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ABSTRACT 

Title: Using Caenorhabditis elegans to identify succinimide-based 
neuroprotective compounds and their mechanisms of action 

Author: Shi Quan Wong 

Neurodegenerative diseases such as Alzheimer’s disease (AD) and 
amyotrophic lateral sclerosis (ALS) are associated with a significant 
socioeconomic burden. As age is a major risk factor for the development of 
these conditions, coupled with the fact that no disease-modifying treatments 
exist, the predicted ageing population growth in the next few decades is only 
expected to exacerbate this burden. The antiepileptic drug (AED) 
ethosuximide is a first-line treatment for absence seizures which exhibited 
neuroprotective and lifespan-extending effects in various models of 
neurodegeneration in Caenorhabditis elegans and rodents, making it a 
promising repurposing candidate for treating neurodegenerative diseases. As 
its molecular mechanism of action (MMOA) remains unclear despite being an 
established AED, delineating its MMOA may provide useful insights into the 
pathogenesis processes of these diseases. A most direct and informative 
strategy is to deconvolute the drug’s molecular target(s), and this is classically 
performed with affinity-type binding approaches such as affinity 
chromatography, which requires appropriate drug derivatisation for 
subsequent immobilisation onto an affinity matrix. However, drug repurposing 
and target identification may prove difficult or unfeasible due to suggestive low 
potency from high therapeutic concentrations and doses required in models 
and humans. To improve the prospects of both approaches, the aim of the 
current project is to develop compounds with enhanced neuroprotective 
potency from ethosuximide as an alternative strategy. Using chemistry 
approaches, a selection of structurally-similar compounds to the drug were 
selected and screened for anticonvulsant activity in a C. elegans seizure 
model. This facilitated in-house insights into the structure-activity relationship 
(SAR) of the drug, which informs about appropriate molecular modifications on 
ethosuximide and/or its derivatives for further potency enhancement and for 
target identification studies. Furthermore, screens identified a candidate 
molecule with a two-fold enhanced anticonvulsant potency than the drug. This 
molecule, referred to as compound 9, was further verified for its 
neuroprotective and lifespan-extending properties in a C. elegans ALS model 
whereby it ameliorated locomotion defects, extended the reduced lifespan, and 
conferred direct protection against neurodegeneration. Comparable extent of 
protection was exerted at a 160-fold lower externally-administered 
concentration than ethosuximide. Further 1H nuclear magnetic resonance 
(NMR) spectroscopy analysis of treated worms suggest that compound 9 had 
bioaccumulated below the detection limit of 5 µM whereas the internal 
concentration of ethosuximide was determined to be 143.8 µM, excluding 
improved bioaccumulation as an unlikely contributing factor towards the 
enhanced potency of the compound. Finally, both compounds required the 
DAF-16 forkhead box O (FOXO) transcription factor to exert protection in the 
ALS worms, demonstrating similar aspects of their MMOAs. Taken together, 
the current study has established important contributions towards expediting 
translational efforts for treating neurodegenerative diseases through the 
identification of compound 9.   
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1.1 NEURODEGENERATIVE DISORDERS 

Population ageing is a global phenomenon. The ageing population, defined as 

individuals aged 65 years and older, is predicted to double from 8 to 16 % 

globally from 2010 to 2050 (Global Health and Aging, 2017). Such a rapid rate 

of global population ageing is a great cause for concern as age is the major 

risk factor for the development of neurodegenerative diseases which are 

progressive in nature, examples of which include Alzheimer’s (AD) and 

Parkinson’s (PD) diseases, amyotrophic lateral sclerosis (ALS) or motor 

neurone disease, and tauopathies such as progressive supranuclear palsy 

(PSP) and the various types of frontotemporal dementias (FTDs). Intra- and/or 

extra-neuronal protein aggregates and inclusions are a fundamental feature of 

these conditions, and implicated proteins are typically aberrantly processed 

and exist in various forms in these deposits. However, the affected protein 

species and brain regions are mostly disease-specific, and affected proteins 

may spread between connected brain anatomical regions via a prion-like 

mechanism (Brettschneider et al., 2015). Furthermore, disease-causative 

mutations were uncovered in distinct genes, and risk loci identified from 

linkage analysis, genome-wide association studies (GWAS) and high 

throughput (HT) sequencing exhibit little commonality between the conditions 

despite overlapping clinical features. Adding to the layer of complexity, 

dysfunctions in multiple cellular and molecular processes have been 

implicated, such as epigenetic changes, defects in mitochondrial function, 

oxidative stress, dysregulation of protein homeostatic mechanisms such as 

autophagy, and neuroinflammation (Jellinger, 2010). The complex and 

multifactorial aetiology of most of these conditions makes delineation of the 

underlying pathogenic mechanisms difficult. Hence, efforts to develop disease-

modifying treatments have been unsuccessful thus far. In the following 

sections, AD and ALS will be described in greater detail as they are the main 

form of dementia and motor neuron disease respectively; additionally, the 

current project utilises a C. elegans ALS model. The other forms of 

neurodegeneration as aforementioned will be briefly highlighted.  
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1.1.1 Alzheimer’s disease (AD) 

AD accounts for 40 to 80 % of all dementia, which is a major cause of disability 

in old age. Dementia is associated with a significant socioeconomic burden; 

annual expenditure to cope with dementia in the UK alone amounts to 

approximately £26.3 billion (Later Life in the United Kingdom, 2017) whilst the 

global cost of dementia is currently estimated at US$818 billion and is 

expected to become a trillion-dollar disease by 2018 (World Alzheimer Report, 

2016). There are an approximate 47 million cases of dementia at present, and 

this number is projected to surpass 131 million by 2050, with every 1 in 85 

individuals predicted to suffer from the condition by then. Six approved 

treatments for AD exist, four of them being acetylcholinesterase inhibitors 

(AChEIs; galantamine, rivastigmine, donepezil, and tacrine), an uncompetitive 

antagonist of the glutamatergic N-methyl D-aspartate (NMDA) receptor 

memantine (Anand et al., 2014), and a combination treatment of AChEI 

donepezil and memantine (Table 1.1); note that tacrine has been largely 

discontinued due to its associated hepatotoxicity. However, these drugs offer 

only symptomatic relief and do not alter disease progression. With the looming 

projected rise in AD and dementia cases, disease-modifying treatments are 

essential to counteract the consequential increase of the associated 

socioeconomic burden.   

AD has two neuropathological hallmark features of extracellular senile plaques 

and intracellular cytoplasmic neurofibrillary tangles (NFTs), which consist of 

insoluble aggregates of respective amyloid beta (Aβ) (Glenner and Wong, 

1984, Masters et al., 1985) and hyperphosphorylated forms of the microtubule-

binding protein tau (Goedert et al., 1989, Goedert et al., 1992). These 

pathological lesions mainly affect brain regions involved in cognition and 

memory, such as the hippocampus and entorhinal cortex. In addition, it is 

associated with gliosis and cerebral atrophy, which is indicative of synaptic and 

neuronal losses. Clinically, three stages of AD have been described, consisting 

of the pre-symptomatic stage, the prodromal stage of mild cognitive 

impairment but not yet fully-fledged dementia, and the final stage of dementia 

(Jack et al., 2010). 
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Table 1.1. Drugs approved by the United States Food and Drug 

Administration (FDA) for the treatment of AD and ALS. Note that they are 

not curative and only provide symptomatic relief. 

Disease Drug
Approval 

date by FDA

Date 

withdrawn
Tradename Mechanism of action

Clinical benefits as 

evaluated in clinical trials

Alzheimer’s 

disease

(AD)

Galantamine

February 

2001; for mild-

to-moderate 

AD

NA

Razadyne® 

(former 

name 

Reminyl®)

Deficiencies in cholinergic 

neurotransmission are 

linked to Alzheimer’s 

disease; 

acetylcholinesterase 

inhibitors (AChEIs) restore 

this deficiency by elevating 

acetylcholine levels and 

neurotransmission through 

the blockade of 

acetylcholinesterase-

mediated degradation, but 

may also mediate 

therapeutic effects through 

anti-inflammatory activities 

(Tabet, 2006)

Analysis of 10 clinical trials showed 

cognitive improvements with 

galantamine treatment in patients 

with mild cognitive impairment and 

probable AD, but not recommended 

for use in the former due to an 

unexplained association in excess 

death rate 

(Loy and Schneider, 2006).

Rivastigmine

April 2000; for 

mild-to-

moderate AD

NA Exelon®

Analysis of 7 clinical trials showed 

that rivastigmine treatment improved 

cognitive and functional outcomes, 

and reduced disease severity in 

mild-to-moderate patients (Birks et 

al., 2000).

Donepezil

December 

1996; for all 

stages of AD
NA Aricept®

Analysis of 23 clinical trials showed 

overall beneficial effects on 

cognition, function, and behaviour, 

with less disease decline in 

donepezil-treated patients in all 

stages of disease

(Birks and Harvey, 2006).

Tacrine

September 

1993; first 

approved drug 

for AD

(mild-to-

moderate)

Largely 

discontinued 

due to 

associated 

liver toxicity

Cognex®

Clinical trials showed improvements 

in cognition and quality of life in 

probable AD patients treated with 

tacrine (Farlow et al., 1992, Davis et 

al., 1992, Knapp et al., 1994).

Memantine

October 2003; 

for moderate-

to-severe 

disease 

NA Namenda®

Blocks glutamate 

excitotoxicity in AD by 

inhibiting tonic activation of 

glutamatergic

N-methyl D-aspartate 

(NMDA) receptors (Gilling 

et al., 2009, Revett et al., 

2013). Therapeutic effect 

may also be attributed to α7 

nicotinic acetylcholine 

receptor inhibition; block 

shown to occur at 

therapeutic concentrations 

(Aracava et al., 2005)

Various clinical trials assessed the 

impact of memantine therapy in 

mild-to-moderate (Porsteinsson et 

al., 2008, Peskind et al., 2006, 

Bakchine and Loft, 2007) and 

moderate-to-severe patients 

(Reisberg et al., 2003, van Dyck et 

al., 2006, Tariot et al., 2004) by 

examining improvements in 

cognitive, functional, behavioural 

outcomes, and/or overall global 

outcomes. Trial findings 

demonstrated general significant 

benefits in moderate-to-severe 

patients but not mild-to-moderate 

ones.

Donepezil/ 

memantine 

combination

December 

2014; for 

moderate-to-

severe 

disease

NA

Namzaric® 

(fixed-dose 

combination 

of both 

drugs in one 

capsule)

AChEI and NMDA inhibition 

(see above)

Approval status was based on 

findings from a phase III trial of 

memantine in moderate-to-severe 

AD patients on donepezil therapy; 

memantine/donepezil treatment 

significantly improved various 

aspects of cognitive function when 

compared to memantine/placebo 

therapy (Grossberg et al., 2013). 

In contrast, combination therapy 

showed no significant benefits in 

mild-to-moderate patients 

(Porsteinsson et al., 2008)

Amyotrophic 

lateral 

sclerosis 

(ALS)

Riluzole
December 

1995
NA Rilutek®

Therapeutic effect 

proposed to be mediated 

via its anti-glutamatergic 

effect; also shown to inhibit 

the persistent Na2+ current,

delayed rectifier and 

voltage-gated K+ currents, 

voltage-gated Ca2+

currents, and 

neurotransmitter release, 

potentiate calcium-

dependent K+ currents, and

promote neuronal survival 

by increasing neurotrophic 

factor production at various 

concentrations, but 

therapeutic contribution 

unclear (Bellingham, 2011)

Phase III trials demonstrated 

significant improvements in patient 

survival rate with riluzole treatment 

as compared to placebo (Bensimon

et al, 1994, Lacomblez et al., 1996), 

but the drug only modestly prolongs 

survival by 2-3 months.

Edaravone

May 2017; first 

approved in 

Japan in June 

2015

NA

Radicut® 

and 

Radicava®

Thought to protect neurons 

and glia from oxidative 

stress through its 

antioxidant action of free 

radical scavenging; 

oxidative stress proposed 

as a major pathological 

process of ALS 

(Watanabe et al, 2008, 

Takei et al, 2017)

Phase III trials demonstrated that 

edaravone treatment significantly 

reduced disease deterioration as 

compared to placebo

(Abe et al., 2017).
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AD can be early- or late-onset. Less than 5 % of cases have an early onset 

prior to 65 years of age (Bertram and Tanzi, 2005), and is typically attributed 

to mutations in genes coding for amyloid precursor protein (APP) and the 

presenilins 1 and 2 (PSEN1 and 2) catalytic subunits of the APP-processing γ-

secretase enzyme (Chartier-Harlin et al., 1991, Sherrington et al., 1995, 

Rogaev et al., 1995, Murrell et al., 1991, Goate et al., 1991, Levy-Lahad et al., 

1995). Given the disease-causative nature of these mutations, it is noteworthy 

that a rare A673T mutation in the APP gene was reported to protect against 

AD and cognitive decline in an Icelandic population (Jonsson et al., 2012a). 

The majority of AD cases are late-onset and sporadic form, typically 

manifesting after 65 years. Although genetic causes have not been directly 

shown for this form of AD, risk loci have been uncovered through genetic 

association studies. The apolipoprotein E-encoding APOE gene has three 

alleles (ε2, ε3, ε4) encoding three different isoforms (ApoE2, ApoE3, and 

ApoE4 respectively). ApoE4 is the first AD risk factor to be identified by a 

genetic linkage study, with the age of disease onset greatly accelerated 

dependently on the number of ApoE4 alleles (Corder et al., 1993, Strittmatter 

et al., 1993). In contrast, ApoE2 is protective and delays disease onset (Corder 

et al., 1994).  Although newer advances with GWAS and massive parallel 

resequencing has uncovered over 20 additional risk factors since the 

identification of ApoE4, ApoeE4  remains the most prominent and aggressive 

susceptibility factor to be identified for both early- and late-onset disease thus 

far (Van Cauwenberghe et al., 2015). Of these subsequently-identified risk 

factors, variants of the TREM2 gene, which encodes the microglia triggering 

receptor expressed on myeloid cells 2, is noteworthy given the shared 

pathological feature of neuroinflammation in neurodegenerative diseases 

(Jonsson et al., 2012b, Guerreiro et al., 2012, Schmid et al., 2002). 

Furthermore, TREM2 mutations cause early-onset neurodegeneration in 

Nasu-Hakola disease (Paloneva et al., 2002), and have been shown to confer 

risk for FTD (Cuyvers et al., 2014, Rayaprolu et al., 2013), PD (Rayaprolu et 

al., 2013), and ALS (Cady et al., 2014), lending further support to the role of 

microglia in neuroinflammatory processes in neurodegeneration  
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Despite the complex, multifactorial aetiology of AD (Anand et al., 2014, De 

Strooper and Karran, 2016), much of AD research and translational efforts 

have been based on the amyloid cascade hypothesis, which posits that 

dyshomeostasis of the APP processing pathway and consequential Aβ42 

production and aggregation are the critical initiating events in AD (Hardy and 

Allsop, 1991, Selkoe and Hardy, 2016). These events induce a pathological 

cascade, resulting in NFTs, neurodegeneration, and dementia in AD. The APP 

processing pathway can be non-amyloidogenic or amyloidogenic, depending 

on whether APP gets cleaved by α- or β-secretase respectively (Chow et al., 

2010). APP is a single transmembrane protein which contains an Aβ peptide 

sequence. In the non-amyloidogenic pathway, APP gets cleaved by α-

secretase within the Aβ sequence, releasing the secreted APP (sAPPα) N-

terminal fragment into the extracellular space. The membrane-retained C-

terminal fragment (CTFα) is subsequently cleaved sequentially by the γ-

secretase proteolytic complex, forming the APP intracellular domain (AICD) 

and soluble N-terminal p3 fragment. In the amyloidogenic pathway, APP gets 

cleaved by β-secretase N-terminal to the Aβ sequence, releasing sAPPβ and 

a longer membrane-bound CTFβ sequence. Sequential proteolysis of CTFβ 

by γ-secretase generates the same AICD and soluble Aβ monomers of 

different lengths, such as Aβ40, Aβ42, and longer Aβ peptides. Aβ40 was shown 

to prevent amyloid formation, whereas Aβ42 and presumably longer Aβ 

peptides promote the aggregation process (Kim et al., 2007b). Figure 1.2 

outlines both APP processing pathways. 
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Figure 1.2. Non-amyloidogenic and amyloidogenic APP processing 

pathways. APP cleavage by α-secretase within its Aβ peptide sequence and 

subsequent proteolysis by γ-secretase produces non-amyloidogenic products, 

whereas β-secretase/γ-secretase cleavages generate Aβ peptides of varying 

lengths, of which the anti-amyloidogenic Aβ40 and amyloidogenic Aβ42 are the 

most common. Note that γ-secretase exist as a complex with the presenilins 

PSEN1 and 2 constituting the catalytic component. 
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Although evidence has supported the central role of Aβ in AD pathogenesis 

(Selkoe and Hardy, 2016), translational efforts targeting this arm of the disease 

has shown little success. The most recent example is solanezumab, a 

monoclonal antibody developed by Elli Lilly which targets soluble Aβ 

monomers and potentially oligomers, but not insoluble senile plaques. This is 

particularly promising as studies have suggested the soluble oligomeric form 

of Aβ to be the toxic species instead of the insoluble senile plaques (Murphy 

and LeVine, 2010). Additionally, phase III trials were conducted on mild AD 

patients. Given that pathological changes in AD were hypothesized to precede 

the onset of clinical symptoms by at least two decades (Jack et al., 2010, 

Bateman et al., 2012), there is increasing awareness of the importance of 

targeting the disease at the earlier presymptomatic or prodromal stages in 

order to elicit disease-modifying effects. Conversely, it might be too late when 

the condition is targeted at the symptomatic, clinical phase. As previous 

failures of Aβ-centric trials have been attributed to a myriad of reasons which 

include the predominant targeting of symptomatic patients, these phase III 

solanezumab trials hold great promise due to the targeting of patients at an 

earlier disease stage. Unfortunately, solanezumab failed to decelerate 

cognitive decline in this subset of patients and was abandoned from further 

development, adding to the string of failures which puts the validity of the 

amyloid cascade hypothesis in more jeopardy.    

Despite disappointing trial outcomes, the possibility remains that early stage 

presymptomatic or prodromal targeting may render the practicality of disease 

modification through a single target. This is suggested by studies which 

showed that Aβ-lowering γ-secretase inhibitors were most efficacious at 

reducing Aβ load when delivered prior to plaque formation in transgenic mutant 

APP, Aβ-producing mice (Das et al., 2012, Brendel et al., 2015). However, a 

myriad of reliable biomarkers is essential to pinpoint the stages of the disease. 

At present, established AD biomarkers include cerebrospinal fluid (CSF) levels 

of Aβ42 and tau, positron emission topography (PET) imaging of Aβ42, structural 

magnetic resonance imaging (MRI) of cerebral atrophy to measure synaptic 

losses and neurodegeneration, and synaptic activity as revealed from 

fluorodeoxyglucose (FDG)-PET measurement of brain metabolism (Jack et al., 



22 
 

2010). Given the complexity of AD (De Strooper and Karran, 2016), however, 

more biomarkers need to be established to encapsulate other pathologic 

features of AD aside from Aβ and tau, not only to stage the disease, but also 

to track disease progression after administration of a treatment. In addition, 

given the complexity of AD, current on-going efforts to develop therapies 

targeting the other pathological processes in AD need to remain continual 

(Anand et al., 2014). Despite the growing recognition of the importance of 

targeting early stages of the disease, translational efforts should not neglect 

late-stage disease either. To sum it up, a multipronged approach should be 

the adopted strategy for combating AD and dementia. Note that although this 

is discussed in detail for only AD herein, the necessity for early-stage 

intervention at the presymptomatic or prodromal stages, good biomarkers, and 

good disease models is the general consensus in the neurodegeneration 

research community for tackling the challenges associated with managing 

neurodegenerative diseases. 

1.1.2 Amyotrophic lateral sclerosis (ALS) 

ALS is the most common form of motor neuron disease and the third leading 

form of neurodegenerative disease behind AD and PD, with approximately 3 

to 5 per 100,000 people suffering from the condition (Brown and Al-Chalabi, 

2017, Chio et al., 2013). It results in rapid and progressive degeneration of the 

upper motor neurons, localized in the brain’s motor cortex, and lower motor 

neurons, which populate the brain stem and spinal cord and innervate muscles. 

Degeneration of both groups of neurons causes gradual muscular atrophy and 

paralysis. Because diaphragmatic muscles are also affected, death eventually 

ensues as a result of respiratory failure within 3 to 5 years of diagnosis. The 

disease manifests typically in adulthood, with an age of onset in the mid- to 

late-50s.   

ALS is largely sporadic, with 5 to 10% accounting for the familial form. Genetic 

mutations which are causative for the disease have been found, with the first 

discovery being made in SOD1; SOD1 encodes the enzyme superoxide 

dismutase 1 which scavenges and converts harmful superoxide radicals to 

hydrogen peroxide (Rosen et al., 1993). SOD1 mutations account for 12 % of 

familial ALS and 1 to 2 % of sporadic cases (Renton et al., 2014). The 
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discovery of these mutations led to the generation of the toxic gain-of-function 

G93A SOD1 ALS mouse model, which recapitulates aspects of the human 

disease (Gurney et al., 1994) and is still widely employed to study disease 

pathogenic mechanisms and for screening potentially therapeutic compounds. 

Following the initial discovery of SOD1 mutations, numerous genetic causes 

of the condition were uncovered from familial ALS, with mutations identified in 

ALS1, SETX, SPG11, VAPB, ANG, FIG4, OPTN, ATXN2, VCP, UBQLN2, 

SIGMAR1, CHMP2B, FUS, TARDBP, C9orf72, PFN1, ERBB4, hnRNPA1, 

MATR3, TBK1, SQSTM1, and TUBA4A to date (Kenna et al., 2017). A number 

of these affected genes encode proteins involved in RNA processing 

(TARDBP, FUS, C9orf72, MATR3, hnRNPA1, PFN1) (Renton et al., 2011, 

DeJesus-Hernandez et al., 2011b, Kim et al., 2013, Johnson et al., 2014, Wu 

et al., 2012, Sreedharan et al., 2008, Vance et al., 2009, Kwiatkowski et al., 

2009). Of these, TARDBP, FUS, and C9orf72 mutations are noteworthy.  

TARDBP and FUS encode transactive response DNA binding protein 43 kDa 

(TDP-43) and fused in sarcoma (FUS), and mutations for either gene are rare 

and account for 4 % of familial and 1 % of sporadic ALS (Renton et al., 2014). 

On the other hand, mutations in C9orf72 resulting from noncoding 

hexanucleotide GGGGCC repeat expansions are the most prominent, as they 

account for 40 % of familial and 7 % of sporadic cases (Majounie et al., 2012, 

DeJesus-Hernandez et al., 2011b, Renton et al., 2014). The hexanucleotide 

sequence may be repeated up to thirty times in normal humans, whereas 

hundred- and thousand-folds repeats have been found in ALS and FTD 

patients. The pathogenic mechanism of these repeat expansions towards 

disease is currently not understood, although both gain- and loss-of-function 

theories have been proposed. For instance, intranuclear RNA foci have been 

observed in C9orf72 ALS patients, which may have a toxic gain-of-function by 

sequestering RNA-binding proteins and interfering with physiological RNA 

functions (DeJesus-Hernandez et al., 2011b). Noncanonical repeat-

associated non-ATG (RAN) translation of the repeat expansions have also 

been reported, generating aggregating dipeptide repeat proteins which may 

have also have toxic gain-of-function roles (Mori et al., 2013). Alternatively, the 

mutation may cause haploinsufficiency, resulting in a loss of function. In 

addition to genes that regulate RNA processing, a subset of these causative 
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mutations have also been uncovered in genes that regulate protein 

homeostasis through components of the autophagy and ubiquitin-proteasome 

pathways (UBQLN2, VCP, SQSTM1, OPTN, TBK1) (Maruyama et al., 2010, 

Johnson et al., 2010, DeJesus-Hernandez et al., 2011a, Koppers et al., 2012, 

Deng et al., 2011, Fecto et al., 2011). Note that mutations in TARDBP, 

C9ORF72, FUS, UBQLN2, and VCP also account for cases of FTD, the 

second leading cause of early-onset dementia after AD which shares 

overlapping clinical features with ALS. 

In addition to these known genetic causes of ALS, GWAS have uncovered 

various risk loci and variants (van Rheenen et al., 2016, Fogh et al., 2014, 

Shatunov et al., 2010, van Es et al., 2009, Hoglinger et al., 2011, Freischmidt 

et al., 2015, Cirulli et al., 2015). Of these, variation on chromosome 9 has the 

strongest genetic association (van Es et al., 2009, Shatunov et al., 2010), and 

since its identification has now shown to correspond with the C9orf72 mutation 

in familial ALS (Renton et al., 2011). The occurrence of this mutation in both 

familial and sporadic disease, as was also observed for other affected genes 

as exemplified above with TARDBP and FUS, supports the view that both 

forms of the disease are not distinct and mutually-exclusive but instead exist 

on a spectrum (Al-Chalabi et al., 2016). Additionally, the genetic landscape of 

ALS is made even more complicated by the pleiotropy of various variants in 

ALS causative and associated genes, which can give rise to different 

conditions. For instance, C9orf72 and the UNC13A risk variant are implicated 

in both ALS and FTD (Diekstra et al., 2014, Hsiung et al., 2012). 

