other. Many of these genes are
found within the same functional group, such as Acvrl and TSC1 both being a part of the
inflammatory response category described in study 1, and TSC2 and Eif4e being a part of the
mitochondrial function group, and MEFC2 and Eif4e belonging to the synaptic plasticity group.
However, these genes are also connected to those in other groups as well, which can lead to
upstream and downstream effects on mTOR and MAPK signalling (Rosina et al., 2019).
Surprisingly, a majority of these genes are also ASD-risk genes, and simultaneous abnormal
mTOR and MAPK signalling has been observed to be associated with ASD as well (Rosina et

al., 2019, Ganesan et al, 2019).

Therefore, in study 1 there were many genes which were connected to one another from
different functional groups that can influence many critical pathways which are associated with
neurodevelopment and have also be implicated with several neurological disorders, also

identified in study 1.
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5.1.3 Mitochondrial Function and COX2-PGE: signalling

The findings from study 1 indicate that knocking-out COX-2 and therefore having a
deficiency of PGE; in mice, leads to many gene dysregulations in the developing fetus.
Furthermore, it was observed that several of the genes which were differentially expressed are
involved in aspects of mitochondrial function. The dysregulation of many of these genes can
have detrimental impacts on the mitochondria. For example, the genes identified in Figure 4 to
be associated with the electron transport chain, play key roles in regulating ATP generation and
if there are disruptions in this process, there can be increased mitochondrial dysfunction,

eventually leading to apoptosis (Chakrabati et al., 2011).

There has been literature discussing that increased levels on PGE:> results in
mitochondrial dysfunction, in many cell types (Zhang et al., 2018, Cillero-Pastor, et al., 2008).
However, our results from study 1, also demonstrate that reduced levels of PGE; also can result
in mitochondrial dysfunction. Literature indicates that the COX2-PGE: pathway plays a critical
role in mitochondrial activity and appropriate mitochondrial function (Zhang et al., 2018).
Increases in the level of PGE have been observed to have many consequences on the
mitochondria, including increased leaks to the electron transport chain, decreased mitochondrial
membrane potential, and even apoptosis (Chakrabati et al., 2011). The data in study 1 also

suggest that decreased levels of PGE: is likely to lead to mitochondrial dysfunction, due to
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differential gene expression of several genes important for healthy mitochondrial function. Genes
such as Ndufdc, Ndufa3. Ndufb10, and ATP5e, all play very important roles in the electron
transport chain, and ATP generation (Maldonando et al., 2010). Possible dysregulations of these
genes can lead to the inability for the cell to generate ATP and even leaks in the electron
transport chain, which can lead to increased levels of ROS production in the cell (Maldonando et
al., 2010). Therefore, this is one of the first studies to indicate that reduced PGE: levels in the

brain can lead to mitochondrial dysfunction as well.

Furthermore, the dysregulation of several genes involved with mitochondrial function can
have implications on many major signalling pathways. For instance, COX-2 has been observed
to alter TFAM expression in the mitochondria, which interacts with many other mitochondrial
genes, to disrupt the signalling cascade involved in the p38 subclass of MAPK signalling
(Burlacu et al., 2003). As mentioned above, several genes identified in study 1, such as TSC2, are
involved in the MAPK signalling pathway (He et al., 2008). It has also been noted that abnormal
levels of PGE; can lead to altered AKT phosphorylation, as a result of differential gene
expression in the mitochondria. We noted several genes from study 1, which play a role in AKT
and MAPK signalling. For example, TSC2, TSC1 and Acvrl play direct roles in AKT signalling
(Huang et al., 2008). Therefore, the differential gene expression discussed in study 1 can
influence the propagation of signalling pathways, such as p38 and AKT subclasses of the MAPK

pathway. Further research can be done to indicate exactly which genes from the mitochondrial
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function group identified in study 1, are involved in disruptions in MAPK signalling, and how

these genes are directly involved in these disruption.

