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Abstract

Epilepsy is a condition characterised by recurrent seizures. The underlying mechanism of epileptic
seizures is excessive and abnormal neuronal activity. Therefore, manipulating firing-rate neuronal
homeostasis, mechanisms by which neurons regulate their intrinsic excitability, potentially offers an
attractive opportunity to control seizures. Approximately one in three epilepsy cases cannot be
controlled with the current option of medication. In order to reduce this number, the discovery of
new druggable targets is required. In this project, a combination of both Drosophila and mouse
models were used to evaluate the efficacy of a new class of compounds, based on the structure of 4-
tert-butylbenzaldehyde. A drug library was created through a combination of purchases and organic
synthesis techniques. Screening was performed using Drosophila larvae carrying the para®s
mutation, a gain of function mutation in the voltage gated sodium channel of that causes seizure like
behaviour. Results from the initial screen showed that the core benzoic acid structure was key to
activity. These results were fed in to the design of a 2" generation of compounds, which resulted in
the discovery of a more potent analogue 4-(3,5-dimethyl-1H-pyrazol-4-yl)benzoic acid, which was
referred to as RAB216 in the library. This compound was tested in various Drosophila seizure
mutants and was found to be effective at reducing seizure recovery times in all those that were
tested. In the initial 2 mM screen it reduced recovery times by over 50% and was found to be at least
4x more potent than any other analogue. RAB216 was then taken forward to mouse models, where
it was tested in both the PTZ and 6 Hz psychomotor models of seizure. In both models, the
compound was found to be efficacious at reducing the severity or time of onset of seizures.
Additionally, western blot analysis of mouse brains treated with RAB216, found the levels of the
homeostatic regulator, Pum2 were significantly increased by 70%. This study provides proof of
principle that targeting neuronal homeostasis is a viable anticonvulsant strategy and identifies a lead

compound, which could possibly act as a starting point for future development.
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1.0 Chapter 1- Introduction

Epilepsy is a common brain condition characterised by spontaneous and reoccurring seizures (Fisher
et al. 2017). Approximately 1 in 20 people will have a seizure in their lifetime and around 3 in 100
will develop an epilepsy-related disorder (Ngugi et al. 2010). For the brain to enter an epileptic state,
the brain undergoes irreversible change known as epileptogenesis, after which patients experience
recurrent seizures (McNamara, Huang, and Leonard 2006). This can include changes in gene

expression, neural network connectivity and/or alterations in synaptic transmission.

Approximately a third of epilepsy patients are drug resistant and drugs released within the last 20
years have done little to reduce this number (Kwan, Schachter, and Brodie 2011). This may be
because many of the drugs developed act on the same/similar targets as older drugs: these targets
include voltage gated sodium channels (Nays) and the GABAergic system. It seems likely that to
reduce the number of pharmacoresistant cases, compounds with novel mechanisms of actions are

required (Patel, Wilcox, and Metcalf 2017).

In order to discover novel anti-epileptic drugs (AEDs) animal models are required for both identifying
targets and screening compounds. There are a variety of epilepsy and seizure models currently in
use, each of which has its specific advantages and disadvantages. One of these model organisms, the
fruit fly Drosophila melanogaster, was used recently by the Baines group to screen for genes whose
transcription is affected by seizures. This screen and corresponding work thereafter identified
pumilio (gene), Pumilio (protein) to be upregulated during seizure. Additionally, this transgenic
upregulation has been shown to be anticonvulsant (Lin, Giachello, and Baines 2017b). Screening
approved drugs/chemicals identified that the sunscreen blocker avobenzone is seemingly able to
increase pum expression and also, when ingested by Drosophila, to reduce recovery time in
Drosophila seizure mutants. This project therefore has the overarching aim to use the principles of
drug design in order to develop a potential drug or chemical tool that boosts Pum activity and that is

anticonvulsant.

12



1.2.1 Definitions of Seizure and Epilepsy

For a disorder to be classed as epilepsy it must show three essential elements:

. History of at least one seizure (preferable multiple seizures)

. Enduring alteration in the brain meaning likelihood of future seizures is increased

(epileptogenesis)

. Associated neurobiological, cognitive, social and/or psychological disturbances.

Seizures are caused by neurons firing in an excessive synchronous and abnormal manner (Fisher et

al. 2005). This results in symptoms that vary depending on the type of seizure and the part of the

brain in which the seizure originates. Symptoms of the various types of seizure are described in

Table 1.1 (Fisher et al. 2017). In patients with epilepsy these seizures are recurrent due to various

changes within the brain which ultimately cause an imbalance between excitation and inhibition.

Table 1.1- Different types of seizure and their description.

Type of seizure

Description

Simple focal (partial) seizures

Seizure starts in, and affects one part of the

brain.

Complex focal seizures

Seizure starts in, and affects one part of the

brain and awareness in impaired.

Generalised seizure

Seizure effects the whole brain.

Absence seizure

Form of generalised seizure where the patient is

unconscious for a short amount of time.

Tonic seizure

Form of generalised seizure where muscles

suddenly become stiff.

Atonic seizure

Form of generalised seizure where muscles

suddenly become limp.

Myoclonic seizure

Form of generalised seizure involving muscle

jerking.

Tonic-clonic (convulsive) seizure

Form of generalised seizure where the muscles
first stiffen and then relax and tighten

repeatedly.

Clonic seizure

Form of generalised seizure similar to tonic-
clonic but the body does not stiffen to begin

with.
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There are over 500 gene loci associated with epilepsy. As well as these, causes of epilepsy can
include brain trauma, infection, and stroke (Moshé et al. 2015). This, plus the fact that in 60% of
cases the causes are unknown, makes epilepsy a difficult condition to treat. Only 1-2% of cases are
caused by single genetic defects. In most cases the cause is due to polygenic and environmental
factors. For example. a study found that in monozygotic twins if one has epilepsy there is a 50%

chance the other will be affected, compared to 15% for dizygotic twins (Pandolfo 2011).

The underlying neurophysiology of seizures involves either excessive excitation, or insufficient
inhibition. These issues can be present at the single cell level or all the way up to large networks of

neurons (Scharfman, 2007).

1.2 Causes of Epilepsy
1.2.2 Voltage Gated Sodium Channels (Nays)

Signalling in the nervous system relies on a finely tuned electrical balance between excitation and
inhibition (E:l balance). Disruptions to the mechanisms that maintain this balance have been linked
to epilepsy. Genetic studies of patients with epilepsy have identified a large array of mutations, most

of which were found in genes that code for ion channels (EPi4K Consortium, 2013).

Navys are responsible for the generation and propagation of action potentials and are involved in
many types of epilepsy. Nays are membrane proteins that change conformation, allowing an
increase in membrane permeability to sodium. Sodium diffuses down its electrochemical gradient
causing depolarisation and the upstroke of the action potential (Fouda and Ruben 2020). The human
genome contains 10 Nay a-subunits (pore-forming). Each isoform, encoded by a different gene, has
unique properties and any changes to the function or expression of these channels has the potential

to have a large effect on the balance between excitation and inhibition (Wengert and Patel 2021).

Of the sodium channel genes SCN1A, which codes for Nay1.1, has the most known variants linked to
epilepsy (Schutte et al. 2016). Mutations of SCN1A that lead to loss of function are known to cause
an extreme form of epilepsy known as Dravet syndrome (Dravet, 2011). Mutations that only impair
the function of Nay1.1 often cause generalised epilepsy with febrile seizures. It is thought that this is
due to reduced sodium current (/ns) in GABAergic interneurons, lowering inhibition which varies
depending on the severity of the mutation (Cheah et al. 2012). Sodium channel blockers cannot be

prescribed for Dravet syndrome as they further reduce this current, further reducing inhibition.

SCN2A, which encodes the a-subunit of Nay1.2, was typically linked to benign familial neonatal

infantile seizures (BFNIS) but recent evidence has linked the gene to more debilitating forms of
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epilepsy. BFNIS is a rare form of childhood epilepsy which is self-limiting and relatively mild, with
cases usually remitting by the age of 12 months (Berkovic et al. 2004). This is due to the fact that
Navl1.2 channels are expressed as two different splice forms, adult and neonatal (Thompson et al.
2020). The neonatal form is less excitable meaning a more excitable mutant channel can lead to
seizures, whereas the effect in adults is negligible. More recent studies have linked SCN2A to
developmental and epileptic encephalopathies, whereby seizures begin in childhood and are
associated with poor developmental outcomes and comorbidities including autism spectral disorder,
microcephaly, cerebral and/or cerebellar atrophy, and cortical visual impairment (Wolff et al. 2017;

Sanders et al. 2018).

Mutations in the gene SCN8A (Nay1.6) were originally linked to motoneuron dysfunction and ataxia,
due to evidence from rodent models with hypomorphic or null alleles (Estacion et al. 2014).
However, since the first Nay1.6 epilepsy causing mutation was identified in 2012 there has been a
significant number of pathogenic SCN8A variants identified in epilepsy patients (Kaplan, Isom, and
Petrou 2016). This channel is known to have a role in maintaining the persistent sodium current,
setting the action potential threshold for a given neuron and facilitating repetitive firing (Y. Chen et
al. 2008). Therefore, mutations that result in a gain-of-function for Nay1.6 increase the likelihood of
uncontrolled action potential firing. However, another study, in a single patient, showed that a loss-
of-function mutation in SCN8A can also be causative of epilepsy (De Kovel et al., 2014). Additionally,
the channel has also been linked to absence seizures. A mutagenesis rodent study in which mice
with an SCN8A mutation, showed a clear spontaneous absence seizure phenotype with distinct
spike-wave discharges (Papale et al., 2009). Recently, a novel pathogenic mutation was discovered in
SCNB8A that contributes to an epileptic phenotype, despite being outside of the gene and promoter
regions or translational or transcriptional sites (Johannesen et al. 2019). The severity of seizure
varied with the strain of mouse, additionally highlighting how the genetic causes of many epilepsies

can be due to a number of combined factors rather than single gene mutations.

1.2.3 K* Channels

Voltage gated potassium channels (K,s) regulate the efflux of K*from a cell contributing to
membrane repolarisation/ hyperpolarisation and limit neuronal excitability. Kys are also involved in
molecular and cell signalling pathways as well as modulation of neurotransmitter release (Shah and
Aizenman 2014). The KCNA1 gene encodes for the K,1.1 subunit, which like other K1-family subunits,

plays an important role in the initiation and regulation of action potential firing. Heterozygous
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mutations of this gene have typically been related to episodic ataxia (Browne et al. 1994).
Interestingly, patients exhibited epileptic seizures suggesting K,1.1 may contribute to an epileptic
phenotype (Browne et al. 1994; Eunson et al. 2000). Loss-of-function in KCNA1 results in reduced
current amplitude and an increase in the chance of seizures (Imbrici et al. 2006). This evidence is
supported by knock-out mouse models which show loss of K,1.1 leads to epileptic behaviour (Smart

et al. 1998).

Kv4 channels are predominantly expressed in the brain and are mainly involved in the regulation of
action potential back-propagation and certain forms of synaptic plasticity (Birnbaum et al. 2004).
The first K4 channel associated with epilepsy was K\4.2, encoded by KCND2. A patient with temporal
lobe epilepsy was found to possess a mutation in this gene causing a frame shift, leading to a
premature termination codon and ultimately K,4.2 channel haploinsufficiency (B. Singh et al. 2006).
More recently, a de novo mutation to the KCND3 has been discovered (Smets et al. 2015) which was
found to cause a severe channel dysfunction, leading to a range of conditions including epilepsy. The
symptoms were likely to be due to a strong depolarising shift in the voltage of both the activation

and deactivation of the channel.

The genes KCNQ2 and KCNQ3 encode the K,7.2 and K,7.3 proteins respectively. Between them,
these proteins form the M channel, which has a critical role in controlling neuronal excitability
through raising the threshold for firing an action potential (Passmore et al. 2012). Mutation in
KCNQ2 and KCNQ3 genes are known to cause benign neonatal familial convulsions (Cooper et al.
2000). The M channel has been targeted in the past by the anticonvulsant retigabine, but this was
discontinued due to side effects involving changes in retinal pigmentation and discolouring of the

skin (Groseclose and Castellino 2019).

Voltage gated potassium channels Ky, contribute to slow afterhyperpolarisation that follows the
action potential in several neuronal population of the brain (Budelli et al. 2009). They are activated
by increased cytoplasmic Na* concentration. Mutations in the gene KCNT1, which codes for the
subunit Kna1.1, has been linked to several different epileptic disorders, but has a particularly strong
link to malignant migrating focal seizures of infancy (MMFSI) (Lim et al. 2016). This condition is
characterised by onset before 6 months of age, migrating focal seizures and developmental delay
(Coppola et al. 1995). More recently, another Ky, subunit Kya1.2 have also been shown to cause

MMFSI, with both gain of function and loss of function mutation reported (Gong et al. 2021).
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1.2.4 Calcium Channels

Upon depolarisation, voltage gated calcium channels (Cays) open to allow an influx of calcium into
the cell, which regulates calcium sensitive signalling pathways (Zamponi et al. 2015). Even small
alterations in channel properties or expression can cause significant changes to the brain due to the
wide range of calcium effects. This includes processes such as neurotransmitter release, gene
expression and enzyme activity, all of which may contribute to the development of seizures and
epilepsy (Flavell and Greenberg 2008). Additionally, calcium influx can also open other channels such
as Ca%*-activated K channels, which play a key role in neuronal excitability and neurotransmitter

release (Kshatri, Gonzalez-Hernandez, and Giraldez 2018).

T-type calcium channels require smaller depolarisation than sodium and potassium channels in order
to activate. Gain-of-function mutations or increased expression of these channels can lead to a low
threshold spike (Cain, Hildebrand, and Snutch 2014). This can depolarise the membrane, causing
sodium and potassium channels to open and initiate high frequency action potential firing, known as
a ‘burst’, often seen on an EEG recording from epilepsy patients (Blumenfeld 2005). Animal models
of temporal lobe epilepsy have shown that the T-type channel subunit Cay3.2 is upregulated
following a seizure, but it is unknown whether increased expression causes neuronal damage or if

damage increases expression (Becker et al. 2008).

CACNA1A encodes for both Q-type and P-type channels through different splicing mechanisms
(Bourinet et al. 1999). These channels are expressed presynaptically and are involved in
neurotransmission and therefore have influence over neuronal excitability (R. M. Evans and Zamponi
2006). Mutations to this gene have been identified in patients inflicted with severe neurological
disorders. Loss-of-function mutations, in particular, have been shown to cause epilepsy and ataxia
due to reduced current density in cerebellar granule cells and an alteration to glutamate release in

cortical cells (Ayata et al. 1999).

Many of the causes mentioned related to ion channels are caused by a single mutation in a single ion
channel. However, it is now clear that a large majority of cases are due to the combined effect of
multiple factors. This was highlighted in a study performed by Klassen and colleagues (Klassen et al.
2011) who sequenced 237 ion channel genes in patients with epilepsy vs. a control group. The study
found thousands of single nucleotide polymorphisms equally spread between both groups.
Interestingly when the comparison was limited to just genes associated with epilepsy, a significant
number of missense genes were also found in the control. These results suggest that many types of

epilepsy are due to the accumulation of specific ion channel mutations that affect the homeostasis
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of excitability within the brain. Excitability is not only affected by ion channels, but also by the

release of neurotransmitters: glutamate and GABA being the most relevant for this thesis.

1.2.5 Glutamatergic System

Synaptic transmission plays a key role in maintaining the excitatory balance of neuronal networks
and has therefore been researched extensively with respect to epilepsy. As y-aminobutyric acid
(GABA) and glutamate (Figure 1.1) are the major inhibitory and excitatory neurotransmitters in the
CNS, respectively, they have most commonly been linked with epilepsy. Glutamate concentration
has been found to be increased in the cerebrospinal fluid (CSF) of epilepsy patients, whereas the
concentration of GABA is unaffected (Stover et al. 1997). Additionally, it has also been shown that
glutamate levels are elevated in the CSF prior to seizure events (During and Spencer 1993). Recent
advancements in imaging have also allowed the localised concentration of glutamate within the
brain to be studied. One study by Davis and colleagues (Davis et al. 2015), found that glutamate
concentration is elevated in the hippocampus ipsilateral to the seizure onset site. Furthermore, a
study of glioma patients found that increased glutamate concentration is associated with seizures
and drug resistant epilepsy (Neal et al. 2019). Although the underlying mechanisms vary, evidence

suggests that an increase in glutamate concentration is common amongst different epilepsies.
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Figure 1.1- A) Structure of L-glutamate, the principal excitatory neurotransmitter in the mammalian CNS B) Structure of
GABA, the main inhibitory neurotransmitter in the CNS. Increased concentrations of glutamate and/or decreased

concentration of GABA are associated with epilepsy, due to an excitation-inhibition imbalance.

lonotropic glutamate receptors (iGIuRs) are ligand gated ion channels that bind glutamate. There are
three subtypes: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs), N-
methyl-D-aspartate receptors (NMDARs) and kainic acid receptors (KARs), all named after ligands
they bind (Collingridge et al. 2009). All have different functions but all mediate excitatory synaptic

transmission and are key players in synaptic plasticity.

AMPARs are the most abundant iGluRs in the mammalian brain and mediate the majority of the
synaptic response to glutamate. When AMPARs are repeatedly activated it causes long term

potentiation, whereby changes in NMDA Ca?* permiability leads to a cascade that results in the
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increased trafficking of AMPARs to the synapse, strengthening synaptic signalling (Collingridge, Isaac,
and Wang 2004). AMPARs play a more central role than NMDA receptors in excitatory synaptic
transmission and seem more effective targets in preventing the spread of seizures (Rogawski 2011).
In 2012 the drug perampanel was released, which is a negative allosteric modulator of AMPARs. This
reduces the activity of the receptor by binding away from the active site and decreases the amount

of glutamate that can bind to these receptors, reducing overall excitation (Krauss et al. 2013).

It is also believed that AMPARs play a leading role in synchronised firing, one of the hallmarks of
epilepsy. Soon after the discovery of selective non-NMDA glutamate receptor antagonists,
experiments showed that these compounds were more effective in reducing epileptiform activity in
vitro, when compared to selective NMDA blockers (Neuman, Cherubini, and Ben-Ari 1988).
Additionally, computer models have suggested that blockage of AMPARs prevents synchronous
firing, whereas NMDA blockage only shortened bursts (Ekeberg et al. 1991). Mutations in AMPARs
are heavily linked to autism and cognitive impairment, but evidence linking them to epilepsy is more

limited (Hanada 2020).

KARs can be expressed both postsynaptically, where they mediate slow excitatory post synaptic
currents, and presynaptically, where they facilitate or inhibit neurotransmitter release (Vignes and
Collingridge 1997). The ligand after which the receptors are named is a known convulsant and is still
used in animal models of temporal lobe epilepsy. This effect is at least partially due to kainite
binding to KARs although it does also have an affinity for AMPARs. Although there is currently no
drug on the market that specifically targets KARs, they are seen as a promising anti-epileptic strategy
because it has been shown that blocking these receptors reduces chronic seizures without affecting
AMPAR transmission (Pinheiro and Mulle 2006). A rodent study by Epsztein and colleagues (Epsztein
et al. 2005) found the mossy fibres that sprout in the epileptogenesis process establish kainite
receptor operated synapses on granule cells. They could then deduce that KARs contribute to the

enhanced synchronised network seen in the dentate gyrus of the rats.

Of the iGIuRs, NMDARs have been historically most linked to CNS diseases, including epilepsy
(Newcomer, Farber, and Olney 2000). These receptors are found on most CNS neurons and are
responsible for Ca?* influx upon binding of glutamate and glycine. Meldrum discovered that NMDA
antagonists protect against seizure induced by excitotoxic cell death (Meldrum 1993). Cell death
occurs as excessive binding of glutamate to NMDARs allows toxic amounts of Ca?* into a cell. This
generates reactive oxygen species, uncouples oxidative phosphorylation in mitochondria causing
oxidative stress, and activates various enzymes, all of which negatively affect cell function and lead

to cell death (De Keyser, Sulter, and Luiten 1999). The damage can then lead to the activation of
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hundreds of genes that cause a change in brain structure through the sprouting of granule cell
axons, known as mossy fibres (Represa and Ben-Ari 1997). Glutamate is the neurotransmitter of the
synapses in these axons, so it is likely that sprouting results in excessive excitation (T. Sutula et al.
1996). This is an example of how an imbalance of neurotransmitters at the molecular level can lead
to changes in neuronal networks. Despite their role in epilepsy, NMDARs are a poor drug target, as

antagonists often have hallucinogenic properties (Rogawski 1993).

In more recent years, evidence has suggested that anti-NMDAR encephalitis may also contribute to
the excitation-inhibition balance (Dalmau and Graus 2018). Anti-NMDAR encephalitis refers to
inflammation of the brain caused by an autoimmune response to NMDARs. Anti-NMDAR receptor
antibodies cause surface NMDA receptors to be internalised, resulting in reduced receptor density at
the cell surface (Moscato et al. 2014). There is evidence to suggest that NMDA antagonists can
exacerbate seizures (Sveinbjornsdottir et al. 1993). However, due to the involvement of NMDARs in
epileptogenesis and excitatory synaptic transmission, it is counter-intuitive to think that a lower
density of these receptors could contribute to increased excitability. GABAergic interneurons utilise
NMDARs for neuronal excitation and therefore, if the density of NMDARs is lowered, GABAergic
transmission may well be affected leading to reduced inhibition. This is an example of the complexity
involved in the excitation-inhibition balance. This paradox with NMDARs is similar to the one
highlighted with sodium channel blockers and Dravet syndrome. Targeting one class of receptor may
lower excitation, but if excitation is lowered in inhibitory pathways, then overall network becomes
more excitable. Due to the high number of different genes that contribute to the epileptic
phenotype, a drug target that works for one patient may not only be ineffectual in another but may
actively make seizures worse. Targeting the overall excitation-inhibition balance through
homeostatic mechanisms, rather than a single class of receptor, may prevent this from occurring and

act on a wide range of different epilepsies.

1.2.6 GABAergic System
GABA (Figure 1.1) acts as the primary inhibitory neurotransmitter by binding to receptors both pre-

and post-synaptically. Binding to GABAa receptors causes a negative change in transmembrane
potential by increasing chloride conductance into cells. GABAg receptors are G-protein linked
receptors that hyperpolarise a cell by increasing potassium conductance out of the cell and reducing
calcium entry, lowering the chance of a neuron firing. GABA is mainly located in the axon terminals
of intermediate neurons, where it is formed via the transamination of a-ketoglutarate into glutamic
acid, which is then converted to GABA by glutamic acid decarboxylase (GAD) (Figure 1.2). GAD1 is
crucial for the synthesis of GABA and therefore it is thought that GAD1 mutations may lead to a

GABA imbalance within the brain and ultimately hyperexcitability. A recent study discovered
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biallelic mutations to GAD1 that resulted in early infantile onset epilepsy and developmental delay
(Neuray et al. 2020). Another recent study which measured the changes to the transcriptome
associated with epileptogenesis, found that GAD1 was downregulated in epilepsy patients (Pfisterer
et al. 2020). However, it is not known whether this is causative of seizures or a homeostatic
response to changes in excitation. Further human genetic studies are required to elucidate how
GAD1 mutations relate to GABA synthesis and to better understand how it relates to epilepsy (Akyuz
et al. 2020).
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Figure 1.2 - Synthesis of GABA, the main inhibitory neurotransmitter in the mammalian CNS. GABA is synthesised from

glutamate in a decarboxylation reaction catalysed by glutamic acid decarboxylase (GAD).

GABA, receptors, in particular, have been heavily linked with epilepsy (M. S. Evans et al. 1994; Kapur
and Macdonald 1997; P. K. Banerjee et al. 1998). However, more recent evidence suggests that
GABAgRs may also be linked to absence seizures, which occur in experimental models with GABAg
antagonists (Stewart et al. 2009). It has been established for decades that GABA4 receptor function is
required for limiting network synchrony (Miles and Wong 1983). High frequency synchronous
neuronal firing that spreads through the brain often precedes seizures. Therefore, drugs that
potentiate GABA activity can prevent this synchronisation as well as reducing overall excitability.
Various mutations have been documented that affect GABA receptor expression or activity (Baulac
et al. 2001; Wallace et al. 2001; Harkin et al. 2002). In human patients many show an epileptic
phenotype; however as with other epilepsy related genes the severity of the phenotype depends on

other genetic and environmental factors.

1.2.7 Other Neurotransmitters
Although glutamate and GABA have been most heavily linked with epilepsy, other neurotransmitters

may also play a more subtle role. Neuromodulators including serotonin (5-HT) and dopamine can
affect the ratio of excitation and inhibition by inducing changes in the activity of glutamatergic
and/or GABAergic neurons (Yague et al. 2013). Studies have shown significant change can occur to
the dopaminergic system following seizures. Dopamine receptor (D2R) signalling may contribute to

epileptogenesis by activation of neuronal cell death cascades (Bozzi and Borrelli 2013).

Whilst studies have shown agonists of D2Rs can prevent seizures and associated brain damage,

systemic investigation into D2R as a potential target are lacking (Micale et al. 2006; Deepak et al.
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2007). This is likley due to the fact that drugs that act on the dopaminergic system often have severe

side effects and challenging withdrawal symptoms (Bozzi and Borrelli 2013).

Serotonin (5-HT) is a neuromodulator thought to be involved in virtually all human behavioural
processes. Reduced 5-HT activity is generally associated with seizure genesis whereas increased
activity is anticonvulsant (Epps and Weinshenker, 2013; Hamid and Kanner, 2013). In particular,
patients with temporal lobe epilepsy have been shown to have small alterations in 5-HT
neurotransmission (Martinez et al., 2013). Multiple rodent models of seizure have also shown
activation of 5-HT1a receptors to be anticonvulsant (Salgado and Alkadhi, 1995; Gariboldi et al., 1996;
Lu and Gean, 1998). The serotonin system is complex and how it exerts effects on excitability within
the CNS is poorly understood. There are 14 different sub-types of 5-HT receptor which may exert
opposing control on cell membrane potential and act on different neuronal circuits involved in
various types of epilepsy. This is likely why, despite an array of evidence linking 5-HT to epilepsy,
there are no AEDs which specifically target the serotonin system. However, the 5-HT,c agonist
lorcaserin has recently been shown to reduce seizure occurrence by 48% for some severe forms of

epilepsy, such as Dravet syndrome (Tolete et al., 2018).

1.2.8 Environmental Factors
Whilst some forms of epilepsy are purely down to genetic factors, many cases also have a

contribution from environmental factors. For example, 25% of epilepsy cases are associated with
antecedent CNS injuries such as head trauma, stroke or infection (Hauser, Annegers and Kurland,
1991). However, the chance of someone developing epilepsy after such an injury varies with genetic
factors. The fact that epilepsy is a group of different conditions with a long list of causes and risk
factors makes it very hard to treat. This is exacerbated by 60% of cases being due to unknown

causes.

1.3 Current Anti-Epileptic Drugs

Because epilepsy has a variety of different causes, a diverse array of drugs is needed to treat
different patients. Indeed, many patients may require treatment through drug cocktails (Hochbaum
et al., 2022). There are more than 20 currently clinically approved drugs, however despite this a third
of epilepsy cases are pharmacoresistant. Furthermore, around half of patients on anti-epileptic
drugs (AEDs) will experience severe adverse effects (Schmidt and Schachter, 2014). Additionally,

treating children poses further problems due to effects on brain development (Goldenberg, 2010).

For patients with drug-resistant focal epilepsy, surgery can be highly effective, leading to seizure

freedom of 60-80% (Spencer and Huh, 2008). However, drug resistant focal epilepsy only accounts

22



for a small number of epilepsy cases. A medium chain fatty acid ketogenic (low carbohydrate) diet is
a proven, non-pharmaceutical, method of seizure control that can be beneficial for those with drug
resistant epilepsy. It was identified as a treatment 50 years ago but suffered from high attrition rates
as patients find it difficult to tolerate the diet (Huttenlocher, Wilbourn and Signore, 1971). More
recent evidence suggests that the active molecule in this diet is decanoic acid (Chang et al., 2016).
This may lead to an easier to follow diet plan, and/or the development of decanoic acid as an AED.
Currently though, the ketogenic diet is seen as a way of potentially reducing seizure incidence in
certain patients, rather than as a way of fully preventing seizures. Both of these non-pharmaceutical
methods are effective for certain groups of patients, but overall AEDs are the most common tool

employed to control seizures.

AEDs aim to restore balance between inhibition and excitation. There are three main classes of drugs
that achieve this via different mode of action: sodium channel blockers, GABA potentiators and
calcium channel blockers; however, calcium channel blockers are generally only used in adjunctive
therapy (Schmidt and Schachter, 2014). Since the release of Valproate in 1962, 5 AEDs have been
released that act on a completely novel target. Perampanel, (AMPA receptors) (Greenwood and
Valdes, 2016), levetiracetam (synaptic vesicle protein SV2A) (Abou-Khalil, 2008), cannabidiol (various
targets) (Chayasirisobhon, 2020), fenfluramine (serotonin release) (Schoonjans, Lagae and
Ceulemans, 2015) and topiramate (carbonic anhydrase inhibitor) (White, 2005). More novel

mechanisms of action are needed to reduce the number of drug resistant patients.

Ideally, AEDs should be convenient to take for patients (tablet 1-3 times daily), have limited adverse
effects and preferably not be an enzyme inducer (e.g CYP450) to minimise the chance of drug-drug

interactions (Trinka, 2012).