Despite a diverse aetiology and in addition to the similar implication of various 

genes, more than 90 % of ALS cases and a tau-negative form of FTD share a 

common neuropathological feature of cytoplasmic aggregates consisting of 

TDP-43 (Arai et al., 2006, Neumann et al., 2006). However, these TDP-43 

inclusions are absent in SOD1 and FUS ALS cases. Although FUS is the 

implicated protein in such aggregates in FUS-related ALS, neither pathological 

TDP-43 or FUS aggregates are present in SOD-1 cases (Tateishi et al., 2010, 

Suzuki et al., 2010, Mackenzie et al., 2007, Vance et al., 2009, Tan et al., 

2007). Additionally, TARDBP mutations are rare despite this shared 

pathological feature. TDP-43 is a DNA/RNA-binding protein (Figure 1.3) which 
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resides primarily in the nucleus to regulate RNA processing, such as mRNA 

splicing and microRNA biogenesis (Buratti and Baralle, 2012). In addition to 

regulating a diverse number of transcripts (Tollervey et al., 2011, Polymenidou 

et al., 2011), TDP-43 autoregulates its own mRNA expression (Avendaño-

Vázquez et al., 2012). In response to cellular stressors, it translocates from the 

nucleus to the cytoplasm where it associates with stress granules, non-

membrane bound complexes consisting of mRNA binding proteins which 

sequester transcripts with halted translation (Liu-Yesucevitz et al., 2010). In 

ALS and tau-negative FTD, TDP-43 is cleared from the nucleus and deposited 

as misfolded, hyperphosphorylated, and ubiquitinated full-length and 

fragmented forms in insoluble cytoplasmic inclusions (Neumann et al., 2006). 

As for C9ORF72 repeat expansions, the mechanisms underlying TDP-43 

proteinopathy are not understood. Both TDP-43 gain- and loss-of-function 

theories have been proposed to account for TDP-43-mediated neurotoxicity, 

and as evidence exists to support both sides of the argument, it appears that 

a combination of both mechanisms are in play (Scotter et al., 2015, Vanden 

Broeck et al., 2014, Lee et al., 2011, Xu, 2012).  
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Figure 1.3. Human TDP-43 protein. The protein has nuclear localisation (NLS) 

and export (NES) signals, which enables nuclear and cytoplasmic shuttling of 

TDP-43. DNA and RNA binding are mediated through the two RNA recognition 

motifs (RRM 1 and 2). Finally, the C-terminal glycine-rich region (GRR) has a 

hypothesized prion domain, and is important for protein-protein interactions. 

ALS-causative autosomal dominant mutations in the TDP-43 gene TARDBP, 

which typically cluster within this domain, promotes the misfolding and 

aggregation of the protein (Johnson et al., 2009a). As indicated within this 

region is the A315T mutation (Gitcho et al., 2008, Sreedharan et al., 2008); the 

current study utilises an A315T TDP-43 transgenic ALS C. elegans model 

(Liachko et al., 2010) which will be described in chapters 4 and 5. Numbers 

represent amino acids. 
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There are currently only two approved treatments for ALS, riluzole and 

edaravone (Table 1.1) (Brown and Al-Chalabi, 2017). Riluzole was first 

approved by the FDA in 1995 and prolongs the survival by only two to three 

months. It is thought to have anti-glutamatergic properties, but this mechanism 

of action is controversial. Instead, the drug may have multiple mechanisms of 

action. For instance, it appears to act on various ion channels (Bellingham, 

2011). Edaravone was approved in Japan in 2015, and only recently approved 

by FDA in May 2017. It is an antioxidative molecule which acts to remove free 

radicals, thereby offering protection against oxidative stress (Watanabe et al., 

2008, Takei et al., 2017). Oxidative stress is thought to contribute to disease 

pathology, but whether the antioxidative mechanism of the drug plays a role in 

disease amelioration is unknown. As neither drug modifies disease and 

provide only symptomatic relief, it is paramount to develop new therapies 

which alter the course of disease. As aforementioned, the G93A SOD1 ALS 

mouse model is still widely used to understand disease pathogenesis and for 

drug screening. However, as the shared pathological feature of TDP-43 

inclusions are absent in SOD1 ALS, this ALS subset may have a distinct 

pathology from the majority of ALS cases. Hence, SOD1 models may not have 

a general utility for discovering ALS disease-modifying treatments for ALS. In 

the same vein, C9ORF72 and TDP-43-related ALS constitute the majority of 

ALS cases and may be better therapeutic targets; however, the pathogenic 

mechanisms behind these mutations need to be delineated for effective 

targeting. 
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1.1.3 Other neurodegenerative diseases  

PD is the second most common neurodegenerative disease behind AD, 

affecting every 13 per 100,000 people (Williams-Gray and Worth, 2016). It is 

defined pathologically by dopaminergic neuronal losses in the substantia nigra, 

a midbrain region with an important role in regulating movement, and 

intracellular cytoplasmic eosinophilic-dense inclusions consisting primarily of 

α-synuclein called Lewy bodies or Lewy neurites (Spillantini et al., 1998, 

Spillantini et al., 1997); note that Lewy bodies and neurites are also found in 

dementia with Lewy body, which is the second most common cause of 

dementia after AD. PD is a movement disorder with motor symptoms such as 

bradykinesia, resting tremor, and postural instability, and non-motor symptoms 

such as mood disturbances and cognitive deficits (Williams-Gray and Worth, 

2016). The disorder affects 2 to 3 % of the global population, is typically late-

onset at 65 years and older, and is largely sporadic with 10 % accounting for 

familial forms. Genetically, disease-causing mutations in the α-synuclein gene 

SCNA, LRRK2, EIF4G1, VPS35, DNAJC13, and CHCHD2, Parkin, PINK1, DJ-

1, and ATP-13A2 have been identified (Klein and Westenberger, 2012, Kalia 

and Lang, 2015, Williams-Gray and Worth, 2016). PD therapies mainly act to 

ameliorate motor symptoms by replenishing dopaminergic signalling, albeit 

with little effectiveness and various side effects (Williams-Gray and Worth, 

2016, Kalia and Lang, 2015). This can be exemplified by levodopa, which is 

administered as a precursor for dopamine synthesis. Levodopa is currently the 

most effective of these therapies, but its long-term use is complicated with a 

progressive reduction of its effectiveness and motor side effects such as 

dyskinesia. 

Huntington’s disease (HD) is a rare neurodegenerative disease affecting 5 to 

10 per 100,000 individuals in the Caucasian populace, with a mid-onset age of 

40 years (Ross and Tabrizi, 2011). It is an autosomal dominant disorder 

caused by repeated trinucleotide CAG expansions in the huntingtin (HTT) 

protein, resulting in a polyglutamine (polyQ) tract within the encoded protein. 

As such, it is classified as a polyQ disease, which includes other conditions 

such as the different types of spinocerebellar ataxias (Orr, 2012). The repeat 

expansions occur in different proteins in these polyQ diseases, with specific 
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neurons and brain regions being affected. In normal individuals, HTT CAG 

expansions varies and occurs up to 35 times (Kremer et al., 1994). In HD 

patients, however, expansions exceed 35 times, with the longer expansions 

predicting for earlier ages of onset. Pathologically, HD is characterised by 

aggregates of the polyQ HTT, which can be found in neuronal nuclei, 

cytoplasm, dendrites, and axon terminals, and neurodegeneration in 

particularly the striatum (Ross and Tabrizi, 2011). Clinically, the condition 

typically manifests in a triad of motor, psychiatric, and cognitive deficits such 

as bradykinesia, depression, and cognitive decline respectively. Therapies 

exist to provide symptomatic relief, but as with other neurodegenerative 

diseases, no disease-modifying treatments are available. 

Tauopathies are a group of neurodegenerative disorders which are 

pathologically characterised by insoluble intraneuronal aggregates of tau (Orr 

et al., 2017). As such, AD is considered a tauopathy. Other tauopathies include 

the FTDs such as frontotemporal dementia with parkinsonism-17 (FTDP-17), 

PSP, corticobasal degeneration, and chronic traumatic encephalopathy. 

Despite this pathological commonality, affected brain regions and clinical 

phenotypes are typically heterogeneous, the latter comprising a range of motor, 

psychiatric, and cognitive defects. Disease-causing mutations in tau-encoding 

MAPT have been identified in familial FTDP-17, implicating aberrant tau in the 

pathogenic process of tauopathies (Goedert and Jakes, 2005). Although the 

exact mechanism is still unclear, a toxic gain-of-function of the dysregulated 

protein is a prevailing hypothesis, and various tau dyshomeostasis processes 

are currently investigated as potential therapeutic targets (Khanna et al., 2016). 

Table 1.4 summarises the aforementioned neurodegenerative diseases by the 

major proteins implicated in the pathological aggregates.  
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Table 1.4. Summary of the main protein species implicated in 

neurodegenerative diseases mentioned in text. Familial forms of these 

diseases facilitated the identification of disease-causing mutations in many 

genes encoding for these proteins. Note that in Alzheimer’s disease, aberrant 

processing of amyloid precursor protein (APP) into Aβ can also be due to 

mutations in PSEN1 and PSEN2, which encodes the presenilins 1 and 2 

catalytic subunits of the APP-processing γ-secretase enzyme. In amyotrophic 

lateral sclerosis, the different implicated proteins do not co-occur in 

pathological aggregates. SOD1 and FUS aggregates, but not TDP-43, are only 

found in respective SOD1- and FUS-mutated forms of the condition, whereas 

TDP-43 aggregation is the predominant pathological feature of the majority of 

both familial and sporadic forms of the disease. In Hungtington’s disease, 

pathological trinucleotide CAG repeat expansions in HTT results in long 

polyglutamine tracts in huntingtin which coalesce into aggregates. Such CAG 

expansions are also a shared and defining feature of other polyglutamine 

diseases, albeit differing by the implicated genes, encoded proteins, and brain 

regions; these conditions are not elaborated on herein due to their relative 

rarity.  

 

 

 

 

Disease
Protein species implicated 

in aggregates
Gene 

Disease-causing mutations 

in gene?

Alzheimer’s disease
Amyloid beta (Aβ) 

APP (encodes amyloid 

precursor protein, which gets 

processed aberrantly to 

produce aggregation-prone 

Aβ42 in disease)

Yes

Tau MAPT No

Amyotrophic lateral sclerosis

Superoxide dismutase 1 

(SOD1)
SOD1 Yes

Fused in sarcoma (FUS) FUS Yes

Transactive response DNA 

binding protein 43 kDa (TDP-

43) 

TARDBP Yes

C9orf72 dipeptide repeat 

proteins (result from 

noncanonical repeat-

associated translation of 

noncoding hexanucleotide 
GGGGCC repeat expansions 

in encoding gene) 

C9orf72 Yes

Parkinson’s disease α-synuclein SCNA Yes

Huntington’s disease Huntingtin HTT Yes

Tauopathies Tau MAPT Yes
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1.1.4 Targeting common pathways in neurodegenerative diseases  

As illustrated from the various neurodegenerative diseases above, no disease-

modifying treatments exist, and available therapeutics provide only 

symptomatic relief. Development of therapies has been largely impeded by a 

poor understanding of these conditions despite extensive research, and this is 

attributed to the complex aetiology and multifactorial nature of 

neurodegenerative diseases. Although the conditions have disease-specific 

features, a common theme is the aberrant processing and aggregation of 

proteins. Notwithstanding the fact that the pathogenic roles of protein 

dyshomeostasis in neuronal degeneration for each disorder are still not clearly 

resolved overall, the shared processes contributing to this pathological feature 

can be potentially targeted as a general therapeutic approach for 

neurodegenerative diseases. Additionally, other processes which may not 

directly relate to protein homeostasis are implicated in neurodegenerative 

diseases as briefly aforementioned, such as the prion-like spreading of 

disease-associated proteins and neuroinflammation, may also contain 

common aspects which underlie neurodegeneration and may be potential 

therapeutic targets.  

The notion of targeting common themes which underlie neurodegeneration is 

appealing especially since overlapping clinical phenotypes may exist between 

conditions, which when combined with the general lack of complete biomarker 

arsenals, may impede precise diagnosis. Additionally, the idea of treating 

neurodegenerative diseases as one condition instead of separate entities 

makes this proposition even more attractive, given the difficulty in 

comprehending each disease. Various work has lended support to this concept. 

For instance, our group has previously identified overlapping genes which 

were found to regulate neurodegenerative phenotypes from small and large 

scale genetic screens in Caenorhabditis elegans, Drosophila melanogaster, 

and Saccharomyces cerevisiae AD, PD, ALS, and polyQ models from other 

studies (Chen and Burgoyne, 2012). All genes within this overlapping subset 

have a human ortholog, hence findings may translate to the clinical setting. In 

line with the shared pathological feature of aberrant protein processing and 

aggregation, overlapping genes include those encoding protein homeostasis 
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regulatory components, such as heat shock transcription factors, molecular 

chaperones, and components which mediate post-translational modification 

such as ubiquitination and phosphorylation. In addition, aberrant protein 

regulatory processes and other common elements of neurodegeneration have 

been described elsewhere, such as neuroinflammation and dysregulations in 

mitochondrial function, protein recycling, and the unfolded protein response 

(UPR) (Halliday and Mallucci, 2015, Smith and Mallucci, 2016, Rubinsztein, 

2006, Lin and Beal, 2006, Frank-Cannon et al., 2009). Of these, the UPR is a 

notable example. The UPR is a cellular response to endoplasmic reticulum 

(ER) stress which is induced by the presence of unfolded and/or misfolded 

proteins in the ER. In response to ER stress, protein translation is temporarily 

halted, lipid synthesis and chaperone protein production increase, and the ER-

associated protein degradation (ERAD) pathway becomes activated (Halliday 

and Mallucci, 2015). Three arms of the UPR exist, and of these, activated 

protein kinase RNA-like ER kinase (PERK) mediates the translational inhibition 

component of the response by phosphorylating and activating downstream 

eukaryotic initiation factor 2α (eIF2α). Enhanced levels of activated PERK and 

eIF2α were previously shown in affected anatomical regions in the brains of 

AD, PD, and PSP patients, (Hoozemans et al., 2007, Hoozemans et al., 2009, 

Stutzbach et al., 2013). Additionally, there are multiple lines of evidence linking 

the UPR to AD, PD, HD, PSP, FTD, and ALS, prion diseases, and memory 

formation (Halliday and Mallucci, 2015). In mouse models of prion disease and 

FTD, chronic translational inhibition by constitutive activation of PERK/eIF2α 

resulted in synaptic protein losses, neurodegeneration, and behavioural 

deficits (Moreno et al., 2013, Halliday et al., 2015, Halliday et al., 2017, Moreno 

et al., 2012). Protection against these defects were conferred by both 

experimental compounds and approved drugs by inhibition of the PERK/eIF2α 

pathway (Moreno et al., 2013, Halliday et al., 2015, Halliday et al., 2017). In 

addition, pharmacological inhibition of this pathway protected against TDP-43 

proteotoxicity in D. melanogaster and primary neuronal ALS models (Kim et 

al., 2014). Overall, these findings demonstrate the feasibility of modulating the 

PERK/eIF2α component of the UPR pharmacologically for the therapeutic 

intervention of neurodegenerative diseases, and support the proposition of 

targeting common pathogenic processes of these conditions. 
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Aside from common pathogenic processes of neurodegeneration, promising 

therapeutic targets include protective factors which have been uncovered from 

studies on ageing. A notable example is the sirtuin SIRT1, a beta-nicotinamide 

adenine nucleotide-dependent class III histone deacetylase. SIRT1 and its 

orthologs were shown to mediate the lifespan-extending effects of caloric 

restriction in rodents, C. elegans, D. melanogaster, and S. cerevisiae, although 

contradictory evidence exists as well (Hubbard and Sinclair, 2014, Cantó and 

Auwerx, 2009). Despite the controversial role of SIRT1 in mediating longevity, 

its neuroprotective effects have been demonstrated in C. elegans, mouse, and 

cellular neurodegeneration models of AD, PD, ALS, and polyQ diseases (Kim 

et al., 2007a,  Jiang et al., 2012, Jeong et al., 2012, Wu et al., 2011, Marvanova 

and Nichols, 2007). Furthermore, the C. elegans sir-2.1 ortholog was one of 

the overlapping genetic regulators of neurodegeneration identified from our 

analysis as aforementioned (Chen and Burgoyne, 2012).  

Alternative to targeting common themes of neurodegeneration, a converse 

approach is to identify compounds which exert general neuroprotection. Such 

compounds can then be used in chemical genetics screen to facilitate insights 

into shared pathogenic processes. This can be well exemplified by the 

naturally-occurring polyphenol resveratrol, a known activator of the 

aforementioned SIRT1, which has demonstrated neuroprotection in C. elegans, 

mouse, and mammalian models of AD, PD, ALS, polyQ diseases, and a  

C. elegans model of the rare autosomal dominant neurodegenerative disease 

adult-onset neuronal ceroid lipofuscinosis (ANCL) which was characterised by 

our group; refer to section 1.2.2.2 for more information on the ANCL model 

(Kashyap et al., 2014, Tauffenberger et al., 2013, Karuppagounder et al., 2009, 

Parker et al., 2005, Kim et al., 2007a, Wu et al., 2011). It is worth noting that 

the neuroprotective effect of resveratrol in the C. elegans ANCL model was 

shown to be sir-2.1-independent (Kashyap et al., 2014), demonstrating the 

possibility of dissecting undiscovered neuroprotective mechanisms via 

chemical genetics screens with such compounds; however this was not further 

explored within our group.  

In addition to resveratrol, some antiepileptic drugs (AEDs), namely valproic 

acid, ethosuximide, trimethadione, and levetiracetam, were demonstrated to 
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mediate neuroprotection in different neurodegeneration models (van Bergeijk 

et al., 2006, Pan et al., 2005, Kautu et al., 2013, Teixeira-Castro et al., 2011, 

Qing et al., 2008, Yi et al., 2013, Rouaux et al., 2007, Crochemore et al., 2009, 

Sugai et al., 2004, Monti et al., 2010, Monti et al., 2012, Kidd and Schneider, 

2011, Ximenes et al., 2015, Carriere et al., 2014, Wildburger et al., 2009b, 

Tiwari et al., 2015, Chen et al., 2015b, Erbaş et al., 2016, Bezard et al., 2004, 

Sanchez et al., 2012, Tauffenberger et al., 2013). Of these, the wide-ranging 

neuroprotective effects of valproic acid and ethosuximide have been the most 

studied, the latter also having been shown within our group. Protective effects 

of ethosuximide and other AEDs will be further elaborated in section 1.3 and 

chapter 4 respectively. 
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1.2 CAENORHABDITIS ELEGANS 

1.2.1 Characteristics 

C. elegans is a free-living, soil-dwelling nematode which was first introduced 

by Sydney Brenner as a model organism in 1965 (Brenner, 1974). The 

nematode exists in two genders, hermaphrodites and males. The self-fertilising 

hermaphrodite is the predominant gender, whereas the abundance of males 

in the population is extremely rare and occurs at about 0.02 %. Both 

hermaphrodites and male nematodes have six diploid autosomes. However, 

hermaphrodites are diploid for the X-chromosome whereas males are haploid 

for it. Note that as the behaviour, development, and anatomy of male worms 

differ from hermaphrodites, general features as outlined herein pertain 

specifically to the predominant sex. The anatomy of the nematode is extremely 

well characterised, with adult hermaphrodites having exactly 959 somatic cells 

and 302 neurons. Additionally, C. elegans is the first multicellular organism to 

have its genome completely sequenced, and it contains homologs for over 

two-thirds of the human genome ('Genome sequence of the nematode C. 

elegans: a platform for investigating biology,' 1998, Lai et al., 2000). The 

nematode feeds on various forms of bacteria including Escherichia coli, and 

develops through four larval stages L1 to L4 before reaching a gravid, 

adulthood stage with a body length of approximately 1 mm. The developmental 

rate and lifespan of the worm is dependent on the growth temperature, with 

higher temperatures inducing faster development to adulthood and shorter 

lifespans (Byerly et al., 1976). At a typical maintenance temperature of 20oC, 

however, the developmental life cycle and lifespans are approximately 3 to 4 

days and 2 to 3 weeks respectively. Nematodes can be maintained on solid 

agar or in liquid culture in the presence of E. coli as the food source. Note that 

food scarcity causes nematodes to arrest development at the L1 or L2 stages. 

Developmental arrest may be sustained up to 4 months, with normal 

development ensuing in the presence of food which does not affect post-dauer 

lifespan. Food scarcity in adulthood has been shown to cause lifespan 

extension through caloric restriction (Walker et al., 2005).  

There are various advantages to using C. elegans as a model system, 

especially in regard to the study of ageing and age-related neurodegenerative 



36 
 

diseases. For instance, its relatively short lifespan and generation time as 

compared to more complex model systems like rodents makes it comparatively 

easier and quicker to assess lifespan and neurodegenerative phenotypes. A 

completely mapped nervous system, fully sequenced genome, and genetic 

amenability facilitates the development of genetic disease models of 

neurodegeneration and to delineate disease processes via chemical and 

genetic screens (see section 1.2.2 below). Additionally, C. elegans has a 

transparent body which enables fluorescently-labelled neurons to be studied 

in vivo.  

In terms of drug screening, the nematode enables the systemic effects of drug 

administration to be addressed at a preliminary stage, as opposed to the 

traditional use of cellular models which typically provides unicellular 

biochemical readouts to inform of drug effects. Additionally, the ease of culture, 

low cost of maintenance, quick generation time, and the development of 

automation for handling the nematodes and for tracking behavioural and 

electrophysiological changes (Lockery et al., 2012, Stroustrup et al., 2013, 

Swierczek et al., 2011, Flavell et al., 2013, Ben Arous et al., 2009, Boyd et al., 

2010, Buckingham and Sattelle, 2009, Yemini et al., 2013, Tsibidis and 

Tavernarakis, 2007), makes C. elegans-based screens highly amenable for 

high throughput screening (HTS). Indeed, the feasibility of HT chemical 

screens in C. elegans have been demonstrated (Kwok et al., 2006, Burns et 

al., 2006, Sleigh et al., 2011, Gosai et al., 2010, McCormick et al., 2013, 

Schwendeman and Shaham, 2016, Leung et al., 2013, Ellerbrock et al., 2004). 

These qualities make C. elegans a better alternative to rodent model systems 

in early stage, whole organism screening. The latter, although typically 

considered the gold standards for preclinical evaluation, are associated with 

prohibitive high costs and time-consuming experimental designs, hence are 

neither suitable for early-stage nor HTS. Additionally, C. elegans 

experimentation is devoid of ethical issues as opposed to the use of rodents.  

Despite such attractive features, there are various limitations of using  

C. elegans. For instance, drug treatment of nematodes is performed typically 

by culturing them on agar plates in the presence of the drug, which can be 

taken up via ingestion, exposed sensory nerve endings, and permeation 
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through the exoskeletal cuticle (Kaletta and Hengartner, 2006). However, the 

cuticle is weakly permeable and impedes drug accumulation, hence high 

concentrations of treatment need to be administered externally, which can 

become prohibitively costly. In addition, poor bioaccumulation can result in 

false negatives. Despite this limitation, a worm structure-based accumulation 

model (SAM) has been developed to computationally predict the 

bioaccumulation propensities of drugs so that the best predicted accumulating 

ones can be prioritised for screening (Burns et al., 2010); this is further 

elaborated in chapter 3.   

1.2.2 Modelling neurodegeneration in C. elegans 

1.2.2.1 Genetic manipulation  

As aforementioned, the fully sequenced genome and genetic amenability of  

C. elegans makes it an ideal model organism to study the functions of genes 

in physiology and disease. This is commonly performed via forward and 

reverse genetics approaches. In forward genetics, random and permanent null 

mutations are introduced in the worm genome via exposure to a mutagen 

(Figure 1.5) (Jorgensen and Mango, 2002). Homozygous progenies of 

mutagenized animals which exhibit phenotypes of interest are identified and 

isolated, followed by genetic mapping of the mutation on the genome to locate 

the defective gene which was responsible for the phenotype. As mutagenesis 

may introduce other mutations in additional loci in isolated progenies, it is 

paramount and common practice to backcross them multiple times with 

wildtype (WT) strains to clean up the genetic background before the causative 

gene(s) can be confirmed. Ethyl methanesulfonate (EMS) is a commonly used 

mutagen which introduces mutations in the gametes of the hermaphrodites 

(Jorgensen and Mango, 2002).  
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Figure 1.5. Forward and reverse genetics screens. (A) Forward genetics 

screen with EMS mutagenesis. EMS induces null mutations from deletions, G 

to C, and A to T mutations. Parental worms are typically exposed to the 

mutagen for 4 hours, which inactivates approximately 10 to 20 genes in the 

genome. (B) Genome-wide RNAi reverse genetics screens are performed in 

96-well plates and are amenable to high throughput, automated procedures. 
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Unlike forward genetics screens which delineates gene functions by identifying 

genes associated with a specific phenotype, reverse genetics employ a 

directed approach of manipulating known candidate genes to identify the 

phenotypic consequences. RNA interference (RNAi) is a commonly used 

reverse genetics approach which induces post-transcriptional gene silencing 

via double stranded RNA (dsRNA)-mediated neutralization of target mRNA 

(Fire et al., 1998). Unlike EMS mutagenesis, gene function is reduced but not 

completely abolished with RNAi. Additionally, it may be used to knockdown 

gene expression at various stages of the life cycle, whereas mutations from 

EMS mutagenesis are stably present at all stages once induced. Further 

temporal control of gene knockdown by RNAi may be finetuned with the use 

of temperature-sensitive strains, whereby RNAi can be induced at permissive 

temperatures but inhibited at restrictive ones (Calixto et al., 2010b). RNAi can 

be performed in several ways, namely by direct injection of the dsRNA, soaking 

in dsRNA, or by feeding with E. coli clones which produce dsRNA, the latter 

being a typical approach (Timmons et al., 2001, Timmons and Fire, 1998, 

Tabara et al., 1998, Fire et al., 1998). Given the ease of performing RNAi in  

C. elegans, HT genome-wide RNAi screens have been developed to enable 

RNAi-mediated knockdown of the majority of C. elegans genes with RNAi 

libraries of dsRNA-producing bacterial clones (Kamath et al., 2001, Fraser et 

al., 2000, Rual et al., 2004, Kamath and Ahringer, 2003). This is typically 

performed on 96-well plates, and automated procedures have been developed 

to facilitate such screens (Figure 1.5) (Squiban et al., 2012). An important 

caveat of RNAi is the increased potential for false negatives since gene 

expression is only reduced but not completely knocked out, hence RNAi may 

be insufficient to induce obvious phenotypes. Additionally, neurons are poor 

responders to RNAi, although this can be circumvented with strains with 

enhanced neuronal sensitivity to RNAi (Calixto et al., 2010a, Simmer et al., 

2002, Kennedy et al., 2004). 