5.1.4 Mitochondrial Function and Neurological Disorders such as ASD

Mitochondrial dysfunction has been associated with many neurological disorders over the
years. There are many factors which can contribute to mitochondrial dysfunction. For example,
genetic factors, such as the dysregulated gene expression observed in study 1, as well as
environmental factors such as, diet, drug use and stress, can all contribute to increased levels of
mitochondrial dysfunction (Rose et al., 2014). Mitochondrial dysfunction plays a role in the
brain and has been associate with several neurological disorders. For instance, many symptoms
associated with increased levels of mitochondrial dysfunction such as, intellectual disability,
language and speech impairments, and neuropsychotic behaviours, have also been associated
with brain pathologies such as, ASD, BPD, SCD, PD, and AD (Guilivie et al., 2010, Goh et al.,
2014). Interestingly, as seen in Table 3, the genes we identified to be associated with
mitochondrial function, were also associated with similar brain pathologies, particularly AD, PD,

SCD, and ASD.

Literature has tied mitochondrial dysfunction and ASD together for many years now. In

many studies there have been observations of many biochemical markers for mitochondrial
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function found in post-mortem brain samples of adults and children with ASD (Tang et al.,

2013). Furthermore, in one study, 80% of the participating children had indications of

mitochondrial dysfunction found through biomarkers in the blood (Chauan et al., 2014). There

have been many observations where individuals with ASD exhibit signs of mitochondrial

dysfunction, such as mitochondrial DNA mutations and abnormal turnover, disruptions to

complex I and Il of the ETC, as well as membrane depolarization (Guilivie et al., 2010, Tang et

al., 2013, Goh et al., 2014). These findings lead to the idea that ASD and mitochondrial

dysfunction are associated with one another (Goh et al., 2014). The data from study 1 suggests

that one possible mechanism by which ASD and mitochondrial dysfunction are related, is via

gene dysregulation. Many of the genes from study 1, especially those associated with

mitochondrial function, were also identified as ASD-risk genes (Sdhc, EiF3c and ATP5e and

TSC2). These genes were also seen to be differentially expressed at specific stages and among a

specific sex. Sdhc, EiF3c and ATP5e were observed to be upregulated at E16 in females only,

but not differentially expressed at E19. However, TSC2 was downregulated at E16 and

upregulated at E19, in males only. These results could indicate that the difference between these

4 ASD-risk genes, which also happen to be associated with mitochondrial function, could have

lasting implications on mitochondrial function in the brain, and may also related to the

connection between ASD and mitochondrial dysfunction. Further research would have to be
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done in order to determine some of the lasting consequences of differential expression of these 4

genes, in order to determine how closely related they are to ASD and mitochondrial dysfunction.

5.1.5 COX2-PGE: signalling and inflammatory response

It has been noted that PGE: is a major inflammatory mediator and plays a role in
regulating many inflammatory responses. PGE> has been observed to play crucial roles in
hyperalgesia and pain sensation (Mariyama et al., 2005). In fact it has been noted that PGE: is
one of the main pro-inflammatory prostanoids and it contributes greatly to nociception (Minami
et al., 2001). This suggest that abnormalities in PGE> can result in abnormalities in pain
perception. PGE: is also involved in many pro-inflammatory and anti-inflammatory responses,
which are relevant to gene expression (Minami et al., 2001). It has been observed that
differentially expressed genes, such as those identified in study 1, can have pronounced effects
on inflammatory responses, such as prolonged activation of microglia and cytokines (Minami et
al., 2001). Considering the data outlined in study 1, several genes were observed to be associated
with inflammatory responses (NFiB,TGFRB2, TSC1, PrkcB, NFiX, ACVrl, TGFBR1 and Trp53)
and 2 of which (NFiB and TGFBR2), were directly downregulated in males at E16, due to PGE>
deficiencies. This can further contribute to the idea that PGE»-induced gene dysregulations are

closely connected to impairments in inflammatory responses.

Furthermore, it has been observed that PGE> plays a role in pain sensation via the PKA
and PKC pathways (Sachs et al., 2009, Meevs et al., 2006). As discussed above, several genes
from study 1 were associated with this pathway. TGFBR1 and TGFBR2 were seen to be directly

involved in this pathway, and both of these genes were noted to be a part of inflammatory
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responses. In fact, TGFBR2 was also gathered from the microarray data directly, indicating that
there is a direct effect from abnormal PGE: signalling to a downregulation in TGFBR2 in males
at E16. This data further suggests that abnormal levels of PGE: signalling can have a direct
impact on the PKA pathway, responsible for pain sensation, possibly via a dysregulation in the
TGFBR class of genes. It is also noteworthy to mention that TGFBR2 is an ASD-risk gene. This

might suggest a possible connection between pain perception and PGE: in individuals with ASD.