1.3.1 Sodium Channel Blockers
Phenytoin, carbamazepine and lamotrigine (Figure 1.3) are commonly prescribed AEDs that block

sodium channels as their primary mechanism of action (Kyle and Ilyin, 2007). These three
compounds all bind to a common site within the channel and all bind favourably to inactivated
states of sodium channels (Ragsdale et al., 1994). This allows the drugs to preferentially block
sodium channels involved in ‘burst activity’ seen after a low threshold spike (Macdonald and Kelly,

1995).
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Figure 1.3- Structures of phenytoin, carbamazepine and lamotrigine (left to right), three commonly prescribed sodium

Cl

channel blocker AEDs

Generally, sodium channel blockers are unselective towards the different subtypes (Nay1.1-1.7)
which is thought to contribute to their side effect profile (Catterall, 2014). The three drugs
mentioned have all been associated with hypersensitivity syndrome, a rare but potentially life-
threatening side effect (Knowles, Shapiro and Shear, 1999). In particular, carbamazepine and
phenytoin have undesirable side effect profiles, including cognitive impairment, leukopenia and

aplastic anaemia (Schmidt and Schachter, 2014).

As mentioned previously, in some cases sodium channel blockers can aggravate seizures in loss-of-
function Nay1.1 mutants as they further block sodium channel function in inhibitory neurons
(Catterall, 2014). Furthermore, sodium channel blockers are ineffective in the treatment of absence
seizures (Macdonald and Kelly, 1995). It is thought selectively blocking the Nay1.6 subtype could be
more efficacious with less side effects as they seem to drive repetitive firing in neurons (Chen et al.,

2008).

1.3.2 GABA Potentiators
Drugs that enhance GABAergic inhibition are anticonvulsant, whereas GABA antagonists are

proconvulsant. Anticonvulsants activate GABA receptors or increase levels of GABA which leads to

activation of chloride channels and increased inhibition (Treiman, 2001).

Due to the three rotatable bonds within the structure of GABA, the molecule is conformationally
very flexible. This is important for the function of GABA, as it allows it to bind to a diverse range of
receptors in different conformations. This also allows the pharmacology of the GABAergic system to
be highly selective and variable. Several GABA analogues have been developed with more rigid
structures, in order to control their binding and increase their selectivity (Majumdar and Guha,
1988). For example, the psychoactive component of Amanita muscaria muscimol, selectively binds

to GABAsreceptors and entered phase 1 clinical trials for epilepsy (Heiss et al., 2012). Guvacine is
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another GABA analogue with similar conformational restriction as it contains only 1 rotatable bond.
Muscimol binds selectively to GABA receptors whereas guvacine inhibits GABA reuptake with no

significant binding to any GABA receptors. Both structures are shown in Figure 1.4.
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Figure 1.4 - Structures of muscimol (left) and guvacine (right). Both are structural analogues of GABA. Similarily to GABA,
both compounds are zwitterions at neutral pH, with the OH group of muscimol acting as an acid. GABA is
conformationally flexible due to the 3 rotational bonds which allows it to bind to a variety of receptors. These

compounds contain 1 or 0 rotational bonds and as a result are more selective for specific GABA binding partners.

There are two main classes of AEDs that potentiate GABA, barbiturates (phenobarbital, primidone)
and benzodiazepines (diazepam, Clobazam) (Figure 1.5) (Kwan, Sills and Brodie, 2001). Both activate
GABAA\ receptors as their main mode of action but bind to distinctly different sites. Vigabatrin and
tiagabine also potentiate GABAergic activity, but through inhibition of GABA reuptake and catabolic
enzymes increasing synaptic GABA concentration (Kwan, Sills and Brodie, 2001). However, vigabatrin
is rarely prescribed due to harmful side effects including teratogenicity. Barbiturates and
benzodiazepines can often cause side effects including sedation, cognitive impairment and

withdrawal (Schmidt and Schachter, 2014).
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Figure 1.5- General structures of barbiturates (left) and benzodiazepines (right), both are AEDs that potentiate GABA.

Whilst other drugs mentioned are generally only used for adjunctive therapy, phenobarbital is an
effective treatment for a range of epileptic conditions and is one of the most widely prescribed AEDs
(Johannessen Landmark et al., 2009). This drug was released on to the market in 1912 and is still the

most effective AED that acts on GABA, highlighting the need for new targets in AED development.

1.3.3 Calcium Channels
Gabapentin and pregablin (Figure 1.6) are calcium channel blockers that both act on the 026

receptor subunit (Ben-Menachem, 2004). Both have an improved side effect profile compared to the
other AEDs mentioned, however both are generally only used in conjunction with other drugs

(Johannessen Landmark et al., 2009). This class of compound is referred to as a gabapentinoid, due
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to their structural similarity to GABA. Both were initially designed to be conformationally restricted,
lipophilic GABA analogues, similar those mentioned above, but both were found to act as calcium
channel blockers. However, recent evidence suggests that gabapentin may exert at least some of its

action through potentiating GABA (Yu et al., 2019).
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Figure 1.6- Strucutres of a26é subunit calcium channel blockers pregablin (left) gabapentin (right).

Succinimides act as T-type calcium channel blockers and can generally have some severe
psychoactive effects (ljff and Aldenkamp, 2013). Ethosuximide is the best tolerated of this class of
compounds and is widely prescribed as a treatment for absence epilepsy (Glauser et al., 2013).
Other T-type channel blockers are currently in clinical trials, which may be more potent than current

AEDs without the side effects associated with succinimides (Richard et al., 2019).

Levetiracetam acts on calcium channels indirectly by blocking the synaptic vesicle protein SV2A
(Lynch et al., 2004). SV2A regulates the expression and trafficking of synaptotagmin, a protein
required for the calcium mediated exocytosis of neurotransmitters from synaptic vesicles (Bai and
Chapman, 2004). SV2A has also been shown to be involved in the endocytosis and priming vesicles
for exocytosis, independent of synaptotagmin (Chang and Siidhof, 2009). By blocking SV2A
levetiracetam reduces neurotransmitter release and lowers overall excitation. However, similarly to
AEDs previously mentioned, there can be cases whereby taking levetiracetam can increase the
likelihood of seizures, particularly in children (Nakken et al., 2003). The cause of this paradoxical
effect in unknown, but aside from this levetiracetam has a good side effect profile when compared

to other AEDs.

1.3.4 Others
For most AEDs their mechanism of action was only discovered after clinical approval, and some are

still not fully understood today. Target based approaches over the last 40 years have concentrated
on GABAergic and glutamatergic systems with limited success. The gabapentinoids came from this
approach, as did the GABA-potentiators tiagabine and vigabatrin. However, despite much research,
perampanel is the only AED thought to act mainly through iGluRs. Perampanel is a non-competitive
AMPA antagonist released on to the market in 2012 that is used as an adjunctive therapy. It has no
effect on NMDA currents, which is thought to be the cause of many of the psychotic side effects

associated with targeting iGIuRs. However, the side effects can still be quite severe, including
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behavioural and psychotic changes such as increased agitation, anger, and anxiety (Rugg-Gunn,
2014). Whilst iGluRs and GABARs would seem like obvious targets for the treatment of epilepsy, it
has been claimed that concentrating too much on these oversimplifies the alterations within these
neurotransmitter systems in an epileptic brain (Loscher et al., 2013). Additionally, focussing on a
limited number of targets is unlikely to decrease the number of pharmacoresistant resistant cases
and is less likely to produce novel drugs when compared to a novel target. AEDs from new targets
may also have a less severe side effect profile, particularly when compared to drugs that target

glutamate.

Valproate (Figure 1.7) and topiramate are AEDs with unknown mechanisms of action. Both are
thought to act in some way on most of the targets mentioned above and are two of the broadest
AEDs on the market in terms of effectiveness (Schmidt and Schachter, 2014). Topiramate is
commonly prescribed despite its wide range of common side effects including depression, cognitive
impairment and sedation (Sommer, Mitchell and Wroolie, 2013). Valproate is also one of the most
widely prescribed AEDs available (Johannessen Landmark et al., 2009) mainly due to its broad
spectrum of anticonvulsant activity. This is despite valproate being a known teratogen, and in some
cases hepatotoxic (Jeavons, 1984). Although it is not clear how valproate works, models suggest that

sodium channel blockade is a large part of its action (Romoli et al., 2019).
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Figure 1.7- Structure of valproate, a regularly prescribed AED with an unknown mode of action. It is thought part of its

effect may come through blocking Nays

1.4 Models in epilepsy

Up until the 1990s (White, 1997) drug induced seizure assays in rodents have been used successfully
to develop new AEDs. However, after this point it was realised that in order to detect the

therapeutic potential of new AEDs additional model systems with more aetiologies are required
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(Stables et al., 2003). For example, the pilocarpine induced status epilepticus rodent model causes
hippocampal sclerosis to model the human condition, but also leads to extra widespread brain
damage with no link to epilepsy (Cavalheiro, Santos and Priel, 1996). Whilst this assay is still
informative, when screening for new AEDs many in vitro, in silico and non-mammalian models are
often able to provide more selective behavioural and molecular features of a given epilepsy
syndrome. Having the ability to study the aetiology of specific epilepsy syndromes, combined with
genetic screening of patients, should pave the way for epilepsy syndrome-specific medicines and,

hopefully, less pharmacoresistant cases.

1.4.1 Mammalian Models
Over the last few decades there has been a sharp increase in the number of rodent models, which

has facilitated new kinds of epilepsy research and a better understanding of the mechanisms behind
epilepsy syndromes (Nissinen et al., 2000). Chemoconvulsants are some of the most commonly used
tools to model seizures and epilepsy, and for screening for novel AEDs (Veliskova, Shakarjian and
Velisek, 2017). Kainic acid was one of the first chemoconvulsants used to study temporal lobe
epilepsy, the most common epilepsy syndrome seen in adults (Sharma et al., 2007). It is an agonist

of kainate and AMPA iGluRs, mimicking the role of glutamate and increasing excitability.

In order to mimic temporal lobe epilepsy rodents must display similar clinical history of adults,
including an initial injury affecting temporal lobe (e.g., status epilepticus) and a latent period where
the brain undergoes structural changes which eventually lead to spontaneous seizures (Lothman and
Bertram, 1993). This occurs after injection of kainic acid, resulting in similar changes to the
hippocampus as those seen in temporal lobe epilepsy (Raedt et al., 2009). Although an ability to
specifically target the hippocampus is a useful tool for some studies, extrahippocampal areas are
also damaged in temporal lobe epilepsy (Bonilha et al., 2010). Pilocarpine is another
chemoconvulsant that causes similar effects to kainic acid but with more extrahippocampal damage
and behavioural changes seen in temporal lobe epilepsy patients (Faure et al., 2014). However,
these chronic epilepsy models are rarely used due to costs, time restraints and high mortality rates

(Kandratavicius et al., 2014).

Compounds such as N-methyl-D-aspartate (NMDA), pentylenetetrazol (PTZ) and penicillin are used
to model acute seizures rather than models of epilepsy (Kandratavicius et al., 2014). Different
proconvulsants can be used depending on the desired seizure type. For example, NMDA produces
generalised tonic-clonic seizures whereas PTZ can be used to generate myoclonic seizures (Loscher,
1997). Drugs which are thought to act via ion channels (e.g., valproate and ethosuximide) were

discovered with these types of acute seizure models, whereas drugs with different mechanisms of
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action (e.g. tiagabine and vigabatrin) were discovered using chronic epilepsy models (Loscher, 2002).

This highlights how a variation in model is a critical choice in order to find new classes of AEDs.

Electrical stimulation in rodents is another commonly used model of epilepsy (Gorter and van Vliet,
2017). Electroshock (ES) induced seizures can be separated into maximal and minimal seizures
depending on the conditions (Frankel et al., 2001). Minimal ES induces myoclonic seizures whereas
maximal ES is used to model generalised tonic-clonic seizures (Browning and Nelson, 1985). Maximal
ES and PTZ have largely been used to screen for AEDs, however drugs that protect against non-
convulsive and partial seizures fail in these models. ES has also been applied to research into how

epileptiform activities cause changes to brain structure (Tsankova, Kumar and Nestler, 2004).

Perhaps the most powerful electrostimulation tool to study epileptogenesis is kindling (Sutula,
2004). Kindling is a phenomenon that occurs from repeated stimulation (often electrical but can be
chemical) that causes a gradual enhancement of seizure susceptibility, ultimately leading to a
permanent epileptic state (Goddard, Mclntyre and Leech, 1969). Chronic epilepsy models that rely
on drug induced status epilepticus result in the rapid emergence of seizures, whereas kindling is a
controlled gradual process better mirroring epileptogenesis (Sayin et al., 2003). This difference
allows opportunities to study both slow and rapid epileptogenic processes, which is representative
of the variation seen in human temporal lobe epilepsy (Sutula, 2004). Combinations of the kindling
and pharmacological approaches can also be used in a model of pharmacoresistant epilepsies, a

critical tool in the development of new AEDs (Srivastava et al., 2013).

Although a useful tool, kindling is expensive, time consuming and difficult, due to the fact that
chronic implanted electrodes or repeated injections need to be maintained (Bertram, 2007).
Additionally, there is uncertainty with regards to its relevance to human epilepsy. Kindling does,
however, provide useful neurobiological observations relevant to epilepsy and is now being used in
conjunction with transgenic studies to discover genes that increase disposition to kindling (Liu et al.,

2017).

Since the first targeted gene deletion producing epilepsy in 1994, (Van der Lugt et al., 1994)
genetically engineered mice have been a valuable tool in the identification of candidate gene
families and uncovering biological pathways in epileptogenesis (Maheshwari and Noebels, 2014).
There are now many genetically modified mice strains with seizure phenotypes and with advances in
genetic engineering, this number will continue to grow (Maheshwari and Noebels, 2014) (Taniguchi
et al., 2011). Thus, there are now examples of transgenic mice with specific conditions including
Dravet syndrome (Yu et al., 2006) and tuberous sclerosis complex (Wang and Cohen, 2007). This has

aided research into precision medicine for epileptic conditions, such as the use of rapamycin to
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target specific signalling pathways associated with tuberous sclerosis complex (Zeng et al., 2008).
However, it should not be assumed that orthologous gene models show the same molecular or
cellular lesions seen in humans. Reasons include variations in splicing (Colombo et al., 2000) and

fundamental biological differences (Noebels, 2017).

1.4.2 In Silico and in Vitro Models of Epilepsy
Within the last 20 years in silico models have considerably improved and gained acceptance (Lytton,

2008). They are based on computations that predict brain activity and seek to provide mechanistic
details and generate testable hypotheses (Wendling et al., 2016). The first model of a single neuron
was developed by Hodgkin and Huxley in 1952 (HODGKIN and HUXLEY, 1952) and this model has
been consistently improved to include detailed dynamics of channels, pumps, buffers and ion
concentrations (Wei, Ullah and Schiff, 2014). Although they are always improving, in silico models
can still be limited, mainly due to the complexity of both the human brain and epilepsy syndromes,
however it is hoped that with increasing computer power and understanding of the human brain, in
silico models will be able to provide new predictions and aide the discovery of new treatments
(Stefanescu, Shivakeshavan and Talathi, 2012) (Wendling, Bartolomei and Modolo, 2017). The use of
electrical stimulation for seizure controls, which is currently in clinical trials (Sohal and Sun, 2011)
(Morrell, 2011), requires accurate models in order to detect abnormal brain activity (Stefanescu,

Shivakeshavan and Talathi, 2012).

The advancement of human induced pluripotent stem cells (iPSCs) and their derivation into tissues
has provided a convenient source of human neurons (Tidball and Parent, 2016). 2D-neuronal cell
cultures form functional synapses and neuronal networks (Lancaster and Knoblich, 2014); however,
the development in 3D cultures such as brain organoids, has permitted models to better resemble
the architecture of the human brain (Qian et al., 2016). This has allowed neuronal function in
developmental epilepsies to be better studied using optical imaging and/or electrophysiological
recordings (Dang and Parent, 2017). iPSC models also have benefits for studying genetic epilepsies,
whilst acquired epilepsies are better modelled with animals (Dang and Parent, 2017). This is mainly
due to different mouse strains may having different seizure thresholds and therefore varying
phenotypes (Mistry et al., 2014). However, it is much more difficult to characterise an epileptic
phenotype in iPSCs, due to the fact that the induction of seizures and drug application are still
emerging areas of research (Steinberg et al. 2021). Therefore, characteristics including synchrony
and burst activity must be used as in vitro correlates of epilepsy. Although as iPSC models are
developed this will lead to a better understanding of in vitro epileptic phenotypes (Dang and Parent,

2017). The development of brain organoids has improved the area of in vitro models, as they have
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the potential to establish different brain regions in a single organoid, allowing the study of cell-cell

interactions (Quadrato et al., 2017).

1.4.3 Non Mammalian Organisms
Although there are greater similarities in the nervous systems of different mammalian species, non-

mammalian models offer a cheaper and higher throughput alternative to rodent models. Simpler
models can often be advantageous when studying the biological processes of seizure generation and
mechanisms of drug action due to their tractability. Furthermore, in higher non-mammalian species
such as Drosophila melanogaster (fruit flies) and Danio rerio (Zebrafish), seizure mechanisms show
many similarities to mammals n(Jirsa et al., 2014). The use of a variety models when screening for

AEDs is key, as what may show up in one species may not in another.

Caenorhabditis elegans has been one of the major models in biology since studies performed in the
early 1970’s by Brenner (Brenner, 1974). Additionally, C. elegans was the first metazoan genome to
be fully sequenced in 1998 (Fire et al., 1998). They are a non-parasitic nematode worm with a
nervous system that comprises only 302 neurons (Tsalik and Hobert, 2003). As they primarily
reproduce rapidly as self-fertilizing hermaphrodites C. elegans are especially suited to high
throughput chemical screening (Sulston, 1983). There are drawbacks to using C. elegans as a model,
mainly due to the differences in neuron morphology. For example, electrophysiology is very
challenging with the worm and this animal lacks voltage gated sodium channels preventing certain
lines of research (Bargmann, 1998). However, given that new generation AEDs should interact with
novel targets, this can be seen as an advantage. Above all else, their facile genetics and short
generation time makes the nematode a useful tool in studying certain aspects of seizures such as
epileptogenic processes and AED mechanisms of action as well as high throughput drug screening

(Wong et al., 2018).

In the last decade, Baraban and colleagues (Baraban, Dinday and Hortopan, 2013) have exploited
Danio rerio (zebrafish) to screen for novel treatments of Dravet syndrome. By using fish with a
mutation in the SCN1A homologue, they were able to replicate convulsions seen in patients with
Dravet syndrome. With this screen, they were able to identify that the 5-HT receptor agonist
clemizole (structure in Figure 1.8) reduced seizure severity in zebrafish (Baraban, Dinday and
Hortopan, 2013). Further investigation led to a small clinical trial of 5 children with drug resistant
Dravet syndrome with a different 5-HT agonist, lorcaserin (Griffin et al., 2017). All 5 patients
exhibited a reduction in the number of seizures with minimal side effects, although this

improvement did taper off for most patients. Interestingly clemizole, the initial hit which lead to the
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locraserin trial, is rapidly metabolised with a half-life of 10 minutes (in mice) compared to 3.4 hours
in humans (Nishimura et al., 2013). If this screen were performed in rats clemizole would likely show
as a false negative, exemplifying why a variety of models are needed in epilepsy research. This is the
first example of a potential therapy discovered in a fish model taken directly into a human clinical
trial. As new drugs are currently being screened in models of some of the 70 childhood epilepsies,

more AEDs are likely to be discovered (Griffin et al., 2017).

Cl

Figure 1.8 - The structures of 5-HT agonists clemizole (left) and lorcaserin (right). Clemizole had been marketed
previously as an antihistamine but was found to be active in a zebrafish model of epilepsy due to its binding to serotonin
receptors. This led to the screening of more 5-HT agonists including lorcaserin, which became the first compound to be

taken from screening in zebrafish straight to human trials.

Zebrafish are now seen as an established model of human disease in areas including
neurodegeneration, inflammation, and epilepsy (Copmans, Siekierska and de Witte, 2017). The fact
that they are vertebrates and have homologues of at least 82% of genes involved in human genetic
disorders, gives them an advantage over other non-mammalian species as the vertebrate CNS is
highly conserved. Their transparent embryo allows developmental studies to be conducted simply by
light microscopy (Kimmel et al., 1995). Additionally, as zebrafish larvae only have a body length of
3.5-4.5 mm, they can easily be added to microtiter plates, aiding high-throughput screens. However,
the compounds that can be tested in zebrafish are limited. Drugs that are added to their water must
be sufficiently soluble to dissolve, but lipophilic enough (LogP > 1), in order to be absorbed (Milan et
al., 2003). Injection during development can be used to get around this problem, however this

results in lower throughput (Tiedeken and Ramsdell, 2009).

1.4.4 Drosophila
Since the identification of the first seizure mutant in the early 1970s (Konopka and Benzer, 1971)

Drosophila Melanogaster (fruit flies) have been a common model used to study seizure like activity.
The first identified mutant was referred to ‘bang sensitive (bs)’ after it was discovered that
mechanical shocks or ‘bangs’ cause them to exhibit seizure like behaviour. This mutation was
localised to the sole Nay in the fly genome. There are now 14 known bs mutants and at least 20 more
are known to affect seizure susceptibility in some way (Parker et al., 2011a). Furthermore, certain

mutations provide a direct link to specific forms of epilepsy. For example, para®* encodes for voltage
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gated sodium channels and therefore can be used to study Nay channelopathies such as Dravet

syndrome and generalised epilepsy with febrile seizures plus (GEFS+) (Guillerm et al., 2014).

Table 1.2 - Bang sensitive mutants identified in Drosophila.

Allele

Gene

Function

Bangsenseless (bss)

Paralytic (Nay)

lon channel/neural signalling

Glycerophospholipid

Easily-shocked (eas) Ethanolamine kinase
metabolism
Bangsensitive (bas) Unknown Unknown
Julius seizure (jus) CG14509 Unknown

Technical knockout (tko) Ribosomal protein S12 Mitochondria/ATP

Jitterbug (jbug) Flamin Actin-binding protein

Couch potato (cpo) RNA-binding protein Neural signalling

Kazachoc (kcc) KCC2 transporter Neural signalling

Knockdown (kdn) Citrate synthase Mitochondria/ATP

Prickle (pk) LIM domain protein Microtubule polarity

Adenine nucleotide
Stress sensitive B (sesB) Mitochondria/ATP

translocator

Rock-n-roll (rnr) Unknown Unknown

There are many similarities between seizure behaviour in Drosophila and humans. For example,
upon induction of seizures fruit flies exhibit convulsion like behaviours (wing flapping, leg shaking
etc.) before losing standing posture. This is then followed by a period of paralysis due to synaptic
failure, followed finally by a recovery seizure similar, all of which is also witnessed in certain human
epilepsies (Song and Cronin, 2008). Other similarities include defined seizure thresholds and the
spread of seizures throughout the CNS occurring via defined neuronal tracts (Baines, Giachello and
Lin, 2017). Additionally, mutations in orthologous genes cause seizures in both humans and flies and

both respond to the same AEDs (Marley and Baines, 2011) (Kuebler and Tanouye, 2002).

Both adults and larvae can be used to induce seizure like activity. The most straightforward assay
begins by transferring flies to a plastic vial and then subjecting them to a mechanical shock, using a
lab vortexer for 10 seconds. The recovery time is then calculated by taking the average time for all

the flies to return to a standing position. Another, more informative seizure inducing method utilises
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electrostimulation to the giant fibre system (GFS). Tungsten electrodes are placed on the brain of
immobilised flies and following stimulation, a response can be measured with an intracellular
electrode in the leg or flight muscle (Tanouye and Wyman, 1980). High frequency stimulation of the
GFS induces seizure like activity that is characterised by prolonged bursting of muscle potentials
(Baines, Giachello and Lin, 2017). This technique can also be used to determine seizure thresholds,

which varies considerably depending on genotype.

To characterise seizure like activity in larvae an established electroshock assay can be utilised
(Marley and Baines, 2011). Once larvae reach the wandering third instar (L3) phase, they begin to
climb out of the food within their vial. These larvae are transferred to a plastic dish to be washed

and are then dried. Once recovered, a conductive probe is placed over the CNS and an electric shock
is applied for 2 seconds. The time it takes for the larvae to return to normal crawling behaviour is
then recorded. To determine the voltage applied the probe must be calibrated to produce a paralysis

of ~30 seconds in wild type and ~200 seconds in a standard BS mutant - para®s.

In order to screen for new AEDs, test compounds can easily be applied to the food of both larvae
and adults by simply melting the food and adding the compound of interest. Drosophila are much
more tolerant to the potential toxicity of drugs in comparison to zebrafish. Fly larvae in particular
will additionally eat almost any substance added to their food without the concern of the drug being
insufficiently soluble or lipophilic. Furthermore, starving adult flies for 12 hours increases ingestion
of unpalatable compounds (Reynolds et al., 2004). Although the CNS of D. Melanogaster has more
differences to humans when compared to other vertebrates, the extra simplicity has allowed
neurons in the CNS to be uniquely identified and are accessible by recording electrodes (Baines and
Bate, 1998). Larval motoneurons have been especially well characterised both electrically and
morphologically (Baines et al., 2002). Larval locomotor circuits are repeated within each segment to
facilitate the passing of motoneuron activity from one segment to another in a wave like fashion
(Pulver et al., 2015). Using calcium indicators such as GCaMP it can be demonstrated that peaks of
calcium activity usually occur with a separation of more than 200 ms between adjacent segments
(Streit et al., 2016). This timing is significantly reduced is BS mutants, indicative of synchronized

activity; a hallmark of mammalian epilepsy.

Even if no seizure like activity is observed, electrophysiological recordings show that bs mutants
exhibit increased synaptic excitation (Marley and Baines, 2011). Furthermore, analysis of ionic
conductances in larval motoneurons show that the persistent voltage gated sodium current (/ngp) is

of higher amplitude in bs mutants, which may explain the mechanism behind their increased
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neuronal excitability (Lin et al., 2012). Again, an increased /nq.pis often observed in mutations

affecting mammalian SCN genes (REFS).

The similarities in the mechanisms that underlie seizures, along with the tractability of D.
Melanogaster, make them a useful model in both target identification and AED screening. Seizure
suppressor genes provide a useful tool for studying seizure mechanisms and identifying possible
drug targets. The sheer number of seizure suppressor mutants and the ease with which they are
identified, make the approach particularly promising (Song and Tanouye, 2008). Using reverse
genetic searches that focus on known excitability mutations, it was found that potassium channel
(sh), gap junction (shakb) and sodium channel (para) mutations all effectively supress seizures
(Kuebler et al., 2001; Song and Tanouye, 2006). Forward genetic approaches, which employ
mutagenesis screens of Drosophila, have been able to uncover more unexpected seizure suppressor
genes. The meiotic gene mei-p2G£®, zinc finger transcription factor escargot (esg), and DNA
topoisomerase 1 enzyme (top1’!) have all been found to possess seizure supressing alleles using this
method (Glasscock and Tanouye, 2005; Hekmat-Scafe, Dang and Tanouye, 2005; Song, Hu and
Tanouye, 2007). This is consistent with molecular studies that have shown many epilepsy causing
syndromes are not acting directly on electrical excitability (Royden, 1987; Pavlidis, Ramaswami and
Tanouye, 1994; Puranam and McNamara, 1999). Once the target has been identified, flies can then
be used as a high-throughput model system to screen for AEDs. This is exemplified in a study by Song
and colleagues (Song, Hu and Tanouye, 2007) in which they first identified TOP1 as a target using a
forward genetic approach, before confirming TOP1 inhibitors were effective in reducing seizure like

behaviour in bs mutants.

A similar approach was recently adopted in the Baines laboratory, where Drosophila was used to
identify changes in gene transcription that occur following seizure (Lin, Giachello and Baines, 2017b).
Both a genetic model (para®*) and chemical model with picrotoxin (PTX) were used in conjunction
with RNA sequencing which identified 743 common transcriptional changes. This included pum, a

translational repressor of Drosophila Nay that has previously been linked to epilepsy.

Drosophila is a powerful tool for investigating seizure mechanisms and treatments, however there
are limitations. There are many differences between the human and fruit fly CNS. For example,
Drosophila use acetylcholine as a primary excitatory neurotransmitter instead of glutamate.
Additionally, there are big variances in CNS structure. Drosophila have a ganglionic structure
whereas mammals have a layered system, which may explain why there is a lack of spontaneous
fruit fly mutants. Also, differences in both metabolism and the blood-brain barrier mean it is not

easily possible to measure drug bioavailability and distribution in flies (Baines, Giachello and Lin,
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2017). Despite this, the tractability of Drosophila, the fact that their genome contains 75% of known
human disease-related genes and their tolerance to different pharmaceuticals makes this insect an

extremely useful model in the screening of new drugs (Pandey and Nichols, 2011). This is especially
true when it comes to AEDs, due to the many similarities of the mechanisms and behaviours

associated with seizures.