An important feature of both forward and reverse genetics approaches is the 

ability to employ them in enhancer and suppressor screens to identify genes 

which exacerbate or protect against specific phenotypes. Such screens are 

extremely useful in the context of understanding disease pathogenesis, as 
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genes which regulate disease-associated phenotypes can be identified, which 

may potentially have direct pathogenic roles. Forward and reverse genetics 

may additionally be performed with chemical compounds to identify genes 

which confer resistance or hypersensitivity to a phenotypic effect of the 

compound. Such chemical genetics screens can shed light onto processes 

which mediate a particular effect and the compound’s mechanism of action 

(MMOA), as identified genes may encode the putative target(s) or act in 

protective or pathological pathways. This is particularly useful for compounds 

identified as hits from phenotype-driven screens, where the MMOA 

responsible for the phenotype is not known. In the following section, the utility 

of such screens in established models of neurodegeneration in C. elegans will 

be exemplified. 

1.2.2.2 Neurodegeneration models and screens 

Models of neurodegenerative diseases have been generated in rodents,  

C. elegans, D. melanogaster, S. cerevisiae, and in culture systems with 

mammalian- or human-derived cell lines, primary neurons, stem cells, and 

induced pluripotent stem cells (iPSCs) (Gitler et al., 2017, Li and Le, 2013, 

Wong et al., 2002, Khurana and Lindquist, 2010, Bilen and Bonini, 2005, Han 

et al., 2011, Jakel et al., 2004, Schlachetzki et al., 2013, Chen et al., 2015a). 

Due to the breadth of this topic, selected studies of genetic and/or chemical 

screens which have been performed in C. elegans models will be elaborated 

on herein to further highlight the utility of the nematode as a model organism 

for drug discovery.   

Neurodegeneration models in C. elegans can be generated genetically or 

induced chemically (Chen et al., 2015a, Li and Le, 2013). The latter approach 

has been used to derive PD models by exposure to dopaminergic 

neurodegeneration-causing neurotoxins such as 6-hydroxydopamine (6-

OHDA) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), herbicides 

and insecticides such as paraquat and rotenone which cause the PD 

pathological features of mitochondrial dysfunction and oxidative stress, and 

environmental toxins such as manganese and bacterial secondary metabolites 

which are associated with PD development (Caldwell et al., 2009, Braungart 
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et al., 2004, Settivari et al., 2009, Ruan et al., 2010, Liu et al., 2015, Ved et al., 

2005, Saha et al., 2009, Samann et al., 2009).  

Genetic models are common, and in large part driven by the identification of 

disease-causing genetic mutations from familial forms of the disorders. These 

models are typically generated either by manipulating the ortholog of a human 

disease gene, or by transgenically overexpressing the affected human gene. 

Using the former approach and as aforementioned, our group has 

characterised a model of ANCL which was generated by introducing null 

mutations in the C. elegans DNAJC5 ortholog, dnj-14 (Kashyap et al., 2014); 

DNAJC5 encodes cysteine string protein α and mutations in the gene cause 

ANCL (Noskova et al., 2011). Several aspects of human ANCL were 

recapitulated, such as reduced lifespan, and progressive neuronal 

degeneration and dysfunction. Focused chemical screens revealed the SIRT1 

activator resveratrol (Kashyap et al., 2014) and the AED ethosuximide (Chen 

et al., 2015b) as neuroprotective compounds. As briefly mentioned before, the 

effects of resveratrol were found to be sir-2.1/SIRT1-independent as 

introducing sir-2.1 null mutations into the mutant dnj-14 background did not 

affect the lifespan-extending effect of the compound (Kashyap et al., 2014). 

For more information on ethosuximide, refer to section 1.3.2 and chapter 5. 

Other examples include models of spinal muscular atrophy generated via a 

null deletion, or a missense mutation in the C. elegans smn-1 ortholog which 

mimics the SMN-1 mutation found in a patient (Sleigh et al., 2011). SMN-1 

encodes survival motor neuron (SMN) protein, and its reduced expression and 

function results in lower motor neurodegeneration and progressive paralysis. 

The models recapitulated aspects of the disease such as reduced lifespan, 

and impaired motility and synaptic transmission, in addition to other phenotypic 

defects like reduced egg-laying and hatching, albeit at differing severities; 

phenotypes were more severe in the null mutant. Due to the lethality of the null 

mutation which impedes large scale screening, chemical screens were 

performed on the other strain with a National Institute of Neurological 

Disorders and Stroke library of 1040 compounds. The screens identified 

compounds which ameliorated motility defects, and further characterization in 

both models revealed gaboxadol hydrochloride, 4-aminopyridine, and N-
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acetylneuraminic acid as the best neuroprotective candidates as potential 

treatments for the condition.      

On the other hand, transgenic “humanized” models predominate the field, and 

are derived by typically expressing human transgenes in body wall muscles or 

neurons with muscle- or neuron-specific promoters. Most transgenic models 

are based on constitutive transgene expression, although transgene 

expression by temperature upshift or heat shock in a few AD and ALS models 

have been developed (Oeda et al., 2001, Paiva et al., 2015, Link et al., 2003, 

Florez-McClure et al., 2007, Drake et al., 2003, Diomede et al., 2013, McColl 

et al., 2012). An example of a muscle-type transgenic model is an AD strain 

which constitutively expresses the pathologic Aβ42 peptide in body wall 

muscles under the myosin unc-54 promoter, and exhibits intramuscular Aβ42 

aggregation and progressive paralysis (Link, 1995). The model has been 

utilised by several studies to screen for compounds which protected against 

Aβ42 proteotoxicity and/or mediated lifespan extension, revealing protective 

effects from natural compounds such as soy-derived isoflavone glycitein 

(Gutierrez-Zepeda et al., 2005), the green tea extract epigallocatechin gallate 

(Abbas and Wink, 2010), Gingko biloba (Smith and Luo, 2003), caffeine, tannic 

acid, baicalein (Lublin et al., 2011), ferulic acid, curcumin (Jagota and Rajadas, 

2012), and approved drugs such as bacitracin, ciclopirox olamine, 

acetaminophen (Lublin et al., 2011), fluoxetine (Keowkase et al., 2010), 

reserpine (Arya et al., 2009), and the amyloid-binding dye thioflavin T (Alavez 

et al., 2011). In a PD muscle type model which expresses unc-54-driven yellow 

fluorescent protein (YFP)-fused α-synuclein in body wall muscles, a reverse 

suppressor screen was performed with genome-wide RNAi to identify genes 

which enhanced the number of YFP-α-synuclein inclusions when silenced (van 

Ham et al., 2008). Notably, the sirtuin sir-2.1 as aforementioned, was one of 

the suppressors identified via this screen along with other ageing-associated 

genes, highlighting the link between ageing and neurodegeneration and the 

protective effects of such genes. In the same vein, a focused RNAi screen was 

performed in a separate study on another PD model with unc-54-driven muscle 

expression of green fluorescent protein (GFP)-fused α-synuclein, with 

hypothesized gene targets guided by bioinformatic analysis (Hamamichi et al., 
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2008). Aside from the abovementioned AD and PD models, muscle expression 

models for ALS have been generated with mutant SOD1 transgenes 

(Gidalevitz et al., 2009), and polyQ-expressing polyQ disease and HD models 

(Satyal et al., 2000, Morley et al., 2002, Wang et al., 2006, Yamanaka et al., 

2004). 

A caveat of such transgenic models with muscle-specific expression is that 

they may not recapitulate human neurodegeneration as well as the neuronal 

expression types, since neurons are the primary pathological sites. Hence, 

neuronal-type models may have better predictive validity for dissecting disease 

pathogenic processes and for discovering protective compounds. As a matter 

of fact, most transgenic neurodegeneration models are of the neuronal type. 

Examples include two FTDP-17 tauopathy models which were generated by 

pan-neuronal expression of human P301L and V337M MAPT disease-causing 

mutants driven by the aex-3 promoter (Kraemer et al., 2003). These animals 

phenocopy several aspects of human tauopathies, such as reduced lifespans, 

accumulation of detergent-insoluble and hyperphosphorylated tau, and 

progressive age-dependent locomotory defects and neurodegeneration. Using 

these models, a forward enhancer screen was performed to identify mutations 

which exacerbate the tau-induced locomotion defect (Kraemer and 

Schellenberg, 2007). The screen identified sut-1 as an enhancer, a gene 

encoding a novel protein with uncharacterised functions. Further yeast two 

hybrid screens (Fields and Song, 1989) identified protein-protein interactions 

between SUT-1 and UNC-34, the C. elegans homolog of the conserved 

Ena/VASP actin regulatory proteins. Although SUT-1 has no human homolog, 

these findings suggest that actin regulatory components may be potential 

therapeutic targets. Chemical screens were also performed with the V337M 

model to uncover neuroprotective compounds (McCormick et al., 2013). Initial 

screens with the Prestwick chemical library of 1120 compounds identified six 

candidates, namely azaperone, trazodone, nefopam, clofazimine, isoniazid, 

and lorglumide with protective effects against age-dependent locomotory 

decline, but only the typical antipsychotic azaperone additionally reduced 

levels of detergent-insoluble tau and ameliorated neurodegeneration. 

Subsequent focused screens of other typical antipsychotics showed that a 
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handful of them displayed the same protective effects. As typical 

antipsychotics are known to antagonize the D2 dopamine receptors, these 

receptors were investigated as potential therapeutic targets. Knockouts of the 

C. elegans D2-like receptors DOP-2 and DOP-3 in the model ameliorated 

motility defects, protected against neuronal losses, and reduced insoluble tau 

levels, suggesting the therapeutic potential of targeting the D2 receptors for 

neurodegeneration treatment.  

Aside from these FTDP-17 models, a neuronal type ALS model which pan-

neuronally expresses the A315T disease-causing missense mutation in the 

human TARDBP TDP-43 gene by the snb-1 promoter is primarily utilised in 

the current study (Figure 1.3) (Gitcho et al., 2008, Sreedharan et al., 2008, 

Liachko et al., 2010). The model, referred to as CK426, exhibits a reduced 

lifespan, and age-dependent and severe locomotory defects and 

neurodegeneration. Furthermore, hyperphosphorylated, ubiquitinated, and 

truncated forms of TDP-43 were detected in detergent-insoluble aggregates in 

the model, mimicking the TDP-43 pathology in humans (Arai et al., 2006, 

Neumann et al., 2006). This model is further described in chapter 4, section 

4.2.2.  

Other neuronal models of tauopathies, ALS, polyQ disorders and HD, AD, PD, 

prion diseases, and spinocerebellar ataxia type 3 have been generated as well 

and have been reviewed elsewhere (Chen et al., 2015a, Li and Le, 2013). 

Aside from pan-neuronal expression, transgenes may also be expressed in 

specific neuronal groups which are pathologically affected in the human 

disease. For instance, as AD is associated with glutamate dysregulation, an 

AD model was generated which expresses Aβ42 specifically in the 

glutamatergic neurons of the worms with the eat-4 vesicular glutamate 

transporter promoter (Treusch et al., 2011).  

As a concluding note for this section, like all disease models generated in other 

organisms, C. elegans models are not complete representations of the human 

diseases although they may recapitulate various pathological and phenotypic 

features. Despite this, the aforementioned studies exemplify the utility of the 

nematode for facilitating insights into disease pathological processes and 
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discovering chemical compounds which confer protection against disease 

pathology. Additionally, the amenability of such screens for a HT format and 

the fact that they are performed at a whole organism, systemic level, makes 

such screens in C. elegans extremely suitable for early-stage drug discovery.   

1.3 ANTIEPILEPTIC DRUGS (AEDS) 

1.3.1 Epilepsy and AEDs 

Epilepsy is a heterogeneous group of brain disorders which are commonly 

linked by persistent vulnerability to epileptic seizures, which are transient 

occurrence of signs and/or symptoms as a result of abnormal 

hypersynchronous neuronal activity in the brain (Fisher et al., 2005). Epileptic 

seizures are generally thought to be due to an imbalance between neuronal 

excitation and inhibition (Figure 1.6). Epilepsy and seizures have different 

classifications, the former categorized based on genetic, structural or 

metabolic, or unknown causes, and the latter classified as either focal (partial) 

or generalised depending on whether seizures originated in neuronal networks 

within one cerebral hemisphere or bilaterally without specific foci respectively 

(Berg et al., 2010). Epilepsy affects 65 million individuals globally and is the 

most common neurological condition (Ngugi et al., 2010). Although an arsenal 

of more than 20 AEDs exists, they only relieve seizures and are neither 

disease-modifying nor act to prevent epileptogenesis, the process which 

propagates the development of epilepsy (Figure 1.6 and Table 1.7) (Schmidt 

and Schachter, 2014, Moshe et al., 2015, Santulli et al., 2016, Brodie et al., 

2011). Additionally, although 70 % of patients respond to AED treatment, the 

remaining 30 % are pharmacoresistant.  

AEDs are discovered serendipitously, empirically from screening-based 

approaches in seizure models, or derived as derivatives of pre-existing AEDs 

(Bialer, 2012a). Screening-based discovery is typically initiated with two gold 

standard rodent acute seizure tests, the maximal electroshock (MES) and 

subcutaneous metrazol/pentylenetetrazol (scMET/scPTZ) tests (Löscher, 

2011). In the MES model, seizures are induced electrically by typical 

transcorneal administration of 0.2-second, 50 or 150 mA electrical stimuli in 

mice and rats respectively, resulting in tonic hindlimb extension. Inhibition of 

hindlimb extension is generally thought to be predictive of protection against 
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tonic-clonic seizures. In the scMET/scPTZ model, clonic seizures which last 

for at least 5 seconds in 97 % of the animals are induced chemically via 

subcutaneous administration of a convulsive dose of MET/PTZ. Protection 

against these seizures are considered to be predictive of activity against non-

convulsive absence seizures. Once anticonvulsant activity is established in 

these initial tests, further evaluation requires more sophisticated models. The 

kindling model is a chronic seizure model which is commonly employed at 

these secondary stages of screening. Seizures are induced via repeated 

electrode-administered electrical stimuli in the amygdala or hippocampus 

which progressively increases seizure susceptibility, resulting in exacerbation 

of seizures. The kindling test is considered to predict for protection against 

focal seizures.  

AEDs possess rich chemical diversities and multiple mechanisms of actions, 

which is reflected in the repurposing of various AEDs as treatments for non-

epileptic neurological and psychiatric conditions such as bipolar and anxiety 

disorders and neuropathic pain (Table 1.7) (Schmidt and Schachter, 2014, 

Bialer, 2012b). This can be exemplified by the broad-spectrum AED valproic 

acid, which mediates its anti-seizure effect by inhibiting voltage-gated sodium 

(NaV) and calcium (CaV) channels, and by activating gamma-aminobutyric acid 

(GABA) type A (GABAA) receptors (Figure 1.6). Its multiple mechanisms of 

action have led to it being approved as a prophylaxis for migraine and for 

managing mood disorders (Bialer, 2012b). In addition, it has also 

demonstrated neuroprotective and lifespan-extending effects in a range of 

neurodegenerative disease models (refer to chapter 4), and such 

neuroprotective effects are attributed to its actions on other molecular targets 

such as histone deacetylase (Monti et al., 2009). As aforementioned, other 

AEDs namely trimethadione, levetiracetam, and ethosuximide have also 

exhibited such protective effects. With the exception of ethosuximide which will 

be discussed in the following section, these findings will be discussed in 

chapter 4.       
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Figure 1.6. Epileptic seizures due to an imbalance between neuronal 

inhibition and excitation. At the presynaptic neuron terminal, depolarization 

induces exocytosis and release of neurotransmitters from synaptic vesicles 

into the synaptic cleft. GABA and glutamate, the major inhibitory and excitatory 

neurotransmitters, mediate postsynaptic inhibition and excitation by binding to 

respective ionotropic receptors. Seizures are thought to arise from neuronal 

hyperexcitability, and various ionotropic receptors and ion channels which 

promote (red) or inhibit (green) neuronal excitation are shown alongside AEDs 

which putatively target them. Other targets include carbonic anhydrase and 

GABA transaminase. *Trimethadione is no longer prescribed whilst 

methsuximide is infrequently prescribed. Na+
, sodium ions; Ca2+, calcium ions; 

K+, potassium ions; NaV, voltage-gated sodium channel; CaV, voltage-gated 

calcium channel; KV7, KCNQ-encoded low-threshold voltage-gated potassium 

channels; SV2A, synaptic vesicle protein 2A; GAT-1, sodium- and chloride-

dependent GABA transporter 1.  
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Table 1.7. Epileptic and non-epileptic uses of AEDs. 

 

 

 

AED Type of seizure/epilepsy Other conditions

Phenobarbital Focal and generalised convulsive seizures 
Anxiety and sleep 

disorders

Primidone Focal and generalised convulsive seizures -

Phenytoin Focal and generalised convulsive seizures -

Carbamazepine Focal and generalised convulsive seizures
Bipolar disorder, trigeminal 

pain

Valproic acid
Focal and generalised convulsive seizures, absence 

seizures

Migraine (prophylaxis), 

bipolar disorder

Diazepam Convulsive disorders, status epilepticus
Anxiety disorders, alcohol 

withdrawal

Clonazapam Lennox-Gastaut syndrome, myoclonic seizures Panic disorders

Clobazam Lennox-Gastaut syndrome Anxiety disorders

Lamotrigine
Focal and generalised convulsive seizures, Lennox-

Gastaut syndrome
Bipolar disorder

Vigabatrin
Infantile spasms, focal and generalised convulsive 

seizures
-

Oxcarbazepine Focal and generalised convulsive seizures -

Topiramate
Focal and generalised convulsive seizures, Lennox-

Gastaut syndrome
Migraine (prophylaxis)

Levetiracetam
Focal and generalised convulsive seizures, juvenile 

myoclonic epilepsy
-

Zonisamide Focal and generalised convulsive seizures -

Gabapentin Focal and generalised convulsive seizures -

Pregabalin Focal and generalised convulsive seizures

Neuropathic pain, 

generalized anxiety 

disorder, fibromyalgia

Stiripentol Dravet syndrome -

Rufinamide Lennox-Gastaut syndrome -

Lacosamide Focal and generalised convulsive seizures -

Perampanel Focal and generalised convulsive seizures -

Escarbazepine Focal and generalised convulsive seizures -

Trimethadione Absence seizures -

Methsuximide
Focal and generalised convulsive seizures, absence 

seizures
-

Ethosuximide Absence seizures -
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1.3.2 Ethosuximide  

1.3.2.1 General features 

Ethosuximide is a succinimide derivative which was approved in 1958 for the 

treatment of generalised absence seizures, and remains the first-line treatment 

for the condition (Figure 1.8) (Zimmerman and Burgemeister, 1958). Valproic 

acid and lamotrigine are the other two AEDs currently prescribed for absence 

seizures, whereas trimethadione and the succinimide derivatives 

phensuximide and methsuximide are no longer prescribed for the condition 

(Hughes, 2009) (Figure 1.8).  Absence seizures are non-convulsive and are 

characterised by brief lapses of awareness lasting between 9 to 12 seconds 

(Hughes, 2009). They are classified as either childhood or juvenile, depending 

on the ages of onsets at 6 and 12 years respectively, and may co-occur with 

generalised convulsive tonic-clonic seizures whereby patients experience loss 

of consciousness, muscle stiffening, and jerking movements.  

The reported therapeutic range of the drug is 280 to 700 µM, with a half-life 

ranging from 30 to 60 hours (Browne et al., 1975, Buchanan et al., 1969). 

Ethosuximide is primarily metabolized by the phase I cytochrome P450 

enzyme CYP3A4 and to a minor extent, CYP2E1 (Bachmann et al., 2003). 

Five phase I primary hydroxymetabolites of the drug have been identified, 

which mainly undergo phase II glucuronidation and urinary excretion  

(Millership et al., 2005, Pettersen, 1978, Horning et al., 1973b, Preste et al., 

1974, Goulet et al., 1976, Millership et al., 1993). As the drug is administered 

as a racemic mixture, chiral characteristics of its metabolites have been 

studied and is briefly discussed in chapter 4. Early adverse effects associated 

with ethosuximide mainly involve the gastrointestinal and central nervous 

systems (CNS), such as abdominal discomfort, diarrhea, nausea and vomiting, 

dizziness, and somnolence (Schmidt and Schachter, 2014, Gaitatzis and 

Sander, 2013). Late adverse effects from chronic administration are more 

serious, and patients may suffer from psychiatric conditions such as 

depression and psychosis. Immunological effects such as leukopenic and 

aplastic anemia have also been reported. 

Ethosuximide has demonstrated efficacy in the scMET/scPTZ test but not in 

the MES or kindling tests, correlating with its anticonvulsant activity against 
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absence seizures only (Löscher, 2011). Electroencephalogram (EEG)-

detectable generalised spike-wave discharges in the thalamocortical regions 

of the brain are the characteristic waveform discharges in absence seizures 

which has been recapitulated in various models, such as the Genetic Absence 

Epilepsy Rats from Strasbourg (GAERS) (Marescaux et al., 1992), and in 

rodent thalamocortical slices by perfusion with magnesium-free medium 

(Zhang et al., 1996b). Ethosuximide controlled spike-wave discharges in such 

models, further corresponding with its anti-absence activity (Manning et al., 

2004, Zhang et al., 1996b). 
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Figure 1.8. Ethosuximide and other AEDs for the treatment of absence 

seizures. Ethosuximide, phensuximide, and methsuximide are derivatives of 

the inert compound succinimide; the latter two and trimethadione are no longer 

prescribed for absence seizures.   
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1.3.2.2 Neuroprotective and lifespan extension properties 

As stated previously in section 1.1.4, ethosuximide has demonstrated 

neuroprotective and lifespan-extending effects in addition to its anticonvulsant 

activity. Work performed within our group has demonstrated that the drug 

induced a concentration-dependent extension of the reduced lifespans in 

V337M MAPT FTDP-17 and ANCL C. elegans models, both of which were 

described in section 1.2.2.2 (Chen et al., 2015b). At optimal concentrations, 

mean lifespans were increased by at least 40 % in comparison to vehicle-

treated controls. In addition to a shortened lifespan and progressive 

neurodegeneration, the ANCL model also suffered from sensory defects, 

which was characterised by a reduced rate of travel to a food source (refer to 

chapter 2, sections 2.3.4 and Figure 2.4 for details of assay) (Kashyap et al., 

2014). As the ANCL worms had minimal motility defects, this reduction was 

attributed to a reduced ability to sense the food. Ethosuximide ameliorated the 

sensory defects as it improved the rate of travel to the food source whilst 

having no effect on the locomotion rate, indicating that the protective effect of 

the drug was not in part attributed to an improvement in locomotion rate. 

Ethosuximide additionally improved the defective locomotion of the FTDP-17 

model, and reduced levels of detergent-insoluble tau whilst concurrently 

increasing soluble tau levels. To assess the translational value of these 

findings in C. elegans, the effect of the drug on polyQ aggregation in a mouse 

neuroblastoma N2A cell line was evaluated. The cell was transfected with 

EGFP-tagged polyQ25 or 97 constructs, with the latter forming cytoplasmic 

fluorescent punctae which was indicative of polyQ aggregation. Punctae 

formation was reduced by 20 % in comparison to vehicle controls, showing 

that ethosuximide protects against polyQ aggregation, suggesting the 

feasibility of translating its protective effects into humans.   

In separate studies, ethosuximide also extended the lifespans of WT worms 

(Evason et al., 2005, Collins et al., 2008) and an A315T TDP-43-expressing 

transgenic C. elegans ALS strain (Tauffenberger et al., 2013), providing further 

evidence for its lifespan-extending effects. Interestingly, it should be noted that 

the drug did not induce lifespan extension of WT worms in work performed 

within our group (Chen et al., 2015b)  
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The neuroprotective and neurogenic properties of ethosuximide was 

additionally demonstrated in a rat model of AD-like symptoms (Tiwari et al., 

2015). The model was generated by bilateral stereotaxic intrahippocampal 

injection of Aβ42, and immunohistochemical analyses of hippocampal brain 

slices demonstrated marked reductions of neural stem cell proliferation and 

differentiation into new born neurons, in addition to reduced survival of mature 

neurons. Furthermore, there was an increase in neuronal degeneration and 

apoptosis. Behaviourally, these rats displayed cognitive defects. Remarkably, 

these effects were ameliorated by treating the animals with ethosuximide. 