5.1.6 Inflammatory Response and ASD

Literature has shown many connections between ASD and abnormal inflammatory
responses. Many are even labelling certain aspects of abnormal immune response, such as
increased and prolonged cytokine and microglial activation, as a trans-etiology of ASD (Elias et
al., 2015). There has been evidence indicating that increased levels of cytokine activity is
associated with ASD. For instance, in post-mortem brain tissue samples of children with ASD,
there was a widespread of inflammatory markers, such as increased levels of cytokines,
throughout different brain regions (Masi et al., 2007). Additionally, there has also been elevated
levels of cytokines noted from spinal fluid and blood collected from individuals with ASD. ASD
is also closely tied to prolonged microglia activation. Over time this prolonged activation of the
microglia and increasing numbers, leads to cell damage which can have serious consequences
(Elias et al., 2015, Masi et al., 2007). Prolonged microglial activation has been associated with
neuronal cell death, and loss of synaptic connections. In fact, children with ASD have been noted
to have severe under connectivity in terms of synaptic plasticity and a large part of this is
suggested to be due to microglia activation (Rodrigues et al., 2011). This is interesting because in
study 1, we note that many genes associated with inflammatory responses are also associated

with synaptic plasticity. Furthermore, many of these genes, such as TGFBR1 and TGFBR2 are
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also associated with ASD. This could suggest that these genes are involved in altering synaptic

connectivity and are influenced by microglial activity.

ASD is known to be associated with increased neuroinflammation, which has also been
highly associated with genes (Rodrigues et al., 2011). This indicates that the results observed in
study 1, may offer some new insight into how PGE: is related to neuroinflammation and ASD
through specific gene dysregulations. TGFBR2, NFiB, TSC1, PrKcB, and TGFBR1 were all
noted in study 1 to be ASD-risk genes which play important roles in inflammatory responses. It
has already been suggested that TGFBR1 and TGFBR2 are involved in the PKA pathway and
synaptic plasticity which suggest that these genes could be associated with pain perception and
abnormal synaptic connectivity in ASD. Furthermore, the microarray data used in study 1,
indicated that TGFBR2 and NFiB are both downregulated in males at E16. This could indicate
that this downregulation has lasting implications in ASD and could also indicate a connection
between dysregulation in these two genes and the sex-bias we see in the population of

individuals with ASD.

As mentioned above, PGE; plays a critical role in pain sensation. There has also been
recent literature indicating that pain perception may be abnormal in individuals with ASD.
Studies have indicated that many children with ASD demonstrate characteristics associated with
a higher pain threshold and decreased pain sensitivity than the control group (Alley et al., 2013).
However, some children with ASD demonstrate the opposite behaviour, where they seem to have
a lower pain threshold and higher pain sensitivity (Alley et al., 2013). This indicates that there is
some disruption in the pain sensation mechanism among children with ASD, but it can lead to a
variety of implications on how a child with ASD might perceive pain compared to a neurotypical

child (Alley et al., 2013). In individuals with ASD it has been noted that there is an impairment
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in the perception of pain, due to aspects of the cognitive pathways of pain perception being
disrupted in children with ASD (Yasuda et al., 2016). The PKA pathway is noted to be a
cognitive pathway, which can be disturbed by abnormal PGE: signalling. This could suggest that
PGE: plays a key role in abnormal pain perception in individuals with ASD, since PGE: is

heavily associated with both these components.

5.1.7 COX2-PGE: signalling and Synaptic Plasticity

Over recent years there has been growing research which investigates the possible
connection between COX-2 and synaptic plasticity. Many have noted that COX-2 does indeed
alter the degree to which synaptic signalling and synaptic plasticity can be reached in the brain,
indicating that COX-2 plays a very important role in neuronal plasticity (Chen et al., 2002).
Varying the level of COX-2 signalling which occurs in the brain, has led to evidence that there
will be an altered degree of synaptic plasticity and ultimately an interference in the degree of
learning and memory which can be accomplished by an individual (YYang and Chen, 2008). It has
been noted that if COX-2 is inhibited, there is a significant decrease in synaptic connectivity and
learning and memory (Chen et al., 2002). This may be the case since, if there is an elevation or
suppression of COX-2 signalling in the brain, there is either enhanced neurotransmission and
long-term potentiation, or a decrease in neurotransmission which ultimately leads to a decrease

in long-term potentiation, respectively (Yang and Chen, 2008).