1.5 Neuronal Homeostasis and Pumilio

1.5.1 Firing Rate Homeostasis
Homeostatic control is the term used to describe the maintenance of a system output despite

changes in input. Many diverse biological systems utilise homeostasis, such as temperature and pH,

to ensure that these do not deviate significantly from a physiologically relevant set point in response

to changes in the environment. Homeostatic control is also applied to neuronal firing rates, butin a
slightly different way. Neuronal function is dependent on a variation in the firing rate of individual
neurons, which is responsible for conveying information, meaning a strict homeostatic system that
does not allow neurons to deviate from the set point would render the CNS ineffective (O’Leary and
Wyllie, 2011). Therefore, the homeostatic controller must ensure the neuron’s firing rate is
maintained within a particular range and allow for large, but transient, deviations from the mean.
This is not the case with typical homeostatic controllers such as body temperature, where a large
deviation from the mean could be potentially fatal for warm blooded animals. Figure 1.9 describes
the concept of firing rate homeostasis, but the means how neural networks keep within these

parameters, without affecting the storage of information, is overall much more complex.
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Figure 1.9 — Graphical representation of neuronal homeostasis. When a constant perturbation (A - hyperactivity, B -
inactivity) is applied to a neural network, homeostatic mechanisms respond by altering the mean firing rate back
towards the set point. Compensatory mechanisms are introduced that return the firing rate back to normal, despite
constant interference. The different phases of mean firing rate homeostasis are represented by different colours —

baseline stability (blue), perturbation to the system (orange) and action by effectors (green).



Hebbian plasticity is thought to be a mechanism by which information can be stored and coded in
the brain. Since first being proposed in 1949 by Donald Hebb, a large amount of experimental
evidence has since supported the idea that synaptic connections are strengthened between neurons
when a presynaptic neuron persistently causes a postsynaptic partner to fire (Hebb, 1949). This
occurs through a process known as long term potentiation (LTP). In contrast, if there is little
transmission between these two cells the strength of the synapse weakens, which is known as long
term depression (LTD). In the hippocampus LTP and LTD are dictated by the ionotropic glutamate
receptor NMDA, as well as the relative timing of action potentials in the presynaptic and post
synaptic cells (Malenka, 1994). LTP/LTD can also be elicited if action potentials occur with
appropriate timing in both the pre and post synaptic neuron. The influx of calcium through NMDA
receptors is at its largest when the backpropagating action potential in the dendrite arrives shortly
after the synapse is active (Linden, 1999). Therefore, if a presynaptic spike occurs just before (5-20
ms) the post synaptic cell fires, the generated excitatory postsynaptic potential precedes the
backpropagating action potential. As this pre-post firing maximises Ca?* influx, repeated firing of this
nature can generate LTP. Conversely, if the backpropagating action potential repeatedly occurs
before the synapse is active LTD occurs. This phenomenon is named spike-dependent-timing-
plasticity and is thought to be a more physiological method of inducing LTP/LTD. Other forms of LTP
exist including those that act independently of NMDA (Harris and Cotman, 1986) and others which
do not follow Hebbian theory (Kullmann and Lamsa, 2008). However, NMDAR dependant LTP in the

CA1 hippocampus is the most widely studied form due to the ease with which LTP can be induced.

The plasticity allowed by these mechanisms is integral to the brain’s function as it provides a way for
the brain to respond to retain new information and adapt to external stimuli. However, if left
unchecked these positive feedback mechanisms are likely to be destabilizing to the CNS. If LTP was
allowed to occur with no overt control, it would ultimately lead to hyperexcitability, which not only
increases the risk of a seizure but also reduces the coding ability of the neuron as it reaches activity-
saturation. Conversely, if LTD had no overt control it could render neurons quiescent and prevent
information transfer in a network. To prevent this, neurons employ a variety of homeostatic
mechanisms, all working together, to ensure action potential firing is kept in a functionally relevant

range.
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Currently, synaptic scaling is the most understood form of neuronal homeostatic control. It was first
identified in neocortical neurons by measuring the strength of a large number of synapses on to one
neuron. It was shown that changes in activity had an inverse effect on the amplitude of mini
excitatory postsynaptic currents, suggesting that in response to prolonged increased activity,
postsynaptic synaptic strength is reduced (Turrigiano et al., 1998). Further chronic inactivity
experiments found that depravation in neuronal cell cultures leads to changes in post synaptic
receptor density (Turrigiano and Nelson, 2004). Importantly, synaptic strength at all the synapses
was scaled up or down by a multiplicative factor. This ensures that the relative strength of synapses
(formed through LTD and LTP) is unaffected, whilst the global activity rate can be controlled
homeostatically. However, subsequent in vivo experiments have shown since that the overall picture
is more complicated. For example, one experiment by Echegoyen and colleagues, found that mouse
CA1 hippocampal cells behaved differently in response to activity-deprivation compared to culture
systems (Echegoyen et al., 2007). Inactivity was induced using a slow release of the highly potent
sodium channel blocker tetrodotoxin (TTX). Whilst this experiment showed activity-deprivation
generally enhanced synaptic input from both glutamatergic and GABAergic terminals in CA1 cells, no
overall synaptic scaling effect was observed. There is considerable evidence that shows other
localised mechanisms of neuronal homeostasis exist, without severely disrupting Hebbian plasticity
(Rabinowitch and Segev, 2006). Potential mechanisms include changes in AMPAR subtypes
(postsynaptic) and alterations to neurotransmitter release probability (presynaptic) (Sutton et al.,
2007; Branco et al., 2008). However, it is not clear how more localised mechanisms of homeostasis

are compatible with Hebbian plasticity.

Computational studies looking at individual neurons and small networks suggest there is a variety of
ways in which ion channel densities can restore neurons to an appropriate firing rate. One study by
Prinz and colleagues evaluated 20 million simulations of varying channel densities and synaptic
conductances between 3 cells (Prinz, Bucher and Marder, 2004). The simulation found hundreds of
thousands of different combinations that produced the correct patterned output. This highlights just
how complex the relationship between Hebbian plasticity and firing rate homeostasis is, with
multiple mechanisms working at different timescales and sometimes even opposing each other, to

produce a stable, yet malleable, network.

1.5.2 Function of Pumilio
In mammals, the RNA binding proteins, Pumilio 1 (PUM1) and Pumilio 2 (PUM2), are an integral part

of the machinery involved in maintaining neuronal homeostasis (Goldstrohm, Hall and McKenney,

2018). The Drosophila homolog Pumilio (Pum) is very similar in both structure and function. Studies
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in Drosophila reveal that Pum is a translational repressor that binds mRNA transcripts, usually those
that contain a binding motif consisting of 8 nucleotides in their 3’UTR, known as a Nanos response
element (NRE) (Gerber et al., 2006). The pum gene was first identified as a maternal effect gene
involved in embryo posterior patterning (Lehmann and Nisslein-Volhard, 1987). Pum, with cofactors
Nanos (Nos) and brain tumour (Brat) repress hunchback (hb) mRNA in the posterior of the embryo,
which is key for formation of the abdomen. Pum represses translation by first binding with the 8
nucleotide NRE (UGUA(A/C/U)AUA) before recruiting Nos and Brat to form a quaternary RNA-
protein complex that promotes deadenylation (Gerber et al., 2006). However, there is also recent
evidence to suggest that deadenylation is not crucial for regulation as it has been shown that Pum
and other PUF proteins repress translation by antagonising poly(A) binding protein, a protein that
binds to poly(A) tails promoting translation (Weidmann et al., 2014). The RNA binding domain of Puf
proteins, termed the Pum-homology domain (Pum HD), is highly structurally conserved (Wang et al.,
2002). The Pum HD is composed of 36 amino acids repeated 8 times. Binding to the NRE occurs
through three residues of each repeat making contact with a different mRNA base, meaning that
each repeat binds to one of the 8 residues within the NRE (Wang et al., 2002). This is shown in the

crystal structure (Figure 1.10) taken from work by Wang and colleagues (Wang et al., 2002).

F

Figure 1.10- Crystal structure of the Pumilio-homology domain from human Pumilio 1 in complex with NRE1-19 RNA (X.
Wang et al., 2002).

With respect to seizure, Nays are a particularly relevant Pum target. It has been shown that
Drosophila Nay para is translationally regulated by Pum and also that rodent Nay1.6 is regulated in a
similar fashion by PUM2, the closest mammalian homologue to Pum (Muraro et al., 2008; Driscoll et

al., 2013). mRNA encoding Nays 1.1, 1.2 and 1.7 also contain and NRE highlighting possible wide
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scale Pum?2 regulation (Driscoll et al., 2013). Translational repression of Nays is part of a homeostatic
response that modulates action potential firing depending on the synaptic excitation neurons are
exposed to (Lin, Giachello and Baines, 2017b). Pum is also able to influence synaptic and dendritic
structure as well as neuronal excitability and contributes to the formation of long-term memories in
Drosophila (Baines, 2005). This was exemplified in a study by Dubnau and colleagues (Dubnau et al.,
2003) they isolated genes with altered regulation during learning. By using a combination of forward
and reverse genetics they discovered that loss of Pum resulted in behavioural tests with low memory

scores. This suggests that Pum may translationally regulate a wide range of mRNAs.

Wit reference to homeostasis, a study which focussed on the microRNA-134 (miR-134), suggested
that Pum?2 is integral to synaptic downscaling (Fiore et al., 2014). Fiore and colleagues discovered
that Pumz2 is a target of miR-134, which when bound, supresses translation of Pum2. As expected,
treatment of cell lines with the proconvulsant PTX lead to overall increase in the expression of Pum2
in neurons. Interestingly, when they looked at the expression levels in dendrites specifically, it was
found that the amount of Pum2 protein had in fact decreased due to increased activity of mir-134.
Further investigation found that downregulation of Pum2 is necessary for synapse elimination, a key
facet of homeostatic synaptic downscaling. Furthermore, overexpression or knockdown of Pum?2
both resulted in a loss of synapse elimination suggesting that Pum2 levels must be maintained within
a particular range for synaptic elimination to occur effectively. This process is likely aided by the fact
that Pumz2 regulates its own transcript. Pum2 suppression by miR-134 in dendrites is required for
synapse elimination due to Pum2’s regulation of the PIk2 transcript, a protein which promotes the

internalisation of the AMPA subunit GluA2.

Recent work has shown that Pum2 may also be important for the regulation of GABAergic
transmission. By studying the effects of Pum2 knockdown on the neuronal proteome, it was found
that various proteins associated with GABAergic transmission were downregulated (Schieweck et al.,
2021). This is likely due to Pum2 repressing the translation of other gene(s) that inhibit their
synthesis, either directly or indirectly. The downregulated proteins include Gad1, which as previously
mentioned promotes the synthesis of GABA from glutamate and Gephyrin, a key scaffold protein for
the GABAx receptor. This results in an increased decay time for inhibitory postsynaptic currents,
which in turn influences the excitability of the postsynaptic cell (Aradi et al., 2002). Whilst the effects
of PUM2 on reducing excitability are established, this study also shows that it may also promote
inhibitory transmission. This further strengthens the case for the Pum proteins being a key part of

neuronal homeostatic mechanisms.
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It is thus perhaps not surprising that evidence from a range of studies links Pum to epilepsy. Firstly,
pum?2 knockout mice exhibit spontaneous seizures, which suggests pum2 is required for the
homeostatic control of excitability (Siemen et al., 2011). Secondly, Pum2 expression is lower in
human TLE patients (Wu et al., 2015a). Interestingly, a published model predicts Pum2 should
actually increase during a seizure (Mee et al., 2004). It is thought this decrease is seen as Pum mRNA
also contains the NRE transcript and can therefore auto-regulate. Therefore, seizures may first
increase the levels Pum which then feeds back downregulating its own transcript (Gerber et al.,
2006). Finally, overexpression of pum in para® flies is extremely anticonvulsant, which is likely due
to a reduction in Inee (Lin, Giachello and Baines, 2017b). Together this evidence suggests that

prevention of this feedback and increasing levels of Pum is a promising anticonvulsant strategy.

1.5.3 Identification of Lead
Using a luciferase reporter of Pum activity, the Baines group screened 785 FDA-approved

compounds to see if any could potentiate Pum expression/stability. This screen identified 12
compounds that increase Pum activity. Of these, avobenzone (Figure 1.11) was the most promising
as unlike the other hits it did not have significant effect on basal transcription rate (Lin, Giachello and
Baines, 2017b). This same study showed that there is no acute effect on the seizure phenotype but
raising larvae on food containing avobenzone lowers seizure recovery times in Drosophila through
reduction of Inee. These results are consistent with a chronic (and not acute) mode of action,
consistent with a mechanism that affects pum transcription/transcript stability. Additionally,
avobenzone was equally as effective at reducing recovery times in a wide range of Drosophila bs
mutants, suggesting that increasing Pum activity might be effective for a broad range of epilepsies.
However, it should be noted that although it seems that avobenzone’s anticonvulsant activity is due

to increased Pum action, the exact mechanism of action is unknown.

O O

-~

Figure 1.11- Structure of original hit avobenzone, which has been shown to reduce the recovery time of seizures in
Drosophila larvae.

Avobenzone is a chemical UV absorber used in sun cream to provide protection against UVA1 rays
(340-400 nm) (Mturi and Martincigh, 2008). It is able to absorb UV rays due to its highly conjugated
system; however, this also contributes to its photoinstability. Deep UV (230 nm), when absorbed by

avobenzone leads to the formation of a reactive triplet state, which in turn can react with oxygen to
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give free radicals and photoisomeration products (Cantrell and McGarvey, 2001). Due to this
potential toxicity and other properties of the compound, avobenzone cannot be seen as a potential
drug treatment. It can, however, be used as a starting point in the potential development of an AED

targeting Pum.

1.6 Aims Of This Thesis
Epileptic phenotypes are usually the result of numerous genetic and environmental factors. Because

there are so many different causes and mechanisms that underlie seizures, epilepsy is particularly
difficult to treat. As a result, despite a number of potential new drugs within the last 20 years, 30%
of cases of epilepsy are still resistant to drugs. To improve this situation, new targets need to be
identified using the plethora of animal models available. It is important to use a variety of models
when screening for targets and potential drugs as what may show as a hit in one model may not
translate to another. Pum appears to be an attractive target for the potential treatment of a wide
range of epilepsies. It targets homeostatic balance rather than a specific receptor or ion channel.
However, even if targeting Pum proves not to be a viable antiepileptic strategy, finding a compound
that increases Pum activity and is tolerated in animal models, would be of significant value in future

research.
The specific aims of this PhD thesis are:

1. To design a library of compounds, based on the structure of avobenzone, to improve the
physiochemical and ADME-Tox properties of the lead compound in line with current neurological

drugs.

2. To establish a suitable screening process for compounds identified in aim 1 to test their ability to

increase Pum and/or are anticonvulsant in both Drosophila and rodent models of seizure.

3. Determine, based on the outcome of aims 1 and 2, whether Pum is a viable target for the design

of improved AEDs.

The main overall objectives are to design and test a compound that is effective at reducing seizure
severity in a variety of both rodent and Drosophila models, and to highlight the effectiveness of
Drosophila as a model organism for screening AEDs that translates into similar results in rodent
models. A compound that successfully increases Pum activity would have the potential to be used as
a tool compound in future research, or lead to the development of more compounds which target

Pum to treat epilepsy.
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2.0 Chapter 2 — Identifying New Lead Compounds

2.1 Introduction- Identifying Lead Compounds

2.1.1 Avobenzone Breakdown Products

Data from a Drosophila seizure assay showed that avobenzone is more effective at reducing
recovery times in para®* mutants after being exposed to UV light (Wei-Hsiang Lin, personal
observation), suggesting a UV breakdown product is more effective, or may in fact be, the active

compound.

A study into the breakdown products of avobenzone by Karlsson and colleagues (Karlsson et al.,
2009) shows there are 7 major photodegradation products of avobenzone in polar solvents. Using
this information some of the breakdown products were screened in a preliminary L3 seizure assay.
This identified 4-tert-butyl-benzaldehyde (4TBB-ald) as a potential new lead, being more effective
than avobenzone with no UV exposure. Furthermore, in preliminary data, 4TBB-ald was shown to
increase Pum?2 levels in the brain, whereas no increase was observed with avobenzone (Wei-Hsiang

Lin, personal observation).

OH H

Figure 2.1- Structures of 2 potential leads 4TBB-acid (left) and 4TBB-ald (centre). Both are products of avobenzone
photolysis. 4TBB-alc (right) was also included in this screen to cover all potential oxidation states of the oxygen bonded
carbon.

Interestingly, data from an earlier screen, conducted before this project began (He, unpublished
data) showed that the analogous ketone to 4TBB-ald (Figure 2.2) had no anticonvulsant activity,
suggesting the acid analogue that was the active metabolite. Both mammals and Drosophila possess
enzymes that metabolise toxic aldehydes to carboxylic acids in order to increase solubility and aid
excretion however, ketones cannot be metabolised in this way (Moxon et al., 1985). For completion,
the alcohol analogue (4TBB-alc) was also screened as there are enzymes which catalyse the

reduction of aldehydes to alcohols, such as the aldose reductase family (Doan et al., 2002).
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Figure 2.2- Difference in metabolism between ketone (top left) and aldehyde (bottom left). Aldehydes are readily
oxidized to carboxylic acids in both humans and Drosophila, whereas ketones are not. Metabolism of ketones is more
difficult than aldehydes as it requires the breaking of a C-C bond.

Exposure of larvae to these drugs and a resultant seizure assay (Figure 2.3) supported this
hypothesis because it was shown that 4-tert-butyl-benzoic acid (4TBBA) is equally as effective as
4TBB-ald in supressing seizure like behaviour. However, it is unknown whether 4TBBA has the same
effect of increasing Pum2 levels in rodents which has yet to be tested. Differences may occur due to
their variance in adsorption, distribution, metabolism and excretion (ADME) properties, especially as
4TBBA would be ionised at physiological pH. However, 4TBBA is less likely to cause toxicity and
irreversible inhibition than 4TBB-ald due to aldehydes possessing a highly reactive electrophilic

centre.
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Figure 2.3- Data from L3 seizure assay looking at how different compounds affect larval recovery time. Dashed line
indicates average wild type recovery time. Valproate (VPA) is included as a positive control (established antiepileptic
drug). AVB = avobenzone. Results were analysed via a one-way ANOVA. N = 24, refers to number of larvae shocked.
Values given are mean * SEM. * = p < 0.05, ** = p <0.01, *** = p < 0.001, **** = p < 0.0001
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2.1.2 Considerations in Drug Design
In drug design, Lipinski’s rule of 5 is commonly used to determine whether a compound is “drug like”

or not, depending on physiochemical properties. These guidelines are:

e No more than 5 hydrogen bond donors (OH, NH)
e No more than 10 hydrogen bond acceptors (sum of all O and N)
e Molecular mass less than 500 Daltons

e QOctanol-water partition coefficient (cLogP) less than 5

There are many exceptions to these rules and as a result they are, at best, only to be used as a
guideline (Lipinski et al., 2001). However, most clinically available orally active small molecule drugs
do fit within most of these parameters and these compounds generally have better ADME properties

(Lipinski, 2016).

When designing CNS active compounds other guidelines and properties need to be also considered
due to the blood brain barrier (BBB). Organs possess a layer of endothelin cells that control the
transfer of compounds in and out of the cell from the blood. As the CNS is particularly sensitive to
many compounds within the blood, the BBB forms tight junctions meaning transfer into the CNS
must enter the brain via transcellular diffusion or active transport. (Pajouhesh and Lenz, 2005)
Active transport only occurs for privileged structures such as amino acids, so nearly all CNS acting
drugs must get to the brains by transcellular diffusion. As a result, polar molecules struggle to get
access to the brain and CNS active drugs tend to be more lipophilic with a lower polar surface area

(PSA) (Table 2.1) (Manallack, 2007; Wager et al., 2010).
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Table 2.1- Comparison of physiochemical properties in CNS drugs, non-CNS drugs and current lead compounds 4TBB-ald
and 4TBBA. Red indicates large differences, amber moderate differences and green within a nominal desired range. Data
on drugs taken from (Doan et al., 2002). 48 CNS and 43 non-CNS drugs were analysed. Selection was based on molecular
weight 150-800 and stability/state (gasses and solids excluded).

Chemical
CNS Drugs Non-CNS Drugs 4TBB-ald 4ATBBA
properties
Molecular weight 319 330 162 178
cLogP 3.43 2.78 3.32 3.71
Polar surface
44.8 56.1 17.07 37.3
area (PSA)
H-bond donors 0.85 1.56 0 0
H-bond acceptors 3.56 4.51 1 2
Rotatable bonds 1.27 2.18 2 2
Aromatic rings 1.92 1.93 1 1
pKa 6.1-10 3.5-11.5 N/A 4.4

Currently the 2 lead compounds, 4TBBA-ald and 4TBBA, have a lower molecular weight and PSA
when compared to other CNS active drugs. Additionally, 4TBBA has an acidic pKa of 4.4, when
generally CNS drugs are weak bases or neutral due to the difficulty of getting negatively charged
species through the BBB. There are a limited number of CNS acting drugs that contain a carboxylic
acid group, including valproate. Passive diffusion of negatively charged molecules across the BBB is
difficult due to unfavourable electrostatic interactions, however valproate is seemingly taken into
the CNS via a medium-chain fatty acid transporter (Adkison and Shen, 1996). Other transporters that
carry carboxylic acids across the BBB include the monocarboxylate transporters (MCTs), that
transport key nutrients such as pyruvate and lactate, and Large Amino Acid Transporter 1 (LAT1)
which is utilised by essential amino acids including phenylalanine (Mac and Natecz, 2003; Singh and

Ecker, 2018).

Although not ideal for clinical compounds, low molecular weight and PSA is beneficial for a lead
compound as it gives the opportunity to make additions to the structure without exceeding the
guideline limits. However, low PSA is often associated with toxicity and promiscuity, especially when
combined with a cLogP > 3 (Meanwell, 2011). Similarly, a low number of H-bond donors/acceptors is
advantageous, as this allows for the inclusion of more electronegative atoms in different regions of
the molecule. Hydrogen bonds are a strong form of electrostatic interaction a compound can form

with its binding partner, whereby partially positively charged hydrogen atoms interact with
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heteroatoms that are negatively charged, either partially or formally. In order for compounds to
form these interactions they require H-bond donors/acceptors; however, inclusion of these groups

also tends to increase PSA and lower cLogP.

Throughout the first part of this project the aim was to use the principles of drug design and
structure-activity relationships (SAR) to desigh compound analogues based on the initial leads 4TBB-
ald and 4TBBA. By screening one set of analogues and designing another set using a SAR the aim was

to make the lead compound more drug-like, whilst retaining or improving potency.

2.2 Results

2.2.1 Design of Generation 1 Compounds
After establishing the acid 4TBBA as the lead compound, the next step was to design a series of

analogues and test their activity against the current lead (4TBBA, aka RAB102). Because the target(s)
of these compounds is unknown, it was not possible to use modelling techniques to aid design.
Instead, bioisosteric replacements were deployed for different parts of the compound with the
intention to establish a structure activity relationship (SAR). The compound was split into 3 parts,
highlighted by different colours in Figure 2.4; the acid group, the aromatic ring and the lipophilic

tert-butyl group, located in the para position.

OH

Figure 2.4- The 3 parts of the lead compound (4TBBA, RAB103). When designing analogues one variation was made at
each of these positions. Acid/ polar group (green), aromatic ring (red) and lipophilic group para to acid (blue).

Each compound was designed by making a change to only one of these 3 parts and replacing them
with a group that has a similar electronic structure. By making one small change, with each
compound, the most efficacious group in the 3 different parts of the molecule can hopefully be
identified, to potentially make a more potent next-generation compound. Once the most potent
compound from this series is discovered, the process can begin again by making analogues based on

that new lead compound etc.
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When selecting a suitable replacement for the acid/aldehyde group, it is integral that hydrogen bond

donors (any OH or NH) and hydrogen bond acceptors (any N or O) are included. This is because it is

highly likely that this part of the compound is important for binding to the target because it is the

only part containing a charge or electronegative atoms (Kunde et al., 2021). This allows the

compound to from stronger intermolecular bonds with the target, which are based on electrostatic

interactions, and are significantly stronger than induced dipole-dipole (Van der Waal) forces

(Vuignier et al., 2010). With this in mind, the analogues in Table 2.2 were designed.

Table 2.2- List of analogues with variation in acid/polar group.

Compound Polar Purchased/
MW hesi
# Structure mol()g/ Clog P | surface pKa sysn tn:;;Z?Sd/
(RAB #) area A? y
unsuccessful
(0]
103 OH 17823 | 371 | 37.30 4.4 PUTEEREE
Fluorochem
(0]
106 OH 222.1 027 | 6494 | O22 | o ihesised
NH, NH,, 9.9
HN-N,
S /N
109 N 201.1 3.46 51.18 4.3 Synthesised
(@]
114 \{/@/\)‘\OH 206.1 3.73 37.30 4.5 synthesised
(0]
116 NH 192.1 196 | 52.16 9g || SvidncEsee
OH
OH
123 o 1911 | 324 | 40.13 43 Purchased
Fluorochem
=
OH .
124 >(©/\o/\,\,> 2161 | 427 | 4465 6.4 Synthesis
unsuccessful

66




Synthesis

128 OH 219.1 2.90 57.2 35
unsuccessful

The amino acid analogue (RAB106) was designed for 3 reasons. Firstly, it contains an acid group with
a formal negative charge analogous to the lead. Secondly, unpublished data from a screen done
before this project started, showed that both enantiomers of phenylalanine are effective at reducing
seizure RT in the L3 seizure electroshock assay (Fiona He, unpublished data). Finally, due to the
structural similarity to phenylalanine, it may be a substrate for the LAT1 transporter across the blood
brain barrier, as occurs for L-dopa in the treatment of the Parkinson’s disease (Kageyama et al.,

2000).

The purpose of RAB114 and RAB123 is to determine the ideal methylene chain length between the
aromatic ring and the acidic group. This chain length will be extended by a single carbon each time

until the optimal length is discovered.

RAB109, RAB116 and RAB124 all contain isosteric replacements of carboxylic acid groups. The
hydroxamic acid (RAB116), however, could be seen more analogous to the aldehyde, because it has
no formal charge at physiological pH (7.4). The tetrazole (RAB109) and isoxazole (RAB124) analogues
both carry a net negative charge; there is a less profound effect on lipophilicity compared to
carboxylic acids, which in both cases the charge is delocalised around the aromatic ring (e.g. the
tetrazole shown in Figure 2.5). Interestingly, the pKa of RAB124 is 6.2, relatively close to
physiological pH, meaning 89% of the compound will be ionised at pH 7.4 in what is a dynamic
process. This may allow the compound to pass through cell membranes as a neutral species before
ionising when it reaches the target, possibly increasing affinity and distribution. RAB128 was also
included because it contains a 1,3-dicarbonyl moiety seen in the original hit avobenzone, whilst still

possessing an acid group.

/ ~.
N/ N

R H R N
TN = o)

Figure 2.5- lonisation of tetrazole. Negative charge is delocalised around the aromatic ring system.
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The tert-butyl group in the para position is likely to be involved in the formation of van der Waal

forces within a non-polar part of the binding pocket of the target (Westphal et al., 2015).

Additionally, this side group adds lipophilicity to the compound, which is important when the

compound needs to pass through the BBB and possesses a formal charge. Analogues with variants in

this position are shown in Table 2.3.

Table 2.3- List of analogues with variation in the lipophilic group para to the acid/aldehyde group.

Compound Polar Purcha:.;ed/
Mw synthesised/
# Structure (g/mol) clogP | surface | pKa to be
A2
(RAB) area A synthesised
0
OH
108 2030 | 3.65 | 40.13 | 42 | Purchased
~
\_s
0
OH
118 O 1970 | 377 | 4013 | 43 | Purchased
O Fluorochem
0
OH
119 1980 | 235 | 53.02 | 42 | Purchased
X Merck
|
N~
0
o Purchased
120 177.0 | 3.97 | 4013 | 43 urchase
Fluorochem
0
130 F : 17403 | 259 | 17.07 | n/a | Purchased
F Fluorochem
F
0
131 F OH 189.0 | 2094 | 4013 | 39 | Purchased
F Fluorochem
F
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OH 164.08 | 331 | 373 43 Pursl iz
Fluorochem

\(©)?\
(0]
OH
133 191.11 4.24 40.13 42 Purchased
Merck

()
LEE OH 191.11 | 4.24 | 40.13 42 Purchased
Merck
0
OH Purchased
B N\\\{/Q)‘\ 188.07 202 63.92 41 Fluorochem

Compounds RAB108, RAB118 and RAB119 were designed, not only because they are isosteric

132

replacements for a tert-butyl, but because they can also act as ‘tool compounds’. By testing these
compounds, it may be shown whether the target is able to tolerate a group of this size, in this
position. These compounds additionally probe for m-mt stacking interactions. The pyridine analogue
(RAB119) has a H-bond acceptor. Additionally, if a group this large can be accommodated, then this
creates another part of the molecule that can be edited, with the addition of groups around an
aromatic ring. RAB120 is an isomer of the original acid analogue but with an n-butyl group instead of
the tert-butyl. If this group proved to be more potent than the original tert-butyl group, then the

chain length could be adjusted to find an optimum length.

In terms of size and shape, the lipophilic groups in RAB131, RAB132, RAB133, RAB134 and RAB135
are more direct replacements of tert-butyl. RAB131 contains a trifluoromethyl group which is
comparable in shape and size to a tert-butyl but has fluorine atoms in place of the methyl groups.
Fluorine is used in drugs for a variety of reasons including increased lipophilicity due to its electron
withdrawing property, which is responsible for the reduction in pKa seen for RAB131 when
compared to RAB 103. This inductive effect is caused by electronegative fluorine atoms pulling
electron density away from the benzene ring. This makes the negative charge of the acid more
stable, lowering pKa and increasing acidity. The addition of fluorine is also able to block certain
forms of metabolism: in this instance it prevents a possible oxidation mediated by cytochrome p450

shown in Figure 2.6 (Posner and O’Neill, 2004). In some cases, fluorine atoms increase ligand binding
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to proteins (DiMagno and Sun, 2006). The polarity of the C-F bond causes a dipole moment with the
negative charge on the fluorine which can act as a hydrogen bond acceptor, adding an extra possible

interaction when compared to the corresponding hydrogen analogue.