The neuroprotective and lifespan-extending effects of ethosuximide in WT  

C. elegans and in different models of neurodegenerative diseases in  

C. elegans, mammalian cells, and rats, suggest the potential for the drug to be 

repurposed as a general neuroprotective drug. Drug repurposing is an 

attractive alternative to the tedious and lengthy traditional drug discovery and 

development process, as approved drugs have already undergone preclinical 

evaluation and so can be expedited to clinical testing in humans. However, the 

mechanism of action of ethosuximide is largely unclear, although it has been 

proposed to mediate its anticonvulsive effects by blocking T-type calcium, and 

voltage-gated sodium and potassium channels, and lifespan extension and 

neuroprotection by acting on chemosensory function, forkhead box O (FOXO) 

transcription factors, and the phosphoinositide 3-kinase (PI3K)/protein kinase 

B (AKT)/Wnt/β-catenin pathway; these putative mechanisms of action will be 

discussed in chapter 5. As the pathogenic mechanisms which underlie both 

neurodegenerative diseases and epilepsy/seizures are still currently poorly 

understood, drugs like ethosuximide are extremely useful for facilitating 

insights into disease pathogenesis. As aforementioned, this can be performed 

via chemical genetics screens in genetically tractable organisms like  

C. elegans, but a more direct approach would be to utilise the drug to identify 

molecular binding targets which may be disease-modifying. This is traditionally 

performed via an affinity chromatography approach whereby a derivatised 

version of a drug is immobilised onto an affinity column, followed by 

subsequent incubation with protein extracts and extensive washes to remove 

nonspecific binding (Terstappen et al., 2007). Bound proteins are eluted and 
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analysed with sodium dodecyl sulfate (SDS)-polyacrylamide gel 

electrophoresis (PAGE) and identification by mass spectrometry. The success 

of this approach depends on various factors, including high affinity of a drug 

for its target(s) such that nonspecific binding is reduced and to ensure 

sufficiently tight binding to endure washing steps. The dissociation constant 

(KD), which is a measure of the binding affinity of a ligand for its binding partner, 

typically has values ranging from femtomole to nanomole concentrations for 

high affinity ligands (Terstappen et al., 2007). In spite of the C. elegans cuticle 

which impedes drug permeation, high mM externally-administered 

concentrations were required to elicit protective effects of ethosuximide in the 

aforementioned studies. Although the internal lifespan-extending 

concentration of ethosuximide was reported by one such study to be within the 

µM range at approximately 220 µM, this value still deviates far from the desired 

KD range (Evason et al., 2005). Furthermore, therapeutic effects of the drug in 

humans are also elicited at high µM concentrations, as extrapolated from the 

reported minimum therapeutic dose of 40 µg/ml which translates to 

approximately 280 µM. Hence, this suggests that target identification may 

prove unfeasible or difficult with ethosuximide. Moreover, the drug will have to 

be derivatised with a linker molecule to affix it to the affinity column, which may 

further diminish its affinity for its target(s) if structural modifications are made 

in the bioactive part of the molecule. To facilitate appropriate derivatisation, 

tedious structure-activity relationship (SAR) studies must be performed. In 

addition, there is a possibility of low clinical neuroprotective efficacy, which 

may make repurposing an unideal strategy.  

Aside from the classic affinity chromatography approach for target 

identification, alternative approaches such as protein microarrays and yeast 

three-hybrid systems may be employed, although most of them necessitates 

molecular derivatisation for immobilization to matrices as well and may 

similarly be potentially unfeasible with ethosuximide (Terstappen et al., 2007, 

Lomenick et al., 2011). Drug affinity responsive target stability (DARTS) is an 

approach which does not require tedious SAR studies and molecular 

derivatisation, as it relies on the enhanced stability and increased proteolytic 

resistance of drug-bound targets to identify molecular targets through the 
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enhanced proteolysis of unbound proteins (Pai et al., 2015, Lomenick et al., 

2011, Lomenick et al., 2009). Although such a technique may improve the 

prospect of target identification with ethosuximide, existing limitations such as 

the choice and specificities of protease, and the rate and extent of proteolysis, 

can influence the success of target identification. The pros and cons of these 

different approaches need to be taken into consideration to select the most 

appropriate one for target identification with ethosuximide. However, given that 

most approaches require molecular derivatisation, a derivatised version of the 

drug may have broader utility and hence may improve the prospects of target 

identification. Given the potential low affinity of the drug, however, alternative 

strategies will have to be considered to optimise the success of such 

approaches.     

1.4 PROJECT AIMS 

In view of the possible low affinity of ethosuximide and the consequent possible 

issues with repurposing and utilising it to identify binding targets, the main aims 

of the current work are as follows: 

1) To utilise the drug as a scaffold to derive a structurally-similar candidate 

compound with enhanced neuroprotective potency. Such a candidate 

molecule may improve the prospect of deriving new therapies and for 

identifying potential disease-modifying targets in neurodegenerative 

diseases  

2) To understand the SAR of ethosuximide for appropriate molecular 

modifications for target identification  

3) To compare the MMOAs between ethosuximide and the candidate 

compound   
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MATERIALS AND METHODS 
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2.1 CHEMICALS AND COMPOUNDS 

All chemicals and reagents listed were obtained from Sigma-Aldrich Ltd 

(Dorset, UK) unless stated otherwise in the text.   

2.2 C. ELEGANS METHODS  

2.2.1 Strains and maintenance 

The dnj-14 (tm3223) strain was supplied by the National BioResource Project 

(Tokyo Women’s Medical University School of Medicine, Japan) whilst the 

following strains were obtained from the Caenorhabditis Genetics Center 

(University of Minnesota, USA): WT Bristol N2, unc-49 (e407) III, cca-1 

(ad1650) X, and daf-16 (mu86) I. Transgenic tau-expressing CK10–bkIs10 

[Paex-3::Tau–337M, Pmyo-2::GFP] (hereafter referred to as CK10), and 

transactive response DNA binding protein 43 kDa (TDP-43)-expressing strains 

CK405 [Psnb-1::TDP-43 (WT), Pmyo-2::dsRED] and CK426 [Psnb-1::TDP-

43A315T, Pmyo-2::dsRED] were generated and kindly donated by Dr. Brian 

Kraemer (University of Washington, USA) (Kraemer et al., 2003, Kraemer and 

Schellenberg, 2007, Liachko et al., 2010), who also provided the CZ1200 

strain [Punc-25::GFP] from Prof. Yishi Jin (University of California, San Diego, 

USA). Compound mutant strains unc-49/cca-1 and unc-49/daf-16 were 

generated via genetic crosses of unc-49 (e407) III with cca-1 (ad1650) X and 

daf-16 (mu86) I respectively by Douglas Grimes (University of Liverpool, UK), 

whilst CK426/CZ1200 strain was generated in the same manner with CK426 

and CZ1200 strains by Matthew Pontifex (University of Liverpool, UK). 

Crosses of the CK426/CZ1200 worms with daf-16 (mu86) I strain were made 

with Beth Atherton (University of Liverpool, UK) to generate the triple mutant 

daf-16/CK426/CZ1200. Note that as denoted, daf-16 (mu86) I is an autosomal 

mutation on chromosome I whereas cca-1 (ad1650) X is X-chromosome-linked. 

CK426 and CZ1200 are transgenic strains with integrated extrachromosomal 

arrays containing transgenes and additionally the Pmyo-2::dsRED red 

pharyngeal co-injection fluorescent marker for the former. The genomic 

locations of these integrated arrays were not determined, and locations were 

assumed to be autosomal. Figures 2.1 and 2.2 show the general crossing 

strategies used for autosomal mutants and between autosomal and X-linked 

mutants respectively. All mutants were genotyped with polymerase chain 
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reaction (PCR) and subsequent agarose gel electrophoresis (sections 2.4.2 

and 2.4.5 respectively; genotyping primers listed in Table 2.3), except 

CK426/CZ1200 worms which were verified for human TDP-43 protein 

expression with western blotting (section 2.4.1). Specific details about the 

genetic crosses should be referred to in the results chapters 4 and 5.   

Strains were maintained under standard conditions at 20oC on Nematode 

Growth Media agar culture plates (NGM; 1 mM each of CaCl2 and MgSO4, 25 

mM KH2PO4, 5 µg/mL cholesterol, and in w/v 2 % agar, 0.25 % peptone, and 

0.3 % NaCl) seeded with 100 µL  of the OP50 E. coli bacteria strain acting as 

the food source (Brenner, 1974). Maintenance was performed every 3 to 5 

days by transferring 5 to 10 egg-laying adult worms onto the OP50 lawn of 

freshly seeded NGM plates with a worm tungsten pick (World Precision 

Instruments Inc., Hertfordshire, UK). Chunking was performed in the event of 

starvation or near-starvation, whereby sections of NGM agar-containing 

worms were removed and transferred to freshly seeded plates; chunked 

worms will detect and move towards OP50 on freshly seeded plates.      
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Figure 2.1. Worm crossing strategy for autosomal mutations. 
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Figure 2.2. Strategy for crossing X-linked and autosomal mutant strains.  
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Table 2.3. PCR primers for genotyping of mutant strains. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PCR (genotyping)

Primer Sequence (5’-3’) Annealing temperature (oC) Amplicon size (bp) Genotyped strains

TARDBP forward

(human TDP-43)
CTGAATATATTCGGGTAACCG

47 1231
daf-16 (mu86)

/CK426/CZ1200TARDBP reverse

(human TDP-43)
CAGCCAGAAGACTTAGAATCC

daf-16 (mu86) forward CCCACATTCGTGTGGGTTTTCTAGTCG 

55
635 

(wildtype daf-16) 
daf-16 (mu86)

/CK426/CZ1200

daf-16 (mu86) internal 

reverse
GCGTCAGTTCCGATCTGATATGAAC 

daf-16 (mu86) forward CCCACATTCGTGTGGGTTTTCTAGTCG 

54
405

(daf-16 (mu86))daf-16 (mu86) external 

reverse
CGTTATCAAATGCTCCTTGCATTGAATC 

daf-16 forward (new) GTAGACGGTGACCATCTAGAG

50

950 

(daf-16 (mu86))

unc-49/daf-16 

daf-16 reverse (new) GACGATCCAGGAATCGAGAG

daf-16 forward (new)
GTAGACGGTGACCATCTAGAG 1470 (wildtype daf-

16) 
daf-16 internal (new) CGGGAATTTCAGCCAAAGAG

cca-1 (ad1650) forward CCGCAATTTGCCCTCCACAT 
3310 (wildtype cca-

1); 

930

(cca-1 (ad1650))

unc-49/cca-1 

cca-1 (ad1650) reverse ATGAGGATGGCGAAGAGGACC 

unc-49 forward ATGACCAAGGTTAGGCGACG
55

431 

(both wildtype and 

e407 alleles)

unc-49/daf-16

unc-49/cca-1 unc-49 reverse TCTGGCTACATAACGGCACG
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2.2.2 Freezing and revival of frozen worm strains 

As adapted from previously-described procedures, C. elegans was frozen in a 

cryoprotective agent at -80oC  for long-term preservation (Brenner, 1974, 

Stiernagle, 2006). Strains were propagated and starved to obtain and arrest 

progenies at the L1 and/or L2 larval stages which best survive freezing. Worms 

were then washed off NGM agar with 3 ml M9 buffer (1 mM MgSO4, 3 g/L 

KH2PO4, 5 g/L NaCl, and 6 g/L Na2HPO4) and mixed with an equal volume of 

freezing solution (30 % (w/v) glycerol, 3 mM MgSO4, 5.5 mM NaOH, 50 mM 

KH2PO4, and 100 mM NaCl) before aliquoting to cryovials. Worms were 

subjected to slow freezing overnight at -80oC in polystyrene boxes followed by 

long-term storage at the same temperature. To recover frozen stocks, frozen 

aliquots were thawed at room temperature and transferred to freshly seeded 

plates followed by continued propagation of recovered worms. 

2.2.3 Decontamination of strains  

Worm populations can be contaminated with mould, bacteria, or yeast. 

Decontamination was carried out either by transferring contaminated chunks 

onto freshly seeded plates and further transferral of worms which had crawled 

off chunks onto freshly seeded plates, or by bleaching as adapted from 

established protocols (Porta-de-la-Riva et al., 2012). With bleaching, 

contaminated populations washed off plates with 3.5 mL water were combined 

with 1.5 mL bleach mixture (2 parts 8 % commercial alkaline hypochlorite 

bleach and 1 part 5 M NaOH). Eggs were released from gravid adult worms 

through lysis by vortexing the mixture every 2 mins for 10 mins, and pelleted 

via centrifugation (1 min, 1300 g). The egg pellet was resuspended in 1 mL M9 

buffer after a triple wash with 5 mL M9 buffer, and incubated for 24 hours on a 

nutating shaker at room temperature to arrest the hatched progenies at the L1 

larval stage. The L1 suspension was then transferred to the edges of freshly 

seeded plates to allow continuation of development; worms of locomotion-

defective CK10, CK426, CK426/CZ1200, and daf-16 null CK426/CZ1200 

strains were transferred directly onto OP50 lawns instead. 
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2.2.4 Age synchronisation  

Strains were age-synchronised by bleaching or timed egg lay. Bleaching was 

performed as described in the preceding section with procedures as adapted 

from established protocols (Porta-de-la-Riva et al., 2012). To obtain a desired 

worm population size per plate, the number of L1 worms were counted per µL 

of suspension and appropriate volumes of suspension transferred onto freshly 

seeded plates. With timed egg lay, approximately 60 gravid worms per strain 

were transferred and left onto freshly seeded plates for 6 hours for egg laying, 

following which they were removed so that only eggs remained on the plates. 

Depending on the procedure used, the duration from egg to adulthood is 

approximately 4 days at 20oC, whereas it takes about 3 days from the L1 stage. 

Bleaching was the preferred method of age synchronisation, as it prevented 

contamination of strains and kept synchronised populations free from 

contamination for further experimentation.  

2.3 C. ELEGANS ASSAYS 

All assays were performed at 20oC. 

2.3.1 Plate-based pharmacological treatment  

Treatment NGM plates containing water-soluble compounds were prepared by 

dissolving sterile-filtered 10X stocks in NGM without the agar component, 

followed by further dilution to 1X working concentrations in molten NGM agar 

before transferral into 60 mm culture plates. Treatment plates containing 

hydrophobic compounds were prepared by diluting sterile-filtered stocks (100X 

of the working concentration in 40 % dimethyl sulfoxide (DMSO) in NGM 

without agar) with molten NGM agar to obtain the working concentration in 0.4 % 

DMSO. Corresponding DMSO vehicle control plates were prepared in the 

same manner. Treatment and vehicle plates with the thymidylate synthase 

inhibitor 5-Fluoro-2′-deoxyuridine (FUDR) were prepared as described above, 

with the addition of 49.5 µM of FUDR as reported previously (Sutphin and 

Kaeberlein, 2009).  

All freshly poured plates were stored in the dark at 4oC after drying at room 

temperature overnight, and transferred to room temperature and seeded up to 

4 days before use. FUDR plates were seeded with overnight cultures of 10X 
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concentrated OP50 with the same concentration of FUDR, as adapted from 

previously published protocols (Sutphin and Kaeberlein, 2009, Anderson et al., 

2016). Plates older than 2 weeks since preparation were not used to ensure 

that plates were kept as fresh as possible.   

2.3.2 Liquid thrashing assay 

The motility of worms in liquid was assessed via quantification of their 

thrashing rates in Dent’s Ringer solution (DRS pH 7.4; 1 mM MgCl2, 3 mM 

CaCl2, 6 mM KCl, 10 mM HEPES, and 140 mM NaCl), as previously described 

(Johnson et al., 2009b). A thrash is typically scored as a head to tail sinusoidal 

movement in WT worms. However, the current study assessed the thrashing 

phenotype of the locomotion-defective CK10 strain which does not exhibit 

typical thrashes, with sinusoidal movements apparent only in the anterior 

halves of these worms whereas the posteriors are paralysed. These worms 

also exhibit uncoordinated and minimal movements in liquid. To improve 

comparisons between pharmacological treatments, the phenotype was scored 

differently for this strain. A thrash was scored when a worm moves laterally or 

sinusoidally in their anterior halves, whereas lateral movements in the head 

only were not scored. Thrashes were quantified over 1 min after a 10-min 

acclimatisation period in 0.1 % (w/v) bovine serum albumin (BSA) / DRS.   

2.3.3 Body bend assay 

Locomotion on a solid medium was assessed by quantifying the number of 

body bends made, adapted as previously described (Sleigh, 2010). Depending 

on the treatments administered, corresponding unseeded plates were used to 

acclimatise worms for 20 s followed by scoring of body bends over a duration 

of 1 minute, and to ensure chronic treatment exposure during throughout the 

assay. The current study assessed the body bends of the locomotion-defective 

CK426 and daf-16/CK426/CZ1200 strains. Unlike WT worms which move 

sinusoidally on solid medium, these strains generally display limited 

locomotion with movement primarily manifesting in the posterior part of the 

body. Body bends for these worms were scored when the posterior half moves 

laterally, sinusoidally, or coils at maximum angle away from the central axis of 

the body. Reversion of the movement back to the central body axis is not 
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scored as another body bend, and a bend would have to be made away from 

the central axis again to be scored.  

2.3.4 Food race assay 

The food race assay, which measures sensory neuron function by determining 

the rate of movement towards an OP50 food source (Figure 2.4), was based 

on established protocols (Kashyap et al., 2014, Mitchell et al., 2010). Before 

commencement of the assay, 20 to 30 worms were washed twice in 0.1 % 

BSA / M9 buffer. This was performed by picking them into the wash buffer and 

allowing them to thrash for 5 mins each time. Depending on the treatment 

administered to the assayed worms, the same concentration of the treatment 

was included in the wash buffer to ensure continuous treatment exposure.  

2.3.5 Lifespan assay 

Assays were adapted as previously described (Chen et al., 2015b) and were 

initiated with 60 age-synchronised adult day 1 worms on freshly-seeded 

treatment or vehicle plates, and concluded when all assayed worms were dead. 

Worms were scored for survival every alternate day throughout the assay. To 

prevent contamination with progenies especially during the fertile period of the 

first 2 weeks, and to prevent or reduce plate contamination, worms were 

transferred to freshly seeded plates on each scoring day. Worms were scored 

as alive if they display spontaneous locomotion, or in the absence of that, 

locomotive responses to touch stimulation with a worm pick and/or pharyngeal 

pumping. Dead worms were accounted for per scoring day, whereas missing 

worms, those with internally-hatched progenies, and worms damaged from 

picking which were evident from visible spillage of body contents, were 

censored from analysis. 
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Figure 2.4. Food race assay. Worms and a 30 µL lawn of the OP50 food 

source were placed at opposite ends of a 60 mm treatment or vehicle plate, 

10 mm from the edges. The number of worms at the food source was noted 

every 10 mins up to 2 hours, and removed from the food each time after 

counting. 
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2.3.6 In vivo imaging of GABAergic motor neurons  

Worms expressing GFP in GABAergic neurons were imaged as previously 

described (Kashyap et al., 2014). Worms were immobilised in a 3 µL droplet 

of polyethylene glycol (PEG)/glycerol solution in 1X phosphate buffered saline 

(PBS) (20 % each of PEG (w/v) and glycerol) on a 22 x 40 mm imaging slide 

(VWR International, Pennsylvania, USA), and mounted with a 13-mm coverslip 

(Paul Marienfeld GmbH & Co. KG, Germany). Worms were then imaged 

immediately under fluorescence with the Nikon Eclipse Ti S microscope (Nikon 

Instruments Europe BV, Netherlands). Quantification of cell bodies and breaks 

of the GABAergic D-type motor neurons in the ventral nerve cord was carried 

out at 40 or 60 X objective, whereas images were acquired at 200X 

magnification on the 20X objective with the NIS-Elements imaging software 

version 3.2 (Nikon Instruments Europe BV, Netherlands). As previously 

described, cell bodies of the neurons were scored when intact and clear 

punctate fluorescence was observed, whilst neuronal breaks were quantified 

from fluorescence breaks (Liachko et al., 2010). 

2.3.7 Pentylenetetrazol (PTZ)-induced seizure assay  

2.3.7.1 Assay optimisation 

A PTZ-induced seizure model was previously described in a GABAergic-

deficient and synaptic transmission mutant strain, unc-49, which exhibits a 

seizure-type phenotype when exposed to the convulsant PTZ (Williams et al., 

2004). This model was further adapted herein to develop a screening assay 

for antiseizure protection. Seizures are defined as head bobbing movements 

manifested by head extension from the body followed by shrinkage back into 

the body, and were stringently scored herein in a qualitative and/or quantitative 

manner. Qualitative scoring is a ‘yes/no’ assessment of whether the worm is 

seizing or not in general over the course of 30 s, whereby seizing was scored 

when the worm exhibits three repetitive head bobs. This was then followed by 

subsequent determination of the seizing proportion in the assayed population. 

On the other hand, the quantitative approach scores the number of head bobs 

over the same duration. Both scoring approaches complement each other and 

concurrent usage strengthens the assessment of the phenotype. 
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Previous work by Steven Dodd (University of Liverpool, UK) established a 

liquid-based protocol for inducing seizures in the unc-49 strain by incubating 

the worms in 50 mM PTZ in 0.1 % BSA / DRS for an optimal seizure-inducing 

duration of 15 mins. Further work was performed herein to identify the optimal 

seizure-inducing concentration of PTZ at this treatment duration via 

concentration-response assessments of the compound. To identify the optimal 

treatment duration and the ballpark concentration at which compounds would 

be initially screened at to assess their activity in regard to protection against 

PTZ-induced seizures, the antiepileptic drug ethosuximide was used as the 

reference molecule to assess these parameters. Note that given the 

differences in molar mass, screens were initiated at a standardised mg/mL 

concentration of 4 mg/mL, which is equivalent to the optimal protective 28 mM 

concentration of ethosuximide, unless stated otherwise. The resultant 

optimised protocol for primary screens is as follows: unc-49 worms were 

pretreated with 4 mg/mL compound in 0.1 % BSA / DRS for 2 hrs, followed by 

exposure to 50 mM PTZ with the same drug treatment concentration in 0.1 % 

BSA / DRS for 15 mins to induce seizures. Seizing phenotypes were scored 

concurrently with video recordings of the worms performed with a Zeiss Stemi 

2000-C microscope (Carl Zeiss Limited, Cambridge, USA) mounted on a Prior 

OptiScanIITM motorised microscope stage (Prior Scientific Inc, Massachusetts, 

USA) on the Worm Tracker software version 2.0.3.1. For detailed description 

of assay optimisation, refer to chapter 3, section 3.2.2.  

2.3.7.2 Primary screens and concentration-response assessment of 

active compounds 

As abovementioned, screens were performed at a standardised optimal 

seizure-protecting mg/mL concentration of ethosuximide at 4 mg/mL. However, 

screening concentration was reduced to 2 mg/mL if toxicity was observed. 

Hydrophobic compounds were screened at 1 % DMSO, with activities 

compared against ethosuximide and succinimide controls at the same vehicle 

concentration. If inactivity was observed at 4 mg/mL in the absence of toxicity, 

re-screening was performed at a higher 70 mM-equivalent concentration of 

ethosuximide at 10 mg/mL to verify inactivity; confirmation of inactivity was 

also performed for succinimide to substantiate its use as the negative control. 
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As the objective of these primary screens were to get a quick preliminary 

assessment of a compound’s activity, identified compounds were 

subsequently subjected to further in-depth concentration-response 

assessments to assess and compare their potencies. At this stage, molar 

concentrations were assessed to account for molar mass differences, for more 

accurate comparisons. Except 1-Benzylpyrrolidine-2,5-dione (AK Scientific 

Inc., California, USA), 3,3-diethylpyrrolidine-2,5-dione and 4-ethyl-4-

methylpyrrolidin-2-one (Enamine Ltd, New Jersey, USA), and 2,5-

Pyrrolidinedione,3-ethyl-1,3-dimethyl which was synthesized in the current 

study (section 2.5.2), all compounds were obtained from Sigma. 
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2.4 MOLECULAR BIOLOGY TECHNIQUES 

Procedures involving genetic material (sections 2.4.2 – 2.4.5) were performed 

with nuclease-free water (ThermoFisher Scientific Inc., Waltham, MA, USA) to 

prevent genetic degradation.  

2.4.1 SDS-PAGE, western blotting, and coomassie blue staining 

Procedures were based on previously established protocols (Duerr, 2006). 