The results gathered from study 1 indicate that there were 2 genes differentially
expressed due to a COX-2 knock-out in our mice. Interestingly there was a downregulation of
MEFC2 and GRiA2 in males at E16. This supports the idea that as there is a suppression in
COX-2 signalling, there tends to be a reduction in synaptic signalling and synaptic plasticity.

This is because both of these genes are highly associated with synaptic plasticity, and it has been
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shown in previous literature that if there is a decrease in MEFC2 and GRiA2 expression, then
there is also a significant decrease in synaptic plasticity (Barbosa et al., 2008, Yang et al., 2019).
MEFC2 and GRIiA2 are both ASD-risk genes which play a role in synaptic plasticity via AMPA
receptors (AMPAR) trafficking in the synapse (Carmicheal et al., 2018). MEFC2 expression
regulates the activation and expression of GRiA2, which is responsible for the localization and
trafficking of AMPARSs in the postsynaptic membrane, which is an essential process for synaptic
plasticity (Carmicheal et al., 2018, Chater et al., 2014). Therefore, since there is a reduction in
COX2-PGE: signalling in our mouse model, which coincides with a downregulation and altered
function of these two genes, it is probable that we would observe a decrease in synaptic

connectivity in the same mice, via a decrease in AMPAR trafficking.

Furthermore, altered COX-2 signalling contributes to altered MAPK pathway signalling
as well. For example, COX2-PGE: signalling plays a crucial role in ERK phosphorylation, which
has downstream effects on long-term potentiation (Kelleher et al., 2005). As previously
discussed, there are several genes which were identified in study 1 to be associated with MAPK
signalling, in particular the ERK subclass of this pathway (Poddar et al., 2019, Chen et al.,
2017). MEFC2 and GRiA2 have been linked to the p38 and ERK subclasses of the MAPK
signalling pathway (Poddar et al., 2019, Chen et al., 2017). This pathway plays a role in synaptic
plasticity and long-term potentiation, where abnormalities in the signalling pathway can result in
abnormal synaptic plasticity and an altered degree of long-term potentiation (Kelleher et al.,
2005). PGE: signalling can alter this pathway, and it was also observed that deficiencies in PGE>
also significantly downregulate the expression of MEFC2 and GRiA2. This suggest that there
may be the possibility that PGE> alters MAPK expression and synaptic plasticity through the

dysregulation of MEFC2 and GRIA2.
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5.1.8 Synaptic Plasticity and ASD

There has been a lot of research connecting ASD and synaptic plasticity. There has been
ample evidence to indicate that there are abnormalities in synaptic plasticity in individuals with
ASD (Kelleher and Bear, 2005). Due to this, many researchers note that abnormal levels of
synaptic plasticity is an underlying pathology for ASD (Kelleher and Bear, 2005). In study 1, we
identified 6 genes which were a part of the synaptic plasticity group, Fmrl, cyfpl, Grin2b,
EiF4e, GRiA2, and MEF2. All of these genes were identified to be ASD-risk genes, indicating

that dysregulations in their expression have been tied to ASD.

Alterations in synaptic plasticity have been associated with many phenotypic
characteristics of ASD. For instance, many deficits in ASD such as, motor coordination,
intellectual ability, social behaviour and language, can be associated with reduced synaptic
plasticity and long-term potentiation, in specific brain regions (Gilbert et al., 2014). These
deficiencies in synaptic plasticity result in disruptions to many neuronal circuits which are
involved in language, motor and social behaviours associated with ASD (Gilbert et al., 2014). A
study in our lab, using the COX-2 KI mouse model, exhibited that the mice showed increased
anxiety, hyperactivity, motor defects, and decreased sociability, all of which are associated with
ASD behaviours and disruptions in synaptic plasticity (Wong et al., 2017). Potentially the genes
identified in study 1 to be associated with synaptic plasticity may have played a role in these

ASD-like behaviours.

Furthermore, synaptic plasticity is also associated with ASD via genetic factors as well.