3+ (\_ OH
9@/ e L
N R

Figure 2.6 - H abstraction mechanism of CYP450 with primary alkanes. In a radical mechanism the H is removed from the
alkane. In a radical mechanism the 2 electrons required to form a bond each come from different sources. The resulting
carbon radical extracts the OH from the Fe within the enzyme to form an alcohol from an alkane. This aids with excretion
due to the addition of a polar group, increasing water solubility.

VAN D >

Table 2.4- List of analogues with variation in aromatic ring

Compound Polar Purchased/
# Structure Mn\:;al()g/ Clog P | surface | pKa sy:t::::;?:/

(RAB) area A? y
unsuccessful

s 178.0 2.62 53.02 4.2 Purchased

Flurochem

112 216.1 3.70 45.06 4.0 SynthESIS
unsuccessful

—

0
N X OH
l/
0
Vi OH
N
HO_ O
125 1770 | 371 | 4013 | 4 | Purchased
Merck
0
ooy
N

136 202.1 3.31 43.37 4.0 Synthesised

—
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74 OH
137 244.1 3.37 60.44 3.7 Synthesised

7%

The final part of the compound that was varied was the core aromatic ring. For RAB107 and RAB112
the benzene ring was substituted with alternative aromatic ring systems. The advantage of adding a
pyridine ring is to increase solubility (providing a lone pair to H-bond to water), however, as shown
in Table 2.3 this can also have an adverse effect on lipophilicity. The indole analogues were chosen
because they add size and additional sites to modify, whilst keeping the groups which are involved in
bonding at similar orientations. Additionally, an indole scaffold features regularly in marketed drugs,
which is due to the fact that many alkaloids contain indoles. As a result, many G-protein coupled
receptors (GPCRs) possess a conserved binding pocket that recognises the indole structure (Alves
and Fraga, 2009). RAB125 was designed to determine whether the acid group is more effective in
the para or meta position. If there is little difference found between RAB125 and RAB103 analogues,

both orientations will be considered in future designs.

The intention of this first round of screening was to ask a different question with each analogue, in
order to decide where to go next with future compound designs. Once the efficacy of each
compound was known, parts of the more active compounds could be combined to generate a new

series of, hopefully even more potent, analogues.

2.2.2 Synthesis of Generation 1 Compounds

The first compound synthesised was the tetrazole analogue RAB109. Tetrazoles are a common
isostere of carboxylic acids due to their similar pKa. The acidity is due to the delocalisation of
negative charge around the heteroaromatic ring, making the ionic state stable. This delocalisation
also results in a less profound effect of the change on cLogP when compared to an acid group. The

tetrazole was synthesised by the reaction shown in Figure 2.5.

NaNs; N-N
CN Y
NH,CI ' NfN
. H
DMF
100°C

Figure 2.7 - Conditions used for synthesis of the tetrazole analogue RAB107.
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The nitrile group was converted to the tetrazole using sodium azide and ammonium chloride in DMF,
resulting in a 20% vyield. Figure 2.8 shows the mechanism of the reaction. The mechanism was
originally thought to be a [2+3] cycloaddition, but it is now thought to go via intermediate A in Figure
2.8, after it was noted that a proton source is required from the ammonium salt for the reaction to
proceed. Calculations show the mechanism in Figure 2.8 is the route with the lowest energy barrier

(Himo et al., 2002). The second compound synthesised was the amino acid analogue RAB106,

utilising the method shown in Figure 2.9.

/

HN__~ N .

R + ®N,/N/’ —_— | |D@) HN N
N ® ,N N — =N
&F / e

H,N---H N
. N
/

o :

R Intermediate A

Figure 2.8- Mechanism of tetrazole formation. An 8-membered cyclic transition state is formed with the nitrile, azide and

ammonium cation. This leads to the formation of intermediate A which undergoes a 1,5 cyclisation to form the tetrazole.

O O 0 1) NaOH, H,0O
cl NaO! O ON— E)tOH flux 4h
+ /\O O/\ EtOH N{ , reflux,

O\/ >
HN\fO Reflux 2) HCI, H,0
24h o reflux, 4h

Figure 2.9- Synthetic route to amino acid analogue RAB106.

The first step is a nucleophilic substitution with the enolate ion acting as a nucleophile. Hydrogen
atoms located alpha to a carbonyl group are slightly acidic due to the resonance stabilisation of
negative charge. When a hydrogen atom is located between 2 carbonyls, it becomes more acidic,
because the charge can delocalise onto 2 groups as shown in Figure 2.10 (Rahimi and Fattahi, 2021).

This reaction proceeded in a 76% yield with no need for further purification of the intermediate.
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Figure 2.10- Resonance stabilised forms of carbonyls and 1,3-dicarbonyls. 1,3-Dicarbonyls are more acidic due to the

extra resonance stabilisation of the negative charge.

Taken from work by Kienzle and colleagues (Kienzle, Reischl and Machulla, 2005), the next step was
hydrolysis of the ester groups using sodium hydroxide under reflux. This reaction proceeded to
create a mixture of the desired product and hydrolysed amide to give the amine. Amide hydrolysis
was a desired result of the next reaction, and the amine would be unlikely to disrupt the mechanism

of the reaction. The product was therefore taken forward to the next step as a mixture.

o NaOH, H,0 0 (0)'e)

(0] (0] HO
EtOH HO
NH OH OH
}— ’ + HN__O
© o J reflux, 4h NH, \r

Figure 2.11- Conditions for ester hydrolysis. Reaction also resulted in partial hydrolysis of the amide and the mixture was

taken forward in the next reaction.

T " T ' T = T ' T ' T ' T ' T = T " T N T " T
740 735 730 7235 720 715 710 705 700 655 630 685
f1 ppm}

Figure 2.12-Aromatic region of *H NMR spectra showing the 1:4 ratio of products shown in Figure 2.11 as determined by
comparing the integrations.
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The LCMS (not shown) and *H NMR spectra (Figure 2.12) both suggest that the expected product
was formed in a 4:1 ratio with the amine formed through hydrolysis. The spectrum shown if Figure
2.12 represents the aromatic region of the two compounds. Analysis of the masses and spectra of
the 2 compounds made it clear that the 2 products were the desired intermediate shown in Figure
2.9 and the hydrolysed amine shown in Figure 2.11. As a result, the crude mixture was taken through
to the next step. The reported conditions used 1,4 dioxane (Varnavas et al., 2005), but toluene was
tried as a replacement because it is also a non-polar high boiling point solvent (111 °C) and

decarboxylation reactions often require high temperatures to proceed.

Je)
HO 00 HO Toluene (@]

O
OH
OH —f
+ HN_O  refiux, OH OH
NH; : * HN_O
overnight NH2 \f

Figure 2.13- Initial conditions tried for the decarboxylation step, using toluene as a solvent. No product formation was
observed.

When the reaction in Figure 2.13 was attempted, no conversion was noted. It is possible this was
due to the boiling point of toluene being lower than the petroleum ether in the reported method.
The next set of conditions tried 6 M hydrochloric acid instead of petroleum ether. Although the
boiling point of water is lower than toluene, a decarboxylation can still occur as the addition of acid
means more of the neutral acid species is present. Additionally, the presence of water is thought to
lower the activation barrier by providing an alternative route that includes solvent activation
(Brown, 1951). Not only did this reaction in Figure 2.14 result in a successful decarboxylation it also
hydrolysed the amide, converting both species in the mixture to the desired product. After

trituration with ether the product RAB106 was made with a final step yield of 20%.

00
Ho-LO HO HCI, H,0 o
OH OH >
NH * HN._O reflux, OH
2 \f overnight NH,

Figure 2.14 - Conditions which resulted in successful decarboxylation and formation of product RAB106. Conditions also
led to hydrolysis of the amide, converting both precursors in the mixture to the desired product.

Synthesis of analogue RAB114 was achieved using a one-pot method that proceeds via an arylidene
intermediate, formed through a condensation reaction of benzaldehyde with Meldrum’s acid (Figure
2.15) (Mudhar and Witty, 2010). Meldrum’s acid is a 6-membered heterocycle made through a

condensation reaction of acetone with malonic acid. Meldrum’s acid contains a 1,3-diketone similar
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to the one employed in the synthesis of RAB106. However, Meldrum’s acid is 8 orders of magnitude
more acidic when compared to the closely related dimethyl malonate (Byun, Mo and Gao, 2001).
The cause of this was unknown until calculations revealed the lowest energy conformation aligns the
alpha proton’s Ocy orbital with the m*co, meaning in the ground state, the C-H bond is destabilised,

which increases acidity (Nakamura, Hirao and Ohwada, 2004).

0] o 0 (0]
H TEA, formic acid

+ o} » OH
90 °C

0]

Figure 2.15 - Conditions used for the synthesis of RAB114.

This method employed a 2.5:1 mixture of formic acid and triethylamine (TEA) as both a solvent and a
reducing agent. First, intermediate 1 (I11) from Figure 2.16 is formed through a condensation reaction
between the aldehyde and Meldrum’s acid before it is reduced to intermediate 2 (12). Upon
deprotonation, formic acid readily splits into CO; and hydride, where it acts as a reducing agent,
hydrogenating the double bond as shown in Figure 2.17. At room temperature the reaction halts at
12, however heating to 80-100 °C allows the hydrolysis step and subsequent decarboxylation to

occur, yielding the propanoic acid analogue RAB114.

o) o) o)
CHO ° 2 ° Hy @
2
R + X< = He= < — HC X< = ¢
o) R o) R o R OH
o) o) o)

1 12 P

Figure 2.16 - Synthetic route to the formation of RAB 114 (P). I1 is formed through an aldol condensation between the
aldehyde and Meldrum's acid. Reduction of the double bond via the mechanism shown in fFgure 2.20 leads to the
formation of 12. P is formed through hydrolysis of the ester bonds followed by a decarboxylation.

R 0

e o \_,a)k H,

T 0  —» R _CL, . co,
@

Figure 2.17 - Mechanism for the reduction of double bonds with formic acid. Upon deprotonation, formic acid readily
forms CO; and a hydride (H"). Hydride acts as a reducing agent on the C=C double bond.
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The hydroxamic acid analogue RAB116, was made through a 2-step synthesis shown in Figure 2.18.
The acid must first be converted to the ethyl ester as carboxylic acids are not usually reactive
towards nucleophiles (Nguyen and Bekensir, 2014). Therefore, an esterification was performed first
using ethanol and sulphuric acid. This then allows the ‘good nucleophile’ hydroxylamine to attack
the carbonyl group in the next step, leading to a substitution reaction via an addition-elimination

mechanism, with the formation of the hydroxamic acid RAB116.

0 0 0
oH H,SOy o NH,OH NH
EtOH ) 2 OH

Figure 2.18 - Reaction scheme for the synthesis of RAB116.

RAB128 was designed to emulate the 1,3-diketone structure of the original hit avobenzone whilst
retaining the acid functionality seen for other compounds. The attempted synthesis shown in Figure
2.19 comprised of 2 steps. The first was an addition-elimination reaction between the enolate and
dimethyl carbonate ester to give the B-keto ester followed by a hydrolysis to give the acid. However,

the acid product was found to be unstable.

SUEY.
? ? O NaOH
H |
NaH

-co, 0O O

OH

Figure 2.19 - Attempted synthesis of RAB 128. The desired product spontaneously decarboxylates back to the original
starting material.

B-Keto acids can readily undergo decarboxylation even under relatively mild conditions to give CO;
and an enol (Hay and Bond, 1967). This is because the relative positions of the 2 carbons allows for
the formation of the 6 membered transition state in Figure 2.20, providing a route for the pericyclic
reaction to occur. This mechanism is known as a syn-elimination and requires a 6 membered

transition state to facilitate the concerted movement of 3 electron pairs, which results in the loss of
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CO; and formation of an enol (Bach, Badger and Lang, 1979). The stability of the enol also aids the
reaction as it lowers the activation energy barrier. Additionally, the reaction is also entropically
favourable due to the formation of a gaseous product. As the compound was found to be unstable it

was deleted from the library.

Figure 2.20 - Mechanism for decarboxylation of 8-ketoacids. The acid proton interacts with the ketone oxygen to create
a 6 membered transition state. This allows the pericyclic syn-elimination to occur to give CO; and an enol. The enol is
converted to the ketone through tautomerisation.

The attempted synthesis of RAB124 was a 4-step synthesis (Figure 2.21) starting with the conversion
of a carboxylic acid to an acid chloride. Acid chlorides are highly reactive carbonyl compounds,
usually formed through conversion of a carboxylic acid with chlorine containing reagents. For this
synthesis, SOCl, was used, with DMF acting as a catalyst. SOCI; only gives the gaseous by products

HCl and SO, meaning the purification is simplified.

HO.__O Cl 0] OO/
SOCl,, DMF Meldrum's acid _— e}
— - A
Pyridine OH O
N,O dibochydroxylamine
100 °C
I?oc
N. _..Boc
MeOH, HCI (@)
~ )—OoH == O O
O-N 60 °C

Figure 2.21 - Initial planned synthetic route of RAB124. The di-boc protected hydroxylamine was synthesised successfully
but the final product was never reached despite trying a variety of different conditions.

The reaction still proceeds without the DMF catalyst but at a lower rate. Reagent A from Figure 2.22
is formed first through a reaction between DMF and SOCI, (Hempel et al., 1999). The iminium carbon

of this reagent is highly electrophilic due to the chlorine positively charged nitrogen drawing away
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electron density and lowering the activation energy when compared to the mechanism with no
DMF. This allows the oxygen of the carboxylic acid to attack the iminium carbon initiating in an
addition-elimination reaction. Another addition elimination reaction then occurs as the chlorine

attacks the carbonyl group, leading to the formation of the acyl chloride and regeneration of DMF.

10
SQ
clZ=cl O
SV
JL cI” 7o Cl
- > N > NN Intermediate 1
TN H NG v Ne
o I
Cl
1.
&) ©
R (@] R 0
— Cl \FO SJ\ CO cl
jJ\I\ (Po —» RHO » RO R™ > Cl

Figure 2.22 - Mechanism of DMF catalysed acid chloride formation.

The reactivity of acyl chlorides is due to the high electrophilicity of the carbonyl carbon and the
strength of chloride as a leaving group (Palling and Jencks, 1984). Additionally, they do not contain
the same resonance stabilisation seen in carboxylic acids making them highly reactive towards
nucleophiles (Hardee, Kovalchuke and Lambert, 2010). This includes water which converts it back to

the carboxylic acid therefore, dry conditions were used throughout the first 2 steps.

For the second step Meldrum’s acid was employed. The step required only the weak base pyridine to
ionise Meldrum’s acid due to the high acidity explained in the synthesis of RAB114 (Figure 2.22).

Deprotonation of the a-proton creates a nucleophile which attacks the carbonyl carbon of the acid
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chloride to give Intermediate 1 from Figure 2.22 and HCI. This step usually proceeded when efforts
were made at the synthesis of RAB124, and on optimisation occurred in a 70% yield, with only one

purification step required.

In the 2 steps that followed, difficulties were encountered in the synthesis. The first of these steps
was the formation of a di-Boc-protected hydroxamic acid. The mechanism here begins with a
nucleophilic attack of one of the carbonyl groups in the Meldrum’s acid segment of the compound
and an addition-elimination reaction to form the amide bond. Following this acetone is lost, as the
ester is hydrolysed, before a decarboxylation occurs to give the desired product. However, during
the cyclisation step, an unknown undesired product formed instead. Further investigation and

synthesis of RAB124 was not pursued.

The first indole analogue designed was RAB122 which possess a tert-butyl group on the indole
nitrogen. To ensure that the acid functionality did not interfere with the reaction, methyl 1H-indole-
5-carboxylate was used instead of the corresponding acid, as it can easily be converted though
hydrolysis after the first step. For this reaction, shown in Figure 2.23, the indole was first
deprotonated at a low temperature using sodium hydride. Then, after 20-30 min, the electrophile
tert-butyl iodide was added, and the temperature raised to 20 °C. However, in this case, no reaction
was observed even after changing conditions such as the base used (LDA), or increased temperature
following deprotonation. This is likely due to the steric hinderance of the bulky tert-butyl group

(Marcelin and Brooks, 1975).

Figure 2.23 - Attempted Synthesis of RAB122 intermediate. The reaction did not work, which is likely due to steric
hindrance.

Analogues RAB 136 and RAB 137 were designed in an attempt to mimic the structure RAB 122,
whilst being suitable for synthesis through the above method. By replacing tert-butyl iodide with
isopropyl iodide, RAB 136 was made though this method of alkylation at the nitrogen, followed by
hydrolysis of the ester with sodium hydroxide at room temperature overnight (Figure 2.24). The

yield was 28% over 2 steps, with column chromatography required to purify the final compound.
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Figure 2.24 - Synthetic route for RAB 136. The indole is alkylated with 2 iodopropane following deprotonation with
sodium hydride. The ester is then hydrolysed with hydroxide.

o o
o) _ OH
_ NaH, THF %4 o H20, NaOH /
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The first step in the synthesis of RAB137 in Figure 2.25, required acylation of the indole nitrogen. The
conditions employed for the first step were similar to the alkylation, but the indole was instead
reacted with acetyl chloride and LDA as the base. This step proceeded in an excellent yield of 88%.
Initially, for the ester hydrolysis, again the same conditions were used for those seen in the synthesis

of RAB136. However, this resulted in both cleavage of the amide group and the ester.

o 0
O ~ OH
_ LDA, THF 4 O”  AICI; DMA 7
/ o —O> N —

N

A

I=
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O

H,O, NaOH

OH
/

N
H
Figure 2.25 - Synthesis of RAB137. The first step is an acylation at the indole nitrogen with t-butyl chloride. The initial

attempt at an ester hydrolysis using hydroxide was unsuccessful but the AlICl;, DMA system was able to give the desired
product.

The strength of the C-N bond in this case is not as strong as a usual amide bond seen in Figure 2.26.
This is because usually, the lone pair of the nitrogen is available to be involved in the resonance
stabilisation of this bond (Kemnitz and Loewen, 2007). However, in indoles the nitrogen is involved
in the formation of the aromatic it system weakening the amide bond. This allows this bond to be

hydrolysed under relatively mild conditions where amides would remain stable.

80



.0
:0:

A

R™ “NH

g .
R)@Hz

Figure 2.26 - Resonance canonical forms of the amide bond. Resonance structures increase stability of compounds as
electrons are delocalised and occupy a greater volume. For indoles, the nitrogen lone pair is delocalised into the
aromatic system, so any amide-like bonds here, such as the one in RAB 137, do not have this stabilisation and are
therefore weaker.

Instead, selective hydrolysis of the ester was achieved using aluminium chloride (AICls). AlCls is a
Lewis acid, meaning it readily accepts electron pairs (Fringuelli, Pizzo and Vaccaro, 2001). This leaves
an orbital in the outer shell of aluminium empty, allowing electron pairs from Lewis bases to donate

into this orbital forming a Lewis acid-base pair.

In this case AlCl; interacts with an electron pair on the carbonyl oxygen. This causes electron density
to be drawn away from the carbonyl oxygen and in turn, the carbonyl carbon. As a result, the C-O
ester bond is strengthened due to an increase in polarity, whereas the second C-O bond is weakened
(Fringuelli, Pizzo and Vaccaro, 2001). This allows the methyl carbon to act as an electrophile, where
it is attacked by dimethyl aniline (DMA). This leads to the formation of a new C=0 bond and loss of
the methyl ester. The resulting Lewis acid-carboxylate pair can then be converted to the carboxylic
acid via treatment with HCI. The mechanism is shown in Figure 2.27. Following purification through

column chromatography, the acid RAB137 was isolated in a yield of 40%.
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Figure 2.27 - Mechanism of ester hydrolysis using AICl; and DMA.

2.2.3 Screening of Generation 1 Compounds

Once the compound library had been collated, compounds were first screened in order to test
potency to supress seizures. The initial screen utilised the same electroshock assay which was used

to compare the effects of RAB102 intermediates. Drosophila larvae carrying the para®* mutation
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were raised on food containing the compounds. This gain of function mutation is the result of a
hyperactive Nay channel, which results in Drosophila displaying seizure like behaviour (Parker et al.,

2011b).

The results are shown in Figure 2.28 and are an aggregate result of work performed by 2
undergraduate project students (Aoibhinn Kelly, lona Hayes, supervised by the author). Experiments
were set up by the author and given to the students blinded, who then performed the electroshock
assay detailed in the methods. Experiments were performed by both students at the same time to
minimise risk of false negatives. Analysis shown in this thesis was performed by the author. Of the
22 compounds described above, 17 were screened. RAB124 and RAB128 were excluded due to
problems with synthesis. RAB108 wasn’t able to be screened due to suspected toxicity. RAB109
wasn’t included because not enough was available as the material (this compound is, however,
shown in the next round of testing). RAB114 was excluded as RAB123 was inactive, which suggests
that the addition of methylene groups between the acid group and the benzene ring eradicates any
activity. RAB113, RAB130, RAB133 and RAB137 were only tested by one project student due to time

constraints and therefore have an n=12 rather than n=24.
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Figure 2.28 — Ranking of generation 1 compounds based on the reduction of recovery time. Cs flies represent canton-s
wild type and bss bang-senseless seizure mutant. Green represents compounds which on average significantly reduced
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recovery time. Orange represents compounds which were shown to be active in one of the 2 screens but did not
significantly reduce the recovery time on average. Red represents compounds that showed no signs of being
anticonvulsant. N refers to number of larvae shocked. n=24 unless striped where n=12. Results were analysed via a one-
way ANOVA [F (18, 381) = 18.00 P<0.0001] with correction for multiple comparison (Dunnett’s). Values given are mean +
SEM. * = p < 0.05, ** = p <0.01, *** = p < 0.001, **** = p < 0.0001

Of the compounds screened, 5 were shown to reduce seizure duration in the para®* mutant,
evidenced by a reduced recovery time. A further 3 (130, 103 and 131) shown signs of activity by
significantly reducing recovery times in just one of the 2 data sets. Therefore, these compounds will
also be taken forward for further testing giving a total of 8 compounds shown in Table 2.5, including

details of their physicochemical properties.

(0] o) 0 o
o
NZ
RAB113 RAB132 RAB102 RAB135
o O o) o)
F F
F F
RAB118 RAB103 RAB130 RAB 131

Figure 2.29 - Structure of 5 compounds shown to significantly reduce seizure recovery time (first 5) and 3 others which
may have anticonvulsant activity

Table 2.5 - Structures and selected properties of compounds which show potential anticonvulsant activity from the first
generation of compounds. Only those with variation in the group para relative to the acid/aldehyde were found to have
any anticonvulsant effect.

Compound Structure Molecular | Volume | pKa | cLogP | LogD | Recovery
RAB weight (A3) (pH time
7.4) | reduction
(@)
102 H 162.2 155.2 N/A 3.32 N/A 43%
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o)
103 \{/Q)‘\OH 178.2 162.1 | 4.40 | 3.71 | 0.22 18%
o
113 /O)J\OH 152.1 114.8 | 425 | 2.02 | -1.39 66%
)
0
OH
118 198.2 151.2 | 4.25 | 4251 | 023 27%
0
130 - \T/Q)L H 174.1 111.2 | N/A | 259 | N/A 25%
F
o)
OH
131 . \T/Q)L 190.1 1181 | 3.95 | 2.94 | -0.56 15%
F
0
132 \(O)LOH 164.2 1447 | 435 | 331 | -045 | 60%
(0]
OH
135 XQA 189.2 158.4 | 410 | 2.02 | -063 | 31%
N//

Comparison of the structures of the active compounds shown above, indicates that changes to the
central ring structure or acid/aldehyde region abolishes compound activity. Conversely, compounds
that only have variation in the lipophilic para region of the molecule all retained activity, apart from
RAB120 and RAB133. This suggests a polar group para to a lipophilic region is crucial for activity.
Additionally, RAB113 and RAB135 contain hydrogen bond acceptors which may also contribute. The
fluorine containing molecules may also benefit from similar dipole-dipole interactions due to the
polarity of the C-F bond. RAB113 showed the largest reduction in recovery time, but the size of the

dataset was limited (N = 12) when compared to most other compounds tested (N = 24).

Overall, the first generation of screening found that all active compounds possessed an acid/

aldehyde directly bonded to a benzene ring, with a requirement for a group in the para position
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relative to the benzene ring. Changes to the central ring structure or relative position of the 2
groups, made compounds inactive. Compounds with both polar and lipophilic groups in the para
position were found to be active. These results were used to create a structure activity relationship,

which formed the basis for the design of the second generation compounds.

2.2.4 Design of Generation 2 Compounds

Using the data from the first round of compounds, a second generation library was designed. All
contained a polar acid / aldehyde group para to a lipophilic group, with some forming a fused ring
structure to the carbon in the meta position. Most of the variation in this second generation of
compounds comes from the para lipophilic region, as the first screen suggested any other variations
to the acid/aldehyde in position 1 reduced efficacy. Additionally, any variations to the ring structure
were also found to reduce efficacy. However, in order to increase the chemical space explored, some
analogues with fused rings (RAB206, RAB207, RAB217) and one ring variant (RAB203) were included.
Some analogues also contain a conventional hydrogen bond donor/acceptor (RAB211, RAB213 and
RAB216) or fluorine atoms (RAB201, RAB 205) to test for additional electrostatic interactions. The

structures and properties of the generation 2 compounds are shown in Table 2.6.

Table 2.6 - Structure and physical properties for the second generation of compounds. Structure shown is the major form
of the compound at physiological pH (7.4).

Purchased/
synthesised/
Compound Mw Polar Synthesis
# Structure (g/ cLogP | surface pKa unsuccessful
(RAB) mol) area A2
(0]
OH Purchased
201 F ||: 248.0 3.12 37.30 3.8 Apollo
>s? Scientific
F'TF
F
0]
OH
202 2041 | 451 | 37.30 43 Purchased
Fluorochem
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0
OH
204 190.1 3.95 37.30 4.3 Purchased
0
OH
205 F.C F 290.0 3.56 37.30 3.0 Purchased
3
CFs
0
Purchased
206 <:©)k0H 162.1 2.90 37.30 4.1 Fluorochem
o)
207 0 OH 194.05 | 261 | 55.76 3.9 Purchased
)< Fluorochem
o)
o)
Purchased
208 )\/@)J\oH 1781 | -384 | 3730 | 42 Merck
0
210 OH 188.0 | 3.16 | 46.53 43 Purchased
Merck
~
\_o
0
OH .
211 187.1 2.64 49.33 4.4 Synthesised
N
\_NH
o)
OH .
212 | 193.1 | 0.61 57.61 4.2 Synthesised
_N
o)
o)
213 H 1481 | 292 | 17.07 None PUTEIREEE
Fluorochem
0
Purchased
o)
215 <:©)‘\OH 166.0 1.97 55.76 3.8 Fluorochen
o)
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OH
216 216.2 1.92 61.7 4.0 Synthesised

217 OH 156.6 2.70 37.3 4.0 Purchased

Cl

RAB201 contains a pentafluorosulfanyl group (SFs) in the para-position relative to the acid. SFs has
been shown to be chemically and thermally stable and has also been deemed inert under
physiological conditions (Altomonte et al., 2014a). Interestingly, this group is highly electronegative,
due to the 5 fluorine atoms, yet relatively lipophilic. This is highlighted in a comparison between
RAB201 and another highly active compound from the first screen, RAB132. RAB132 contains the
lipophilic isopropyl group in the 4 position and has a cLogP of 3.31, compared to 3.12 for RAB201,
highlighting the cLogP of a group is comparable to that of groups which are considered lipophilic. SFs
is also more lipophilic than the CF; group seen in RAB131, a common electronegative isostere for the
tert-butyl group. Additionally, it is also more electronegative than the CFs; group with
electronegativities measured at 3.65 for SFs and 3.36 for CF; (Sheppard, 1962). Despite SFs first being
incorporated into organic molecules in the 1960s (Sheppard, 1962), use of this group in
pharmaceuticals has been limited. This is mainly due to its lack of synthetic accessibility; however,
more recently new routes have been discovered, including methods that allow the synthesis of alkyl
substituted SFsgroups (see review (Altomonte and Zanda, 2012)). Studies have shown the SFs group
to be potential isosteres for CFs, tert-butyl, NO, and halogen groups (Stump et al., 2009; Wipf et al.,
2009; Altomonte et al., 2014b; Hendriks et al., 2015).

RAB202 and RAB204 contain saturated carbon rings in the 4 position. These were designed based on
the benzene analogue being found to be active in the first round of testing, which suggests the
putative binding pocket being able to tolerate large lipophilic groups in this region. The surface areas
of cyclohexane (263 A?), cyclopentane (244 A?) and benzene (234 A?) are all relatively similar
according to the calculated Connolly accessible area, as calculated using Chem3D. However, the
structure of benzene is quite different to cyclohexane due to its aromaticity, which makes benzene

planar.

Heterocycle analogues, RAB210, RAB211 and RAB216, were also designed with the activity of the
benzene analogue in mind. These groups are all similar in size to benzene, with no deviation of the

Connolly accessible area larger than 20%. Additionally, these rings all contain at least one hydrogen
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bond acceptor, which the first screen suggested is beneficial for activity. RAB211 and RAB216 also
contain a hydrogen bond donor group (NH) which was not tested at this position in the previous set

of compounds.