Human TDP-43 protein expression in CK426/CZ1200 double mutants was 

verified with western blot by Matthew Pontifex (University of Liverpool; section 

2.2.1). Briefly, 100 worms per sample were picked into 25 µL water, followed 

by addition of an equivalent volume of Tris-Glycine SDS 2X sample buffer 

(ThermoFisher Scientific Inc). Samples were lysed via a freeze-thaw cycle at  

-80oC for at least 30 mins, boiled at 100oC for 20 mins, and resolved via SDS-

PAGE alongside 5 µL of the SeeBlue® Plus2 pre-stained protein standard on 

precast NuPAGETM Bis-Tris 4-12 % protein gels in 1X NuPAGETM MOPS SDS 

running buffer (all components from ThermoFisher Scientific Inc) at 165 V for 

1 hr. Proteins were transferred onto nitrocellulose membranes in transfer 

buffer (0.025 M Tris, 0.192 M glycine, 20 µL methanol) with a BioRad Trans-

blot Electrophoresis Transfer Cell (Bio-Rad Laboratories Ltd, Hertfordshire, UK)  

at 25 V overnight. The membrane was then blocked with 3 % (w/v) skimmed 

milk in 1X PBS for 1 hr, followed by incubation with a mouse monoclonal anti-

TDP-43 primary antibody (Abcam, Cambridge, UK) at 1:1000 dilution for 

another hour. After three 5-min 1X PBS washes, the membrane was incubated 

for 1 hr with goat anti-mouse IgG peroxidase secondary antibody at 1:500 

dilution. After rinsing of the membrane with 1X PBS, chemiluminescent 

detection of immunoreactivity was performed with ClarityTM Western ECL 

Blotting Substrates (Bio-Rad Laboratories Ltd) according to manufacturer’s 

instructions. For 1-dimensional (1D) proton (1H) nuclear magnetic resonance 

(NMR) analysis of bioaccumulated treatment concentrations (see section 

2.6.3.3 and Figure 2.17), samples prepared for SDS-PAGE were lysed and 

resolved via SDS-PAGE at 200 V for 45 mins. Gels were stained with 

InstantBlueTM coomassie stain (Expedeon Ltd, Cambridge, UK) by 

microwaving on high heat for 40 s followed by incubation for 30 mins on a 

nutating shaker prior to analysis of staining intensities. Imaging and analysis 
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of gels, blots, and gel staining intensities were performed on the ChemiDocTM 

XRS+ imaging system with Image LabTM version 6.0 (Bio-Rad Laboratories 

Ltd). 

2.4.2 Single worm PCR 

Lysis of single worms were adapted as previously described (Ahringer, 2006) 

in 10 µL lysis buffer (1X Phusion® HF buffer, New England Biolabs Ltd, Hitchin, 

UK; 1 mg/mL proteinase K) to extract genomic material via initial freezing at -

80oC for at least 30 mins and subsequent heating at 65oC for 90 mins. Samples 

were stored long-term at -80oC after proteinase K was inactivated at 95oC for 

15 mins. PCR was performed on 2 µL of template DNA in a 25 µL reaction with 

OneTaq® Quick-Load® 2X Master Mix with Standard Buffer (New England 

Biolabs Ltd) according to manufacturer’s instructions. Annealing temperatures, 

derived with the online NEB Tm calculator (New England Biolabs Ltd), are 

shown per primer pair in Table 2.3.  

2.4.3 RNA extraction and reverse transcription to complementary 

deoxyribonucleic acid (cDNA) 

RNA was extracted from worms (Figure 2.5) and purified with the RNeasy mini 

kit and RNase-Free DNase Set (Qiagen, Manchester, UK) according to 

manufacturer’s instructions, followed by measurement of concentration and 

purity with a NanoDropTM Lite spectrophotometer (ThermoFisher Scientific Inc). 

Reverse transcription to cDNA was then performed with 3 µL template RNA 

with the GoScriptTM Reverse Transcription kit according to manufacturer’s 

instructions (Promega, Southampton, UK).  
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Figure 2.5. RNA extraction from C. elegans.  
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2.4.4 Quantitative PCR (qPCR) 

Procedures were adapted as previously described (Chen et al., 2015b), and 

equipment and reagents were obtained from Bio-Rad Laboratories Ltd unless 

stated otherwise. One µL of cDNA samples were prepared in 10 µL reactions 

on white well Hard-Shell® 96-well PCR plates, at primer concentrations of 0.5 

µM in iTaqTM Universal SYBR® Green Supermix according to manufacturer’s 

instructions. qPCR analysis was performed with the CFX ConnectTM Real-

Time PCR Detection System and CFX Manager 3.1, with thermocycling 

conditions as follows: Initial denaturation at 95oC for 2 mins, followed by 40 

cycles of 30-sec 95oC denaturation, 55oC annealing, and 72oC extension steps, 

and final extension at 72oC for 5 mins. cdc-42 and pmp-3 were previously 

verified as appropriate C. elegans internal controls and their geometric mean 

was used for normalizing expression levels of sampled genes (Hoogewijs et 

al., 2008). All qPCR primers used (Table 2.6) have melting temperatures 

between 55 and 60oC and were specific for cDNA templates due to the intron-

spanning priming sites on one or both primers in the primer pair. Primer design 

was carried out with DNA Dynamo Sequence Analysis Software (Blue Tractor 

Software, Llanfairfechan, UK), and secondary structures were checked with 

BeaconTM Designer (PREMIER Biosoft, Palo Alto, California, USA). Primer 

specificities were confirmed via a single melt temperature with melt curve 

analysis at the end of a qPCR and presence of single band on agarose gel.   

2.4.5 Agarose gel electrophoresis  

DNA and cDNA amplicons from PCR and qPCR experiments were resolved 

on 2 % agarose gels containing SYBR® Safe DNA gel stain (ThermoFisher 

Scientific Inc) at 80 V for 45 mins. cDNA amplicons were loaded into gel wells 

in combination with 6X DNA gel purple loading dye (Bio-Rad Laboratories Ltd), 

whereas the use of the OneTaq® Quick-Load® reagent (New England Biolabs 

Ltd) for PCR enables direct loading of DNA amplicons. The HyperLadderTM 

1kb molecular weight marker (Bioline Reagents Limited, London, UK) was 

resolved alongside products as a guide for amplicon size. Resolved bands 

were visualized with UV light on the ChemiDocTM XRS+ imaging system with 

Image LabTM version 6.0 (Bio-Rad Laboratories Ltd). 
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Table 2.6. qPCR primers. 

 

 

 

 

 

 

 

 

 

qPCR

Primer Sequence (5’-3’)

pmp-3 forward TGGTGTCGCGATTACTGTAG

pmp-3 reverse GATTTGTTGTCGCAGAGTGG 

cdc-42 forward GGTGGCGAGCCATACACATTAGG

cdc-42 reverse CTCTCCAACATCCGTTGACACTGG

pph-6 forward ACATGGAGGACTTTCACCTG

pph-6 reverse ATAGCAGTAGTTTGGAGCCG

cyp-34A9 forward CGAGACTCTTGCCGTAGACC 

cyp-34A9 reverse TTCCACCGGTAACCTCTGTC 

cyp-35B1 forward CAAAGATGGAGCAGGAGAGG 

cyp-35B1 reverse ATTGAATCCTGCGACCAAAG 

cyp-14A3 forward CAAAGGACCGTTACCATTGC 

cyp-14A3 reverse TTGAAGCCTCCAGTTGTCTC 

ugt-25 forward ATGACTCACGGAGGTCTTGG

ugt-25 reverse TGCAAGCATATTCGCATTTC

ttr-44 forward GACGTCTGATCTGTGGAGAC

ttr-44 reverse TCCAGGTTGAGAACTCCAAG

dhs-26 forward AACATCTGCAGGATCTTGGG

dhs-26 reverse CACAAAGTGATTGCCCATCC

dod-3 forward GCCCAGCCAACAGTCTATC

dod-3 reverse CATGAACACCGGCTCATTC

dod-6 forward TCCTCGTCATCATGTCTGTC

dod-6 reverse CACTTTCCGCAAGTCTTTGG

asm-3 forward GCACTTCACTTGACCGACC

asm-3 reverse GGGCTTCTCCTTCCCATCTC

tir-1 forward GATAACTGTGAGGATTGGGTG

tir-1 reverse CATTTCTTTGGTGGTCGGTG
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2.5 CHEMISTRY APPROACHES  

All procedures described in this section were carried out with the expertise and 

supervision of collaborators Professor Paul O’Neill and Drs Neil Berry and 

Chandrakala Pidathala from the Chemistry Department at the University of 

Liverpool (UK). Synthesis reactions were performed with Dr Chandrakala 

Pidathala, who subsequently confirmed successful formation of reaction 

products from the analyses of concluded reactions by 1D 1H NMR 

spectroscopy and small molecule mass spectrometry. The Appendices section 

contains information on product-derived peaks from 1D 1H NMR spectroscopy, 

and an additional mass spectrometry spectra for the final reaction of 

compound 9 (R)-enantiomer synthesis.  

2.5.1 Selection of compounds via computational chemistry  

Compounds similar to ethosuximide were selected with computational and 

empirical approaches, although the procedures described herein applies 

primarily to the former approach since empirical selection was performed by 

Professor Paul O’Neill and Dr Neil Berry. Computational identification of similar 

compounds was performed on ZINC database version 12 (Irwin and Shoichet, 

2005), a repository of commercially-available compounds for virtual screening. 

Similar compounds were identified on the database by applying in-built filters 

for substructure (Barnard, 1993) and similarity searching (Stumpfe and 

Bajorath, 2011, Bender and Glen, 2004), with the criteria for similarity search 

specified at Tanimoto similarity coefficient (Tc) similarities of 70 to 90 %; refer 

to chapter 3.1.2.1 for further information. Selection of identified compounds 

from both computational and empirical approaches for screening was 

facilitated computationally with the Accelrys Pipeline PilotTM software version 

9.0 (Accelrys Software Inc., California, USA) via the 

multiobjective/multiparameter optimisation (MOO/MPO; (Ekins et al., 2010) 

“pareto sort” function which ranks the compounds based on the following 

parameters: 1) predicted CNS permeability from computed CNS MPO scores 

(Wager et al., 2010b), 2) structural similarity to ethosuximide, and 3) predicted 

C. elegans bioaccumulation propensity from the worm SAM (Burns et al., 

2010). Physicochemical information required to compute CNS MPO scores 

were derived from ChemDraw Professional version 15.0 (PerkinElmer 
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Informatics, Coventry, UK) and ACD/I-lab (National Chemical Database 

Service, UK). As a similarity reference, the structure of ethosuximide was 

included in the analysis via the software’s “Similarity Filter” component as a 

MOL file (.mol), which was generated from ChemDraw Professional version 

15.0 (PerkinElmer Informatics). Chemical structures of compounds selected 

for screening as represented herein were drawn using the Marvin JS chemical 

editor from ChemAxon (Budapest, Hungary). 

2.5.2 Synthesis of an N-methylated ethosuximide derivative for 

primary screening 

The N-methylated form of ethosuximide (2,5-Pyrrolidinedione,3-ethyl-1,3-

dimethyl) was generated from a single step reaction with the methylating agent 

iodomethane in anhydrous conditions as adapted from a previously reported 

procedure (Khan et al., 2001). The reaction was initially left to react at room 

temperature for 3 nights with the listed reagents (Figure 2.7), and continued 

for an additional night with half the original amount of iodomethane (6.8 mM). 

Analytical thin layer chromatography (TLC) performed on a silica gel-coated 

aluminium plate (Figure 2.8) was used to verify successful generation of the 

N-methylated product. The reaction mixture was then subjected to filtration and 

reduced pressure to remove K2CO3 and acetone respectively. The product was 

purified by silica gel column chromatography at hexane/ethyl acetate = 4/1 

(Figure 2.9), and confirmed for its identity after solvent removal from combined 

appropriate fractions (Appendix 1). 
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Figure 2.7. Single step synthesis of an N-methylated derivative of 

ethosuximide. Ethosuximide was N-methylated in the presence of the 

methylating agent iodomethane and weak base potassium carbonate (K2CO3). 

In the presence of K2CO3, the nitrogen atom in ethosuximide was deprotonated, 

facilitating the transfer of the methyl group (-CH3) from iodomethane to the 

nitrogen. As nitrogen is an effective hydrogen bond donor, the reaction was 

performed in anhydrous conditions to prevent nitrogen reprotonation from 

hydrogen bonding between nitrogen and water. The amounts of chemicals and 

reagents used for the reaction are indicated in the given table.  
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IodomethaneEthosuximide

K2CO3

2,5-Pyrrolidinedione,3-ethyl-1,3-dimethyl

Chemical Purpose of chemical mmol g
Volume 

(ml)

Ethosuxmide Starting compound 3.4 0.489 -

Iodomethane (liquid) Methylating agent 13.6 1.931 0.846

Anhydrous potassium 

carbonate

Weak base for 

deprotonating 
5.1 0.704 -

Anhydrous acetone Solvent - - 10
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Figure 2.8. Analytical thin layer chromatography (TLC). Polarity of spotted 

samples and both stationary and mobile phases affect the mobility of samples 

up the TLC plate, and hence the extent of component separation in samples. 

Due to the polar silica gel coating on the TLC plate, increased polarity of 

samples results in stronger interaction with this stationary phase and reduced 

mobility up the plate. Therefore, the polarity of the eluent was increased to 

simultaneously weaken this interaction and strengthen that with the eluent to 

allow for better separation of components. This was performed by decreasing 

the ratio of non-polar hexane to polar ethyl acetate.  
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Figure 2.9. Silica gel column chromatography for the purification of 

crude mixtures. The silica gel was packed into the column with hexane after 

a cotton wool plug was inserted at the bottom to prevent the gel from washing 

out, followed by addition of sand at the top of the packed gel to maintain 

surface tension. The column was flushed with hexane after the crude mixture 

was applied, and a gradient elution performed with hexane/ethyl acetate to 

collect fractions of eluate. 
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2.5.3 Synthesizing (R)-enantiomer of compound 9 

Three sequential reactions were performed to synthesize the (R)-enantiomer 

(Figure 2.10 and Table 2.11). Chemical procedures for the first two and third 

reactions were adapted from Shintani et al (2006) and Carniato et al (2009) 

respectively. In the first reaction, the synthesis of the substrate for isomeric 

generation, 1-benzyl-3-methylmaleimide, was carried out at 125oC for 2 hours 

in acetic acid. Following removal of the acid and verification of product 

formation, the product was separated with silica gel column chromatography 

at hexane/ethyl acetate = 9/1 and purified. 

Reaction 2 involved isomer generation from 1-benzyl-3-methylmaleimide. The 

chiral ligand (R)-binap and chiral rhodium catalyst RhCl(C2H4)2]2 were stirred 

in 1,4-dioxane at room temperature for 15 mins, followed by addition of 

PhB(OH)2 and KOH and further stirring for 3 mins at room temperature. 1-

benzyl-3-methylmaleimide and additional 1,4-dioxane of the same volume 

were added, and the reaction was continued at 50oC overnight. The reaction 

mixture was filtered through a silica gel pad to remove the rhodium catalyst. 

(R)-1-benzyl-3-methyl 3-phenylsuccinimide and trans-1-benzyl-3-methyl-4-

phenylsuccinimide were reported to elute closely to each other (Shintani et al., 

2006) and were separated with gradient silica gel column chromatography at 

hexane/ethyl acetate = 9/1, followed by purification. 1D 1H NMR peaks from 

reaction 1 and 2 products are shown in Appendix 2. 

The last reaction involved debenzylation of the co-eluting products with AlCl3 

to increase the polarities and improve separation of the desired product (R)-1-

benzyl-3-methyl 3-phenylsuccinimide from the other isomer. This final reaction 

was performed on a small scale with only 50 mg of the starting material to 

assess the feasibility of the procedure for debenzylation. The reaction was 

carried out at 120oC overnight and subsequent analytical TLC (hexane/ethyl 

acetate = 9/1) to assess the success of debenzylation via the presence of new 

spots which may be product-derived. A lower eluting spot was present which 

was likely from debenzylated products due to an increase in polarity and a 

consequently slower elution rate. The reaction was confirmed to be successful, 

although it did not go into completion as traces of starting benzylated materials 
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were detectable by 1D 1H NMR spectroscopy and small molecule mass 

spectometry (Appendices 3 and 4). The reaction was not continued to 

completion, neither were debenzylated products separated as the amount of 

product recovered from the scale of the reaction would be insignificant. In 

addition, the reaction was not repeated on a larger scale due to the departure 

of Dr Chandrakala Pidathala. 

2.5.4 Prediction of 1D 1H NMR spectra   

1D 1H NMR spectra for compound 9 and its hydroxylated metabolite α-(p-

hydroxyphenyl)-α-methylsuccinimide were predicted on ACD/I-lab (National 

Chemical Database Service) at a resonance frequency of 600 MHz. Molecular 

structures of both compounds were uploaded as MOL files, which were 

generated from ChemDraw Professional version 15.0 (PerkinElmer 

Informatics).Spectra were predicted from the “H NMR Predictor” with the 

resonance frequency specified as 600 MHz, and extracted from the database 

as a JCAMP file (.jdx) before being imported onto TopSpinTM version 3.5pl6 

(Bruker BioSpin Gmbh, Germany) for further spectral processing to be as 

presented herein in Appendix 7. 
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Figure 2.10. (R)-compound 9 synthesis. (A) Reaction 1, synthesis of starting 

substrate 1-benzyl-3-methylmaleimide. (B) Reaction 2, synthesis of isomers. 

Regioselective transfer of phenyl from phenylboronic acid onto the 1-benzyl-

3-methylmaleimide was catalysed by the chiral rhodium catalyst and (R)-binap 

ligand, forming minor products trans/cis-1-benzyl-3-methyl-4-

phenylsuccinimide and major product (R)-1-benzyl-3-methyl-3-

phenylsuccinimide (compound 9). (C) Reaction 3, debenzylation of isomers 

with AlCl3. The cis isomer is not shown as it does not elute closely with the 

others. 
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Table 2.11. Chemicals for (R)-compound 9 synthesis. Reaction 2 for the 

stereoselective synthesis of isomers was conducted on a 1 mmol scale, and 

under oxygen-free and anhydrous conditions to prevent/reduce loss of 

catalytic activity from the rhodium catalyst due to oxidation. 

 

 

 

 

 

 

Reaction Chemical Purpose mmol g Volume (ml)

1

Citroconic anhydride 
Starting 

material
10 1.12 -

Benzylamine
Donates

benzyl group 
10 - 1.09

Acetic acid Solvent - - 15

2

1-Benzyl-3-

methylmaleimide

Starting 

material;
product from 

reaction 1

1 201 -

Rhodium catalyst Chiral catalyst 0.0255 5 -

(R) – binap Chiral ligand 0.0275 17.5 -

1,4-Dioxane Solvent - - 2.5 

Phenylboronic acid
Phenyl group 

donor
3 366 -

Potassium hydroxide Base 0.5 - 0.5

3

(R)-1-benzyl-3-methyl 

3-phenylsuccinimide;
trans-1-benzyl-3-

methyl-4-

phenylsuccinimide

Starting 

materials; co-
eluting 

products from 

reaction 2

0.18 50 -

Aluminium chloride
Debenzylating 

agent
0.9 110 -

Toluene Solvent - - 5
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2.6 METABOLITE ANALYSIS OF TREATED C. ELEGANS WITH 1D 1H 

NMR SPECTROSCOPY 

Procedures were performed with advice from Dr Marie Phelan (Technology 

Directorate, University of Liverpool, UK).   

2.6.1 General procedure for metabolite extraction from whole  

C. elegans samples and analysis with 1D 1H NMR spectroscopy 

Metabolites were extracted from thawed C. elegans samples in 50 % (v/v) 

water and ice-cold acetonitrile (AcN) via sonication with the MSE Soniprep 150 

Plus sonicator/cell disruptor (Wolf Laboratories Ltd, York, UK) with conditions 

adapted as previously described (Beckonert et al., 2007); AcN disrupts 

membranes, acts as a solubilising agent for water-soluble metabolites, and 

aggregates and precipitates proteins in the samples. Extraction was performed 

on samples kept in an ice bath to prevent overheating, for three 30 s durations 

at 30 s intervals and 10 % amplitude. Samples were then vortexed for 30 s and 

centrifuged at 21,000 g for 5 mins at 4oC to pellet cell debris and insoluble 

components. Metabolite-containing supernatants were snap frozen in liquid 

nitrogen for 2 minutes, lyophilised to completion with a Heto PowerDry LL1500 

freeze dryer (ThermoFisher Scientific Inc), and stored long-term at -80oC. 

After extraction and immediately prior to analysis by NMR spectroscopy, NMR 

buffer prepared in deuterated water (Goss Scientific Instruments, Cheshire, 

UK) was added to thawed solutions and lyophilised extracts (Table 2.12). All 

components of the buffer were added after metabolite extraction, whereas the 

reference compound sodium trimethylsilyl-2H4-propionate (TSP) was added 

prior to it to account for extraction-induced sample losses unless specified 

otherwise. Following the addition of NMR buffer, solutions were vortexed for 1 

min, and centrifuged at 12,000 g for 2 mins at 20 to 25oC to pellet any 

remaining cell debris or insoluble components. 200 µL resuspensions of 

lyophilised extracts and 600 µL of fluids were then transferred to clean 3- and 

5- mm outer diameter NMR SampleJet tubes (Bruker BioSpin Gmbh) 

respectively.  
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Table 2.12. Components of NMR samples prepared prior to spectral 

acquisition. The NMR buffer constitutes the sodium phosphate buffer, the 

reference compound TSP, and sodium azide to prevent sample contamination. 

Constituents were prepared in deuterated water to reduce interfering signals 

from protonated water in 1D 1H NMR spectroscopy. Note that TSP is added 

prior to extraction to account for extraction-induced sample losses. The 

highlighted section of the table displays the sample type, which is either 

extracted metabolites or solutions.  

 

 

 

 

 

 

 

 

 

Components % Final concentration (mM)

Sample

1. Lyophilised extracted metabolites 
(resuspended in deuterated H2O)

OR

2. Solution (in protonated H2O)

89.8 -

1 M sodium phosphate pH 7.4 10 100

100 mM sodium trimethylsilyl-2H4-

propionate (TSP)
0.1 0.1

1.2 mM sodium azide 0.1 0.0012
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Samples were analysed by 1D 1H NMR spectroscopy with the Bruker Avance 

III NMR spectrometer equipped with the 5 mm TCI CryoProbe with a proton 

resonance frequency of 600 MHz (Bruker BioSpin Gmbh). 1D 1H spectra were 

acquired at 25oC on TopSpinTM version 3.5pl6 (Bruker BioSpin Gmbh), with 

the manufacturer-provided nuclear Overhauser enhancement spectroscopy 

(NOESY) pulse sequence (noegpr1d) which provides suppression of the water 

signal and gives an overview of all types of molecules present in the sample. 

In addition, the manufacturer-provided Carr-Purcell-Meiboom-Gill (CPMG) 

pulse sequence (cpmgpr1d) which again provides suppression of the water 

signal, and enhances small molecule metabolite signals by removing any 

contribution from larger molecules over 5 kDa such as proteins and 

carbohydrates. NOESY and CPMG experiments were used to analyse 

solutions and extracted metabolites from samples respectively. Initial 

processing of acquired spectra was performed automatically on TopSpinTM, 

such as baseline correction and phasing, prior to splitting up the spectra into 

buckets using AMIXTM software version 3.9.14 (Bruker BioSpin Gmbh); note 

that processing procedures vary depending on the purpose of analysis and 

should be referred to in the respective subsections for more detail. In general, 

however, the intensities of specific peaks such as the TSP signal (0.1 to -0.1 

ppm) or treatment-derived peaks were derived by specifying the spectral 

region of interest on AMIXTM. On the other hand, the entire 1H resonance 

region between 10 to 0.10 ppm can be processed either by integrating the total 

spectral intensity, or by division into uniform buckets with widths of 0.005 ppm 

followed by subsequent integration of each bucket. The protonated water-

occupied region at 4.8 to 4.6 ppm is excluded from analysis. Figure 2.13 

provides a simple schematic for spectral bucketing and integration of peak 

intensities on AMIXTM. Unless otherwise specified, integrated signal intensities 

were scaled manually to the TSP signal to account for extraction-induced 

sample losses.  
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Figure 2.13. Processing of acquired 1D 1H NMR spectra by division and 

integration of uniform buckets. This excludes the protonated water region 

at 4.8 to 4.6 ppm. Integrated buckets are scaled to the signal from the 

reference molecule TSP from the corresponding spectrum.  

 

 

 

 

 

 

 

 

 

Acquired spectra

Division into

uniform buckets

ppm

ppm

010

010

Integrate 

(derive peak intensities) each 

bucket for each spectrum

Sample 1

Sample 2

Sample 3

Sample 4



88 
 

2.6.2 Optimisation of extraction procedures  

2.6.2.1 Comparison of extraction methods 

Sonication and bead-beating were the available resources for metabolite 

extraction in the current study. Although various extraction methods were 

previously compared for their extraction efficiencies of C. elegans samples 

(Geier et al., 2011), no comparisons were made between sonication and bead-

beating, hence this was addressed in the current study to select an extraction 

method. Both procedures were evaluated on day 1 CK426 samples of similar 

estimated sizes. Sonication was performed as outlined in the previous section. 

Bead-beating was performed by shaking samples at 2000 rpm for 2 mins with 

425 to 600 µm acid-washed glass beads in 2 mL round bottom cryogenic vials 

(Corning Inc, Wiesbaden, Germany) on a Mikro-Dismembrator S (B. Braun 

Biotech Gmbh, Berlin, Germany). Following this, three holes were generated 

at the bases of the vials, and centrifugation was performed at 5000 rpm for 5 

mins at 4oC in 15 mL centrifuge tubes (Grenier Bio-one Ltd, Stonehouse, UK) 

to remove the resultant lysate into the tubes. Pelleting of cell debris and 

insoluble cell components, followed by lyophilisation of supernatant were then 

carried out as described in the previous section. TSP was added to lyophilised 

samples after extraction so that it does not reflect extraction-induced losses. 

This trial was performed to compare extracted yields based on a known 

concentration of the reference molecule. As described before, levels of 

extracted metabolites were compared from TSP-scaled total spectral 

intensities (see section 2.6.1). 