There has been evidence that ASD-linked gene mutations lead to abnormal gene transcription
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and protein synthesis associated with altered neuronal circuitry and deficits in synaptic plasticity
(Guang et al., 2018). For instance, studies have indicated that in brain regions which exhibit
synaptic deficiencies, there are also deficits in Fragile X mental retardation protein (FMRP)
expression (Sidorov et al., 2013). This also relates to evidence which connects increased synaptic
loss with Fragile X syndrome (FXS) (Sidorov et al., 2013). FMRP is responsible for the
translation of several synaptic proteins, needed for synaptic strength (Osterweil et al., 2010).
However, FMRP is silenced in FXS, which leads to reduced synaptic strength and an overall loss
of synaptic connections (Qin et al., 2005). Additionally, abnormal TSC1 and TSC2 expression
has been identified in synaptic dysfunction and cognitive impairments which are similar to those
observed in ASD individuals (Kirschestein et al., 2012). Dysregulations in TSC1 and TSC2 lead
to downstream effects on mTOR signalling, which play a role on neurotransmission and
dendritic spine formation (Talos et al., 2008). It has been observed that dysregulation in these
two genes leads to abnormal trafficking of AMPARSs, which as discussed above, is essential for
synaptic connections and learning and memory (Talos et al., 2008, Bateup et al., 2011).
Furthermore, evidence has suggested that dysregulations in TSC1, TSC2, and FMRP, alter
AMPAR function in neurons, which influences the synaptic connectivity in a manner commonly
observed in individuals with ASD (Auberach et al., 2011). This indicates that deficits associated
with synaptic plasticity observed in individuals with ASD, can be driven by abnormal gene
expression. Therefore, the information presented in study 1 could provide insight into how some

of the synaptic plasticity genes may contribute to ASD.
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5.2 Study 2: The effects of PGE; on the production of superoxide anion, in neuronal cells,
as an indication of the effects of PGE, on ROS production.

5.2.1 Overview of Results

As mentioned previously, study 2 was conducted in differentiated neuroectodermal (NE-
4C) stem cells (Davidson et al., 2014, Wong et al, 2014). The differentiated NE-4C cells were
used to determine if the treatment of 1 uM and 10uM PGE; would increase the amount of
superoxide anion produced in the mitochondria and nitric oxide produced in the cytosol, in a
dose-dependent manner. Time-lapse fluorescent microscopy was used and the concentrations and

kinetic rate of the amount of superoxide and nitric oxide produced in the cells was determined.

The results gathered from study 2 demonstrate that PGE> does indeed alter oxidative
stress in neuronal cells. Previous literature has indicated that altered levels of oxidative stress in
many cells, including neuronal cells, has an impact on the production of PGE> within these cells
(Black et al., 2012, Fang et al., 2015, Wang et al., 2004). Additionally, there have been studies
which indicate that increased levels of PGE: can also influence the amount of oxidative stress
generated in motor neurons (Kosuge et al., 2020). The results from study 2, provide evidence
that there is a positive feedback loop in which altered levels of PGE> can also influence the
production of reactive oxygen species in neuronal cells. It was observed that increasing PGE>
concentration in neuronal cells, leads to increased production of superoxide anion and nitric
oxide. This production of reactive oxygen species and reactive nitrogen species is an indicator of
oxidative stress within the cell. Therefore, it was observed that by increasing PGE> concentration

within neuronal cells, there was an increase in oxidative stress in the cells as well. This suggests
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that PGE: and oxidative stress can influence the production of each other, indicating a feedback

loop.

Interestingly, we also noted that two different concentrations of PGE> can have
significantly different effects on the concentration and ratio of reactive oxygen and nitrogen
species produced within neuronal cells. It was observed that there is a significant difference in
the amount of superoxide anion and nitric oxide produced within neuronal cells, when the
concentration of PGE> that is added to the cells is increased from 1M to 10 uM. This indicates
that there is a dose-dependent effect which PGE> has on reactive oxygen and reactive nitrogen
species production. Therefore, PGE:> acts in a dose-dependent manner in respect to its

contribution to oxidative stress within neuronal cells.

The use of NE-4C cells is a suitable model for these experiments and provides additional
information about the connection between oxidative stress and the developing brain, since this
cell model shares many similarities to the developing brain, such as the cell’s ability to
proliferate, migrate and differentiate into neurons. Oxidative stress and altered PGE: signalling
can have detrimental effects on the brain, especially during fetal development and childhood.

Many of these effects have been associated with many neurological disorders.