RAB205 and RAB208 are more related structurally to the most potent compound from the first
screen; RAB132. RAB208 has one additional carbon compared to RAB132, that takes the isopropyl
group further from the benzene ring. RAB205 combines the structure of RAB132 with fluorine
analogues, which were generally more potent than the related non-fluorinated compounds. This is
possibly due to additional interactions from the C-F bond polarity or increased metabolic stability.
Fluorine containing groups in the ortho or para positions withdraw electron density from acid groups
stabilising the negative charge and lowering the pKa (DiMagno and Sun, 2006). The fluorinated
isopropyl group has a profound effect on the predicted pKa, lowering it from 4.2 in RAB132 to 3.0. In
comparison, RAB131 and RAB201 both contain fluorinated groups in this position and have pKa of

3.9 and 3.8, respectively.

RAB206, RAB207 and RAB215 contain fused rings which connect to the central ring through the para
and meta positions. These were designed in order to provide an alternative way of adding
appropriate groups to this position, whilst increasing the amount of chemical space investigated.
RAB205 possesses a lipophilic cyclopentane group in this position which was designed to be similar
in electronic structure to RAB132. RAB207 and RAB215 both contain the methylenedioxyphenyl
group, with RAB207 also having 2 extra methyl groups. These analogues were included for 2 reasons.
Firstly, the oxygen atoms in this ring system can act as hydrogen bond acceptors which featured in
the active compounds from screen one. This includes RAB113, which effectively contains half of the
methylenedioxy group in position 4. Secondly, the methylenedioxyphenyl group features in CNS
active compounds including 3,4-methylenedioxy-methamphetamine (MDMA) and the
anticonvulsant stiripentol, meaning it may be beneficial in the crossing of the BBB (Murray, 2000).
The 2 methylene groups in RAB207 were included to increase lipophilicity and to replicate the

isopropyl group seen in RAB132.

The remaining analogues were selected to be structural mimetics of the current lead compounds,
whilst adding variability to the screen. RAB212 was designed to probe for potential hydrogen
bonding interactions in this region, suggested from the first screen. Both the oxygen and nitrogen
centres here have the potential to act as hydrogen bond acceptors (B6hm et al., 1996). The 2 methyl
groups were added to increase lipophilicity and to mimic the structure of RAB132. Table 2.6 shows
the addition of these 2 heteroatoms has a large effect on the cLogP, due to the relatively small size

of these compounds. RAB213 was added to the screen in order to compare the effectiveness of the
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aldehyde and acid. The acid group is generally preferred to aldehydes due to their better stability
and safety profile (Ahmed Laskar and Younus, 2019a). However, if the aldehyde analogue is found to
be more efficacious than the acid alternative, other active compounds can be screened with an
aldehyde in this position to compare activity. Due to their small size and relative simplicity some of

the analogues could be purchased commercially, however other analogues had to be synthesised.

2.2.5 Synthesis of generation 2 compounds

The first compound synthesised was the pyrazole analogue RAB216. The synthesis begins with an
Ullman like reaction known as a Hurtley reaction, which utilises copper for cross coupling reactions
of C-H acid derivatives with aryl halides, to form C-C bonds. Typically, Ullman reactions require high
temperatures in order to proceed, which can limit both the efficiency and scope of the reaction
(Fanta, 1974). However, by using bidentate, N/O/S containing ligands, the required reaction
temperature is radically reduced from 200 °C to as low as 40 °C (Zhang, Zhang and Liebeskind, 1997;
Lu and Twieg, 2005; Ma and Jiang, 2007). The ligands employed include 1,3-diketones, Schiff bases
and amino acids, although the ligand of choice is dependent on the type of coupling (Jiang et al.,
2013). For the coupling with acetylacetone, shown in Figure 2.30, the amino acid proline has been

proven to be an effective choice of ligand (Jiang et al., 2005).

o} o 0 0 o
OH )J\/U\ oH NH2-NH; OH
— —_—
I . 0 S
Cul, Proline HN\
o} N=
K,CO43

Figure 2.30 - Reaction scheme for the synthesis of RAB216. The first step is an Ullmann-like cross coupling reaction,
utilising copper iodide and proline as catalysts and the enolate of acetylacetone as the nucleophile (yield 72%). The
second step is a Knorr pyrazole synthesis which gave the desired product (RAB216) in a very good yield of 85%.

Evidence from calculations and kinetic studies shows that, in most cases, the mechanism of these
reactions proceeds via a 2 electron Cu(l)/Cu(lll) pathway (Zhang et al., 2007; Casitas and Ribas,
2013). However, there is evidence to suggest that in other Ullmann-like couplings that form C-
heteroatom bonds, a single electron Cu(l)/Cu(ll) involving radicals, can occur (Creutz et al., 2012).
For the Cu(l)/Cu(Ill) pathway, the exact mechanism is not clear, particularly the ordering of the

oxidative addition/substitution steps as shown in Figure 2.31 (Beletskaya and Cheprakov, 2004). In
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the case of this reaction evidence from reaction monitoring by Ribas and co-workers, suggests that
the mechanism follows route A in Figure 2.31 with the full mechanism shown in Figure 2.32. The
cycle begins with the oxidative addition of the aryl iodide across the Cu(l) centre to give Cu(lll). A
substitution step then occurs with the iodide being replaced by the enolate of acetylacetone, which
is followed by a reductive elimination step to give the desired product and regenerates the active
Cu(l) catalyst. By using 0.1 eq Cul with 0.2 eq proline the reaction reached completion in 24h. The
product was taken forward to the second step crude, as the product and remaining starting material

co-eluted in all solvent systems tested.

Ar-l HNu
Cu(hX HX
A
x X 5
“Cu(lll) A ; B Cu(()Nu
Ar I
5 Ar-|
_Ar
(Incu
I Nu

Figure 2.31- Possible routes for the mechanism of Ullmann couplings that proceed via the 2 electron Cu(l)/Cu(lll)
pathway. In route A, the oxidative addition occurs before the substitution, whereas in B, the substitution occurs first.
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Figure 2.32- Catalytic cycle of copper in the Hurtley reaction, the first step in the synthesis of RAB216. The cycle begins
with the oxidative addition of the aryl iodide on to the Cu(l) centre to give Cu(lll). The iodide is then substituted with the
deprotonated acetylacetone before the reductive elimination step occurs, yielding the desired substituted aryl and the
Cu(l) catalyst.

The second step in the synthesis of RAB216, was a Knorr pyrazole synthesis. This reaction combines
a 1,3-diketone with hydrazine, using an acid catalyst to give the pyrazole ring. The mechanism
begins with a nucleophilic attack of one of the carbonyl groups by hydrazine, leading to the
formation of an imine followed by the elimination of water. The second nitrogen of the hydrazine
then attacks the other carbonyl group, forming a second imine. Finally, the sp® hybridised carbon is
deprotonated, allowing the formation of the aromatic pyrazole. The mechanism is shown in Figure
2.33. The reaction proceeded first time, with a yield of 35% over 2 steps following purification by

column chromatography.
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Figure 2.33 - Mechanism of the Knorr pyrazole synthesis, use to make RAB 216. The nucleophilic hydrazine attacks one
carbonyl group, followed by elimination of water to give an imine. The free nitrogen of the imine attacks the other
carbonyl eliminating another water molecule. After a tautomerisation the final pyrazole product is formed.
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1) Me,NH
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Figure 2.34 - Scheme for the synthesis of RAB212. The first step is an addition-elimination reaction with dimethylamine
and an acid chloride. This is followed by hydrolysis of the ester in the presence of base.

RAB212 was made via a 2-step synthesis (Figure 2.34), starting with the formation of an amide by
the reaction of an acid chloride with an amine. The lone pair of the dimethylamine nitrogen attacks
the carbonyl carbon of the acid chloride, eliminating HCI to give the amide. The product was used
directly in the next step following extraction with ethyl acetate and a wash with dilute HCI. The
second step was an ester hydrolysis using potassium carbonate and water as the source of the
hydroxide ion. After purification with column chromatography, RAB212 was isolated in a yield of

61% over 2 steps.
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Figure 2.35 - Synthesis of RAB211. The first step is a Suzuki coupling with a Boc protected pyrrole and 4-iodobenzoic acid.
The first attempt at the boc removal using trifluoroacetic acid did not result in any product formation. A thermal
deprotection method was used by heating the compound to 150 °C which resulted in the formation of product.

The final compound synthesised in the second generation was the pyrrole analogue RAB211. The
first step of the synthesis was a Suzuki coupling (Maeda et al., 2011). Suzuki reactions are palladium
catalysed cross-coupling reactions, where the coupling partners are a boronic acid and an
organohalide. The pyrrole boronic acid reagent was protected using a Boc group, to prevent the
pyrrole nitrogen coordinating to the palladium catalyst. The catalytic cycle for this reaction is similar

to that seen for the copper catalysed reaction, but also includes a transmetalation step.

93



Boc

N Oxidative
A‘O Addition
r \ |
Reductive
Elimination
Pd(0) Ar-1
Ar—Pd (Il) 4 |
N Ar—Pd (Ih—I
Boé
Transmetalation NaB(OH), NaOH
Ar—Pd (I)—OH Nal Substitution
L N ®HO E? N
a \
(HO,B™ N (HOXE e
Boc

Figure 2.36 - Mechanism of the Suzuki coupling used to make RAB212. The Pd(0) is converted to Pd (ll) by oxidative
addition, as it enters between the lodine aryl bond. The iodine is substituted for a hydroxyl before the transmetalation
step, whereby the hydroxyl group transfers to the boron centre, allowing the pyrrole to bind to Pd(ll). The final step is a
reductive elimination, resulting in the formation of an aryl-pyrrole bond and regeneration of the Pd(0) catalyst.

The reaction, shown in figure 2.36, begins with the oxidative addition of the aryl lodide across the
palladium centre, changing its oxidation state from 0 to +2. Palladium catalysts must have an
oxidation state of 0 in order to facilitate this step of the reaction. The hydroxide ion formed through
the aqueous carbonate solution substitutes for the iodide before the transmetalation step. This step
involves the transfer of the pyrrole ligand from the boron centre onto the palladium. The aryl group
and pyrrole then form a bond via reductive elimination to give the cross-coupled product and free
Pd(0), which can then participate in another catalytic cycle. This first step of the synthesis reached

completion after 1 h and was taken to the next step without further purification.

The final step was the deprotection of the pyrrole by removal of the Boc group. Boc groups are
sensitive to strong acid and therefore reaction with trifluoroacetic acid (TFA) is the most common
way to remove it (Blondelle & Houghten, 1993). However, when this was attempted in this
synthesis, it resulted in an unidentifiable mixture of products. Pyrrole rings have previously been
shown to react with TFA which may be responsible for this mixture of products (Imuro and
Hanafusa, 1976). Instead, a thermal Boc deprotection was used (Figure 2.37), by heating the product
to 150 °C to give RAB211. The tert-butyl ester fragments to give a carbamic acid and the relatively
stable tert-butyl carbocation. The resulting carbamic acid then undergoes a decarboxylation to give

the desired unprotected amine.
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Figure 2.37 - Mechanism for a thermal Boc deprotection. Due to the relative stability of the tert-butyl cation, heat
induces an equilibrium between the ester and the carboxylate/ cation. The carboxylate acts as a base to form the
carboxylic acid and 1-butene. The carbamic acid undergoes a decarboxylation to give the unprotected pyrrole.

Because Boc groups are sensitive to acid, they are prone to cleavage during LCMS analysis that use
acidified eluents (Tom et al., 2004). Therefore, Boc deprotections can be difficult to analyse via this
method. The 'H NMR spectrum in Figure 2.38 shows the pyrrole ring is present and the boc group
has been removed. 'H NMR data to support this is the peak with a chemical shift of 11.5, which
corresponds to the NH group. Secondly, the 3 peaks each with an integration of 'H indicate the
presence of the pyrrole group. Lastly, there is no peak with an integration of 9H in the alkyl region of
the spectrum, which indicates the Boc group is not present. Following purification by column

chromatography, the final product was isolated in a yield of 47% over 2 steps.

95



1.98-T
0,96 -

12 11 10 9
Figure 2.38—'H NMR spectrum of RAB 211. Blue circle - peak representing pyrrole NH. Red circle -
peaks representing pyrrole CHs. Green circle- area where Boc tert-butyl group peak would be, which is
not present.
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2.2.6 Screening of Generation 2 Compounds

Once the second generation of compounds were available, they were screened via the same
electroshock assay as the first generation. Again, each compound was independently screened by 2
UG project students (Thomas Humphreys and Ceri Hughes) to accommodate for the variability seen
with this behavioural assay. All of the compounds shown in Table 2.6 were screened, aside from
RAB209 and RAB214 which were not synthesised successfully due to time constraints. This screen
also includes RAB109 from generation 1 which was missing from the first screen due to a lack of

material. The results of the initial generation 2 screen are shown in Figure 2.39.
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Figure 2.39 - Initial L3 seizure assay screen of generation 2 RAB compounds. Relative recovery time was calculated as a
ratio of the treatment group recovery time compared to the corresponding untreated para®ss group from that week of
screening. Green denotes a significant reduction in recovery time, orange denotes no change and red denotes a
significant increase. Sodium valproate (VPA), in blue, was included as a positive control. N= 24, refers to number of
larvae shocked Results were analysed via a one-way ANOVA [F (15, 617) = 20.35 P<0.0001] with correction for multiple
comparison (Dunnett’s). Values given are mean + SEM. * = p < 0.05, ** = p <0.01, *** = p < 0.001, **** = p < 0.0001

Of the 15 RAB compounds screened, 5 were found to significantly reduce seizure duration as
evidenced by a reduced recovery time (green), 2 significantly increased it (red) and 8 were found to
have no effect (orange). Valproate, included as the positive control, was also found to significantly
reduce recovery time. The generation 1 compound, RAB109 (structure shown in Figure 2.40), was
found to be ineffective in this assay, further suggesting that any changes to the acid group
eradicated activity.

Figure 2.40 - Structure of generation 1 compound RAB109 which was included in the second screen, due to lack of
material for the first round of screening. This analogue features a tetrazole ring in the place of the carboxylic acid group.
This analogue was found to have no effect on the recovery time in the e-shock assay, further suggesting that any
changes to the carboxylic acid group eradicates anticonvulsant activity.
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The 5 compounds that were found to be active are shown in Table 2.7. Aside from RAB215, the size
of the active compounds shows little variability, with an average of 160.95 A® and values ranging
from 147.1 — 172.3 A%. Larger compounds, such as the C(CFs)s; analogue RAB205 (187.2 A3%), may be
too large to be tolerated by the putative binding target, particularly as similar, but smaller fluorine
containing analogues, were found to be active in the first screen. Cyclohexyl analogue RAB202 was
found to be inactive, despite being closely related to the active cyclopentyl analogue RAB204. This
could be due to the difference in size, as with a volume of 184.3 A3 it is larger than any of the active
compounds from either screen. Additionally, RAB202 has a CLogP of 4.51, which is higher than any

other compounds found to be active in the other screens.

Three of the 5 active compounds contain 2 hydrogen bond acceptors in the modified group, with
RAB216 also containing an N-H hydrogen bond donor. Results from the first screen showed that
hydrogen bond acceptors can be tolerated, as nitrile analogue RAB135 proved to be active.
Additionally, fluorine analogues also performed well in the first screen, which can form
intramolecular dipole interactions similar, yet weaker, to hydrogen bonds (DiMagno and Sun, 2006).
Therefore, it was predicted that the inclusion of electronegative atoms in the varied region of the
compound may increase potency. Only one of the compounds featured 2 hydrogen bond acceptors,
the amide analogue RAB212, which showed no anticonvulsant activity. This is likely due to either the
low CLogP affecting the distribution of the compound in vivo or a lack of lipophilic bulk in the varied
region, which has been present in all other active compounds. Compounds that feature hydrogen
bond acceptors in this region may show increased potency due to improvements in solubility or the

formation of additional interactions through hydrogen bonding.

Table 2.7- Structure and selected properties of active compounds from the generation 2 screen.

Compound | Structure Molecular | Volume pKa cLogP

RAB weight (A3)

204 (0] 190.2 166.5 4.30 3.95
OH

207 0] 194.19 147.1 3.95 2.61

98



208 (0] 178.23 157.9 4.25 3.84

215 O 166.13 112.2 3.82 1.97

<O OH
0
216 0 21624 | 172.3 3.98 1.92
OH

From comparison of the physical properties of the active compounds from this second screen, it
seems that certain characteristics increase the chance of the compound being active. No compound
with a cLogP above 4 or a solvent excluded volume over 180 A3 was found to be active. Additionally,
compounds which feature 2 or more hydrogen bond acceptors in the modified region are more likely
to be active, with 3 out of 4 of these compounds showing anticonvulsant activity. From the data
RAB216 was the most active analogue, however, due to the variability expected with behavioural
assays, it was decided that the best way to validate the most active compounds would be to
continually reduce compound dose until only a suitable number of compounds are left to be taken

forward to mammalian testing.

2.2.7 Establishment of Lead Compounds

Once the second generation compounds had been screened, the next step was to screen the 11
compounds found to active in the 2 screens, at lower concentrations (Note: concentration refers to
the amount in fly food and does not take into account differences in absorption or access to the fly
nervous system). The aim of these experiments was to establish 2-3 lead compounds to take forward
to mammalian testing, reducing the number of mice required. An initial concentration of 0.4 mM
was chosen as this was the highest concentration RAB102 had been tested where no anticonvulsant
activity was observed. Additionally, RAB132 had been found to be active at this concentration,
meaning any compounds with increased potency should reduce recovery times at this

concentration. The results of this screen are shown in Figure 2.41.
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Figure 2.41 - Second L3 seizure assay screen of active RAB compounds. Relative recovery time was calculated as a ratio of
the treatment group recovery time compared to the corresponding untreated bss group from that week of screening.
Green denotes a significant reduction in recovery time, orange denotes no change. Sodium valproate (VPA) was included
as a positive control but was not found to be active at this concentration N= 24, refers to number of larvae shocked.
Results were analysed via a one-way ANOVA [F (11, 454) = 9.810 P<0.0001] with correction for multiple comparison
(Dunnett’s). Values given are mean * SEM. * = p < 0.05, ** = p <0.01, *** = p < 0.001, **** = p < 0.0001

Of the 11 analogues tested, 8 were found to significantly reduce recovery time at a reduced level (in
food) of 0.4AmM. Additionally, the clinically active antiepileptic valproate was found to be inactive at
this concentration. The 2 compounds that were not active were the methoxy analogue RAB113 and
the benzene analogue RAB118. These 2 compounds possess very different groups in the para
position, but one characteristic they each share is a lack of 3D structure, having a planar carbon
skeleton. Furthermore, all of the compounds that were active do have a 3D structure, suggesting

that it may be important.

Other planar analogues such as RAB211 and RAB210 have been screened previously and found to be
inactive, further supporting the idea that a lack of 3D structure is undesirable for target binding.

Both RAB210 and RAB211 contain 5 membered aromatic heterocycles, similar to RAB216. However,
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the presence of the 2 methyl groups on the pyrazole ring causes it to be twisted relative to the
benzene ring, as highlighted in Figure 2.42. This is a result of the steric hindrance caused by the
methyl group hydrogen atoms clashing with the hydrogens of the benzene ring. It is therefore
energetically favourable for the lowest energy conformation to have a twist in the pyrazole of

approximately 18°.

Figure 2.42- 3D structures of A) RAB113, B) RAB118, C) RAB210, D) RAB211, E) RAB216 in their lowest energy
conformation where Red = O, grey = C, blue = N and pink = lone pairs. Relative to the plane of the benzene ring, the
pyrazole group of RAB 216 is twisted at an angle of approximately 18°, whereas all the other molecules shown possess
no 3D structure in their carbon skeletons. Models were created and calculations were done using Chem3D software.
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To recap, 8 compounds were found to be active at the concentration of 0.4 mM. Therefore, in order
to reduce the number of compounds taken forward for further study, another round of screening at
a lower concentration was required. The next concentration used was 0.1 mM (in flyfood) and the

results are shown in Figure 2.43.
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Figure 2.43 — L3 seizure assay of compounds found to be active in screen 3. RAB216 was the only compound found to be
active at this concentration and was therefore taken forward for further investigation. Green denotes a significant
reduction in recovery time, orange denotes no change. Sodium valproate (VPA) was included as a positive control but
was not found to be active at this concentration. N= 24, refers to number of larvae shocked. Results were analysed via a
one-way ANOVA [F (9, 294) = 4.813 P<0.0001] with correction for multiple comparison (Dunnett’s). Values given are
mean * SEM. * = p < 0.05, **=p <0.01, *** = p < 0.001, **** = p < 0.0001

At a concentration of 0.1 mM, RAB216 was the only compound found to be significantly active,
reducing the mean recovery time by 28% compared to untreated para®* mutants. Valproate was not
active at this concentration, which was also the case in the 0.4 mM screen. Whilst this shows that
RAB216 is likely to be more potent than valproate in this model, further studies in a variety of

models would be required to compare their overall effectiveness.
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2.2.8 Screening of Lead Analogues
In medicinal chemistry, to establish an effective SAR one small change is made to each analogue in

order to find the physical and structural features that make compounds more potent. To identify
which structural features of RAB216 are important for its potency, 2 more analogues (Figure 2.44)

were screened with minor changes in the structure of the pyrazole ring.

O

OH OH

218 219

Figure 2.44 — Structures of 2 analogues based on the structure of lead compound RAB216. RAB218 has the pyrazole
ring seen in RAB216 but without the 2 methyl groups, meaning it lacks lipophilic bulk in this region and doesn’t have
the twist described in Figure 2.42. RAB219 has the two methyl groups seen in RAB216 but has an oxygen in place of
the NH and therefore lacks the hydrogen bond donor, whilst retaining similar electronic properties.

RAB 218 has the same pyrazole ring as RAB 216 but lacks the 2 methyl groups on the free carbons.
As a result, the compound would have a reduced lipophilic bulk in this region and lacks the ~18°
twist of the pyrazole relative to the benzene ring. RAB 219 still possesses the 2 methyl groups
present in RAB 216 but, additionally, has an oxygen atom in place of the NH group, meaning the ring
is an isoxazole instead of a pyrazole. As a result, RAB 219 doesn’t possess a H-bond donor. The 2
groups have a similar electronic structure although there are differences. Figure 2.45 shows the
relative electron densities of each atom within the rings of the 2 analogues. Although the electron
density is more evenly spread across the isoxazole, the 2 heteroatoms within the ring have opposing
relative charges in both groups. One has a partial positive charge and the other having a partial
negative charge. As a result, these heteroatom pairs within the 2 heterocycles should be able to
form similar electrostatic interactions, aside from the H-bond provided by the N-H. This allows the

importance of the H-bond on potency to be studied.
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Figure 2.45 - Relative charge densities of the 5 atoms within the pyrazole ring (left) and isoxazole (right) calculated via
the extended Hiickel method using Chem3D software. The spread of charge is similar, although it is more evenly spread
around the ring in the isoxazole when compared to the pyrazole. Both were calculated using the structures of RAB 216
and RAB 219.

L3 Seizure Assay: RAB 216 Analogue Screening
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Figure 2.46 - L3 seizure assay of RAB 216 analogues RAB218 and RAB219. Sodium valproate (2mM) was used as positive
control and reduced recovery times significantly. RAB218 and RAB219 had no significant effect on recovery time at any
of the concentrations tested. N= 24, refers to number of larvae shocked. Results were analysed via a one-way ANOVA [F
(6, 74) = 5.412 P<0.0001] with correction for multiple comparison (Dunnett’s). Values given are mean * SEM. * = p < 0.05,
**=p<0.01, ¥**=p <0.001, **** =p < 0.0001
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The 2 analogues of RAB216, RAB218 and RAB219 were screened at the 3 concentrations used for the
previous screens. VPA was also included as a positive control. The results of this screen are shown in
Figure 2.46. Interestingly, neither analogue had any effect on seizure recovery time at all the
concentrations tested (0.1, 0.4 and 2mM). This suggests that both the N-H hydrogen bond donor and
the methyl groups, present in 216, are integral to efficacy. They key physiochemical properties of the
3 compounds are shown in Table 2.7. Overall, there is little difference in the listed properties for the
3 compounds. The only difference between RAB216 and the other 2 analogues could potentially be
the slightly lower cLogP for RAB 219 of 1.78. This may be important for the compound’s distribution,
especially considering CNS active drugs typically have a higher cLogP.

Table 2.7 - Structure of RAB 216 and analogues RAB218 and RAB219, which were designed to investigate the importance
of certain RAB216 features. Structures shown with selected physiochemical properties.

Compound Structure ClLogP MW TPSA pKa Source Recovery
Name time
reduction
(2mM)
RAB216 (0] 1.92 216.2 61.69 3.97
OH
Synthesised 52%
HN
=
RAB218 0O 1.98 188.1 61.69 4.02
OH
Purchased 9%
= Fluorochem
HN\
N/
RAB219 O 1.78 217.2 58.89 3.83
OH
Purchased N/A
~ Fluorochem
O\
=

Whilst the physiochemical properties of RAB216 and RAB218 shown in Table 2.7 are almost
identical, there are significant differences in the structure. The 2 methyl groups in RAB216 provide
extra lipophilic bulk in a region of the molecule that many of the previous hits exhibited lipophilicity.
Analogues such as RAB102, RAB132 and RAB135 were all active in the 0.4 mM screen and all

possessed at least 2 methyl groups on the carbon adjacent to the benzene ring. As a result, all these
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analogues, similar to RAB216, have a 3D lipophilic group in this region, suggesting this may be a key

factor for compound potency.

2.3 Discussion

By utilising the Drosophila para®* seizure mutant, a previously identified lead anticonvulsive
compound, avobenzone, has been significantly improved, both in terms of optimal drug-like
physicochemical properties and potency. Avobenzone would not make a suitable drug, in vivo,
mainly because of the toxic side products it forms when undergoing lysis reactions. Additionally, a
cLogP of 4.7 is relatively high and could cause issues with the distribution and solubility of the
compound in vivo. Due to the ease with which avobenzone undergoes photolysis, it was
hypothesized that the active product was in fact a product of its photolysis. Some possible photolytic
products were screened before this project to design of analogues began and identified the

benzaldehyde analogue, RAB102. This was the starting point for my project.

Whilst RAB102 exhibits more drug-like properties than avobenzone, it has similar issues in terms of
stability and potential toxicity. In solution, when exposed to air, some aldehydes readily convert to
the acid via a free radical mechanism (Larkin, 1990). The rate of this reaction varies depending on
conditions such as temperature, solvent, and oxygen concentration, as well as the presence of other
solutes that either act to promote or inhibit radical initiation. Additionally, aldehydes are converted
into different groups (usually acids) by a multitude of different enzymes including aldehyde oxidases
and CYP450 (Marelja et al., 2014; Ahmed Laskar and Younus, 2019b). These enzymes act as a
detoxifying system, converting the highly reactive electrophilic centre of aldehydes to a less reactive
carboxylic acid or alcohol group. Both of these groups also lead to an increase in the compound’s
aqueous solubility, aiding excretion from the body (Olsson et al., 2011). In addition, the aldehyde
group of RAB102 is reactive towards nucleophiles, and therefore could potentially form a covalent
adduct with for example some amino acid side chains (Kumalo, Bhakat and Soliman, 2015). The
purity of RAB102 was tested regularly and batches were replaced if there was any noticeable crystal
formation, indicative of aldehyde oxidation. However, it is difficult to know how much of the active
product was in the aldehyde form after the compound has been in fly food for a few days and also

the amount metabolised following ingestion by Drosophila larvae.

Previous experiments, where investigators have attempted to detect metabolites in Drosophila,
have required radiolabelling or a stable isotope labelled standard (Bischer et al., 2009). Even when

one of these standards is readily available, analysis can also be difficult due to matrix effects (Coelho
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et al., 2015). However, this may improve with advances such as capillary electrophoresis mass
spectrometry, which allows the concentration of molecules as small as GABA to be analysed within a

sample of 30 adult Drosophila heads (Phan et al., 2013).

Testing the stability of a compound within the food may be an easier experiment to conduct as the
concentration would be higher in food compared to a larval CNS. Moreover, the LCMS trace would
likely be less noisy than an extract from a Drosophila head. This experiment would still require a
stable isotope labelled standard in order to calculate the final concentration and extraction
efficiency, however it may be possible to conduct a qualitative experiment without an internal
standard. Despite Drosophila feeding experiments being common, there have been few studies on
the stability of compounds within food. Most functional groups are likely to be stable under the
conditions that Drosophila are kept in, but less stable groups, such as aldehydes and esters, could be
affected. Standard fly food contains yeast, which is known to possess alcohol dehydrogenase, an
enzyme that converts aromatic aldehydes (such as RAB102) to carboxylic acids. Experiments
studying the stability of compounds within fly food could affect the design of feeding experiments in
the future, either by limiting what compounds can be studied by this method, or the introduction of

additives which promote compound stability, such as dithiothreitol to prevent oxidation.