2.6.2.2 Assessing suitability of AcN as an extraction medium for 

hydrophobic compounds  

AcN was recommended for the extraction of water-soluble metabolites 

(Beckonert et al., 2007), hence it might be inefficient for extracting hydrophobic 

compound 9 from treated C. elegans samples. To address this, the suitability 

of AcN as an extraction medium for the compound was investigated as outlined 

in Figure 2.14.      

 

 

 



89 
 

 

Figure 2.14. Procedure for investigating the suitability of AcN as an 

extraction medium for the hydrophobic compound 9. Note that the 

concentration of the compound prepared for this purpose corresponds with the 

chronic treatment concentration administered to CK426 ALS worms in this 

study. The centrifugation step (highlighted in yellow) is important for 

determining if the compound stays in solution for subsequent analysis. Signal 

intensities of the strongest compound-derived TSP-scaled peak at 1.758 to 

1.746 ppm (see section 2.6.3.1) were compared between conditions. 

 

 

 

 

 

 

 

 

2 solutions of 0.05 mM 

compound 9 in 0.4 % DMSO

Lyophilise and resuspend 

pellet in 1:1 AcN:H2O

Lyophilise

Resuspend pellet 

in NMR buffer only

Resuspend pellet in NMR buffer 

+ 0.4 % deuterated DMSO

Analyse supernatant and compare traces 

of compound between both conditions 

• Lyophilisation may cause DMSO losses 

from evaporation

• This step assesses requirement of 

additional 0.4 % DMSO to keep the 
hydrophobic compound in solution 

prior to analysis

Centrifuge (21,000 g, 5 mins, 4oC)
Determines if compound9 pellets 

from crashing out of solution
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2.6.2.3 Assessing extent of sample loss from sonication 

Day 1 CK426 samples of similar estimated sample sizes were prepared 

(Figure 2.16) and TSP was added at the required concentration (Table 2.12) 

before or after sonication. Following procedures as previously outlined for 

metabolite extraction with sonication, the various constituents of NMR buffer 

were added to lyophilised extracts with or without TSP depending on whether 

it was added before extraction or not. As described in section 2.6.1 above, total 

intensities of acquired 1H spectra were derived on AMIXTM. Instead of scaling 

to the TSP signals, the inverse was performed whereby resultant TSP signals 

were scaled against total spectral intensities to compare extent of sample 

losses from sonication, assuming minor changes in overall metabolite content 

between samples.  

2.6.3 Determining internal concentrations of pharmacological 

treatments in treated C. elegans samples 

2.6.3.1 Reference spectra for compounds and concentration 

calibration curves 

Compound-derived peaks on 1D 1H NMR spectra were derived by analysing 

1 mM solutions of each compound prepared in water. The highest singlet peak 

for each compound was selected for further analysis as they provide the best 

signal-to-noise ratio for detection. Chemical shifts of these peaks are as 

follows: succinimide, 2.820 to 2.787 ppm; ethosuximide, 1.299 to 1.294 ppm; 

compound 9, 1.758 to 1.746 ppm; refer to chapter 3, Figure 3.2.19 for 

reference spectra. 

2.6.3.2 Preparation of treated C. elegans samples  

Acutely-treated unc-49 and chronically-treated CK426 samples were prepared 

and processed for subsequent 1D 1H NMR analysis as illustrated in Figures 

2.15 and 2.16. 2000 unc-49 and 3000 CK426 L1 larval worms were cultured 

on plates seeded with 100 µL OP50 and processed at adulthood day 1 

approximately 63 and 70 hours post L1-plating; number of worms were 

estimated by counting from 1 µL of L1 worm suspension. The number of post-

plating hours was selected based on knowledge of the duration required for 

the WT strain to attain life cycle progression from L1 to pre-gravid young adult 
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stage (Gonzalez-Moragas et al., 2015) and observations of the differences in 

growth rates between both strains, such that maximal OP50 depletion was 

present by the time of processing without causing visible worm starvation so 

as to improve efficiency of bacterial removal during washes. This was 

additionally to prevent or reduce the population of laid eggs, since these may 

present an additional source of variability when co-processed. Due to the 

slower growth and OP50 ingestion rate of the CK426 worms, this strain was 

cultured at a higher density on the same volume of OP50 than unc-49 worms 

as they deplete the bacteria at a slower rate. The rationale for increasing the 

population density rather than decreasing the volume of OP50 was based on 

the advantage of having a bigger sample size for analysis. It should be noted 

that conditions for the protocol shown for preparing day 5 CK426 samples were 

not yet optimised due to time constraints (Figure 2.16).  

Treatment conditions were performed to mirror procedures conducted for 

assaying unc-49 and CK426 worms in their respective behavioural assays. 

Although unc-49 worms were not age-synchronised for the PTZ-induced 

seizure assays, synchronised worms were used in the current protocol to ease 

scale-up; day 1 was selected as the age of processing to closely reflect the 

use of young day 1 to 3 worms in the PTZ-induced seizure assay. As illustrated, 

liquid-based acute treatment of these worms was performed in Corning® 

Costar® Spin-X® tube filters (Corning Inc) (Figure 2.15). Due to the 

hydrophobic nature of compound 9, potential precipitation in tube filters might 

result in artefact signals in addition to possible adherence to C. elegans cuticle 

(Burns et al., 2010). The feasibility of the designed protocol was hence 

assessed with compound 9 as illustrated in Figure 2.15b.  

 

 



92 
 

 

Figure 2.15. Preparation of acutely-treated day 1 unc-49 worms for 1D 1H 

NMR spectroscopy. (A) Protocol for sample processing in Corning® Costar® 

Spin-X® tube filters. Processed worms were kept in Eppendorf® LoBind 

microcentrifuge tubes to prevent adherence to tube walls to obtain a uniform 

worm suspension for estimating sample sizes. DRS, Dent’s Ringer solution; 

BSA, Bovine serum albumin. (B) Protocol was tested with compound 9 to 

address potential precipitation of hydrophobic compounds in tube filters and 

adherence to C. elegans cuticles, and to determine wash conditions to reduce 

the impact of these undesirable effects. 

Age Day 1 (~63 hrs post-L1)

2000 age-synchronized worms per 

plate seeded with 100 µL OP50
Washes (50 g, 30 s)

1. Wash into 15 mL conical tube with M9 buffer

2. Wash with M9 buffer (2x)

Transfer worms to Corning® Costar® 

Spin-X® plastic centrifuge tube filter

Add treatment solution 

(in DRS with 0.1 % BSA)

After 2-hr acute treatment

3x wash
Filter out 

treatment from 

spin column into 

Eppendorf tube 

(450 g, 1.5 mins)

Resuspend in ddH2O; 

2x spin to transfer 

worms from inverted 

tube filter to 

Eppendorf® LoBind

microcentrifuge tube 

(450 g, 1.5 mins)

Tube filter

Eppendorf tube
0.22 µm filter pore size

(450 g, 1.5 mins)

3rd washes were 

kept for analysis

A

• Estimate sample size by counting 

number of worms in 5 µL

• Snapfreeze remaining worms 

and store in -80oC. Extract 

metabolites and analyse with 1H 

NMR spectroscopy

Filter out treatment from tube filters into Eppendorf tube 

Resuspend worms in ddH2O and 

transfer worms from tube filters to 

Eppendorf® LoBind tubes

Extract metabolites and 

analyse with 1H NMR 

spectroscopy

WORMLESS CONTROL

To assess potential 

precipitation of hydrophobic 

compound in spin column2-hr treatment

B

Worm samples and wormless control

10 M9 WASHES

Worm samples

0.1 % SDS WASH 

+ 10 M9 WASHES

Washes
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Figure 2.16. Protocol for preparing chronically-treated CK426 

amyotrophic lateral sclerosis worms at adult ages days 1 and 5. Chronic 

exposure to treatment was initiated from the L1 larval stage. Note that 

siliconized pipette tips were used to reduce sample losses from worms 

adhering to internal pipette tip walls.  
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• Transfer to Eppendorf® 

LoBind microcentrifuge tube 

with siliconised pipette tip
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2.6.3.3 Determining bioaccumulated concentrations of treatments in 

C. elegans 

The procedure for measuring the internal concentration of each treatment 

compound in day 1 CK426 C. elegans is outlined in Figure 2.17, and requires 

standard curves for deriving total bioaccumulated concentrations and sample 

sizes per analysed batch of worms. Note that the ballpark volume of 4 nL for a 

day 1 adult worm was estimated from the published growth curve for the WT 

N2 strain at approximately 85 hours post-hatch (Hirose et al., 2003), based on 

the sum of approximate 15 hours for development to L1-arrest after hatching 

at 20oC (Gonzalez-Moragas et al., 2015) and sample processing at 70 hours 

post L1-arrest (section 2.6.3.2). Concentration standard curves were derived 

from a range of concentrations of each compound (0.001 to 1 mM) by linear 

fits of data plotted from spectral intensities of the highest TSP-scaled 

compound-derived singlet peaks against the corresponding concentrations 

from which they were derived; water-soluble succinimide and ethosuximide 

were prepared in water alone whereas the hydrophobic compound 9 was 

prepared in a final concentration of 0.4 % deuterated DMSO.  

Reference samples for generating the sample size standard curve were 

obtained by preparing various ratios of known number of worms to 1X Tris-

Glycine SDS sample buffer (diluted in water from the 2X supplied reagent; 

ThermoFisher Scientific Inc), and were resolved and stained with 

InstantBlueTM coomassie stain (Expedeon Ltd) on the same NuPAGETM Bis-

Tris 4-12 % protein gel (Bio-Rad Laboratories Ltd) alongside samples to 

preserve staining consistency for accurate interpolation of sample sizes (refer 

to section 2.4.1 for SDS-PAGE and coomassie staining procedures); curve 

was plotted as a function of staining intensity against various dilutions of 

number of worms in 1X SDS buffer. 
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Figure 2.17. Workflow for determining bioaccumulated concentration of 

compound in day 1 CK426 C. elegans after treatment.  
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2.6.3.4 Metabolome comparison between treatments 

1H spectra acquired from chronically-treated day 1 CK426 samples were 

processed using TopSpinTM and AMIXTM by division into 2000 uniform buckets 

or integrals and scaled to TSP signals as described in section 2.6.1. 

Additionally, to account for signal intensity differences as a result of variable 

sample sizes, the TSP-scaled buckets were further scaled to the largest 

population size from all analysed samples; see Figure 2.13 for bucket division 

and integration on AMIXTM and Figure 2.17 for sample size determination.  

The processed data was then exported for analysis on MetaboAnalyst v3.0 

(Xia and Wishart, 2002) in a comma-separated values format. Following mean-

centering and Pareto scaling of the data, statistical analyses were carried out 

with uni- and multi-variate analyses of one-way ANOVA with post-hoc Tukey’s 

test and principal component analysis (PCA) respectively. 

2.7 STATISTICAL ANALYSIS 

All general statistical analyses were performed on GraphPad Prism version 6 

(GraphPad Software Inc.,California, USA), except analyses and comparison 

of lifespan which were carried out with the log-rank test on the Online 

Application for the Survival Analysis of Lifespan Assays 2 (OASIS 2; Han et 

al., 2016). Concentration-response curves were fitted with GraphPad Prism 6 

via nonlinear regression with the variable slope model, followed by subsequent 

derivation and statistical comparison of LogEC50 values. Data is presented as 

mean values, with standard error of mean when appropriate. Statistical 

analysis for metabolome comparisons from NMR is described in the preceding 

section. 
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3.1 INTRODUCTION 

3.1.1 SAR of succinimide derivatives 

The neuroprotective effect of ethosuximide in several neurodegeneration 

models (Chen et al., 2015b, Tauffenberger et al., 2013, Tiwari et al., 2015) 

highlights potential for the AED to be repurposed for neurodegeneration 

treatment, however this is yet to be clinically explored. High concentrations of 

the drug reported to exert neuroprotection in models suggest probable low 

clinical neuroprotective efficacy and/or potency which may make repurposing 

an unideal strategy. Additionally, this might also impede insights into its poorly 

understood MMOA and consequent understanding of the pathogenic 

processes which underlie neurodegeneration as identification of molecular 

binding targets through affinity approaches may prove to be difficult. To 

circumvent such potential issues surrounding ethosuximide, the drug may be 

utilised as a scaffold to derive structurally-similar compounds with enhanced 

potencies. This may not only improve the prospect of deriving new therapies, 

but also in the identification of potential disease-modifying targets in 

neurodegenerative diseases. In addition, SAR knowledge of the succinimide 

backbone is mandatory for pinpointing appropriate molecular modifications to 

either derivatise these structurally-similar compounds for target identification 

studies, or to further enhance the potencies. Pre-existing SAR studies were 

mostly performed in gold standard rodent models of electrically- (MES test) 

and/or chemically-induced (scMET/scPTZ) test seizures, which are generally 

deemed to predict for protection against generalized tonic-clonic and absence 

seizures respectively; ethosuximide is only effective in the scPTZ test (Löscher, 

2011). However, some of these SAR findings may not be generally applicable 

for succinimide-based compounds due to the large structural diversity of the 

derivatives evaluated (Klunk et al., 1982b, Klunk et al., 1982a, Klunk et al., 

1982c, Poupaert et al., 1984, Kaminski and Obniska, 2008, Obniska et al., 

2009, Obniska et al., 2010, Obniska et al., 2012, Rybka et al., 2014, Kaminski 

et al., 2013); Figure 3.1.1 summarises these studies. For the purposes of 

utilising ethosuximide as a scaffold for development, single changes to the 

succinimide backbone may be preferable to best delineate the SAR.  



99 
 

 

Figure 3.1.1. Summary of pre-existing anticonvulsive SAR studies of 

succinimide derivatives.  

 

R1 R2

(1) 

C=O

(2) 

C=O

R3

References General SAR findings
Tests/assays 

used to evaluate activity 

Poupaert et al., 1984

Intact -NH and C=O groups are important for preserving anticonvulsive 

potency 

• Methyl R3 decreases potency (N-methylation)

• Substitution of one C=O group further decreased potency 

Rodent MES test

Klunk et al., 1982a

Klunk et al., 1982b

Klunk et al., 1982c

NOTE: Observations 

based from derivatives 

which exhibited either 

convulsive or 

anticonvulsive activity; 

conclusions given 

pertain to structural 

features important for 

bioactivity in general  

1) Presence of both R1 AND R2 substituents switches activity from 

anticonvulsant to convulsant 

2) Intact –NH (no R3 substituent or complete substitution of N) is 

important for preserving convulsive potency 

3) Convulsive potency is affected by chemical nature of R1/R2  

substituent

• Hydrophobic substituent increases potency

• Hydrophilic substituent decreases potency

• Convulsive behaviours in mice 

(initial myoclonic twitch and 

generalized clonic seizures)

• EEG-detectable epileptiform 

discharges in guinea pigs

• Electrical activity of incubated 

guinea pig hippocampal slices

• Seizures induced by PTZ, MES, 

and other known convulsants

(bicuculline, picrotoxin) in mice 

and guinea pigs

*Anticonvulsant activities were 

additionally tested against seizures 

induced by proconvulsant 

compounds which were 

investigated in the studies

Kamiński and 

Obniska.,2008

Obniska et al., 2009

Obniska et al., 2010

Obniska et al., 2012

Kamiński et al., 2013

Rybka et al., 2014 

NOTE: SAR findings 

should be interpreted 

with caution due to the 

diverse structural 

modifications of 

molecules assessed in 

this series of studies 

Compounds studied in this series of studies contain diverse 

R1/R2/R3substituents, and direct comparison and inference of the SAR 

are difficult. 

Structural requirements at R1/R2 seem to depend on the type of N-

substituent at R3. However, the following SAR rules may generally 

apply:

1) Intact –NH was not essential for activity

• All assessed compounds have diverse R3 N-substituents of the 

piperazine, phenylpiperazine, benzylpiperidine, and morpholine 

moieties (structures shown below), which in addition contain different 

substituents themselves. However, these N-substituent compounds 

were generally active in the MES test.

2) At least one aromatic substituent at R1/R2 is required for activity, 

whereas alkyl substituents render compound inactive

Rodent MES and scPTZ tests

• Compounds were primarily 

evaluated in the MES test

• In general, when activities were 

assessed in both tests, most 

compounds with anti-MES 

activity exhibited no anti-PTZ 

activity 

Morpholine Piperazine

Phenylpiperazine4-benzylpiperidine

N-substituents of succinimide derivatives assessed in studies
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3.1.2 In silico approaches for optimizing compound selection 

3.1.2.1 Identifying similar compounds  

Molecules similar to a compound may be screened to facilitate SAR knowledge 

of the compound. Various in silico approaches exist to facilitate identification 

and/or virtual screening of similar molecules based on a query compound. One 

of the earliest approaches is substructure searching, which specifies the query 

compound as a substructure and identifies all molecules containing this 

structural feature (Barnard, 1993). Substructure searching can be performed 

by comparisons of compounds represented structurally in a 2D SMILES format, 

which essentially depicts the atoms and bonds via linear strings of ASCII 

(American Standard Code for Information Interchange) characters (Weininger, 

1988). Such molecular representations of compounds are called descriptors. 

Similarity searching is another widely used and newer approach, and a  

particular component of it has evolved from substructure searching through 

the utilisation of substructure-based bit string-type descriptors called molecular 

fingerprints (Stumpfe and Bajorath, 2011, Bender and Glen, 2004). A general 

outline of the principle of similarity searching is given in Figure 3.1.2 below.  
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Figure 3.1.2. Outline of similarity searching.  
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These substructure-based fingerprints typically represent substructural 

features in a binary format by assigning a specific position to each feature in a 

bit string and indicating their presence or absence in a compound with 1 or 0 

respectively (Stumpfe and Bajorath, 2011, Bender and Glen, 2004). 

Comparison and measurement of similarity between query and database 

compounds via these bit string fingerprints are popularly performed in a 

pairwise manner by applying the Tanimoto similarity coefficient (Tc) (Holliday 

et al., 2002), of which the formula is shown below. 

Tc = 
𝐶

(𝐴+𝐵)−𝐶
 

Where A and B refer to the sum of ‘1’ bits in compounds 1 and 2, and C the 

sum of ‘1’ bits in both compounds. Similarity between two compounds 

increases from a Tc value of 0 to 1, and a Tc value of at least 0.7 is generally 

considered to represent high similarity. 

 

Both substructure and similar search approaches are based on the Similarity 

Property Principle which associates molecular similarity with similar bioactivity 

(Klopmand, 1992), and are particularly useful ligand-centric approaches when 

little or no information is known about the target(s) of a molecule. 

3.1.2.2 Multiobjective/Multiparameter optimisation (MOO/MPO) 

Bioactivity is not the sole prerequisite for successful drug discovery, and other 

parameters affecting the attributes and safety of a compound should be 

simultaneously considered, such as the physicochemical properties. Such 

parallel consideration of multiple parameters is called MOO or MPO, and it 

facilitates the selection of the most optimal structures fulfilling the best 

characteristics for considered parameters for early-stage screens, whereas 

those deemed unsuitable can be excluded. This improves the efficiency of the 

drug discovery and development process by enabling only suitable 

compounds to be synthesized and screened, thus reducing or avoiding late-

stage attrition from unfavourable compounds. MOO is performed in silico, and 

an example of a widely-used MOO approach is Pareto optimisation which 

identifies compounds with the best trade-offs by putting equal weightage on all 
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specified parameters i.e. all parameters are as important as each other (Ekins 

et al., 2010).  

3.1.2.3 Prediction of CNS permeability and druglike attributes 

This CNS MPO algorithm predicts the CNS permeability and druglike attributes 

of compounds from the following six key physicochemical properties 

commonly considered by medicinal chemists in drug design and CNS 

penetration: calculated partition (ClogP) and dissociation (ClogD) coefficients, 

molecular weight, topological polar surface area, number of hydrogen bond 

donors, and dissociation constant (pKa) (Wager et al., 2010b). Mathematical 

functions were applied to yield individual desirability transformed scores (T0) 

based on undesirable to optimal range of values for each parameter for CNS-

targeting compounds as defined by medicinal chemistry experts. T0s range 

from 0 to 1 depending on the optimality for each property. The same weightage 

or importance was given to each parameter, and the summation of T0s yields 

the overall CNS MPO desirability score (0 to 6) which increases with CNS 

permeability and druglikeness. When applied to a set of approved CNS drugs, 

the majority of them were assigned high scores of ≥4 (74%), showing a good 

prediction for the survival rate of new compounds. Further validation performed 

with in vitro adsorption, distribution, metabolism, elimination, 

(ADME) and toxicity assays, including determination of P-glycoprotein liability 

which affects CNS penetration, showed that high scoring compounds 

displayed desirable safety and ADME characteristics, and most importantly 

low CNS drug efflux potential. In conclusion, this algorithm facilitates the 

selection of optimal compounds to be tested in the drug discovery and 

development pipeline.   

3.1.2.4 Prediction of bioaccumulation in C. elegans 

An important factor to consider when using C. elegans for drug screens is the 

permeability of compounds across the external cuticle. The cuticle is a weakly-

permeable exoskeletal layer which physically hinders drug bioaccumulation in 

the worm, consequently affecting bioavailability and bioactivity. In this regard, 

poor bioaccumulation can result in the identification of false negatives from 

screens. To reduce the chances of this happening, an in silico structure-based 
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accumulation model (SAM) was developed to predict the bioaccumulation 

propensity of compounds in C. elegans (Burns et al., 2010). Using compounds 

previously categorised as accumulating or non-accumulating in C. elegans 

after a 6-hour treatment, the SAM was trained to recognise over- and under-

represented structural features in the accumulating subset. Positive and 

negative scores were assigned to over- and under-represented features and 

the summation of scores represents the overall accumulation score; simply put, 

bioaccumulation propensity is predicted to increase with the score. The 

predictive value of the model was validated by experimentally determining the 

bioaccumulations of the top- and bottom-scoring 5 % of compounds from a 

separate test library as these compounds represented the predicted best and 

worst accumulating compounds in worms. SAM predictions were largely 

accurate with most positively-scored compounds shown to bioaccumulate and 

vice versa. Although the minority of wrong predictions revealed that complete 

reliance should not be placed on the model, the exclusion of potential false 

negatives prior to screening nevertheless reduces cost and time of drug 

screens in worms.  

3.1.3 Chapter aims 

The aims of the chapter are to select and screen compounds similar to 

ethosuximide in a suitable screening platform in C. elegans, so as to derive a 

candidate molecule for further generation of compounds and to understand the 

SAR of ethosuximide. 
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3.2 RESULTS 

3.2.1 Identification and selection of compounds similar to 

ethosuximide for primary screening        

A dual chemical approach was employed to identify compounds similar to 

ethosuximide for primary screening in C. elegans. Results from these screens 

will not only potentially identify more potent compounds than ethosuximide, but 

also improve understanding of the currently limited SAR of ethosuximide to 

facilitate the identification of its molecular target. The first approach used was 

to computationally identify compounds similar to both ethosuximide and its 

inert parent compound succinimide from the ZINC database, an online 

repository for virtual screening compounds. This was performed based on both 

substructure search and similarity searching at Tc thresholds of 70 to 90 %; as 

aforementioned, Tc scores of at least 70 % are generally considered to 

represent high similarity. Note that both searching methods are used to get a 

wider coverage of identification as molecules may be identified by one method 

and not the other (Sheridan and Kearsley, 2002). Figure 3.2.1 illustrates a 

screenshot of how similar compounds were identified from the database via 

these approaches. Compounds similar to both ethosuximide and its inert 

parent compound succinimide were first extracted from the database at 70 to 

90 % Tc similarities and substructure. An initial scoping activity was performed 

to get an idea of the numbers of potentially suitable identified compounds 

which can be carried forward for screening based on the aqueous solubilities 

of compounds. Solubility is an important parameter for consideration as it 

influences ADME and toxicity of the drug. Previously, 98 CNS marketed drugs 

were experimentally assessed for their aqueous solubilities with the aim of 

establishing the solubility criteria for guiding CNS drug development 

(Alelyunas et al., 2010). The study demonstrated that more than 85 and 90 % 

of these CNS drugs have LogS values which were greater than -4 and -5 

respectively; solubility (S) values were in mol/L. In contrast, the remaining 

drugs with LogS<-5 were withdrawn due to associated toxicity, establishing 

LogS>-5 as the cutoff solubility value for maximizing the chances of deriving 

CNS drugs with good safety features. In view of this reported LogS threshold, 

identified compounds were subjected to a solubility filter on the Pipeline PilotTM 

software with an intermediate LogS cutoff of at least -4.5. Molecules not 
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fulfilling this solubility criterion were deemed unsuitable and removed. The 

resultant analysis yields the number of retained compounds with good 

predicted aqueous solubilities for CNS molecules (Figure 3.2.1). As ZINC only 

provides the supplier information of compounds, pricings of compounds had to 

be manually compiled. This initial scoping activity was helpful in determining if 

further MOO was required to optimise compound selection, so that purchasing 

information need only be extracted for the best compounds if the numbers of 

retained compounds range in the hundreds to thousands. From this analysis, 

the numbers of compounds with desirable solubilities at the various levels of 

similarity were reported to be between 1 to 2478 for succinimide-similar 

compounds, and 36 to 4433 for ethosuximide-similar ones (Figure 3.2.1).  