5.2.2 Oxidative stress and the Brain

As previously discussed, PGE:> is the major lipid signalling molecule in the brain. This
explains why PGE: signalling can have many implications in healthy brain development. The
brain is also the area of the body which is known to have the least amount of antioxidants,
making it increasingly more susceptible to the production of reactive oxygen and nitrogen

species, which in turn leads to the brain being the most susceptible organ to oxidative stress
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(Cole et al, 2016). Furthermore, neurons are the cell type which consume the most energy within
the body and also have the lowest antioxidant capacity (Cobley et al., 2018). This combination
leads to neurons being highly susceptible to oxidative stress. The use of NE-4C cells in study 2
supports these findings since the neuronal cells readily produced increased levels of superoxide

and nitric oxide during the experiments.

Furthermore, children have been observed to be more susceptible to oxidative stress
compared to adults (Nasca et al., 2010, Avlonini et al., 2017). Children are known to have lower
levels of antioxidants such as glutathione, compared to their adult counterparts (Avlonini et al.,
2017). Throughout conception and infancy, there are extremely low levels of antioxidants in the
brain of the offspring, which indicates that during this period of brain development, even low
doses of reactive oxygen and nitrogen species can take a lasting toll on the brain, well after birth
(Nasca et al., 2010). It has been observed in newborns that there are low levels of antioxidants in
the brain, along with high levels of reactive oxygen species (Milan et al., 2018). Oxidative stress
has been noted to lead to many negative effects on cells, such as lipid peroxidation, DNA and
protein oxidation, abnormal immune responses, and apoptosis (Utarra et al., 2009). Additionally,
oxidative stress has been tied to many neurological disorders such as ASD, AZD and PD (Patel
etal., 2016, Utarra et al., 2009). Additionally, there is a growing field of research which is
investigating the possibility of treating newborns with antioxidant supplements, in order to
reduce the risk of developing a disorder which is connected to increased levels of oxidative

stress, such as ASD (Patel et al., 2016, Utarra et al., 2009).

There has been an abundance of literature discussing how oxidative stress can occur in
the brain. The results observed in study 2, along with other research from our lab indicates that

PGE: signalling could play a role in oxidative stress generation in the brain. As mentioned
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above, PGE; plays a crucial role in healthy brain development. The data from study 2 suggest
that PGE:> can also generate increased levels of oxidative stress, in a dose-dependent manner in
neuronal cells. There are many factors during development which can alter PGE; expression in
an abnormal manner. This alteration in PGE> concentration can therefore lead to altered levels of
oxidative stress, through reactive oxygen and nitrogen specie generation, especially in neuronal
cells. This increased level of oxidative stress can have detrimental effects on the brain and lead

to many neurological disorders, including ASD (Patel et al., 2016).

5.2.3 PGE;, Oxidative Stress and ASD

As previously mentioned, there has been an abundance of literature which has connected
abnormalities in PGE> with ASD. For instance, PGE> has been observed to influence genetic
mutations which play a role in ASD. Additionally, abnormalities in the COX2-PGE; signaling
pathway can be due to genetic factors and environmental factors which can also lead to ASD-like
behaviours (Yoo et al., 2009, Sethi et al., 2019). There are many environmental factors which
can influence PGE: levels in the developing brain, and thus lead to ASD. Furthermore, PGE;
plays crucial roles in dendritic spine formation, learning and memory and synaptic plasticity, all
of which are also associated with ASD (Chen et al., 02, Chen and Brazan, 2005, Burks et al.,

2007).

There is also evidence that oxidative stress plays a crucial role in many factors which can
lead to ASD. Many researchers suggest that oxidative stress is an integrated aspect of ASD
neurobiology (Saidel-Sulkowska et al., 2008). This is due to the fact that ASD neurobiology

shows increased levels of reactive oxygen species in the brain, which is an indication of excess
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levels of oxidative stress (Palmeri et al., 2010). Evidence suggest that children are vulnerable to
ASD even after birth, due to the continued imbalance of glutathione antioxidant reserves children
possess (Yasuda et al., 2015) This is one of the reasons why many people suggest that treating
newborns with antioxidants will drastically reduce the risk of ASD (Evans et al., 2008, Yasuda et

al., 2015).

Many studies also indicate that there remains a high level of oxidative stress in
individuals with ASD throughout their lives. For example, blood samples of individuals with
ASD indicate significantly high levels of oxidative stress biomarkers compared to a control
group (Rose et al., 2012). Additionally, in brain tissue samples of individuals with ASD, the
brain regions associated with speech, motor function, social behaviour and sensory perception,
showed significantly higher biomarkers of oxidative stress compared to control groups (Muratore
et al., 2013). This demonstrates that if we can find a way of using these biomarkers for
diagnostic purposes, we can use oxidative stress levels as a means to diagnose individuals with

ASD.