Due to the instability and reactivity of aldehydes, for example RAB102, it was decided to test its
corresponding acid analogue, RAB103. As well as being the product of aldehyde oxidation, the
carboxylic acid is also one of the major breakdown products of avobenzone photolysis. The pre-
screen undertaken before this project began discovered that both avobenzone exposed to UV and
RAB102 were equally effective at reducing seizure recovery time when compared to avobenzone
alone. The carboxylic acid of RAB102 was not tested in this screen and therefore was the first
compound tested when the project began. RAB103 was found to be just as effective at reducing
recovery times when compared to RAB102. Without further investigation, it is not possible to know
what the active product is of each treatment group. It is possible that RAB103 is in fact the active
product of avobenzone and RAB102 treatment groups, especially when they were all found to be
equally potent at the 2 mM concentration. Additionally, the aldehyde RAB130 had very similar
activity to its acid analogue RAB131. However, there is evidence to suggest a difference in potency
between the aldehyde and acid analogues. Whilst RAB132 was found to be active at 2mM and 0.4
mM, its corresponding aldehyde RAB213, had no effect at these concentrations. even if they were, it
would be problematic having a library of aldehydes due to the strong chance of toxicity, especially
with long term exposure. There are very few examples of aldehydes in drugs and even drugs that are

metabolised to aldehydes can cause toxicity issues (Paludetto et al., 2019). It was therefore decided
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to focus on carboxylic acids when designing compounds, testing the corresponding aldehyde

analogue where it was commercially available.

Oxidation

Other breakdown products
including methoxy half

Figure 2.47 - Potential scheme of avobenzone photolysis leading to the formation of RAB103. RAB103 is one of the major
breakdown products of avobenzone photolysis. Its corresponding aldehyde is also a major breakdown product of
avobenzone photolysis.
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Figure 2.48 - Selected properties of all compounds screened compared to the mean value of CNS acting drugs,
represented by the dotted line of each graph. Screen reached represents the screen in which the compound was
eliminated. Group 4 represents RAB216 only. Data on averages taken from (Doan et al., 2002).
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Table 2.8 - Comparison of the properties of RAB216 with CNS and non-CNS drugs. The asterisks represent properties
where there is a significant difference between CNS and non-CNS properties. Data on CNS and non-CNS averages were
taken from (Doan et al., 2002). 48 CNS and 43 non-CNS drugs were analysed. Selection was based on molecular weight
150-800 and stability/state (gasses and solids excluded).

Physical Chemical Properties | CNS Non-CNS RAB216
Molecular weight 319 330 216.2
cLogP 3.43%* 2.78%* 1.92
clogD 2.08 1.07 -1.23
PSA 40.5 56.1 61.7
Hydrogen bond donors 0.85* 1.56* 2
Hydrogen bond acceptors 3.56 4.51 3
Flexibility (rotatable bonds) 1.27* 2.18* 2

One way of potentially rationalising why certain compounds were more potent than others, is by
comparing their physiochemical properties to each other and marketed drugs. Drugs that need to
enter the CNS to reach their target have different mean values for certain physiochemical
properties. Those that are statistically different are marked with an asterisk in Table 2.8. The main
reason for this difference in the necessity of crossing the BBB which generally requires higher
lipophilicity and appears to be aided by reduced molecular flexibility. The difference in H-bond
donors is linked to lipophilicity. H-bond donors are polar bonds between a heteroatom and a
hydrogen atom and therefore an increased number of H-bond donors results in lower cLogP. This
effect is enhanced in smaller molecules, as the polar atoms make up a larger proportion of the

molecule.

To study the effects of physiochemical properties on compound potency, the compounds were
sorted into 4 categories, depending on the lowest concentration at which they were active.
Compounds which had no effect on recovery time were placed in the first group and RAB216 alone
was placed in the 4th group. There is no clear trend in the data that suggests any particular
physiochemical property had an integral effect on compound potency. There is no observable
difference between the compounds that showed activity at 0.4 mM and those that were ineffective
at any concentration. For certain properties, such as mol weight, there was only a small range
explored by the library, reducing the chance of finding any meaningful trend. However, for other
properties including PSA and cLogP a larger range was explored, but still no obvious differences were

observed. The chemical space explored was limited by the structural aspects of the compound
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required for potency, particularly after the first screen. This is reflected on the graphs in Figure 2.48,
which shows the range in each physiochemical property was generally larger for the compounds

eliminated in the first screen.

The main observation from the first screen was that any changes to either the central ring structure
or the acid/aldehyde group resulted in loss of activity. Therefore, the entire second generation of
compounds varied only in a specific region of the molecule. Exploring additional chemical space is
important, particularly in the early stages of a drug discovery project with no ligand binding model
(Hughes et al., 2011). There are an almost infinite number of changes that can be made to a
molecule and without computational modelling by docking compounds to the target (structure of
receptor(s) not available for this project), there is no way of accurately knowing which changes will
have a positive effect on potency. However, with a limited library size, a more focussed library was

required for this project.

The graphs in Figure 2.48 also feature the mean value for each physiochemical chemical property of
CNS active molecules taken from an analysis of 48 CNS drugs, which are also shown in Table 2.8
(Doan et al., 2002). The library was designed with these parameters in mind, so for a majority of the
properties analysed, the compounds in the library do not deviate much from the mean. The 2 largest
differences come from the mol weight and pKa. In early stage drug development it is advantageous
to start with a library of lower mol weight compounds, because this leaves space to add to the
compound when making future analogues (Hughes et al., 2011). Additionally, other analysis has
shown that lower mol weight compounds (<300) are more likely to have desirable absorption,
distribution, metabolism, excretion and toxicity (ADMET) properties, especially when combined with

a cLogP between 1-3 (Gleeson et al., 2011).

The difference in pKa between the compounds screened for this project and marketed CNS drugs is
due to the inclusion of a carboxylic acid group. Carboxylic acids are not typically found in CNS drugs
because they are negatively charged at physiological pH. Anions have poor penetration of the BBB
via passive diffusion, due to charge repulsion at the BBB surface, which itself is negatively charged
(Walter et al., 2021). However, there are numerous cases of anions crossing the BBB, usually via
active transport (Gao et al., 2000; Kikuchi et al., 2003; Tohyama, Kusuhara and Sugiyama, 2004). This
includes sodium valproate, which is carried into the brain by a medium-chain fatty acid transporter
(Adkison and Shen, 1996). Another group of transporters relevant to carboxylic acids, is the
monocarboxylate transporters (MCTs). These proteins are responsible for the transport of
endogenous acids such as lactate, pyruvate and B-hydroxybutyrate (Figure 2.49), as well as certain

amino acids, across the BBB (Vijay and Morris, 2014). They have also shown to be responsible for a
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number of drugs crossing the BBB, including 4-phenylbutyrate, ketoprofen and benzoic acid (Choi,
Jin and Han, 2005). All the compounds mentioned share physical features with the compounds
screened in this project, particularly benzoic acid as every compound found to be active across the
screens featured benzoic acid or benzaldehyde within the structure. Additionally, the other MCT
substrates mentioned, also possess a single carboxylic acid, a benzene ring and have a relatively low
mol weight. The fact that ketoprofen is a substrate also shows that slightly larger compounds,
featuring additional functional groups can also interact with MCTs. Therefore, whilst the inclusion of
an acid group in the lead compound makes passive diffusion difficult, there is a chance it may be

actively transported across the BBB via an MCT transporter.

O O
OH
P YA
O
OH

Figure 2.49 - Structures of 4-phenylbutyrate, ketoprofen and benzoic acid (left to right). All possess a carboxylic acid
group and are substrates of monocarboxylate transporters (MCTs). The lead compound (RAB216) shares features with
these compounds, such as a single carboxylic acid group and a benzene ring. The structure is particularly similar to
benzoic acid, which was used as part of the scaffold when designing compounds.

Whilst the brain organisation of Drosophila is different to mammals, they do both possess MCTs and
a membrane barrier between the CNS and circulatory system (Gonzalez-Gutierrez et al., 2019).
Insects have an open circulatory system where molecules are dissolved in a fluid called haemolymph
that bathes organs. This is separated from the CNS by a thin layer of epithelial cells derived from glia
(Treherne and Pichon, 1972). The insect CNS barrier is therefore less complex topologically;
however, they do share many features on a cellular level. The sub-perineural glia forms pleated
septate junctions, that create a tight barrier to paracellular diffusion, in a similar manner to the
endothelial cells that form tight junctions in vertebrates. Additionally, the Drosophila proteins that
make up the septate junctions are nearly identical to those found in the tight junctions of the

vertebrate BBB (Banerjee, Sousa and Bhat, 2006).

In both insects and vertebrates, the barrier has evolved to prevent xenobiotics from entering the
CNS, whilst allowing the transport of key nutrients. A mutation to the gene moody prevents the
barrier from functioning properly, increasing the sensitivity of Drosophila to nicotine and cocaine
(Bainton et al., 2005). This highlights the role of the barrier in preventing drugs reaching the CNS.
MCTs have been identified in Drosophila, including chaski which transports lactate and pyruvate to
the CNS, and silnoon, which is required for butyrate induced apoptosis (Delgado et al., 2018).
Interestingly, the drug gamma-hydroxybutyric acid (GHB) has been shown to have an effect on the
Drosophila CNS. In vertebrates MCTs are required for the transport of GHB across the BBB. In the

case of GHB and the acid compounds in this screen, it is hard to know whether these compounds
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reach the CNS through active transport or because the CNS barrier in Drosophila larvae is less
selective. Little is known about the comparative selectivity between the 2 barrier systems, but to
improve drug screens in Drosophila going forward, it would be interesting to investigate. Crossing
the BBB is one of the biggest hurdles for a CNS drug discovery project and is also the cause of side
effects for many drugs which do not act on the CNS. If the selectivity of the Drosophila CNS is
comparable to that of vertebrates, this would make them a useful tool for investigating compound

permeability in vivo before screening them in more complex organisms.

The aim of these screens was to use SAR and the principles of drug to discovery to design a library of
compounds to improve potency when compared to the parent compound RAB102. Results suggest
that the lead RAB216 is at least 4 times more potent in comparison to RAB102 and is also more drug-
like due to the lack of the aldehyde present in RAB102. Screening compounds in Drosophila, before
taking them forward to more complex organisms, means less protected animals need to be used,
which has benefits in terms of time, cost, and ethics. However, there are clearly more differences in
terms of physiologyand genetics between humans and Drosophila when compared to humans and
rodents. Therefore, the most potent compound RAB216 is to be taken forward to mouse along with
the original parent compound, RAB102. These experiments are intended to not only validate the

compound’s activity, but also the Drosophila model used in this screen.

2.4 Materials and Methods

2.4.1 Chemistry
All solvents, deuterated solvents and common reagents were purchased from Sigma—Aldrich, Alfa-

Aesar, Fisher Scientific or Fluorochem. Chemicals used for screening were purchased from where
stated in Tables 2.2, 2.3, 2.4 and 2.6. Chemicals used in synthesis were purchased from where stated
in synthesis methods. *H and 3C NMR spectra were recorded on a Bruker Avance 400 or 300 MHz
spectrometer. Chemical shifts (6) are defined in parts per million (ppm) referenced to residual
solvent peak. ESI and APCI mass spectrometry was carried out on a Waters Acquity UPLC system
connected to a Waters SQD2 mass spectrometer. Molecular ion peaks are defined as mass/charge
(m/z) ratios. Melting points were measuring using a Stuart SMP10 melting point apparatus. Solvent
evaporation was conducted on a Blichi Rotavapor R-200. Analytical thin-layer chromatography was
performed using silica gel 60 on aluminium sheets coated with F254 indicator. Spots were visualised

with ultraviolet light using a MV Mineralight lamp (254/365) UVGL-58.
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5-(4-(tert-Butyl)phenyl)-1H-tetrazole (RAB109)

HN-N,

. /

4-(tert-Butyl)benzonitrile (Fluorochem) (0.75 mL, 5 mmol), sodium azide (359 mg, 5 mmol) and
ammonium chloride (Alfa-Aesar) (295 mg 5mmol) were added to DMF (10 mL) and heated to 100 °C
for 24h. The mixture was quenched with 0.1 M HCI (10 mL) and the resultant precipitate was
collected by filtration to give 5-(4-(tert-butyl)phenyl)-1H-tetrazole. Yield 0.18 g (20%). *H NMR (300
MHz, Chloroform-d) 6 7.98 (d, J = 8.2 Hz, 2H), 7.48 (d, J = 8.2 Hz, 2H), 5.24 (s, 1H, NH), 1.29 (s, 9H).
13C (DMS0-d6, 126 MHz) 6 152.8, 150.3, 125.7, 125.1, 120.2, 34.3, 30.5. MS (ES*, m/z) 202.1. Calc
201.1

Diethyl acetamido(4-(2-methyl-2-propanyl)benzyl)malonate

//
OOOJ

HN O

/Eo

Diethyl acetamidomalonate (Merck) (1.56 g, 7 mmol) was added to a solution of sodium ethoxide
(0.55 g, 8 mmol) in ethanol (30 mL) which was then heated at reflux for 30 min. The solution was
cooled to room temperature before 4-tert-butylbenzyl chloride (Fluorochem) (1.25 mL, 7 mmol) was
added dropwise and the mixture was heated at reflux overnight. The reaction mixture was then
poured into a flask containing a 0.05 M KHSO, solution (60 mL) and n-hexane (30 mL) cooled to 0 °C
with vigorous stirring. This was left for 30 mins before the precipitate was filtered and washed with

cold n-hexane to give diethyl acetamido[4-(2-methyl-2-propanyl)benzyllmalonate. Yield 2.40 g
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(76%). 'H NMR (300 MHz, DMSO) 6 8.11 (s, 1H, NH), 7.29 (d, J = 8.2 Hz, 2H), 6.90 (d, J = 8.2 Hz, 2H),
4.15 (q,J = 7.1 Hz, 4H), 3.34 (s, 2H), 1.95 (s, 3H), 1.25 (s, 9H), 1.17 (t, J = 7.1 Hz, 6H). *C NMR (126
MHz, DMSO) & 169.87, 167.51, 149.57, 132.58, 130.09, 125.41, 67.51, 62.18, 37.52, 34.59, 31.61,
22.63, 14.32. MS (ES*, m/z) 364.2. Calc 363.45

2-Amino-3-(4-(tert-butyl)phenyl)propanoic acid (RAB106)

©

®
NH,

Diethyl 2-acetamido-2-(4-(tert-butyl)benzyl)malonate) (1.5 g, 4 mmol) was added to a solution of
NaOH (1.4 g) in water (10 mL) and ethanol (25 mL). This was heated at reflux for 4h before HCI was
added until pH 2. The solvent was removed through evaporation and ethanol was added. The
mixture was filtered, before the solvent was removed in vacuo to give a mixture of 2-acetamido-2-
(4-(tert-butyl)benzyl)malonic acid and 2-amino-3-(4-(tert-butyl)phenyl)propanoic acid as a crude
mixture. This was carried through crude as 2-amino-3-(4-(tert-butyl)phenyl)propanoic acid was the
desired final product. 6 M HCI (100 mL) was added to the solid which was then heated at reflux
overnight. Once cooled approximately half of the solvent was removed through evaporation. The
solution was cooled to 0 °C and after 2 h the resultant precipitate was filtered. The solid was
triturated with cold diethyl ether to give 2-amino-3-(4-(tert-butyl)phenyl)propanoic acid. Yield 0.23 g
(26%). 'H NMR (300 MHz, DMSO-ds) & 8.52 — 8.25 (m, 3H, NH3*), 7.35 (d, J = 8.1 Hz, 2H), 7.20 (d, J =
8.1 Hz, 2H), 4.16 (t, ) = 6.2 Hz, 1H), 3.09 (d, J = 6.2 Hz, 2H), 1.27 (s, 9H). 3C NMR (126 MHz, DMSO-ds)
6 170.83, 149.89, 132.28, 129.66, 125.78, 53.57, 35.67, 34.66, 31.60. MS (ES*, m/z) 223.3. Calc 222.1
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1-isopropyl-1H-indole-5-carboxylic acid (RAB136)

(0]
HO N\
N

=

Methyl 1H-indole-5-carboxylate (Fluorochem) (400 mg, 2.2 mmol) was added to a solution of sodium
hydride (60 % NaH with mineral oil, 110 mg, 2.6 mmol) in anhydrous DMF (10 mL) under an inert
atmosphere. This was left to stir at room temperature for 30 mins, before 2-iodopropane (Merck)
(0.25 mL, 2.6 mmol) was added dropwise and the mixture was stirred at 50 °C for 6 hours. The
solution was concentrated in vacuo to give the crude product, which was used directly in the next
step without further purification. The crude material was dissolved in a 50:50 methanol water mix
(15 mL) and sodium hydroxide (2 g) was added. The mixture was left to stir at room temperature
overnight. The solution was diluted with a 2 M sodium hydroxide solution and washed with DCM (3 x
25 mL). The pH was adjusted to <4 using 2 M HCl and the organics were extracted into DCM (3 x 25
mL), dried over MgS0,4 and concentrated in vacuo. The crude product was purified using silica gel
chromatography (10-40% EtOAc in hexanes) to give 1-isopropyl-1H-indole-5-carboxylic acid (yield
123 mg, 28% over 2 steps). *H NMR (400 MHz, CDCl;) 6 8.43 (d, ) = 1.7 Hz, 1H), 7.91 (dd, ] = 8.8, 1.7
Hz, 1H), 7.34 (d, J = 8.8 Hz, 1H), 7.23 (d, J = 6.2 Hz, 1H), 6.58 (d, J = 6.2 Hz, 1H), 4.65 (Sept, J = 6.7 Hz,
1H), 1.48 (d, J = 6.7 Hz, 6H). 13C NMR (101 MHz, CDCl;) 6 173.18, 138.41, 128.13, 125.16, 125.01,
123.13, 120.34, 109.13, 103.15, 47.47, 22.79. MS (ES*, m/z) 203.2. 202.1

Methyl 1-pivaloyl-1H-indole-5-carboxylate

Methyl 1H-indole-5-carboxylate (Fluorochem) (1g, 5.5 mmol) was added to a solution of sodium
hydride (60 % NaH with mineral oil, 275 mg, 6.5 mmol) in anhydrous DMF (10 mL) under an inert
atmosphere. This was left to stir at room temperature for 30 mins, before 2,2-dimethylpropanoyl

chloride (Merck) (1.1 mL, 6.0 mmol) was added dropwise, and the mixture was stirred at 30 °C for 2
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hours. The solution was concentrated in vacuo and to give methyl 1-pivaloyl-1H-indole-5-carboxylate
(1.3 g, 4.83 mmol, yield 88%), *H NMR (400 MHz, CDCls) 6 8.46 (d, J = 8.8 Hz, 1H), 8.21 (s, 1H), 7.97
(d, J=8.9 Hz, 1H), 7.73 (d, ) = 3.8 Hz, 1H), 6.62 (d, J = 3.8 Hz, 1H), 3.87 (s, 3H), 1.45 (s, 9H). 13C NMR
(101 MHgz, CDCls) 6 177.19, 167.42, 139.41, 129.18, 126.89, 126.36, 125.39, 122.73, 116.95, 108.62,
52.12, 41.37, 28.61.

1-Pivaloyl-1H-indole-5-carboxylic acid (RAB137)

@)

HO N\

N
e
N,N-Dimethylaniline (2.3 mL, 18.5 mmol) was added to a solution of methyl 1-pivaloyl-1H-indole-5-
carboxylate (1 g, 3.7 mmol) and aluminium chloride (1.48 g, 11.1 mmol in DCM (20 mL) under an
inert atmosphere. This was left to stir for 2 h at room temperature before the mixture was diluted
with 0.5 M hydrochloric acid. The organics were extracted with DCM (3 x 20 mL) which was then
washed with 0.5 M hydrochloric acid (20 mL). The organic extracts were dried over MgSO, and
concentrated in vacuo. The resulting crude solid was then purified through flash column
chromatography (hexane, 20% ethyl acetate, 1% acetic acid) to give 1-pivaloyl-1H-indole-5-
carboxylic acid (0.36 g, 1.5 mmol, yield 40%), *H NMR (400 MHz, CDCl;) & 8.60 (d, J = 8.8 Hz, 1H), 8.41

(s, 1H), 8.15 (d, J = 8.8 Hz, 1H), 7.85 (d, J = 3.8 Hz, 1H), 6.75 (d, J = 3.8 Hz, 1H), 1.56 (s, 9H). MS (ES*,
m/z) 245.1. Calc 244.1
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4-(tert-Butyl)-N-hydroxybenzamide (RAB116)

0]

I\IIH

OH

4-tert-Butylbenzoic acid Fluorochem) (1 g, 5.6 mmol) was added to ethanol (20 mL) and refluxed for
16 h. The mixture was diluted with a 2 M NaOH solution and the product extracted with ethyl
acetate (3 x 25 mL). The organic layer was concentrated in vacuo to give ethyl 4-(tert-butyl)benzoate
(0.95 g, 4.5 mmol, 82 % yield) which was taken forward to the next step without any further
purification. Hydroxylamine hydrochloride (Fluorochem) (0.834 g, 12 mmol) was added to a solution
of NaOH (0.72 g, 18 mmol) in methanol (20 mL) and stirred for 30 mins at 0 °C. The resultant
precipitate was filtered off and ethyl 4-(tert-butyl)benzoate (0.5 g, 2.4 mmol) was added. The
solution was stirred at room temperature for 2 h before being diluted with water. The organics were
extracted with ethyl acetate (3 x 25 mL) and concentrated in vacuo. The product was purified by
silica gel chromatography (10-50% EtOAc in hexane) to give 4-(tert-butyl)-N-hydroxybenzamide
(yield 0.13 g, 29%). *H NMR (400 MHz, CDCls) § 7.66 (d, J = 8.0 Hz, 2H), 7.50 (br S, 1H) 7.34 (d, J= 8.0
Hz, 2H), 1.24 (s, 9H). 13C NMR (101 MHz, CDCls) 6 156.09, 126.91, 125.79, 123.31, 119.61, 35.03,
31.09. MS (ES’) (M-H] 191.11. Calc 192.1

4-(3,5-Dimethyl-1H-pyrazol-4-yl)benzoic acid (RAB216)

OH

4-lodobenzoic acid (Merck) (4.46 g, 20 mmol), copper(l) iodide (0.381 g, 2 mmol), L-proline (0.460 g,
4 mmol) and K,CO3 (11.10 g, 80 mmol) were suspended in dry dimethyl sulfoxide (100 mL) under an
argon atmosphere and stirred for 10 minutes at room temperature. 2,4-Pentanedione (Merck) (6.2
mL, 60 mmol) was added dropwise to this mixture, which was heated to 90 °C and stirred for 24
hours. After cooling to room temperature, the mixture was transferred slowly and with stirring into

hydrochloric acid (3 M, 250 mL). An additional 150 mL of water was added, and the mixture was
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cooled in an ice bath causing a precipitate to form. After filtration and washing with ice-cooled water
(3x 100 mL) the filter cake was dried in an oven to give 3-(4-carboxyphenyl)-2,4-pentanedione (3.60
g) as a crude product. The compound was taken forward to the next step without purification due to

co-elution seen by TLC.

A solution of crude 3-(4-carboxyphenyl)-2,4-pentanedione (3.24 g, 15 mmol) in ethanol (40 mL) was
added dropwise to a solution of hydrazine monohydrate (1.75 g, 20 mmol) in ethanol (10 mL) while
stirring. Upon complete addition the combined solution was then heated at reflux for 1 h. After
cooling to room temperature, the solvent was removed under reduced pressure to give the crude
product. The product was purified by silica gel chromatography (85% EtOAc in hexane) to give 4-(3,5-
Dimethyl-1H-pyrazol-4-yl)benzoic acid *H NMR (500 MHz, DMSO-d¢) § 12.63 (s, 1H, COOH), 12.63 (s,
1H, NH), 7.96 (d, J= 8.5 2H), 7.42 (d, J= 8.5, 2H), 2.24 (s, 6H). **C NMR (126 MHz, DMSO-d¢): & 11.6;
127-130; 138.8; 167.5. MS (ES*, m/z) 217.1. calc 216.2
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NMR spectrum of RAB 216, the singular synthesised compound taken forward to rodent models.
NMR spectrum highlights high purity with negligible peaks, aside from those assigned to the protons

within the molecule.
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4-(Dimethylcarbamoyl)benzoic acid (RAB212)

0]
OH

Z/

o)

Methyl 4-chlorocarbonylbenzoate (Fluorochem) (1 g, 5 mmol), was dissolved in DCM (20 mL) and a
solution of dimethyl ammonium chloride (Merck) (0.61 g, 7.5 mmol) and triethylamine (1.05 mL, 7.5
mmol) was added slowly with stirring. The reaction was left for 1 h and the product was extracted
with DCM (3 x 25 mL) and then washed with water (3 x 20 mL). The solvent was removed in vacuo to
give methyl 4-(dimethylcarbamoyl)benzoate as a crude product. The crude product was taken
forward to the next step without further purification. Crude methyl 4-(dimethylcarbamoyl)benzoate
was dissolved in THF (50 mL) and a solution of LiOH (1 g) in water (50 mL) was added and the
solution was stirred at room temperature for 16 h. HCl was added to the solution with stirring until
the solution reached pH 3. The product was extracted with ethyl acetate (3 x 50 mL) and washed
with 0.1 M HCI (3 x 30 mL) before the solvent was removed in vacuo to give 4-
(dimethylcarbamoyl)benzoic acid (0.80 g, yield 83% over 2 steps) 'H NMR (400 MHz, DMSO-ds) &
7.86(d, J=7.7 Hz, 2H), 7.27 (d, /= 7.7 Hz, 2H), 2.97 (s, 3H), 2.90 (s, 3H). MS (ES*, m/z) 194.08. Calc
193.1

4-(1H-Pyrrol-2-yl)benzoic acid (RAB211)

OH
S
\ NH
A solution of Na,COs (1.83 g, 17.3 mmol) in water (10 mL) was added to 1-tert-
butoxycarbonylpyrrole-2-boronic acid (1.04 g, 4.88 mmol), 4-carboxyiodobenzene (Fluorochem) (1g,
4.04 mmol), and tetrakis(triphenylphosphine)palladium(0) (Merck) (0.30 g, 0.257 mmol) in THF (60
mL) under argon. The mixture was heated at 45 °C for 2 h and cooled to room temperature. 2 M HCI

was added until the solution reached pH 3. The product was extracted with ethyl acetate (3 x 50 mL)
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and washed with 0.1 M HCI (3 x 20 mL). The solution was dried over MgS0, and the solvent was
removed in vacuo to give 4-(1-(tert-butoxycarbonyl)-1H-pyrrol-2-yl)benzoic acid, which was
dissolved in DMSO (20 mL) and heated to 150 °C for 30 min. The solution was cooled to room
temperature and 0.1 M HCI (50 mL) was added. The product was extracted with ethyl acetate (3 x
100 mL) and washed with 0.1 M HCI (3 x 30 mL). The solution was dried over MgSOsand the solvent
was removed in vacuo. The product was purified by silica gel chromatography (6% MeOH/CH,Cl,) to
give 4-(1H-pyrrol-2-yl)benzoic acid (0.53 g, yield 70%) *H NMR (400 MHz, DMSO-ds) & 12.76 (s, 1H),
11.50 (s, 1H), 7.90 (d, J = 8.7 Hz, 2H), 7.72 (d, ) = 8.7 Hz, 2H), 6.94 (td, ) = 3.5, 2.7, 1.4 Hz, 1H), 6.69
(ddd, J = 3.9, 2.5, 1.5 Hz, 1H), 6.17 (dt, J = 3.5, 2.3 Hz, 1H). MS (ES*, m/z) 188.05. Calc 187.1

2.4.2 Fly Stocks
The wild type Canton-S line was maintained by the Baines lab. para®* is detailed in (Parker et al., no

date) and was obtained from Dr Kevin O'Dell (Institute of Molecular, Cell and Systems Biology,
University of Glasgow, UK). This fly carries a gain-of-function mutation in the sole voltage-gated Na*
channel in Drosophila (termed paralytic). Flies were maintained on standard cornmeal medium at
25°C.

2.4.3 Larval Seizure Electroshock Assay

Larvae that leave food and climb the walls of the tube are deemed to have reached the wandering
stage (L3), which represents a 10hr window prior to pupation that all larvae must go through. Thus
all larvae tested were 60 £ 10hrs of age. L3 were transferred to water to wash them and then
carefully dried on tissue paper. They were then placed on a plastic plate and allowed time to resume
typical peristaltic crawling behaviour. Once this was observed, an electro-stimulator, made from 2
tungsten wires (0.1 mm diameter and approx. 1-2 mm apart), was placed on the anterior-dorsal
surface of the larvae (over the CNS). A DC pulse (2.5 V) generated by a constant current simulator
(DS2A, Digitimer, UK) was applied for 2 s. This caused larvae to exhibit a seizure-like behaviour
characterised by complete cessation of mobility (see Marley and Baines, 2011). The time taken
(termed Recovery Time, RT) for larvae to resume normal peristaltic crawling behaviour was
recorded. Normal behaviour was defined as consistent waves of contraction across the whole body,
whereby the larva is again in control of its movement and moving forward. Investigators were

blinded to the treatment group when experiments were performed.
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3.0 Chapter 3- Biological Characterisation of Lead Compounds

3.1 Introduction
Once a lead compound had been established through the L3 seizure assay and structure-activity

study (previous chapter), the next step was to determine the mode-of-action for this class of
compound and how broad effects may be in terms of treating different forms of epilepsy.
Additionally, mammalian seizure studies with RAB216 were required to establish whether RAB216

maintains its efficacy in a model that better reflects the human system.