Due to the large numbers of suitable compounds with ideal solubilities, initial 

MOO was performed via the Pareto Sort function on Pipeline PilotTM (Figure 

3.2.2A). Since succinimide and ethosuximide are themselves structurally 

similar, and as the objective was to derive bioactive compounds similar to 

ethosuximide for screening, compounds similar to inert succinimide were 

removed from pooled molecules. The remaining ethosuximide-similar 

compounds were again subjected to the solubility filter, and retained 

compounds were subsequently ranked for their optimality via Pareto Sort by 

maximising for the extent of structural similarity to ethosuximide, and SAM-

predicted C. elegans bioaccumulation propensity. The CNS permeability of 

compounds were not considered at this point, as predicted CNS MPO scores 

from the CNS MPO algorithm had to be calculated and compiled manually for 

analysis by Pipeline PilotTM, making it unnecessarily tedious for the large 

number of analysed compounds at this stage. Pareto sorting was performed 

for all identified compounds at the various levels of similarities (70 to 90 % Tc 

and substructure).  
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Figure 3.2.1. Initial scoping activity to assess numbers of similar 

compounds with acceptable aqueous solubilities. (A) Compounds from the 

ZINC database with similarity to query compounds ethosuximide and inert 

succinimide (represented herein as ethosuximide; red box) were identified at 

various criteria of similarity (purple box). The SMILES representation of query 

molecule is depicted (green box). (B) Identified compounds with LogS≤-4.5 

were filtered by the aqueous solubility filter on Pipeline PilotTM. The number of 

retained compounds with acceptable solubilities were reported at the end of 

the analyses and indicated with the histograms for compounds similar to (C) 

succinimide and (D) ethosuximide, and ranged from 1 to 4433 compounds. 

Due to the large number of compounds, they had to be subjected to further 

MOO to identify the most optimal ones for obtaining purchasing information. 
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Figure 3.2.2. Multi-objective optimisation (MOO) of ethosuximide-similar 

compounds on Pipeline PilotTM. (A) Due to the large number of compounds 

identified from the ZINC database, initial MOO was performed to identify the 

most optimal ones amongst them based on structural similarity to 

ethosuximide and predicted C. elegans bioaccumulation; succinimide-similar 

compounds were removed from analysis to optimise chances of finding active 

compounds. (B) Empirical selection of the most optimal ones from (A) initial 

MOO and other similar compounds which may potentially be excluded from 

ZINC identification resulted in a final group of compounds which were further 

verified for their optimality with MOO. This final MOO stage included 

consideration of their predicted CNS permeabilities in addition to the 

aforementioned parameters.  
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A second empirical approach was utilised to further optimise selection of the 

best molecules from the abovementioned computational approach, and to 

identify additional chemical spaces which may have potentially been excluded 

by computation. This requires medicinal chemistry knowledge and was 

performed by Professor Paul O’Neill and Dr Neil Berry (University of Liverpool, 

UK).  

Utilising both computational and empirical approaches and considering costs 

of potential compounds, a total of 16 compounds were selected for screening 

in addition to ethosuximide and succinimide, which will be utilised as positive 

and negative controls respectively (Figure 3.2.3); note that approved 

antiepileptic drugs 5,5-diphenylhydantoin sodium salt (phenytoin), 

trimethadione, methsuximide, and phensuximide were included in the 

selection. 

To confirm their optimality, the compounds were subjected to a final analysis 

via MOO on Pipeline PilotTM (Figure 3.2.2B). Due to the small number of 

compounds analysed at this stage, CNS MPO scores for each compound were 

calculated with the CNS MPO algorithm, manually compiled, and included as 

a parameter for MOO in the pipeline in addition to the compounds’ structural 

similarity to ethosuximide and predicted C. elegans bioaccumulation 

propensities (Figure 3.2.2B and Table 3.2.4). A screenshot of the analytic 

output is given in Figure 3.2.5, and summarised in Table 3.2.6. Histograms 

showing the distributions of predicted CNS permeability and C. elegans 

bioaccumulation scores are shown in Figure 3.2.7. 
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Figure 3.2.3. Compounds for primary screens. Alongside ethosuximide and 

its inactive parent compound succinimide, 16 similar compounds were 

selected for initial screens (numbered). All compounds were obtained from 

commercial sources, except compound 18 (2,5-Pyrrolidinedione,3-ethyl-1,3-

dimethyl) which was generated from the N-methylation of ethosuximide. 

 

(8) N-Phenylphthalimide

(4) 3,5,5-Trimethyloxazolidine-

2,4-dione (Trimethadione)

(16) Methsuximide
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2,5-dione

(2) Ethosuximide

(14) α,α-Dimethyl-β-

methylsuccinimide

(10) 1-Benzylpyrrolidine-

2,5-dione

(6) Phthalimide

(18) 2,5-Pyrrolidinedione,3-

ethyl-1,3-dimethyl

(13) 4-Ethyl-4-

methylpyrrolidin-2-one

(1) Succinimide

(9) α-Methyl-α-

phenylsuccinimide

(5) Thalidomide

(17) Phensuximide

(7) 2-Pyrrolidine

(3) 5,5-Diphenylhydantoin 

sodium salt (Phenytoin)

(15) 3,3-diethylpyrrolidin-

2-one

(11) α-Methyl-α-

propylsuccinimide
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All selected compounds had acceptable aqueous solubilities with LogS values 

ranging from -3.025 to 0.035, whereas predicted worm bioaccumulation scores 

ranged from -1.686 to 1.660. Although bioaccumulation is predicted to improve 

with increasing scores, it is difficult to infer the differences in bioaccumulation 

between the compounds at this point until it is experimentally determined. 

Compounds were also predicted to possess good CNS permeability as evident 

from high CNS MPO scores from 4.3 to a perfect score of 6; scores of ≥4 were 

considered to be high (Wager et al., 2010b). Finally, all compounds were 

ranked 4th and above, indicating a small difference in optimality between them. 

Overall the selected compounds displayed good predicted permeation of the 

CNS, small differences in predicted C. elegans bioaccumulation, and a good 

overall ranking, confirming their optimality for screening.  

With the exception of compound 18 (2,5-Pyrrolidinedione,3-ethyl-1,3-dimethyl), 

all selected compounds were deemed reasonably priced based on allocated 

budgets and were hence purchased from commercial suppliers. Compound 18 

was synthesized from a single step N-methylation reaction of ethosuximide 

(refer to chapter 2, section 2.5.2).  
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Table 3.2.4. CNS MPO scores of compounds gives a prediction of CNS 

permeability. Actual and transformed (T0; highlighted in yellow) values of 

various physicochemical properties are shown and computed using the CNS 

MPO algorithm (Wager et al., 2010b) for each compound. Summation of the 

six T0 scores yielded the final CNS MPO score, which gives a numerical 

measure of how well compounds are predicted to permeate the CNS; the 

greater the score is to 6 the better the predicted permeability. The CNS MPO 

score for the phenytoin sodium salt (compound 3; highlighted in green) was 

derived based on physicochemical properties for phenytoin due to the difficulty 

for in silico modelling of the salt. 
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Figure 3.2.5. Screenshot of the MOO analytic output of selected 

compounds on Pipeline PilotTM. Predicted solubility (LogS) values, CNS 

MPO and C. elegans accumulation scores, similarity score as computed by 

the Tanimoto coefficient (Tc), and ranking of compounds as determined by the 

Pareto Sort function based on the latter three parameters are indicated in the 

output. Optimality decreases as the ranking number increases.  
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Table 3.2.6. Pareto rankings of screening compounds based on 

structural similarity to ethosuximide, and CNS MPO and C. elegans 

bioaccumulation scores. Predicted molecular solubility (LogS) values for 

each compound are also indicated. The CNS MPO score for the phenytoin 

sodium salt (compound 3) was derived based on physicochemical properties 

for phenytoin due to the difficulty for in silico modelling of the salt.   

 

 

 

Compound No. Solubility (LogS)
CNS MPO 

score

Similarity 

(Tc value)

Predicted C. elegans 

bioaccumulation score 

Pareto 

ranking

3,5,5-Trimethyloxazolidine-2,4-dione 

(Trimethadione)
4 -0.534 6 0.208 -0.339 1

2,5-Pyrrolidinedione,3-ethyl-1,3-

dimethyl
18 -1.056 5.9 0.304 -0.804 1

1-Benzylpyrrolidine-2,5-dione 10 -1.79 5.9 0.143 -0.0670 1

Ethosuximide 2 -1.11 5 1 -0.203 1

Phthalimide 6 -1.44 4.8 0.261 1.66 1

3,3-Diethylpyrrolidin-2-one 15 -1.71 4.3 0.550 0.154 1

α-Methyl-α-phenylsuccinimide 9 -2.43 5.2 0.400 0.322 1

3,3-Diethylpyrrolidine-2,5-dione 12 -1.46 5 0.875 -0.127 1

N-Phenylphthalimide 8 -3.03 5.7 0.148 0.0538 1

Methsuximide 16 -2.39 5.9 0.172 -0.279 1

Phensuximide 17 -1.95 5.9 0.13333 -1.06 2

α-Methyl-α-propylsuccinimide 11 -1.53 5 0.824 -1.10 2

5,5-Diphenylhydantoin sodium salt 

(Phenytoin)
3 -3.53 4.3 0.222 1.10 2

4-Ethyl-4-methylpyrrolidin-2-one 13 -1.33 4.3 0.632 -0.350 2

Succinimide 1 0.0350 5 0.563 -0.643 2

α,α-Dimethyl-β-methylsuccinimide 14 -1.16 5 0.526 -1.29 3

2-Pyrrolidine 7 -0.0560 4.3 0.400 -0.666 3

Thalidomide 5 -2.11 4.8 0.300 -1.69 4
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Figure 3.2.7. Histograms showing the distributions of predicted  

C. elegans bioaccumulation and CNS MPO scores of selected 

compounds. The range of accumulation scores is small, suggesting that 

differences between the compounds for C. elegans bioaccumulation is minimal. 

All compounds had high CNS MPO scores of more than 4, suggesting good 

CNS permeation. 
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3.2.2 C. elegans neurodegeneration assays are unfeasible for primary 

screening 

Ethosuximide was previously shown by work from our group to ameliorate the 

locomotion defect of the FTDP-17 CK10 strain and sensory defect of the ANCL 

dnj-14 (tm3223) strain through neurodegenerative phenotypic readouts from 

liquid thrashing and food race assays respectively. In addition, the drug 

extended the shortened lifespans of both strains (Chen et al., 2015b, Kashyap 

et al., 2014). Although the feasibility of using the CK10 liquid thrashing 

phenotype for chemical genetic screens was previously demonstrated 

(McCormick et al., 2013), direct comparisons between these 

neurodegeneration assays have yet to be made to identify the most suitable 

one for drug screening. In the current study, this comparison was made 

between liquid thrashing and food race assays, but not for the lifespan assay 

due to the nature of its low throughput. The suitability of both assays was 

assessed with succinimide and ethosuximide with consideration of their 

throughputs and whether the assessed phenotypes exhibit robust and 

reproducible improvements in response to ethosuximide treatment.  

Previous work demonstrated optimal neuroprotectiveness by ethosuximide at 

1 mg/mL (Chen et al., 2015b), hence the drug and the inert control succinimide 

were administered at their corresponding molar concentrations at 7 and 10 mM. 

Note that the disparity between given molar concentrations was intended at 

this stage to verify the inert neuroprotective property of succinimide at a higher 

concentration. Following this initial confirmation stage, both compounds were 

assessed as controls at equal molar concentrations from chapter 4 onwards. 

In the liquid thrashing assay, ethosuximide appeared to ameliorate the 

locomotion defects of the CK10 worms at most assessed ages in comparison 

to succinimide-treated worms, however these effects were not significant 

(Figure 3.2.8).  In addition, it should be noted that the locomotive responses to 

ethosuximide treatment were observed to be quite variable between worms, 

suggestive of an unideal signal-to-noise ratio.  
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Figure 3.2.8. Liquid thrashing assay with the locomotion-defective CK10 

strain. Age-synchronised CK10 worms were chronically treated with 7 and 10 

mM ethosuximide or succinimide respectively. Ethosuximide appeared to 

improve thrashing rates in comparison to succinimide on days 1, 3, and 8, 

although this was not demonstrated to be significant (p>0.05). Data shown was 

pooled from three biological replicates, with comparisons made via the 

Kruskal-Wallis test with Dunn’s multiple comparison. Ethosuximide, days 1 and 

3 (n = 60 each), day 5 (n = 40), day 8 (n = 32); succinimide, day 1 (n = 59), 

day 3 (n = 60), day 5 (n = 39), day 8 (n = 32). 
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The food race assay assesses sensory neuron function of the dnj-14 ANCL 

worms by measuring the rate of travel to an E. coli food source (Figure 3.2.9 

and 3.2.10). Succinimide-treated dnj-14 worms were significantly slower at 

getting to the food source than their WT counterparts at ages day 1 to 8 as 

previously reported (Kashyap et al., 2014). Ethosuximide had no effect on the 

sensory neuron function of WT N2 worms across the same ages, but restored 

the sensory defect of dnj-14 worms to WT levels at days 1 and 3. Additionally, 

days 1 to 5 dnj-14 worms exhibited improved sensory function with the drug 

as compared to succinimide treatment. However, this drug-mediated 

protective effect against sensory decline was lost at the older age of day 8. 

Although ethosuximide exerted a more robust and reproducible 

neuroprotective effect on this phenotypic readout than observed for the liquid 

thrashing phenotype, the throughput of the food race assay is of a medium 

nature at best. For the purposes of initial screens, it is far from ideal.  

The need for generating and maintaining age-synchronised strains for studying 

age-dependent neurodegenerative phenotypes is time-consuming, and is a 

major reason impeding the throughputs of these assays. Additionally, drug 

exposure via treatment plates is economically unfeasible especially for pricier 

compounds, since a large amount goes into preparing the numerous required 

plates. Therefore, an alternative assay needs to be identified for primary 

screening which overcomes such issues associated with these plate-based 

treatment, age-dependent assays.   
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Figure 3.2.9. Food race assay with the sensory neuron-defective dnj-14 

(tm3223) ANCL strain. The sensory neuron function of age-synchronised 

worms chronically-treated with 7 and 10 mM of respectively ethosuximide or 

succinimide was assessed by the travel rate from a starting position to an 

OP50 spot at the opposite end of the agar plate. The number of worms at 

OP50 was scored at 10-minute intervals up to 2 hours. Ethosuximide had no 

effect on the sensory function of wildtype N2 worms, but ameliorated the defect 

in dnj-14 worms at days 1 to 5 (p<0.05)., following which protection was 

abolished at day 8 when sensory function had visibly declined in both strains. 

Data was pooled from two biological repeats and was analysed via the log-

rank test. N2; ethosuximide, day 1 (n = 42), day 3 (n = 47), day 5 (n = 43), day 

8 (n = 38); succinimide, day 1 (n = 48), day 3 (n = 49), day 5 (n = 45), day 8 (n 

= 45). dnj-14; ethosuximide, day 1 (n = 43), day 3 (n = 48), day 5 (n = 46), day 

8 (n = 38); succinimide, day 1 (n = 42), day 3 (n = 50), day 5 (n = 46), day 8 (n 

= 38). 
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Figure 3.2.10. Rate of travel to a food source during food race assays is 

a readout of sensory neuron function. The time taken for succinimide-

treated dnj-14 worms to the food source was significantly longer than their WT 

counterparts at all ages, whereas ethosuximide restored the sensory defect of 

these worms to WT levels at days 1 and 3 (p<0.05, black asterisks). 

Additionally, the rate of travel to the food was significantly faster for 

ethosuximide-treated dnj-14 worms as compared to succinimide-treated ones 

from days 1 to 5 (p<0.05, red asterisks). Data was pooled from two biological 

repeats and was analysed via the log-rank test; *, p<0.05. N2; ethosuximide, 

day 1 (n = 42), day 3 (n = 47), day 5 (n = 43), day 8 (n = 38); succinimide, day 

1 (n = 48), day 3 (n = 49), day 5 (n = 45), day 8 (n = 45). dnj-14; ethosuximide, 

day 1 (n = 43), day 3 (n = 48), day 5 (n = 46), day 8 (n = 38); succinimide, day 

1 (n = 42), day 3 (n = 50), day 5 (n = 46), day 8 (n = 38). 

 

 

 

 

 

Age 

(Day)
Strain Treatment

Mean time taken to 

travel to food (mins)
S.E.M

1

N2

PBS 49.79 6.06

Succinimide 46.46 5.63

Ethosuximide 49.05 7.26

dnj-14 (tm3223)

PBS 76.22 6.62

Succinimide 78.10 6.87

Ethosuximide 54.19 7.25

3

N2

PBS 37.50 5.01

Succinimide 41.02 5.25

Ethosuximide 43.40 5.12

dnj-14 (tm3223)

PBS 68.04 5.82

Succinimide 75.60 5.64

Ethosuximide 53.96 5.41

5

N2

PBS 46.44 5.64

Succinimide 60.67 6.95

Ethosuximide 59.07 6.89

dnj-14 (tm3223)

PBS 99.76 5.20

Succinimide 101.96 4.70

Ethosuximide 81.96 6.00

8

N2

PBS 91.02 6.17

Succinimide 84.67 7.06

Ethosuximide 100.79 6.03

dnj-14 (tm3223)

PBS 110.44 3.94

Succinimide 117.11 2.60

Ethosuximide 118.16 1.57
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3.2.3 The C. elegans PTZ-induced seizure assay is a suitable primary 

screening assay 

An alternative assay for primary screening purposes is the PTZ-induced 

seizure assay, which was previously established with the synaptic 

transmission mutant strain unc-49 (e407) (Williams et al., 2004). The unc-49 

(e407) mutation is a point mutation in the C. elegans unc-49 GABAA receptor 

gene which results in a premature stop codon (Q179stop) at the N-terminus, 

hence this mutation is null and causes defective GABA signalling at the 

neuromuscular junction (Bamber et al., 1999). Treatment with a known 

seizure-inducing agent PTZ causes characteristic and robust head bobbing 

seizures with immobile posterior ends in the unc-49 mutants (Williams et al., 

2004). Previous work in the laboratory had initially employed this model to 

screen for anticonvulsive activities in compounds via a plate-based treatment 

approach. However, preliminary work demonstrated the feasibility of liquid-

based treatment whereby a 1-hour acute incubation of the unc-49 worms in 

ethosuximide-containing liquid droplets provided seizure protection against 

PTZ (unpublished data), negating the need for chronic plate-based treatment. 

In addition, age-synchronised worms were not required since seizures were 

induced through a chemical agent. Such features of this liquid-based protocol 

suggest the potential for increased throughput and reduced associated costs 

with preparing treatment plates as compared to the neurodegeneration assays, 

making it a potential primary screening platform despite the major caveat of 

not being able to infer information about neuroprotective properties.      

Assay optimisation was performed to enhance its efficiency for primary 

screening. A stringent scoring system was devised to score seizures 

qualitatively and quantitatively, by determining the overall presence or 

absence of seizures and number of head bobs in individual worms respectively 

over each scoring duration of 30 seconds. The PTZ treatment conditions were 

then assessed to evaluate the requirements for optimal seizure induction in 

the worms. PTZ treatment at 50 mM for 15 minutes was previously shown to 

be optimal for inducing seizures in other seizure-prone strains (unpublished 

data). Although this treatment duration induced maximal seizures in unc-49 

worms, this was demonstrated at a PTZ concentration below 50 mM without a 
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thorough concentration-response assessment. Therefore, the concentration-

response relationship of PTZ in this strain was evaluated herein. Findings 

demonstrated a concentration-dependent induction of seizures up to 36 mM, 

after which higher concentrations up to 50 mM had similar effects (Figure 

3.2.11). Together with previous observations, this verified that 50 mM was 

indeed optimal at reproducibly inducing seizures in several seizure-prone 

strains after a 15-min treatment duration. 

To derive the best signal-to-noise ratio for differentiating active from inactive 

compounds, ethosuximide was utilised to determine the best drug 

pretreatment conditions prior to PTZ exposure (Figure 3.2.12). Duration of 

pretreatment was optimised with 14 mM ethosuximide as this concentration 

previously offered the best seizure protection in unc-49 worms on a chronic 2-

day plate-based treatment (unpublished data). The proportion of seizing 

worms reduced time-dependently until 55 minutes of pretreatment, after which 

increased pretreatment durations offered no further protection. As throughput 

is a major consideration, 2 hours was selected as the minimum pretreatment 

duration to robustly and reproducibly reduce seizures. This was sequentially 

applied to determine the optimal seizure-inducing concentration of 

ethosuximide (Figure 3.2.12). The drug concentration-dependently protected 

against seizures until seizures were fully obliterated at both 28 and 56 mM. 

Previous findings determined an internal drug concentration of 213 µM when 

14 mM of the drug was administered to WT worms (Goren and Onat, 2007, 

Evason et al., 2005). Given the previously reported linear relationship between 

ethosuximide plasma levels and administered doses (Patsalos, 2005), 28 mM 

of the drug was selected as the optimal treatment concentration for this assay 

as it was assumed to translate to an internal concentration of 425 µM, mirroring 

the human therapeutic range of 280 to 700 µM (Goren and Onat, 2007, Evason 

et al., 2005).  
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Figure 3.2.11. Determining the optimal seizure-inducing concentration of 

pentylenetetrazol (PTZ) in unc-49 worms. The seizing phenotype was 

scored after exposure to various concentrations of PTZ (7 – 50 mM) for 15 

mins. The (A) proportion of seizing worms and (B) number of seizures 

increased concentration-dependently up to 36 mM PTZ, which stabilised 

thereafter (n = 17 - 20 per concentration). Data was pooled from two biological 

replicates with contribution from Alistair Jones (University of Liverpool, UK).   
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Figure 3.2.12. Optimisation of the PTZ-induced seizure assay in the 

synaptic transmission defective unc-49 strain with ethosuximide. Prior to 

PTZ exposure, pretreatment with ethosuximide at various (A) lengths of time 

(5 – 240 mins) and (B and C) concentrations (0.4 – 56 mM) were performed to 

identify the optimal drug treatment conditions for seizure protection. (A) The 

proportion of seizing worms decreased as the length of pretreatment with 14 

mM ethosuximide increased, with no further reductions after 55 mins (n = 17 

– 20 per length of preincubation). A 2-hr acute ethosuximide pretreatment 

concentration-dependently reduced both (B) percentage of seizing worms and 

(C) number of seizures (n = 5 – 10 per concentration), with complete protection 

against seizures at 56 mM. All data shown was pooled from two biological 

replicates. 
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3.2.4 Primary screens identified one inactive and ten active 

compounds 

Primary screens of selected compounds (Figure 3.2.3) were performed with 

the optimised assay. Compounds excluded from analysis due to problems with 

solubility include compounds 3 (phenytoin), 5 (thalidomide), 6 (phthalimide), 8 

(N-phenylphthalimide), and 10 (1-benzylpyrrolidine-2,5-dione). The remaining 

compounds had no apparent solubility issues and were screened against 

ethosuximide and succinimide at the optimal 28 mM-equivalent ethosuximide 

concentration of 4 mg/mL, or a lower 14 mM-corresponding concentration of 2 

mg/mL in the event of observed toxicity. Toxicity was determined by visual 

observations of abnormal stiff movement or immobility, and a weak response 

to touch or death as indicated by the absence of response to touch at the end 

of drug pretreatment and/or PTZ exposure. Conversely, a therapeutic effect 

was defined by a reduction or abolishment of seizures in the presence of 

movement and response to touch. If absence of seizures was observed with 

immobility, a non-seizing phenotype was scored only if a robust response to 

touch was observed, indicative of non-toxicity. Note that despite molar mass 

differences, standardised mg/mL concentrations were screened at this initial 

stage for a quick preliminary assessment of activity. As explained in the 

following section, concentration-response analysis of identified active 

compounds at molar concentrations were performed thereafter to account for 

these differences for an in-depth comparison of potencies.  

Prior to screening DMSO-soluble compounds, the maximum tolerable 

concentration of the vehicle that does not cause toxicity and affect normal 

seizing responses to PTZ was determined (Figure 3.2.13). Pretreatment with 

up to 2 % DMSO did not result in any observable abnormality in the worms’ 

behaviour, as they generally displayed spontaneous movement by the end of 

DMSO pretreatment, with 100 % of worms seizing in response to PTZ. (Figure 

3.2.13A). However, seizure rate was reduced in worms pretreated with 2 % 

DMSO (Figure 3.2.13B). Further increases in DMSO concentrations resulted 

in concentration-dependent reduction of seizures and observable toxicity as 

defined above, which were likely a consequence of intolerable levels of DMSO 

as the behaviour of these worms were in stark contrast to those treated with 
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ethosuximide. In support of this likelihood, worms exposed to lower 

percentages of DMSO behaved similarly to ethosuximide-treated ones, 

highlighting that decreasing sensitivity to PTZ above a threshold of DMSO was 

a consequence of DMSO toxicity. Since the weakening of seizing responses 

to PTZ was already evident from 2 % DMSO, compound 9 was screened at 

the lower DMSO concentration of 1 %. 
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Figure 3.2.13. Concentration-response relationship of DMSO. Worms 

were exposed to 0.2 to 8 % DMSO throughout the length of time taken for drug 

pretreatment and PTZ exposure. To determine the maximum tolerable level of 

DMSO, seizing responses to PTZ were assessed. Treatment with up to 1 % 

DMSO resulted in comparable (A) percentages of seizing worms and (B) 

seizure rates in response to PTZ, which declined concentration-dependently 

from 2 %, indicative of the increasing toxicity of DMSO and consequential 

decreasing sensitivity to PTZ. The maximum tolerable concentration of DMSO 

was therefore identified to be 1 %. Data shown was from a single experiment 

(n = 4 – 5 worms per DMSO concentration). 
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The primary screens identified active compounds 9 (α-methyl-α-

phenylsuccinimide), 11 (α-methyl-α-propylsuccinimide), 12 (3,3-

diethylpyrrolidine-2,5-dione), 13 (4-ethyl-4-methylpyrrolidin-2-one), 14 (α,α-

dimethyl-β-methylsuccinimide), 15 (3,3-diethylpyrrolidin-2-one), 16 

(methsuximide), 17 (phensuximide), and 18 (2,5-pyrrolidinedione,3-ethyl-1,3-

dimethyl) (Figures 3.2.15 and 3.2.16). Like ethosuximide, these active 

compounds protected against seizures when screened at 2 or 4 mg/mL, or 

when re-screened at a higher concentration of a 70 mM-equivalent 

ethosuximide concentration of 10 mg/mL if activity was not demonstrated at 

the lower concentrations. A reference of mg/mL-corresponding molar 

concentrations for each screened compound is displayed in Table 3.2.14. 