The connection between PGE and ASD, as well as the connection between oxidative
stress and ASD, has been highlighted. It is evident that ASD is connected to both PGE> and
oxidative stress, which can both be altered within the brain. Using the results from study 2, we
can see that there is a direct link between PGE> and oxidative stress, in the form of a positive
feedback loop. The brain, as well as its neurons, are susceptible to alterations in PGE signalling,
which can in turn lead to the generation of reactive oxygen and nitrogen species. This results in
oxidative stress levels in the brain changing, which can have a lasting impact of the brain,
leading to ASD (Rose et al., 2012). PGE> and Oxidative stress both lead to similar effects within

cells. For example, they both can influence gene and protein expression. PGE> and oxidative
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stress can also lead to disruptions in cell function, such as disruptions in organelle function and

complications in cell survival.

5.2.4 Oxidative stress, mitochondrial function and ASD

In study 2, altered concentrations of PGE: led to the production of superoxide anion in
the mitochondria. This indicates that PGE> can directly influence the mitochondria. Increased
concentrations of PGE> led to the significant increase in superoxide production in a dose-

dependent manner. This further indicates that PGE> can influence mitochondrial function.

Oxidative stress has also been known to influence mitochondrial function. Literature has
indicated that there is a co-existence between oxidative stress and mitochondrial dysfunction
(Chakrabati et al., 2011). Mitochondrial dysfunction has also been associated with ASD (Hass er
al., 2010). There have been many studies which highlight that individuals with ASD exhibit,
decreased electron transport chain function, dysregulations in mitochondrial genes, as well as

increased signs of oxidative stress (Wallace et al., 2013, Naviaux et al., 2005).

There has been little research done explaining how PGE: can alter mitochondrial
function. There is evidence to suggest that altered levels of PGE2, coincide with altered
mitochondrial function, such as decrease electron transport chain function, and increased
electron transport chain leaks, which in turn leads to increased superoxide production (Bacon et
al., 2013). However, there has not been much literature directly connecting PGE>, oxidative

stress and mitochondrial function, in neuronal cells.

The results in study 2, are the first to illustrate that PGE> can directly influence oxidative
stress production by acting on the mitochondria. The superoxide anion detected using MitoSox

Red is generated due to leaks in the electron transport chain, which is also an indication of
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mitochondrial dysfunction. Since PGE; treated cells showed a significant increase in superoxide
production, compared to untreated cells, there is strong evidence that increased levels of PGE: is
one of the contributing factors to mitochondrial dysfunction in neuronal cells. Furthermore, since
PGE: increased superoxide production in a dose-dependent manner, it is expected that PGE> can
alter mitochondrial dysfunction in a dose-dependent manner as well. Therefore, this
demonstrates that PGE> can influence oxidative stress through its effects on the mitochondria of
neuronal cells. These findings offer new insight into a specific mechanism by which PGE> can

influence oxidative stress in neurons.
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5.3 Conclusion

5.3.1 Significance of findings and future studies

Based on the findings discussed above, it is evident that certain factors from study 1 and
study 2 should be further investigated. In both study 1 and study 2 there was an association with
the results and an increased risk of mitochondrial dysfunction. Study 1 illustrated that a lack of
PGE: led to gene dysregulations in mice, which are also characteristic of mitochondrial
dysfunction. However, study 2 demonstrated that adding increased concentrations of PGE> to
neuronal cells led to increased superoxide anion production, which is characteristic of
mitochondrial dysfunction. Both of these studies show that increased and decreased levels of
PGE: can lead to devastating effects on the mitochondria. These mitochondrial effects should be
further investigated, so that the degree of mitochondrial dysfunction caused by altered PGE>
concentrations can be understood. For example, studies investigating how 1 uM and 10puM PGE>
can alter mitochondrial function differently, should be conducted. This can be done using dyes
specific to the mitochondria which monitor the organelle’s function. Additionally, mitochondrial
dysfunction biomarkers found in blood or brain tissue can be used on the KO mice to investigate
if there are signs associated with mitochondrial dysfunction in these animals as well. This will
allow for more conclusions to be drawn about the connection to gene dysregulations and

mitochondrial dysfunction in our mouse model.