One of the main advantages of using Drosophila as a model is genetic tractability. Genome editing
experiments are significantly simpler when compared to mammalian organisms and by using the
GAL4-UAS expression system, genes can be expressed or silenced in specific locations, down to
individual neurons (Klueg et al., 2002). By utilising GAL4-UAS, changes in gene expression can be
studied in vivo at a relatively high throughput. This system also allows additional genes to be
expressed to provide experimental tools such as optogenetics (proteins that respond to light) and
fluorescent labelling (Honjo, Hwang and Tracey, 2012). The Gal4 gene encodes a yeast transcription
activator, which when downstream to a promoter of interest will be co-expressed each time that
gene promoter is activated. GAL4 binds to the upstream activation system (UAS), an enhancer which
can activate reporter gene transcription. By design, the UAS-reporter gene is expressed in all cells,
however nothing is expressed without the presence of GAL4, the expression of which can be cell,
and time-specific. Therefore, in the case of GFP, only locations that express both the gene of interest

and UAS-GFP will show as fluorescent.

Another use of the GAL4-UAS system comes in the form of a luciferase reporter gene. Luciferase is
an enzyme that catalyses the breakdown of its substrate luciferin, resulting in the generation of
luminescence (Gould and Subramani, 1988). A common form of this gene is taken from fireflies,
which uses this reaction to generate their luminescence. This tool can be particularly useful for
tracking changes in gene expression as by utilising the GAL4 system. Any expression changes can be
investigated by measuring the concentration of luciferase, which itself can be measured though the
addition of luciferin and recording the luminescence generated. The main advantage of
luminescence assays for studying expression changes compared to western blots is the increased
throughput. One example of this can be seen from the large FDA drug screen conducted by Lin,
Giachello and Baines which investigated the changes in pum expression in cells following treatment
with 785 different drugs (Lin et al., 2017). In the context of Pum in Drosophila this method is

particularly useful as there are no antibodies that reliably bind to dpum.
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Drosophila are a useful research tool due to their genetic tractability, ease of handling and fast
reproduction rate, which allows for high-throughput studies relative to other in vivo models.
However, they do have major differences to mammals which may change how efficacious
compounds are. Firstly, their circulatory system is different. Drosophila, have an open circulatory
system whereby haemolymph bathes organs and provides nutrients, hormones, and other
metabolites directly (Fessler, Nelson and Fessler, 1994). Therefore, any drugs consumed would be
distributed around the body in a completely different way to vertebrates, who rely on the blood to

distribute compounds via a closed circulatory system.

Secondly, the barrier protecting the Drosophila CNS is different from the blood-brain barrier in
vertebrates (Hindle and Bainton, 2014). Whilst both share some of the same features that prevent
molecules from reaching the CNS, there are clear differences which could mean that drugs that are
able to reach the Drosophila CNS are not capable of crossing a mammalian BBB. Lack of brain
penetration is one of the most common reasons CNS drugs fail in their development phases
(Pardridge, 1998). Therefore, acquiring data that demonstrates the compound crosses the BBB is

integral if the compound is to be taken any further through development.

Finally, Drosophila only have one form of the Pumilio protein, whereas humans and other mammals
have two variants: Pum1 and Pum2. These two proteins show high homology and overlap in their
target mRNAs, however they each have some specific functions. For example, in embryonic stem
cells Pum1 promotes differentiation, whereas Pum2 promotes self-renewal (Uyhazi et al., 2020).
Whilst this difference between the two proteins may not be relevant to Pum’s neurological function,
it does show that they are not fully redundant and thus may have slightly distinct functions in the
CNS. Therefore, how the drug affects the expression of each variant individually requires
investigation. Furthermore, relevant targets of Pum, such as sodium channels, are also expressed
differently. Mammals possess nine genes that encode for functional Nays (SCN1-5A, 8-11A), whereas
Drosophila only encode para. Drosophila do have variety in the characteristics of their Nays, but this
comes via different splice forms, of which there are predicted to be at least 60 (Lin et al., 2009).
Whilst it is known that para mRNA is regulated by dPum, the relationship between mammalian Nays
and Pum may be more complex. Whilst most Nay transcripts contain one or more Pumilio-response
elements (PRE), indicating they are capable of binding with Pum, evidence suggests only Nay 1.1, Nay
1.2 and Nay 1.6 expression are affected by changes in Pum activity (Vessey et al., 2010; Driscoll et al.,
2013; Bohn et al., 2018). Whilst Drosophila are a useful tool for modelling seizures and drug
screening, there are significant differences between the way Pum regulates genes between
Drosophila and mammals. Therefore, to confirm the antiseizure effects of the lead compounds are

translatable, testing in mice is also required.
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There are a wide range of methods available to model seizures in mice, ranging from acute models
that rely on pharmaceuticals or electrical stimulation, to chronic models such as kindling and those
of a genetic nature (Wilcox, West and Metcalf, 2020). Pharmaceutical models utilise proconvulsants
such as picrotoxin (PTX), pentylenetetrazol (PTZ) or kainic acid (KA) to induce acute seizures within
minutes of injection. PTX and PTZ increase excitatory transmission through GABA inhibition, whereas
KA acts as an excitatory neurotransmitter, binding to kainate receptors, a type of glutamate receptor
(Jensen and Petersen, 1983; Lévesque and Avoli, 2013). Treatments are injected prior to the
administration of a proconvulsant, and its effectiveness can be measured by how delayed the onset
of seizures are or by their severity. The timing of the treatment injection can vary depending on the
compound’s mechanism of action. For example, in this project’s experiments, it is planned that
RAB216 will be injected once per day for 3 days before PTZ administration, whereas sodium

valproate would only need to be administered 30 mins prior to PTZ injection.

Acute pharmaceutical models are one of the oldest forms of rodent seizure models and have been
integral to the development of established AEDs such as succinimides (Teschendorf and
Kretzschmar, 1985). The maximal electric shock (MES) model has also been adopted in published
rodent seizure screens. This method induces synchronous neural discharges throughout the brain via
artificial current input (Fischer and Miiller, 1988). These two models were integral for the
development of most current AEDs on the market and have been adopted as the standards by the
antiseizure screening project, a programme set up to test AEDs in a standardised, consistent manner
that made important contributions to the development of several AEDs (Wilcox, West and Metcalf,
2020). The two models are often used in parallel as they better reflect different forms of epilepsy.
For example, the sodium channel blocker phenytoin was originally discovered via the MES model but
was found to be ineffective at alleviating seizures induced by PTZ (Smith, Wilcox and White, 2007).
Conversely trimethadione, an AED used to treat absence seizures, was more effective in the PTZ

model. This is consistent with phenytoin’s lack of efficacy against absence seizures.

Another model later adopted by the antiseizure screening project is the 6 Hz psychomotor seizure
model. This method induces seizures by applying a low frequency, long duration (~3 s) electrical
stimulation to induce psychomotor seizures, similar to those seen in human patients with complex
partial seizures. Despite being developed nearly 70 years ago (BROWN et al. 1953). it was rarely used
until more recently because phenytoin, one of the few AEDs available at the time, was not active.
However, Barton and colleagues observed that the AED levetiracetam effectively protected against
seizures in this model, despite being inactive in the MES model (Barton et al., 2001). As a result, it
has now been repurposed as a tool for the discovery of AEDs that are effective against drug resistant

epilepsy. By screening the lead compounds in both a pharmacological model and the 6 Hz seizure
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model, more can be learnt about which types of seizure they may be ‘more’ effective against.
Furthermore, when combined with screening in various Drosophila seizure mutants, it can be
observed whether drugs that act through Pum have the potential to be wide acting AEDs that reduce

the severity of multiple forms of seizure.

When choosing a model to study disease, there is usually a trade-off between the time, cost and
ease with which experiments can be conducted and how closely the model represents the human
system. The genetic tractability and high reproduction rates allow Drosophila to be a versatile and
high throughput model, and can be advantageous over cell models, as it allows for experiments to
be conducted in vivo. One of the aims from this project was to demonstrate the effectiveness of
Drosophila as a drug screening tool, which can reduce the number of mammals required for drug
screening. Results from chapter 1 demonstrate that Drosophila are a viable model for the screening
of AEDs, emphasised by the fact that marketed AEDs are effective at alleviating seizure-like
behaviour. However, to validate the potential effectiveness of RAB216 as an AED, experiments in a

model that better reflects the human system are required.

3.2 Results
To assess whether RAB216 is effective on a variety of epilepsy, it was screened in other Drosophila

seizure assays, using different bang sensitive mutants. The slamdance (sda) bang sensitive
phenotype is due to a mutation in the Julius seizure (jus) gene (Dean et al., 2018). This gene was
discovered relatively recently, and its function is currently not well characterised. Easily Shocked
(eas) mutants are defective in the gene for ethanolamine kinase, which is necessary for the synthesis
of phosphatidylethanolamine (Pavlidis, Ramaswami and Tanouye, 1994). As a result, eas mutants

have an altered membrane phospholipid composition, leading to an increase in excitability.
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Figure 3.1 - L3 seizure assay of lead compound RAB216 and sodium valproate. The compounds were screened in two
different seizure mutants, slamdance (sda) and easily shocked (eas). RAB216 significantly reduced recovery times in both
mutants, but VPA had no effect in either. Results were analysed via a one-way ANOVA [Easily shocked F (3, 56) = 13.94]
[Slamdance F (3, 56) = 30.44] [BSS F (3, 70) = 41.46] with correction for multiple comparison (Dunnett’s). Values given are
mean * SEM. * = p < 0.05, ** =p <0.01, *** = p < 0.001, **** = p < 0.0001

The results from Figure 3.1 show that RAB216 is effective at reducing seizure severity in both seizure

mutants, in addition to para®* which has already been shown in the previous chapter. However,
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valproate did not have a significant effect on the recovery time of either mutant, but does tend
towards significance in the easily shocked mutant (p = 0.90). Previous studies have shown that
valproate reduces the likelihood of seizures in sda adult Drosophila in a dose dependent manner
(Kuebler and Tanouye, 2002), but the effect has never been shown in larvae. Valproate has also
previously been tested on adult eas mutants but had no significant effect on seizure like behaviour
(Song et al., 2008). This same study also found that valproate significantly alleviated seizure like

behaviour in adult para®* mutant, which is in agreement with our data.

In the same way that certain AEDs work better for particular types of epilepsy, the response to AEDs
varies with different Drosophila bang-sensitive mutants. An AED that works on a wide range of bang-
sensitive mutants could be indicative of an AED that would work on a variety of different types of
human epilepsies. Validation of this theory would be to find disease causing mutations in epilepsy
patients and express them in Drosophila, taking advantage of their genetic tractability. It could then
be seen whether the effect of AEDs in Drosophila is representative of their effect on the homologous
human condition. This would only be representative of a small percentage of epilepsy cases, as most
epilepsies in human are idiopathic, but could be a useful insight into the treatment of specific

conditions and the quality of Drosophila as a model for screening AEDs.

As an example, ATP6VOC was recently identified as a gene that can cause epilepsy with intellectual
disability (Ittiwut et al., 2021). It encodes a membrane-bound subunit of vacuolar ATPase (V-
ATPase), an enzyme responsible for the acidification of various intracellular organelles. Exome
sequencing and PCR analysis revealed a de novo heterozygous mutation resulting in the RNA levels
being reduced to around half, suggesting the pathology was caused by haploinsufficiency. A number
of epilepsy patients have been found with mutations in ATP6VOC and the most common effective
treatments appear to be levetiracetam, lamotrigine and topiramate (Prof Sid Banka, 2021, personal
communication). The ATP6VOC knockdown line increases recovery time in Drosophila (Figure 3.2),
indicating that loss of ATP6VOC causes seizure like behaviour in this model. To evaluate whether the
effectiveness of these treatments transfer into the Drosophila model, a variety of AEDs, including

RAB216, were screened in an ATP6V0C RNAi: line.
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Figure 3.2 — L3 seizure assay of ATP6VOC RNAIi line. Seizure recovery time was significantly increased in the ATP6VOC line
when with the Elav driver, in comparison to both controls. This indicates that knockdown of ATP6VOC in proconvulsant in
drosophila larvae. N= 24, refers to number of larvae shocked. Results were analysed via a one-way ANOVA [F (4, 109) =
34.50 P<0.0001] with correction for multiple comparison (Dunnett’s). Values given are mean + SEM. * =p <0.05, **=p

<0.01, *** = p < 0.001, **** = p < 0.0001.
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Figure 3.3 - L3 seizure assay in v-ATPase RNAi line. Values shown are relative to the VATPase RNAIi line recordings, which
were done alongside those listed. The drugs screened were RAB216 and the AEDs levetiracetam (LEV), topiramate (TOP),
lamotrigine (LAM) sodium valproate (VPA) and phenytoin (PHY). The uncrossed Elav line was included as a positive
control. Phenytoin was the only AED screened which did not significantly reduce recovery time. Levetiracetam and
topiramate were significantly more effective at reducing recovery times than sodium valproate, with p values of 0.0354
and 0.0378, respectively. Results were analysed via a one-way ANOVA [F (6, 113) = 7.497 P<0.0001] with correction for
multiple comparison (Dunnett’s). Values given are mean + SEM. * =p < 0.05, ** =p <0.01, *** = p <0.001, ****=p <

0.0001

The results in Figure 3.3 show that levetiracetam and topiramate were the most effective
treatments, whereas phenytoin was the only treatment tested that did not significantly reduce
recovery times. Although sodium valproate was found to significantly reduce recovery times,
levetiracetam and topiramate were found to be significantly more potent than sodium valproate at
this concentration with a P value of 0.0354 and 0.0378, respectively. Lamotrigine also reduced

recovery times, with a potency between that of sodium valproate and the two more effect

treatments.

Whilst these results are not conclusive, they do suggest that the treatments that are most effective
in human patients are also the most effective in this Drosophila model. Additionally, RAB216 was

also found to significantly reduce the recovery time of ATP6VOC mutants, further indicating that it

has the potential to be a wide-acting AED.
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The above results suggest that the approach of finding epilepsy causing human genes and expressing
them in flies has the potential to be a useful tool in discovering the most appropriate treatment for
specific epilepsy conditions. To validate this approach, it would require the screening of a range of
AEDs, against other lines possessing mutations characterised in humans, ideally at a variety of
concentrations, which can then be compared to the AEDs most effective in epilepsy patients. This
approach could also be applied to mammalian studies to both further validate the Drosophila model
and provide insights that may provide a high-throughput route to researching more personalised

medicine for specific epilepsy conditions.

3.2.1 Mechanism of Action Studies

Once RAB216 had been established as the lead compound (chapter 2) and shown to be a potentially
wide-acting AED, the next step was to confirm that the compound still acts through Pumilio.
Previous experiments in both mice (Figure 3.5) and Drosophila (Figure 3.6) showed that RAB102
significantly increase levels of Pumilio protein (Wei-Hsiang Lin and R. Baines, unpublished). In mice,
the changes in concentration of both Pum1 and Pum2 were measured by Western blot, whereas the
data from Drosophila was acquired using a luciferase reporter. By using the GAL4/UAS system and a
luciferase reporter, the rate of transcription can be measured as a function of luminescence. To
achieve this the dpum promoter was inserted upstream of GAL4 such that when the dpum promoter
is activated, transcription of GAL4 occurs. GAL4 protein then binds to UAS -luciferase, activating the
transcription of luciferase, an enzyme that reacts with luciferin to produce luminescence. With this
construct therefore, the rate of pum transcription can be measured by homogenising Drosophila,
adding luciferin, and recording the amount of luminescence produced. A graphical representation of

this construct is shown in Figure 3.4.
GALY

— >
5’—' dpumC promoter GAL4 |—3' 5 UAS I——I Luciferase I— ¥

Figure 3.4 - Graphical representation of the genetic construct used for the luciferase reporter assay. When the dpumC
promoter is activated for transcription, GAL4 protein is also synthesised. This then binds to UAS initiating transcription of

luciferase protein. Therefore, concentration of luciferase directly correlates to dpumC concentration.
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Figure 3.5 - Western blot analysis of the changes to Pum1 and Pum2 concentration in the mouse brain, following 3 days
of RAB102 400 mg/g) injection. Changes compared to a vehicle control group, also injected for 3 consecutive days prior
to analysis. The concentration of both Pum1 and Pum2 were significantly increased after RAB102 treatment. Data
collected by Wei-Hsiang Lin and R. Baines, unpublished. Results were analysed via multiple unpaired t tests. Values given

are mean + SEM. * = p < 0.05, ** = p <0.01, *** = p < 0.001, **** = p < 0.0001
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Figure 3.6- Luciferase reporter assay investigating the changes in transcription of pum in Drosophila following treatment
with RAB102. Drosophila larvae raised on food containing RAB102 had a significantly higher rate of transcription
compared to the control. Results were analysed via an unpaired t-test. Values given are mean * SEM. * =p <0.05, **=p

<0.01, *** = p < 0.001, **** = p < 0.0001
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In order to test whether RAB216 has the same mechanism of action as RAB102 it was tested in the
same luciferase reporter assay as shown in Figure 3.6. The proconvulsant PTX was included as a
positive control, as previous screens had shown it increases dpum transcription. This may be due to
a homeostatic mechanism aimed at reducing overall excitability. This supports a model of pum
expression in Drosophila, which predicts Pum protein levels to increase in response to elevated CNS
activity. PTX is a GABA antagonist and therefore will increase overall activity in the CNS through
reduced inhibition. Although both RAB102 and PTX increase pum expression, behavioural
experiments show that they have opposing effects on seizure like activity in Drosophila. RAB102 has
been shown to reduce recovery times of seizure mutants in previous experiments. However, the
data in Figure 3.7 highlights that PTX increases recovery times of wild type larvae. The combination
of PTX with other compounds was also tested to see how they affect the increase in pum expression

seen with PTX. The results are shown in Figure 3.7.
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Figure 3.7 - L3 seizure assay of wild type CS flies with and without PTX. Larvae fed with PTX had a significantly increased
recovery time. This highlights that despite their similar effects on pum expression, they have opposing effects on seizure
like activity. N= 24, refers to number of larvae shocked Results were analysed via an unpaired t-test. Values given are

mean + SEM. * =p <0.05, ** =p <0.01, *** =p <0.001, **** = p < 0.0001
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Figure 3.8 - Luciferase reporter assay investigating the changes in dpumC expression when drosophila larvae are treated
with RAB102, RAB216 and PTX. Two groups were administered with a combination of PTX and either RAB102 or RAB216.
Treatment with RAB102 alone significantly increased pumC expression, whereas RAB216 had no significant effect.
Treatment with the proconvulsant PTX significantly increased dpumC expression, likely due a compensatory mechanism
aimed at reducing excitability. Combination of PTX treatment with RAB102 resulted in an increase in dpumC expression,
whereas raising larvae on a combination of PTX with RAB216 resulted in no signifcant change. Results were analysed via
a one-way ANOVA [F (5, 26) = 7.676 P=0.0002] . Values given are mean + SEM. * =p < 0.05, ** =p <0.01, ***=p <
0.001, **** = p < 0.0001

The results in Figure 3.8 show that, as seen previously, RAB102 significantly increased dpum
expression. Additionally, PTX increased dpum expression as predicted. The combination of RAB102
and PTX resulted in an increase similar to that seen for both individual treatments. Interestingly,
whilst RAB216 had no effect on dpum expression, it did prevent the increase seen with PTX

treatment.
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These results suggest that the two compounds may have different mechanisms of action. Whilst
RAB102 seems to lower excitability by increasing the rate of transcription of pum, treatment with
RAB216 prevents the need for the intrinsic homeostatic system to respond to PTX. It seems likely
therefore, that RAB216 affects neuronal homeostasis through an alternative, and currently
unknown, mode of action. However, the half-life of luciferase catalytic activity is approximately 3
hours, meaning that luciferase reporter assays reflect a snapshot of the current rate of transcription,
rather than the overall concentration of Pum protein. In the case of Pum, this distinction is even
more important, as the protein regulates its own transcript. Therefore, larger increases in
transcription may not directly translate into higher protein concentrations. Furthermore, the rate of
pum transcription is increased in response to elevated CNS activity, so it may be that an initial
increase in Pum protein concentration lowers excitability to the point where pum transcription is
reduced. Due to these complications, a Western blot analysis of protein concentration may better
reflect how these compounds truly affect pum expression. Currently, there are no antibodies
compatible with Drosophila Pum, therefore Western blot analysis had to be reserved for mammalian

experiments.

In order to establish whether RAB compounds require the presence of Pum to exert their function,
the compounds were screened in a Drosophila seizure mutant that also had the pum gene knocked
down (Figure 3.9). By using the Elav Gal4 driver, Pum RNAi can be expressed in all neurons
specifically, reducing the amount on pum RNA produced. The AED phenytoin was also screened in
this line as a control (should not be dependent on Pum for activity). Phenytoin was chosen over
valproate as its mechanism of action is better understood and more specific. Whilst both
compounds have effects on gene expression, it is thought that valproate exerts some of its
antiepileptic effect through histone-deacetylase inhibition. This ultimately leads to changes in the
expression of a range of genes involved in epilepsy, including brain-derived neurotrophic factor
(BDNF) and Glial cell-derived neurotrophic factor (GDNF) (Wu et al., 2008; McNamara and
Scharfman, 2012; Paolone et al., 2019). Conversely, phenytoin works through blockade of sodium
channels (Yaari, Selzer and Pincus, 1986), which is less likely to affected changes in expression

caused by pum knockdown.
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Figure 3.9- L3 seizure assay of RAB216, RAB102 and phenytoin in bss seizure mutants with pum RNAi or GFP RNA.I. In the
pum RNA:I line, phenytoin and RAB216 significantly reduced recovery times, whereas RAB102 had no effect. In the GFP
RNAi line all three compounds significantly reduced recovery times including RAB102. The pum RNA:i line had a longer

recovery time than the GFP RNAIi line, but the difference was not significant (p = 0.080). N= 24, refers to number of larvae

shocked. Results were analysed via a one-way ANOVA [F (7, 112) = 11.58 P<0.0001] with correction for multiple

comparison (Dunnett’s). Values given are mean + SEM. * =p < 0.05, ** = p <0.01, *** = p < 0.001, **** = p < 0.0001

The pum RNAI line had an increased recovery time when compared to the GFP RNAI group, but the
difference was not significant (p = 0.080). Whilst RAB216 and phenytoin significantly reduced
recovery times in the pum RNAiI line, RAB102 had no effect under these same conditions.
Additionally, all three compounds had a significant effect in the GFP RNAi line. These results suggest
that whilst RAB102 requires the presence of pum for function, RAB216 does not. This further

supports the evidence from the luciferase reporter assay (see above) that suggested RAB216 has a
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different mechanism of action to RAB102. Alternatively, it may be the case that RAB216 still exerts

part of its function through Pum, but also has an additional mechanism of action.

To further investigate the mechanism of action for the two RAB compounds, and the antiepileptic
effect of increased pum expression, both were screened in a para®* Drosophila line overexpressing
pum. Previous experiments have shown pum overexpression to be anticonvulsant in these mutants

(Lin et al., 2017), but the combination of over-expression with AEDs has not been tested.

3k 3k k k
3k %k k k
159 1
>
o= ok k% %%k %
> 0 I
) (7]
)
x £
oL
; O 0.5
© E
O
x
0.0-
0 O a9 ©
K L4
O 90 © W
N O & &
S & &
6 0 ’ 6’

Genotype / Drug Treatment (2 mM)

Figure 3.10- L3 seizure assay of RAB102 and RAB216 in bss mutants overexpressing pum. The bss ElaV genotype was
included as a control. Overexpression of pum in bss mutants is significantly anticonvulsant. When overexpression was
combined with drug treatment there were no significant differences. However, the RAB216 treatment group had a
significantly lower recovery time than the RAB102 group. All results are normalised to the recovery times of bss seizure
mutants, recorded at the same time. N= 24, refers to number of larvae shocked. Results were analysed via a one-way
ANOVA [F (3, 56) = 37.93 P<0.0001] with correction for multiple comparison (Dunnett’s). Values given are mean * SEM. *
=p<0.05, ** = p <0.01, *** = p < 0.001, **** = p < 0.0001
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Figure 3.11 - L3 seizure assay of RAB216 and RAB102 in drosophila seizure mutants with and without overexpression of
pum. Whilst there was no difference between the recovery times of the two RAB102 treatment groups, RAB216 + pum
overexpression had a significantly lower recovery time when compared to pum overexpression alone. All results are
normalised to the recovery times of bss seizure mutants, recorded at the same time. N= 24, refers to number of larvae
shocked. Results were analysed via a one-way ANOVA [F (3, 56) = 8.844 P<0.0001] with correction for multiple
comparison (Dunnett’s). Values given are mean + SEM. * =p < 0.05, ** = p <0.01, *** = p < 0.001, **** = p < 0.0001

The results in Figure 3.10 highlight the anticonvulsant effect of increased pum expression, which
reduced recovery times of the para®* mutant by over 50 %. When combined with pum over
expression, drug treatment had no additional significant effect on recovery time. However, there
was, again, a significant difference between the RAB102 and RAB216 treatment groups,
Furthermore, when RAB102 is fed to seizure mutants overexpressing pum, recovery time is not
significantly changed as compared to the same seizure mutants fed RAB102 but without
overexpressing pum. Conversely, when Drosophila seizure mutants overexpressing pum were fed
RAB216 (Figure 3.11), recovery time was found to be significantly lower than the seizure mutants fed
RAB216 but not overexpressing pum. This may indicate that in the pum overexpression line, RAB102
has no effect because its effect is already being replicated genetically by increased pum expression
and thus has reached saturation. It would also indicate that RAB216 has a mechanism that does not

involve, or in addition to, an increase in pum expression.
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Data from multiple Drosophila experiments suggest that RAB216 has a different mechanism of
action to RAB102. Data from the pum overexpression and knockdown experiments show that
RAB102 requires the presence of pum for activity and has no additional effect in seizure mutants
overexpressing pum, indicating a saturation effect. Conversely, RAB216 reduced recovery times in
both pum knockdown and pum overexpression seizure mutants. The luciferase reporter assay also
supported these findings. Whilst RAB102 was found to significantly increase pum transcription,
RAB216 had no effect. However, RAB216 did prevent the increase in pum transcription seen with

PTX treatment, which may indicate a protective effect against the proconvulsant.

Due to their genetic tractability, high reproduction rate and lack of ethical concerns, Drosophila are a
useful tool in the study of seizures and how they are affected by AEDs. It provides an opportunity to
investigate the effect of drugs in vivo, taking into account effects such as toxicity and metabolism, in
a time and cost-effective manner when compared to models such as mice. However, screening drugs
in mammalian models is likely to be more reflective of how drugs may behave in human, particularly
in terms of toxicity and efficacy. Furthermore, in the case of CNS drugs it is important to know
whether a drug is capable of crossing the BBB. Whilst Drosophila do have such a barrier protecting
the CNS, they do not have the same type of circulatory system and it is unknown whether a
mammalian BBB and the Drosophila system are similar in terms of selectivity. Drosophila also only

has one Pum protein whereas, like humans, mice possess Pum1 and Pum2.

The mammalian studies part of this project had two main aims. Firstly, to test the effect of RAB216
and RAB102 on expression of Pum protein (all variants), which was investigated by Western blot in
mice. Secondly, the drugs were tested for their anticonvulsant efficacy in two models: proconvulsant

PTZ and the 6 Hz model of psychomotor seizures.

In order to confirm whether RAB216 has effect on pum expression, a Western blot experiment was
undertaken. Due to the short functional half-life of the luciferase protein, the reporter assay reflects
a snapshot of recent transcription, whereas Western blots report the total change in protein
concentration. Pum works though a homeostatic mechanism, whereby increased neuronal activity
leads to increased pum expression and a reduction in neuronal excitability. Therefore, if neuronal

excitability had been sufficiently reduced by RAB216 any effects on pum expression could be missed.

Mice were injected with drug once per day for 3 successive days before brains were removed (4hr

after final injection) and analysed for changes in pum expression. This experiment was also used as a
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pre-screen to check for potential issues with toxicity before the compounds were screened using a

larger set of animals. As a result, the sample size for this experiment is low (n = 4).
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Figure 3.12 - Western blot quantification of mouse brain samples following 3 days of injection with sodium valproate
(400 mg/kg), sodium salt of RAB216 (200 mg/kg) and RAB102 (400 and 800 mg/kg). The only statistically significant
result was the pum2 concentration in the RAB216 treatment group. Representative image from 1 mouse brain sample
shown. N=4, refers to number of different mouse brain samples analysed. Results were analysed via a t-test. Values
given are mean * SEM. * =p <0.05, ** =p <0.01, *** = p < 0.001, **** = p < 0.0001

The quantification of the Western blot experiment is shown in Figure 3.12. The only statistically
significant result across all treatment groups was the increase seen in pum2 expression for the
RAB216 group. However, 3 additional groups were found to be close to significance. The increase in
Pum1 expression in the RAB216 treatment group (p = 0.0721) and the increase in pum2 expression
for both RAB102 treatment groups (RAB102 (400) p = 0.0562 and RAB102 (800) p = 0.0562). These
results likely suffer from the low N number, but they do suggest that it is likely that both RAB216 and

RAB102 increase pum expression.

3.2.2 Rodent Seizure Models

Once both compounds had been tested for safety on a small set of mice and their effect on Pum
expression established, the next stage was to investigate their efficacy at reducing seizures in rodent
models. Results from the Drosophila screening suggested that RAB216 may be effective at reducing
recovery times across a range of different seizure types. In order to see whether this effect
translates into rodent models, RAB216 was screened using two different methods. The first was a
pharmacological model using the proconvulsant PTX, which is categorised as a model of generalised
seizure (Mackenzie et al., 2002). The second was the 6 Hz psychomotor seizure model, a model
which better represents partial seizures (Bankstahl, Bankstahl and Loscher, 2013). Interestingly, the
marketed AED phenytoin is effective in the PTZ model but shows no activity in the 6 Hz model
(Loscher, 2017). However, the opposite is true for levetiracetam, another marketed AED (Barton et

al., 2001). This highlights the need for testing compounds in multiple models, as a drug being
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inactive in one model does not mean it is not a viable treatment for other forms of epilepsy.
Furthermore, if a drug is found to be effective in multiple models, it may mean it has the potential to

be a wide acting AED that is effective against various forms of epilepsy.