In study 2 we investigated the effects of PGE. on oxidative stress in a cell model. The
next step for this study would be to see if similar patterns are observed in an animal model. Our
lab has two well-established models which can be used to determine how COX2-PGE: signalling

can lead to oxidative stress in animals. Using our Knockin and Knock-out models and oxidative
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stress biomarkers specific to brain tissue, we can examine how varying degrees of COX2-PGE>

signalling can influence oxidative stress in the brain.

Additionally, in study 1 gene expression for several ASD-risk genes could be conducted.
There are several ASD-risk genes which are associated with oxidative stress that can be
investigated using PCR. The presence and expression of the genes should be determined to see if
the increased production of ROS and RNS can contribute to altered gene expression in neuronal
cells. By investigating ASD-risk genes, we can find a possible mechanism by which PGE> and
oxidative stress contribute to ASD. Furthermore, we could possibly investigate ASD-risk genes
from study 2, such as MEFC2, GRiA2, TSC2, and TGFBR2. This could provide further insight

into how PGE; and oxidative stress can contribute to ASD.

Additionally, study 1 discusses the gene dysregulations in KO mice which were
associated with three different functional groups, mitochondrial function, inflammatory
responses, and synaptic plasticity. To further investigate if these genes play a role in these
specific functions in our model system, experiments can be conducted to determine if
mitochondrial function, inflammatory responses and synaptic plasticity are altered in KO mice
compared to WT mice. First, real-time PCR can be used to confirm the differential expression of
each gene gathered from the microarray analysis. Next, biomarkers can be used in brain slices or
blood to test for several abnormalities in mitochondrial function and inflammatory responses in
our COX-2 KO animals. For instance, identifying oxidized proteins in brain tissue or disruptions
in the ETC complexes, can be an indication of mitochondrial disruptions. There has been
literature indicating that there are oxidized mitochondrial DNA and proteins in individuals with
ASD (Tang et al., 2013). Also, disruptions in the ETC complexes such as complex I and 11l have

been observed in children with ASD and associated with increased superoxide production
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(Cillero-Pastor, et al., 2008, Zhang et al., 2018). Additionally, conducting western blot analysis
to identify various pro-inflammatory cytokines can be an indication of amplified inflammatory
responses. As mentioned previously, pro-inflammatory cytokines like interleukin-6 and
interleukin-1R have been observed to be overly activated in children with ASD compared to
controls (Minami et al., 2001, Mariyama et al., 2005). Finally, electrophysiology can be used to
evaluate synaptic connectivity in the brain slices of our animals to assess how synaptic circuitry
is altered in COX-2 KO animals. There has been increasing research which has found a link
between decreased synaptic connectivity and ASD (Chen et al., 2002, Kelleher and Bear, 2005,

Rodriguez et al., 2011).

5.3.2 Limitations

The data collected for the H20- induced superoxide plot illustrated problematic
superoxide production (Figure 9). This is evident due to the initial rise in superoxide production,
then plateau, then rise once again. This is indicative of a potential technical error within the
protocol that could be potentially improved. The abnormal trend observed with this treatment
could result from the MitoSox Red not being evenly dispersed throughout the plate or some cells

still being in neurosphere clusters.

To improve future studies, several procedural elements could be optimized. First, cells
can be treated with dye first, and then placed on a slow-paced shaker, to help distribute the dye
throughout the plate. Additionally, manually removing any remaining neurospheres before each

experiment could increase the number of individual cells. Lastly, since the trends observed for
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the H2O treated cells were the most atypical, a better positive control could be used. For
example, Antimycin A can induce mitochondrial production of superoxide, which could also be

detected by MitoSox Red and is more stable (Parath et al., 2007, Wang et al., 2015).

5.3.3 Conclusion

In summary, the data depicted in studies 1 and 2 illustrate that abnormal COX2-PGE>
signalling can have implications at the genetic and cellular level, similar to abnormalities
observed in individuals with ASD. Interestingly, it was observed that increases and decreases in
PGE: can both have implications on the mitochondria. There has been ample evidence for
mitochondrial dysfunction in ASD individuals (Tang et al, 2013, Sanin et al, 2018,).
Additionally, mitochondrial dysfunction has been associated with increased pro-inflammation
and abnormalities in synaptic connectivity (Islam, 2016, Sanin et al., 2018). This data provides
some insight into the link between abnormal COX2-PGE: signalling and abnormal mitochondrial

function in ASD.
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