The results of the PTZ screen are shown in Figure 3.13. The dose of RAB216 was set at 200 mg/kg for
two reasons. Firstly, according to the results from the Drosophila screen (chapter 2), the compound
should be more efficacious than RAB102 (by ~4x). Therefore, the dose was set at 200 mg/kg,
compared to 800mg / kg for RAB102 Mice were given 1 dose of drug per day for 3 successive days

and the PTZ dose was given 4 hours after the third dose.
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Figure 3.13 — Data from the PTZ mouse seizure assay. A) RAB216 significantly delayed the onset of seizures when
compared to the control. RAB102 did not increase the tonic-clonic seizure onset time significantly (p = 0.2622). Results
were analysed using a Kruskal-Wallis test. Values given are mean + SEM. * =p < 0.05, ** =p <0.01, *** =p < 0.001,
*#%* = p < 0.0001. B) Analysis of seizing vs non-seizing animals. In the control group, 13/15 animals went into full tonic-
clonic seizure. In the RAB216 group 7/14 went into a full tonic-clonic seizure, a significant decrease when compared to
the control. In the RAB102 group 10/15 experienced a tonic-clonic seizure with no significant difference from the control.
Results were analysed using a chi-squared test. * = p < 0.05, ** = p <0.01, *** = p < 0.001, **** = p < 0.0001.

The results from Figure 3.13 show that whilst RAB216 effectively reduces seizure severity in mice,
RAB102 has no significant effect at the dose tested. RAB216 treatment increased the average time of
seizure onset from 488 s to 855 s. Furthermore, it increased the number of mice that did not reach

the full tonic-clonic seizure threshold from 2/15 to 7/14. Whilst RAB102 increased both the average
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time of onset and the number of mice that did not exhibit full seizures, neither of these changes
were statistically significant. In the control group, 13/15 mice reached the full tonic-clonic seizure
stage. This is approximately what would be expected for injections at this dose and is in line with

previously published studies (Van Erum, Van Dam and De Deyn, 2019).

Overall, the results from the PTZ screen suggest that RAB216 provides protection against generalised
seizure. However, to ascertain whether RAB216 has the potential to treat a wider range of seizure
types, screening in additional models of seizure was required. RAB216 was screened in the 6 Hz
model of psychomotor focal seizure. The results are shown in Figure 3.14 (which was done in

collaboration with Prof llse Smoulders and Dr Najat Aourz, Vrije Universiteit Brussel).

40

Seizure Duration (s)

Treatment

Figure 3.14 -The effect of RAB216 on seizure duration as measured by the 6 Hz seizure model. Levetiracetam was also

included as a positive control. RAB216 was found to significantly reduce seizure duration by 35 %. Levetiracetam was

also found to significantly reduce seizure duration. N=9, refers to number of mice tested. Results were analysed via a

one-way ANOVA [F (3, 31) = 8.558 P=0.0003] ] with correction for multiple comparison (Dunnett’s). Values given are
mean # SEM. * =p <0.05, ** = p <0.01, *** = p < 0.001, **** = p < 0.0001

The results from Figure 3.14 show that RAB216 effectively provides protection against psychomotor
focal seizures in this model. Treatment with RAB216 lowered seizure duration by a third and was
significantly shorter than the vehicle control. Levetiracetam was used as a positive control and
reduced seizure duration significantly. The reduction in seizure duration from levetiracetam

treatment is similar to results reported in previous similar experiments (Walrave et al., 2015).

RAB102 was also screened but had no significant effect on seizure duration. In the 6 Hz seizure
model experiments NMRI mice were used whereas for the PTZ seizure experiments, compounds
were screened in C57BL/6Jax. Interestingly, the death rate of mice administered RAB102 seemed to

be higher in the NMRI mice. In a previous 6 Hz model experiment (data unpublished), 3 of the 14
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mice treated with RAB102 died before the PTZ injection stage of the experiment. There are genetic
differences between mouse strains which may cause them to react differently to substances. For
example, the rate of enzymatic reactions varies from strain to strain, which could have significant
effects on the metabolism of drugs (Guo et al., 2007). The causes of RAB102’s apparent toxicity is
unknown, but it may be linked to the presence of the aldehyde group. Aldehydes are highly reactive
and will readily form covalent bonds with any nucleophilic residues in vivo. They are usually rapidly
metabolised and converted into carboxylic acids to aid with excretion, therefore any changes to the

hepatic system from genetic variance, could have a significant effect on toxicity.

3.3 Discussion

When screening drugs in any model of disease, it is always beneficial to use a variety of models. No
one model is perfect and using a variety decreases the chances that any positive or negative effects
will be missed. This is particularly true for epilepsy, due to the variation in the causes, symptoms,
and effective treatment choices of different epilepsy types. The results from the screening of
RAB216 suggest that it is effective in every model tested so far. In the Drosophila electric shock
model, all 3 seizure mutants tested had a reduced seizure recovery time when treated with RAB216.
Additionally, the luciferase reporter experiment suggested that RAB216 prevented the increase in
excitation seen in Drosophila raised on PTX. In mouse models, treatment with RAB216 delayed
seizure onset in both the PTX and 6 Hz seizure models. In the PTX model RAB216 also prevented full
tonic-clonic seizure in 50% of the animals tested, compared to 13% in the control group.
Furthermore, Western blot analysis showed that RAB216 significantly increased the concentration of
Pum?2 protein in the brain, whilst Pum1 concentration was also higher, this was found to be just

short of significance (p = 0.0721).

RAB102, the starting point for the structure-activity studies, failed to have a significant effect on
seizure onset or severity in this set of experiments. It also had no significant effect on the
concentration of Pum1 or Pum2 within mouse brain, although the increase in Pum2 concentration
was close to reaching significance at both doses of 400 mg/kg (p = 0.562) and 800 mg/kg (p =
0.0562). This is in contrast with previously obtained data, which showed that Pum1 and Pum2
concentration significantly increased after treatment with RAB102, even at the lower dose of 400
mg/kg. In the experiment shown in Figure 3.3, mouse brains were recovered following 3 days of

treatment with RAB102 or saline control and 20 mins after PTZ treatment, whereas results from the
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more recent study in Figure 3.12, were obtained following injection of the drug treatments alone
with no PTZ. In theory, this difference should be accounted for as any changes in protein
concentration are measured against a control that was treated the same way. However, it may be
the case that RAB102 changes the way mouse brain responds to PTZ. In terms of changes to protein
expression, the 20 mins following PTZ injection is a short amount of time for any significant changes
to occur. However, there are examples of PTZ having effects on gene expression over similar time
frames. For example, c-fos transcription is significantly increased just 15 mins following injection of
PTZ (Yount, Ponsalle and White, 1994). Results from the VPA treated mice suggest this change in
Pum expression is not an effect that is general to AEDs and that these compounds possess a novel

mechanism of action.

The N number for the original experiment which showed RAB102 to have a significant effect to Pum
expression was higher at 15 mice, compared to 5 mice in this most recent study, which could
partially explain the difference in results. The brains of the mice used in the PTZ study from Figure
3.12 were not analysed via Western blot, as a full iTRAQ (isobaric tags for relative and absolute
Quantification) proteomics study was planned, which would have revealed any changes in Pum

protein concentrations.

Compounds were initially screened using the Drosophila para®* mutant line. This line possesses a
gain of function mutation in their singular Nay (para) and most closely resembles pharmacologically
resistant epilepsies caused by mutations in the human Nay SCN1A (Parker et al., 2011c). This group
of conditions are amongst the more severe forms of epilepsy, which aligns with para®* having the
longest recovery time of all recorded BS mutants (Baines, Giachello and Lin, 2017). The other two
seizure mutants tested (eas and sda) have a less severe phenotype and the exact cause of their
seizure-like behaviour is less clear. The sda phenotype was linked to a mutation in aminopeptidase N
(Zhang et al., 2002), but has since been attributed to the gene julius seizure, which encodes for an
uncharacterised protein (Dean et al., 2018). The fact these models have not been correlated with a
specific form of human epilepsy does not mean they are any less representative of the condition.
Approximately 75% of epilepsy cases are idiopathic and are likely often the result of multiple genetic
and environmental risk factors (Walsh et al., 2017). Characterisation of mutants such as eas and sda
could lead to further understanding of some of the genetic risk factors that lead to seizures and
epileptogenesis. An example of this can be seen with the easily shocked mutant, which is null for
ethanolamine kinase (Pavlidis, Ramaswami and Tanouye, 1994), which is integral in the biosynthetic
pathway of phosphatidylethanolamine, one of the most abundant phospholipids in many animal cell

types (Kliman et al., 2010). It was not fully understood how this produced an epileptic phenotype,

149



until recently it was discovered that deletion of a key enzyme in this pathway lead to a complex

hereditary spastic paraplegia with seizures (Vaz et al., 2019).

Despite the mechanism of increased excitability in some of these mutants not being fully
understood, the antiseizure effect of RAB216 in these models still indicates that it has the potential
to be an AED that is effective against different form of epilepsy. Further characterisation of these
mutants and similar experiments where AEDs are screened in specific mutants may reveal more
about some of the mechanisms underlying genetic risk factors, as well as which classes of AEDs are

most effective at treating them.

In the V-ATPase screen, the opposite approach was taken, whereby a null mutation linked to
epilepsy was discovered in human patients and the corresponding RNAI line was made in Drosophila
in order to make a model the condition. Recent studies have discovered a novel condition caused by
16p13.3 microdeletion that results in seizures, microcephaly, and neurodevelopmental disorders
(Mucha et al., 2019). Further investigation revealed that the condition may be caused by
haploinsufficiency of ATP6VOC, a gene encoding for a component of V-ATPase (Tinker et al., 2021).
V-ATPase is responsible for the acidification of intracellular organelles and is present in synaptic
vesicles, lysosomes, endosomes, and the Golgi complex (Bayascas et al., 2008). In zebrafish embryos,
it has been found that ATP6VOC facilitates neurotransmitter storage and has a neuron specific
expression at presynaptic vesicles, which possibly underlies the seizure phenotype seen with these
mutants (Tinker et al., 2021). An unpublished communication (Siddharth Banka 2021) suggested the
most effective treatments for patients with this mutation were levetiracetam, lamotrigine and
topiramate. These drugs were screened against the Drosophila RNA: line targeting ATP6V0OC, and
were found to be the most effective treatments, as was RAB216. This result further supports the
proposal that RAB216 has the potential to be a wide acting AED, as it continued to be effective in
every model of seizures in which it was screened. Additionally, this study highlights the potential
strength of the Drosophila seizure model. The same treatments that were effective in human
patients were also found to be the most effective in this animal, which suggests this model may be
an effective way of testing AEDs against specific epilepsy causing mutations found in human

patients.

A similar approach was taken by Baraban and colleagues in zebrafish, whereby they screened a list
of FDA-approved drugs in a model of Dravet syndrome (Baraban, Dinday and Hortopan, 2013; Griffin
et al., 2017). Through this screen they discovered that clemizole was potentially an effective
treatment and as the drug had already been FDA approved, they were able to move on to trialling

the treatment in human. The treatment had some success at treating Dravet syndrome patients,
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which is typically seen as one of the hardest epilepsy syndromes to manage. Additionally, this
investigation discovered a potentially effective new AED target in serotonin receptors. This result
also highlights the power of the so called ‘Bench to Bedside’ technique, whereby results from drug
screens can be taken from smaller organisms such as zebrafish and Drosophila, before the results are
applied to treating human. In the case of RAB216 the situation is different as it has not had any legal
approval. However, this provides evidence that results from screens in simpler organisms can be
translated to mammals and could thus be a useful tool in future as medicine becomes more

personalised to genetics.

Overall, the results from this chapter support out conviction that RAB216 has the potential to be an
effective and wide-acting AED. It was found to be active in every screen tested and whilst results
from the luciferase reporter assay and PUM KD experiment indicate that it might have additional
mechanism(s) of action, the Western blot experiment revealed that it likely acts through Pum for at
least part of its effect. To better understand its mechanism of action, additional studies looking at
the changes in expression of Pum targets, such as Nays and GABARs, through Western blot or iTRAQ
could reveal more about how the drug works. Additionally, screening in further rodent models such
as genetic and/or kindling models would also reveal more about how effective the compound is

overall and potentially which forms of epilepsy it is best suited to treat.

3.4 Experimental/Methods

3.4.1 Fly Stocks

The wild type Canton-S line, easily shocked (detailed here: (Pavlidis, Ramaswami and Tanouye,
1994)) and slamdance (detailed here: (Zhang et al., 2002)) were maintained by the Baines lab. para®s
is detailed in (Parker et al., 2011c) and was obtained from Dr Kevin O'Dell (Institute of Molecular,
Cell and Systems Biology, University of Glasgow, UK). This fly carries a gain-of-function mutation in
the sole voltage-gated Na* channel in Drosophila (termed paralytic). vATPase was knocked-down
using pan-neuronal (elaV-GAL4) expression of a gene-specific RNAi construct (102067), provided by
the Vienna Drosophila Resource Center. Flies were maintained on standard cornmeal medium at

25°C.

3.4.2 L3 Seizure Electroshock Assay
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Larvae climbing the walls of the tube are deemed to have reached the wandering stage (L3), which
represents a 10hr window prior to pupation that all larvae must go through. Thus, all larvae tested
were 60 + 10hrs of age. L3 were transferred to water to wash them and then carefully dried on
tissue paper. They were then placed on a plastic plate and allowed time to ensure that typical,
peristaltic crawling behaviour was observed. Once observed, an electro-stimulator, made from two
tungsten wires (0.1 mm diameter and approx. 1-2 mm apart), was placed on the anterior-dorsal
surface of the larvae (over the CNS). A DC pulse (2.5 V) generated by a constant current simulator
(DS2A, Digitimer, UK) was applied for 2 s. This caused larvae to exhibit a seizure-like behaviour
characterised by complete cessation of mobility (see Marley and Baines, 2011). The time taken
(termed Recovery Time, RT) for larvae to resume normal peristaltic crawling behaviour was
recorded. Normal behaviour was defined as consistent waves of contraction across the whole body,
whereby it seems the larva is in control of its movement and moving forward. Investigators were

blinded to the treatment group when experiments were performed.

3.4.3 Western Blot

Whole brain was homogenised in ice-cold buffer (150 mM NaCl, 50 mM Tris-HCI,1% Nonidet P-40,
0.5% sodium deoxycholate and 0.1% SDS) containing protease inhibitors (Promega, Madison, USA)
and centrifuged at 10,000x g (30 min at 4°C). Supernatant was stored in ice. Antibodies were: anti-
Pum 1 (1:1000, #12322, Cell Signaling, MA, USA), anti-Pum 2 (1:1000, ab10361, Abcam, Cambridge,
UK) and anti-B-Actin (1:5000, ab8227, Abcam). Samples (25 ug of protein) were separated by SDS
page, and protein transferred to a polyvinylidene difluoride membrane (GE Healthcare). After
blocking (0.5 % BSA and 0.05% TWEEN-20 in Tris-buffered saline, TBS-T), membrane was incubated
overnight (4°C) in primary antibody diluted in 0.5% BSA in TBS-T. Membranes were incubated with
HRP conjugated secondary antibodies (1:2500, #7074, Cell Signaling) in 0.3% BSA in TBS-T and blots
developed with an Enhanced Chemiluminescent Detection Kit (Pierce, Rockford, USA). Protein band

density was measured using Image J (NIH, USA).

A dpum promoter-GAL4 line was crossed to attP24 UAS-luciferase flies 35. Flies carrying the UAS-
luciferase transgene alone were used for background controls. Adult flies were allowed to lay eggs in
vials containing food with added compound (or vehicle, DMSO) and to develop to L3. Ten L3 CNSs, of
either sex, were placed in 100 ul Promega Glo Lysis buffer for each sample, and 5 independent
samples collected. CNSs were homogenized, incubated at room temperature (10 min), centrifuged (5
min), and supernatant transferred to a new tube. 30 ul of each sample was then transferred to a

well of a white-walled 96-well plate at room temperature, 30 pul Promega Luciferase reagent was
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added to each well and plates incubated in the dark (10 min). Luminescence was measured with a
GENios plate reader (TECAN, Reading, UK). Values were normalized to total protein concentration,

measured using the Bradford protein assay (Bio-Rad, Watford, UK).

3.4.4 PTZ Seizure-Induction

Mice (male, C57BL/6J, 12-15 weeks, 23-30 g,) were injected subcutaneously (sc.) with 0.1 ml of
compound (in NaCl, 0.9% w/v saline) or saline vehicle, once per day for 3 days. Four hours after the
last injection on day 3, a single dose of PTZ (60 mg/kg/sc. in saline) was injected. Each mouse was
placed into a separate clear plastic arena and videoed for 20 min. After the observation period, mice
were anesthetized with isoflurane (3-4% in 20% O, and 50% N>O, 0.5 |/min), transcardially perfused
with 0.9% saline and brains removed and stored at -80°C. Seizure scoring was carried out from
videos, independently scored by two experimenters blinded to the experimental groups until full

analysis was complete.

3.4.5 6 Hz Seizure-Induction

NMRI mice (35-45g, male, Charles River, Chatillon-sur-Chalaronne, France) were used. Prior to the
electrical stimulation, 0.5% xylocaine was applied to the cornea to induce local anaesthesia and
ensure good conductivity. Corneal stimulation (46 mA, 0.2 ms duration pulses at 6 Hz for 3 s) was
administered by a constant current device (ECT Unit 57800; Ugo Basile, Comerio, Italy). Acutely
evoked 6 Hz seizures were characterized by stun, forelimb clonus, twitching of vibrissae, and/or
Straub-tail. For each animal, the total seizure duration was manually recorded. Ip administration of
levetiracetam (LEV, 100mg/kg) 1 h before seizure induction was used as a positive control. Seizure
scoring was carried out live during the experiment. The entire experiment was also video recorded.

The researcher was blinded to the experimental groups until full analysis was complete.
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4.0 Chapter 4- Discussion

The main aims of this project were to develop a drug-like molecule with increased activity based on
the structure of avobenzone and test it in a variety of models to show it has the potential to be an
effective, wide acting AED. Avobenzone could not be considered a drug-like molecule due to its
instability and tendency to break down into toxic by-products (Mturi and Martincigh, 2008). Early
results suggested that one of its breakdown products, which possesses more drug-like properties,
was equally as effective at reducing recovery times in Drosophila seizure mutants. Therefore, it was
decided that RAB102 would be the structure the library was designed based upon. Screening and the
application of SAR lead to the discovery of RAB 216, a compound that was found to be
approximately 4x more potent than RAB 102 in the initial screen. Further testing suggested that
RAB216 has the potential to be an effective and wide acting AED, as it reduced the severity or onset
time in all the models it was tested in. Whilst evidence from experiments measuring gene
expression, suggest the compound act though PUM, the exact mechanism of how RAB 216 works is

unknown and requires further investigation.
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Figure 4.1- Progression of lead compounds across the project. When it began, RAB102 had been identified as the active
part of avobenzone, which has been shown to be active previously (Lin et al., 2015). The first generation of compound
design was based on the structure of RAB102, using principles of design to create more drug-like compounds. The second
generation used the same principles as well as the results of the first screen to create an SAR, with aim of increasing
potency.

The first generation of compound design was based on the structure of RAB102 and aimed to create
a library that was more drug-like, whilst varying the structure in 1 way with each compound, in order
to find changes that increase potency. The compound was split into 3 sections, the polar group, the
central ring structure and the group para to the polar group. The first thing investigated was
whether the aldehyde seen in RAB102 could be changed to a carboxylic acid. Due to their reactivity,
aldehydes are generally undesirable groups to have in pharmaceuticals (Ahmed Laskar and Younus,
2019a). Furthermore, they are often rapidly metabolised to carboxylic acids in both Drosophila and
mammals (Henehan, Chang and Oppenheimer, 1995; Srivastava et al., 1999), so it is possible that
the carboxylic acid is already the active metabolite of RAB102. Carboxylic acids do not have the same

toxicity profile as aldehydes and are generally much less reactive, however they are rarely found in
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CNS active drugs due to anoinic state at physiological pH, which makes it difficult to cross the
negatively charged BBB (Pardridge, 1998). There are examples of carboxylic acids that do cross the

BBB, which usually occurs which the aid of a transporter such as MCTs (Vijay and Morris, 2014).

The generation 2 compounds were designed using the results from the first drug screen which
suggested that any changes to the central ring structure or acid/aldehyde group, caused the
compound to be inactive. Therefore, most of the design was focussed on the third portion of the
molecule, the group para to the acid/aldehyde group. Results from the first drug screen found RAB
132 to be the most efficacious, but also suggested that larger groups and groups containing
electronegative atoms could also be tolerated in this position. With this in mind, the generation 2
compounds had more variety in this position when compared to generation 1, including RAB216,
which was found to be the most potent compound of all those tested. Although the drug does
contain a carboxylic acid group, it was found to be active in every model of seizures in which it was
tested. It is therefore likely the drug is able to cross the BBB, but more investigation would be

required to ascertain, how it crosses and how much is able to penetrate into the brain.

Epilepsy is one of the most common neurological conditions, but despite this 30% of cases cannot be
controlled with the current treatment options available. It has been stated that one of the reasons
for this may be because current treatment options focus on downstream targets, which can increase
the likelihood of drug resistance (Boison, Masino and Geiger, 2011). Electrophysiological recordings
of hippocampal slices from pharmacoresistant epilepsy patients, revealed that carbamazepine no
longer demonstrated use-dependent block of Na* channels (Jandova et al., 2006). Changes in the
pharmacodynamics of GABAA receptors have also been found in a rat model of drug resistant
temporal love epilepsy, which resulted in a resistance to phenobarbital (Bethmann et al., 2008).
These findings are further supported by other studies, which linked changes in GABAx receptor

composition to benzodiazepine resistance (Chen and Wasterlain, 2006).

In modern drug design the aim is generally to produce a compound that acts specifically, in order to
reduce the likelihood of side effects. As well as target specificity, this also means selecting targets as
far downstream as possible. By only targeting a specific signal transduction pathway, the likelihood
of drug resistance is increased as these targets are prone to compensatory reactions that may
contribute to pharmacoresistance (Boison, Masino and Geiger, 2011). Conversely, targeting a
homeostatic regulator, like PUM allows a drug to effect entire networks on multiple different
pathways. Both GABARs and Nays are downstream targets of Pum and both possess individual

mechanisms of pharmacoresistance (Sperk et al., 2004; Kwan et al., 2008), but if both are targeted at
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the same time through an overarching homeostatic mechanism, the chance of pharmacoreistance is

reduced.

Whilst there are currently no marketed drugs that directly target neuronal homeostasis, there are
emerging areas of research that suggest it is a viable strategy for controlling epilepsy. One of these
targets includes the neuronal adenosine system. Adenosine is a vital molecule in the life of any cell
and contributes to genetic, redox and energy regulation (Cunha, 2019). Studies have found that
controlled release of adenosine has potent antiseizure effects, with no overt side effects (Wilz et al.,
2008). Furthermore, there is evidence to suggest that adenosine is a key contributor to the anti-
seizure effects observed with the ketogenic diet (Kawamura, Ruskin and Masino, 2010). Similar to
targeting Pum, targeting adenosine aims to circumvent pharmacoresistance by making use of an
endogenous agent and by providing upstream control of complex network regulation (Boison,
Masino and Geiger, 2011). Despite an abundance of new epilepsy drugs released within the last 30
years, the rate of pharmacoresistance has changed very little. Whilst targeting endogenous agents
further upstream does have the potential to lead to a higher number of side-effects, this method
also has the potential to treat pharmacoresistant epilepsy by indirectly interacting with a multitude
of the current targets, through control of the overarching network. However, when it comes to Pum
specifically, there is the potential for side effects as both PUM1 and PUM2 are expressed widely and
have been linked to the development of certain cancers (Silva, Kohata and Shigunov, 2022). Whilst
we saw no safety issues with RAB216 in our studies, more research into the long-term exposure of

the compound would be required.

Whilst evidence from the results presented in this thesis indicate that RAB 216 increases the
concentration of Pum, little is known of how it achieves this. Results from the luciferase reporter
assay in Drosophila suggested that the rate of Pum transcription wasn’t increased by treatment with
RAB216. However, it did prevent the increase seen in the PTX (a proconvulsant) control group and
lower recover times in Drosophila raised on PTX, meaning it is likely the drug was exerting an

anticonvulsant effect.

There is little research into what alters the concentration of Pum and therefore we can only
speculate as to how RAB216 exerts its effect. However, one area that has been linked to Pum
concentration is DNA damage. A cell culture study found that when human cells were exposed to
DNA damaging agents, the levels of PUM1 and PUM2 decreased (Yamada et al., 2020). In this study
they found the level of PUM1/2 transcripts was also increased, yet results from this project’s
luciferase studies in Drosophila, suggest that the increase in Pum protein may be separate from

transcription rates so. It is therefore likely the increase in Pum proteins seen in our studies, is
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separate from the mechanism involved following DNA damage. A potential target that regulates
Pum but doesn’t affect transcription is Rbfox1 (Carreira-Rosario et al., 2016). This protein has been
shown to repress translation of pum mRNA in Drosophila (Carreira-Rosario et al., 2016) and has been
linked to epilepsy in numerous studies (Gehman et al., 2011; Lal et al., 2013). Interestingly, whilst
PUM1/2 is downregulated in models of intractable epilepsy (Wu et al., 2015b), RBFOX1 is
upregulated (Wen et al., 2015). Further studies would be required to know if these two were directly
linked, but it is plausible that disrupting the interaction between Rbfox1 and PUM1/2 RNA, could

increase concentration of Pum proteins.

In order for neurons to homeostatically alter their activity, they require a way of monitoring their
firing rate. Work from the Baines lab has identified the histone acetyltransferase P300 (referred to as
Nej in Drosophila) as protein involved in reacting to changes in neuron activity, which also interacts
with Pum (Lin and Baines, 2019). P300 forms a complex with Mef2, but in Drosophila as synaptic
polarisation increases, levels of P300 are reduced, releasing Mef2. Once released, Mef2
transactivates pum gene transcription by binding the pum promoter. In mammals however, MEF2
expression is instead directly related to neuronal activity, increasing with depolarisation (Flavell et
al., 2006). Analysis of human and mouse PUM2 promoters shows they contain multiple MEF2
binding-motifs (Lin and Baines, 2019). In mammals, whilst P300 (known as EP300 in mammals) is also
reported to regulate MEF2, how this protein reacts to changes in synaptic depolarisation has not
been described. Additionally, in mammals MEF2 is also known to increase expression microRNAs,
including mir-134, which has been found to downregulate expression of PUM2 (Fiore et al., 2014)
and blocking mir-134 with an antagomir is anticonvulsant in rodents (Reschke et al., 2017). The
regulatory mechanisms involved in Pum related neuronal homeostasis are complex and it is
conceivable that RAB216 acts at any point along one of these pathways. With better understanding
of Pum and function and that of it’s upstream regulators, there Is the potential to create a new
target for controlling seizures by altering the neuron’s intrinsic homeostatic mechanisms.
Identification of the binding site for these compounds would also aid in creating more potent

analogues through the development of ligand binding assays.

The next stages of this project would be to elucidate how RAB 216 increases Pum levels, identify the
binding target and produce more potent analogues based on the structure of the binding pocket.
Currently, there are no known compounds that affect the expression or activity of Pum proteins. In
order to find evidence of how this may work with RAB 216, an experiment using Isobaric tags for
relative and absolute quantitation (iTRAQ) was originally planned, but not performed due to time
constraints. iTRAQ is a technique that uses isoteric labelling and mass spectrometry to determine

the amount of protein from various sources in a single experiment (Zieske 2006). It was planned to
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use this technique to analyse the proteome of rodent brains that had been exposed to RAB 216 and
others that had their Pum levels increased through genetic methods. By comparing the changes in
the proteome between these 2 groups it may be possible to identify proteins upstream of the Pum
neuronal homeostasis pathway, that are differently expressed between the 2 groups. This could
narrow the search for the potential binding target of RAB 216 that eventually leads to increased
levels of Pum proteins. Once the potential number of binding targets has been narrowed, there are
various techniques available that could help to identify it, including in silico methods, knockdown
experiments and drug affinity responsive target stability (DARTS) (Lomenick et al. 2009). With a
binding target identified, in vitro assays could be designed to screen compounds that are both higher
throughput and more precise. Furthermore, computational chemistry methods could aid the design

of compounds, through modelling the shape of the binding pocket and any potential interactions.

Overall, this study has demonstrated the first proof that targeting neuronal homeostasis provides a
possible route to supressing seizures and has the potential to be a suitable treatment for treating
patients that do not respond to current medication. 30% of epilepsy cases are drug refractory and
the discovery of new druggable targets is required to reduce this number. Through the screening of
2 different generations of compounds based on the structure of the initial lead RAB102, RAB216 was
discovered and found to be approximately 4x more potent in the Drosophila model and significantly
more effective in both the PTZ and 6 Hz models of seizures in mice. Whilst there are potential
concerns with the long-term safety of targeting Pum and much work to be done before compounds
could enter clinical trials, the identification of a potentially druggable neuronal homeostatic pathway
offers an interesting route of developing treatments to control epilepsy through a completely novel

target.
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