As shown herein, compound 4 (trimethadione) did not exhibit an overall 

anticonvulsive effect in the population assayed when screened at 4 mg/mL, 

but hints of activity were observed as it protected against seizures in some but 

not all the worms (Figure 3.2.15). Hence, re-screening was not performed at 

10 mg/mL to verify activity, and it was classified as potentially active for further 

concentration-response evaluation. Like succinimide, compound 7 (2-

pyrrolidine) was not protective against induced seizures even at 10 mg/mL, 

and was classified as inactive (Figure 3.2.15). It should be noted that although 

it is possible that inactive compounds may exhibit bioactivity at concentrations 

higher than 10 mg/mL, such concentrations are likely well out of therapeutically 

relevant ranges in reference to ethosuximide. 
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Table 3.2.14. Standardised mg/mL screening concentrations of assayed 

compounds and corresponding molar concentrations. 

 

Compound No.
Molar mass 

(g/L)

Screened concentration 

(mg/mL)

Molar 

concentration 

(mM)

Succinimide 1 99.09 4 40

Ethosuximide 2 141.17 4 28

Trimethadione 4 143.14 4 28

2-Pyrrolidine 7 85.11

4 47

10 117

α-Methyl-α-phenylsuccinimide 9 189.21 2 11

α-Methyl-α-propylsuccinimide 11 155.19 2 13

3,3-Diethylpyrrolidine-2,5-dione 12 155.19 4 26

4-Ethyl-4-methylpyrrolidin-2-one 13 127.18 4 31

α,α-Dimethyl-β-methylsuccinimide 14 141.17 4 28

3,3-Diethylpyrrolidin-2-one 15 141.21

4 28

10 71

Methsuximide 16 203.24 2 10

Phensuximide 17 189.21 2 11

2,5-Pyrrolidinedione,3-ethyl-1,3-dimethyl 18 155.19

4 26

10 64
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Figure 3.2.15. Water-soluble compounds were subjected to primary 

screens in the PTZ-induced seizure assay in the synaptic transmission 

defective unc-49 strain. Compounds were screened at the optimal 

ethosuximide 28 mM-equivalent concentration of 4 mg/mL, or at a lower 14 

mM-equivalent concentration of 2 mg/mL in the event of evident toxicity at the 

former concentration. Compounds not exhibiting activity at 4 mg/mL were re-

screened at a higher concentration of 10 mg/mL to verify or disprove inactivity. 

With the exception of compounds 4 (trimethadione) and 7 (2-pyrrolidine), all 

compounds reduced both (A) percentage of seizing worms and (B) frequency 

of seizures (p<0.05). Compound 4 was not consistently active but displayed 

anticonvulsive protection in some worms, therefore it was herein classified as 

partially active. Seizure rates were compared with the Kruskal-Wallis test with 

Dunn’s multiple comparison; *, p<0.05. Data shown was pooled from five 

biological replicates for ethosuximide and succinimide (n = 23 – 25 per 

condition), two biological replicates for compounds 4, 7, 14, 15 (n = 10 per 

condition), 11 (n = 20), 12 (n = 9), and 13 (n = 7) at 4 mg/mL, and single 

experiments for compound 18 at both 4 mg/mL and 10 mg/mL, and compounds 

7 and 15 at 10 mg/mL (n = 5 per condition).   
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Figure 3.2.16. Primary screens of DMSO-soluble compounds. Compounds 

were screened at a ethosuximide 14 mM-equivalent concentration of 2 mg/mL 

at 1 % DMSO, as the optimal 28 mM-equivalent concentration of 4 mg/mL 

conferred visible signs of toxicity. Screening was performed against 

succinimide and ethosuximide controls prepared at the same concentration of 

the vehicle. Similar to ethosuximide, all compounds reduced both (A) 

percentage of seizing worms and (B) frequency of seizures in comparison to 

succinimide (p<0.05). Seizure rates were compared with the Kruskal-Wallis 

test with Dunn’s multiple comparison; *, p<0.05. Data shown was pooled from 

four biological replicates for ethosuximide and succinimide (n = 20 per 

condition), two biological replicates for compounds 16 and 17 (n = 9 - 10 per 

condition), and a single experiment for compound 9 (n = 5).  
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3.2.5 Compound 9 was more potent than ethosuximide and selected 

as a candidate molecule 

As explained in the preceding section, the concentration-response 

relationships of identified active compounds from primary screens were further 

evaluated at molar concentrations for in-depth analysis and comparisons of 

potencies (Figure 3.2.17). Resultant concentration-response curves appear to 

generally exhibit the same shift patterns from ethosuximide for both qualitative 

(% of worms seizing in the population) and quantitative (number of seizures) 

scoring approaches. Of focus are curves shifted to the left of ethosuximide, as 

leftward shifts are indicative of lower LogEC50 values and enhanced potencies. 

Of the compounds assessed, this phenomenon was observed consistently for 

compounds 9, 14, and 16.  

To better emphasize the potency differences, anticonvulsive effects were 

compared at a selected concentration of 7.5 mM (Figure 3.2.18). As expected 

from the direction of curve shifts, seizure protection by compounds 9, 14, and 

16 were remarkably improved in comparison to ethosuximide. Comparison of 

LogEC50 values which were derived from curve fits further corroborated the 

significant 2-fold increases in potencies from these compounds relative to 

ethosuximide, and identified compounds with similar or reduced potencies, as 

summarized in Table 3.2.19. Note that although compound 11 also showed 

enhanced anticonvulsive protection from ethosuximide at 7.5 mM (Figure 

3.2.18), its overall potency was demonstrated to be similar to the drug (Table 

3.2.19).  

Of the three compounds with enhanced potencies, compound 9 was selected 

as a candidate by Professor Paul O’Neill and Dr Neil Berry for future generation 

of secondary compounds, as the presence of an aromatic phenyl moiety 

facilitates flexible structural modifications to be made to improve potencies and 

physicochemical properties (personal communication, Professor Paul O’Neill 

and Dr Neil Berry). Note that although compound 16 (methsuximide) also has 

a phenyl moiety, it was not selected as the candidate molecule as it is the AED 

pro-drug of compound 9; refer to discussion (section 3.3) for further details. 
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Figure 3.2.17. Concentration-response relationships of active 

compounds. Concentration-response curves were derived from scoring of (A) 

percentages of seizing worms and (B) frequencies of seizures in unc-49 worms. 

Significant leftward shifts of curves from compounds 9, 14, and 16 in 

comparison to that of ethosuximide are indicative of enhanced potencies in 

comparison to the drug (p<0.05). Data shown was pooled from three biological 

replicates. Curve fit and significance of shifts, as derived from comparisons of 

fitted LogEC50 values, were performed via nonlinear regression analysis on 

GraphPad Prism 6 (n = 5 - 15 worms per concentration per compound). 
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Figure 3.2.18. Seizure-protecting activities of active compounds at a 

single molar concentration. At 7.5 mM, compounds 9, 11,14, and 16 

drastically reduced seizure rates as compared to ethosuximide (p<0.05). All 

data shown was pooled from three biological replicates, with comparisons 

made via the Kruskal-Wallis test with Dunn’s multiple comparison (n = 14 - 15 

worms per concentration per compound); *, p<0.05. 
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Table 3.2.19. Summary of primary screens and concentration-response 

relationships of active compounds. Presence or absence of carbonyl 

groups (C=O) and other substituents as indicated on the top scaffold are 

summarized per compound. Note that compound 15 was compared against 

compound 12 due to a shared R2 diethyl moiety whereas ethosuximide has a 

methyl-ethyl one. 

 

Compound No. Structure R1 R2 R3

(1) 

C=O

(2) 

C=O
Active?

EC50

(mM)

Potency against 

ethosuximide

Ethosuximide 2
X ✓ X ✓ ✓

ACTIVE 9.7 -

Succinimide 1 X X X ✓ ✓

Inactive

- -

2-Pyrrolidine 7 X X X ✓ X - -

Trimethadione
4 X ✓ ✓ ✓ ✓

Active but no 

differences in 

potency or less 

potent than 

ethosuximide

29.2 3-fold lower

α-Methyl-α-

propylsuccinimide 11 X ✓ X ✓ ✓ 9.7
No significant

difference

3,3-Diethylpyrrolidine-

2,5-dione 12 X ✓ X ✓ ✓ 12.4
No significant

difference

4-Ethyl-4-

methylpyrrolidin-2-one
13 X ✓ X ✓ X 16.5 2-fold lower

3,3-diethylpyrrolidin-2-

one
15 X ✓ X X ✓ 41.6

* 3-fold lower 

than Compound 

12

Phensuximide
17 X ✓ ✓ ✓ ✓ 9.9

No significant 

difference

2,5-Pyrrolidinedione,3-

ethyl-1,3-dimethyl

18 X ✓ ✓ ✓ ✓ 29.3 3-fold lower

α-Methyl-α-

phenylsuccinimide
9 X ✓ X ✓ ✓

Active and more 

potent than 

ethosuxmimide

4.6 2-fold higher

α,α-Dimethyl-β-

methylsuccinimide
14 ✓ ✓ X ✓ ✓ 4.7 2-fold higher

Methsuximide
16 X

✓ ✓ ✓ ✓
4.1 2-fold higher

R1 R2

(1) 

C=O

(2) 

C=O

R3
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3.2.6 SAR of ethosuximide 

Knowledge of the SAR of ethosuximide is important for facilitating the 

development of secondary compounds from the candidate molecule, 

compound 9. Findings from primary screens and concentration-response 

assessments performed herein, as summarized in Table 3.2.19, provides an 

additional and in-house insight into the anticonvulsive SAR of ethosuximide 

using a non-rodent seizure model. SAR analysis was performed by 

considering the chemical structures of both active and inactive compounds, 

and the relative potency differences between active molecules.  

Three interpretations were derived from these analyses, which can be 

illustrated with the scaffold structure shown at the top of Table 3.2.19. Firstly, 

anticonvulsive activity requires the presence of the R1 and/or R2 substituents 

at the carbon groups. This is supported by the observation that inactive 

compounds succinimide and compound 7 do not possess these substituents, 

whereas all active compounds have either one or both. 

Secondly, carbonyl (C=O) groups are not essential for anticonvulsive activity 

per se, but they contribute to the potency of the compound. This is best 

exemplified from compounds 13 and 15 which lack a C=O group at opposing 

positions. These compounds exhibited 2- and 3-fold reductions of potencies 

when compared against their carbonyl-intact counterparts. Note that 

compound 15 was compared against compound 12 instead of ethosuximide 

due to the shared R2 diethyl moiety, whereas ethosuximide has a methyl-ethyl 

one at that position. Although the inactive compound 7 has a missing C=O as 

well, this interpretation cannot be directly extrapolated from it since the 

absence of R1 and R2 substituents renders it inert. 

Thirdly, substituents on the nitrogen atom of the scaffold (R3) may play a 

contributory role towards the potency as well as the C=O groups. This can be 

best demonstrated by the relatively reduced potency of the R3 methyl-

possessing compound 18 against ethosuximide. Compound 4 possesses the 

same substituent and was also shown to be less potent than ethosuximide, 

however no direct inferences can be made based on this molecule due to the 

presence of additional structural disparities relative to the drug. Lastly and 
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contradictorily enough, the presence of the same substituent did not reduce 

the potencies of compounds 16 and 17 relative to ethosuximide.  

3.2.7 Bioaccumulation of compound 9 in C. elegans after an acute 

treatment 

Although compound 9 exhibited a 2-fold enhancement of potency relative to 

ethosuximide (section 3.2.6), this might be a direct result of improved 

bioaccumulation in the worms. As predicted from the worm SAM (Burns et al., 

2010), bioaccumulation scores were -0.643, -0.203, and 0.322 for succinimide, 

ethosuximide, and compound 9 respectively (Table 3.2.6). As explained 

previously, it is difficult to get a solid grasp of the bioaccumulation differences 

between compounds based on assigned scores. Additionally, SAM predictions 

were not demonstrated to be always accurate. Hence, bioaccumulation of 

these compounds was addressed experimentally with proton (1H) NMR 

spectroscopy.  

Preliminary 1D 1H NMR analysis of the compounds generated the reference 

spectra for each of them; succinimide was included for comparison to exclude 

poor bioaccumulation as a contributory factor for inactivity (Figure 3.2.20). 

Each compound yielded a unique pattern or signature of peaks deriving from 

various 1H-containing chemical groups, with different spectral positions or 

rather, chemical shifts (ppm). Peak patterns and intensities depend on the 

chemical environment and the number of 1H constituting them. For the best 

detectable signal-to-noise ratio from worm-derived metabolites, singlet peaks 

with the highest intensity for each compound were selected for further analysis.  



138 
 

 

Figure 3.2.20. Compound-derived 1D 1H NMR spectra. One mM solutions 

of compounds (A, compound 9; B, ethosuximide; C, succinimide) were 

analysed with 1D 1H NMR spectroscopy. Chemical groups from each 

compound yielded a distinct pattern of peaks at various chemical shifts, which 

enables the differentiation of one compound from another; groups and 

corresponding peaks are numbered. Note that the DMSO-derived peak from 

the compound 9-derived spectrum was from the residual 1 % protonated 

component of a 99 % deuterated form of the vehicle used for solubilising the 

compound. Peaks from protonated water and the reference compound TSP 

are also indicated. (D) Table indicating spectral regions at which peaks appear. 

Peaks with the highest intensities were selected for future analysis (peaks 

number 3 for ethosuximide and compound 9, and singlet peak for succinimide). 

Data shown was from a single experiment of a single preparations. 
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To adhere to the liquid-based treatment conditions in the PTZ seizure assay 

and to scale up the sample size, the protocol was designed for the use of 

Corning® Costar® Spin-X® tube filters. Acute treatment and sequential 

washing of the unc-49 worms were performed in these tube filters, which 

enable liquid treatments and washes to be filtered out via centrifugation. The 

initial protocol comprised three sequential washes in the tube filters following 

treatment to remove compounds from tube filters and worm surfaces. The 

sufficiency of these washes was evaluated by 1D 1H NMR spectroscopy with 

succinimide and compound 9 by comparing the residual signals in the final 

wash, and in extracted metabolites from the worms following the washes. 

These two compounds were used to evaluate a broad protocol due to their 

different chemical propensities, as succinimide is water-soluble whereas 

compound 9 is hydrophobic. Resultant 1D 1H NMR spectra showed detectable 

levels of both compounds in extracts, however these signals were unlikely to 

be derived exclusively from the bioaccumulated fractions as traces of the 

compounds were also distinct in the final wash (Figure 3.2.21). Moreover, 

levels of compound 9 was evidently higher than succinimide in the final wash, 

highlighting the difficulty in washing away compounds of a hydrophobic nature 

with an aqueous buffer.  
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Figure 3.2.21. Comparison of levels of compounds between final washing 

steps and extracted metabolite fractions. unc-49 worms were acutely-

treated with the optimal 28 mM-corresponding 4 mg/mL seizure-protecting 

ethosuximide concentration of the hydrophilic succinimide or hydrophobic 

compound 9, and washed thrice in spin columns prior to metabolite extraction 

and analysis; final washes were analysed for traces of compounds to assess 

washing efficiencies. (A – D) Representative spectra showing detectable 

traces of compounds and the DMSO vehicle from extracted metabolites (A, 

compound 9; C, succinimide) and final washes (B, compound 9; D, 

succinimide). (E) A higher amount of compound 9 as compared to relatively 

low traces of succinimide in final washes suggest ineffectiveness of washing 

conditions for hydrophobic compounds which can contribute artefact signals to 

extracts. Data shown is from a single experiment of two technical replicates 

per condition.  
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Due to the apparent inadequacy of these wash conditions for hydrophobic 

compounds, the protocol was further evaluated with compound 9 for a series 

of ten washes. As mild detergent (0.1 % SDS) was previously utilised to 

remove adhered compounds from worm cuticle (Burns et al., 2010), an 

additional SDS pre-wash step was also assessed herein. Lastly, a wormless 

control was included to investigate the level of compound remaining in the tube 

filter after ten washes. The resultant analysis demonstrated wash-dependent 

reduction of the compound in both wormless control and treated worms (Figure 

3.2.22). The SDS pre-wash was not any more effective at removing the 

compound, as comparable levels of the compound were present in the pre-

wash and first washes from the wormless control and treated worms. In all 

conditions, levels of the compound started to stabilise from the fifth wash and 

remained detectable at residual levels in the final wash, suggestive of 

persisting presence of the compound in tube filters. Post-wash analysis of tube 

filter contents from the wormless control demonstrated that the compound was 

still present, highlighting the occurrence of precipitation in the tube filters 

(Figure 3.2.22). Quite alarmingly, this detected level constituted approximately 

half of signals from the metabolite extracts of treated worms, revealing that 

contaminant signals comprise a large proportion of bioaccumulation-derived 

ones.  

Due to the inherent issues associated with the removal of compound 9 from 

tube filters, the procedure was deemed too prone to error and as such, unfit 

for the purpose herein. The decision was made to focus on measuring 

bioaccumulation in chronically-treated samples instead due to the plate-based 

nature of administering compounds, hence circumventing the issues of 

compound precipitation in tube filters associated with the liquid-based 

treatment approach (see chapter 4). 
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Figure 3.2.22. Optimising washing conditions for hydrophobic 

compound 9. (A) A series of washes with M9 buffer alone or with an additional 

detergent pre-wash with 0.1 % SDS were performed in tube filters on acutely-

treated unc-49 worms and a wormless compound 9 solution control. Detected 

levels of the compound started to stabilise from the fifth M9 wash, which were 

consistently present even by the final wash. (B) A residual amount of the 

compound remained detectable from the wormless control after all washes. 

This contaminant signal constituted approximately half of signals from the 

extracted metabolites of treated worms. Data shown is from a single 

experiment of single preparations.  
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3.3 DISCUSSION 

In addition to identifying a candidate molecule, compound 9, which exhibited a 

2-fold enhancement of anticonvulsive potency than ethosuximide, findings 

herein have also provided an in-house assessment of the SAR of succinimide-

like compounds. These SAR observations facilitate appropriate structural 

modifications to be made to compound 9 to generate further derivatives with 

enhanced potencies. To verify that enhanced potency of the compound was 

not due to better bioaccumulation than ethosuximide, a protocol was designed 

to measure bioaccumulated concentrations in unc-49 worms via 1D 1H NMR 

spectroscopy following acute treatment in tube filters. However, the 

hydrophobic nature of the compound resulted in problematic artefact signals 

which were difficult to remove, hence the work was halted and a decision was 

made to focus on determining bioaccumulation after chronic treatments 

instead (see chapter 4). At this point, the bioaccumulations of compound 9 and 

ethosuximide may be assumed to be quite similar from worm SAM-predicted 

bioaccumulation scores 

An obvious caveat of using the PTZ-induced seizure assay as a primary 

screening platform herein is the inability to infer information about the 

neuroprotective qualities of screened compounds. However, associations 

between seizures and neurodegenerative diseases have been reported in both 

humans and animal models, suggesting the potential utility of the platform as 

a predictive tool for neuroprotectiveness. For instance, seizures are a common 

clinical manifestation of the neuronal ceroid lipofuscinoses (Schulz et al., 2013), 

and although rare, have also been reported in PD patients as well (Son et al., 

2016). Epidemiological studies have also reported increased prevalence or 

incidence of seizures in AD patients (Sjogren et al., 1952, Letemendia and 

Pampiglione, 1958, Sulkava, 1982, Hauser et al., 1996, Amatniek et al., 2006, 

Heyman et al., 1987, Romanelli et al., 1990, Risse et al., 1990, Förstl et al., 

1992, Mendez et al., 1994, Volicer et al., 1995, Samson et al., 1996, Lozsadi 

and Larner, 2006, Scarmeas et al., 2009, Rao et al., 2009, Bernardi et al., 2010, 

Bell et al., 2011, Irizarry et al., 2012, Vossel et al., 2013, Imfeld et al., 2013, 

Sherzai et al., 2014, Cook et al., 2015, Cheng et al., 2015). In a transgenic 

mutant human APP-overexpressing J20 AD mouse model, spontaneous and 
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abnormal non-convulsive spike discharges were also frequently detected in 

various brain regions via EEG, including the hippocampus which is 

pathologically affected in AD (Palop et al., 2007).  

As seizures have not been reported for other neurodegenerative disorders, it 

appears they might be disease-specific. However, various evidence has 

pointed towards the causative role of seizures in neuronal damage. For 

example, in induced rodent models of seizures elicited by the administration of 

various proconvulsive agents including PTZ, behavioural deficits associated 

with learning and memory and hippocampal damage have been observed (Jia 

et al., 2006, Muller et al., 2009, Groticke et al., 2008). Although PTZ-evoked 

seizures in the worms herein were only scored over a short duration of 30 s, 

evidence has shown that even brief single non-convulsive seizures were 

sufficient to induce brain neuronal apoptosis in rodent models (Bengzon et al., 

2002). This suggests that compounds conferring seizure protection may also 

by extension possess potential neuroprotective properties, although this would 

likely only be applicable to neurodegenerative conditions with an underlying 

seizure pathology; however subclinical seizures may also be present in other 

forms of neurodegeneration. Note that the predictive power of this assay for 

neuroprotectiveness will be briefly explored in the following chapter. 

SAR findings herein showed that R1 and/or R2 substituents are essential for 

anticonvulsive activity, and that intact C=O groups are important for preserving 

potency. These are in agreement with findings from Poupaert et al (1984), 

which demonstrated reduced potencies against MES-induced seizures in 

rodents from succinimide derivatives with only one C=O group in comparison 

to counterparts which have both intact C=O groups. In contrast, compound 15 

which possess only one C=O group was demonstrated to mediate a larger 

lifespan extension effect in WT worms as compared to ethosuximide (Evason 

et al., 2005), although SAR findings in the current study showed a lower 

anticonvulsive potency; this suggests that SAR findings herein might be 

specific to anticonvulsant properties. 

Quite intriguing was a key observation from a series of studies performed by 

Klunk et al that anticonvulsant activity depended on either R1 or R2 alkyl 
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substituents, whereas the presence of alkyl substituents at both positions 

induced a switch to proconvulsant activity (Klunk et al., 1982a, Klunk et al., 

1982b, Klunk et al., 1982c). These anti- and pro-convulsant activities were 

assessed in a number of ways in mice and guinea pigs, such as the convulsive 

behaviours of mice, EEG monitoring of epileptic discharges in guinea pig 

brains, electrical activity of guinea pig hippocampal slices, and seizures 

induced by the standard methods PTZ and MES in addition to those evoked 

by known convulsant agents picrotoxin, bicuculline, and compounds shown to 

exhibit proconvulsant activities in the studies. In contrast, a series of pre-

existing studies contradicted these observations by demonstrating 

anticonvulsant activities in rodent MES and scPTZ tests by R1 and R2 

substituted derivatives (Miller et al., 1951, Miller and Long, 1953). The reason 

for these discrepancies are unclear, but it could be attributed to differences in 

the type and number of substituents at these positions. Pertaining to findings 

herein at least, the proconvulsant activity of compound 14, which fulfils the 

structural criteria of both R1 and R2 substituents, was previously verified in an 

in vitro seizure model whereby it exacerbated spontaneous discharges in 

rodent thalamocortical slices which resembled patterns observed in 

generalized seizures (Zhang et al., 1996b). However, compound 14 protected 

against PTZ-induced seizures in the worms at a two-fold enhanced potency in 

comparison to ethosuximide herein. Additionally, compound 13 was previously 

reported by Klunk et al to exhibit proconvulsant activity, which again 

contradicted with the demonstrated anticonvulsant activity of the compound 

herein. Reasons for the reported differences in activities of these molecules 

are unclear, but a likely explanation could be the use of rodents in the 

contradicting studies versus the use of C. elegans herein to evaluate the pro- 

or anti-convulsant properties of these molecules. Many AEDs have been 

documented to block seizures through the inhibition of voltage-gated sodium 

channels (Lasoń et al., 2013), so it is possible that these proconvulsant effects 

may be elicited through the activation of these channels. However, C. elegans 

do not express these channels (Hobert, 2013), which might explain the 

absence of proconvulsant effects from these molecules herein. Another 

possibility is the absence of the inhibitory GABA receptor in unc-49 worms due 

to the null mutation in the GABA receptor-encoding unc-49 gene (Bamber et 
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al., 1999). As hypothesized by by Klunk et al, proconvulsant substituents 

mediate seizure induction by enabling binding to the picrotoxin site at GABAA 

receptors and blocking inhibitory chloride ion flow through the receptor. A 

homomeric form of the unc-49 GABA receptor is also picrotoxin-sensitive 

(Bamber et al., 1999), but since the gene has a null mutation in this strain, 

compounds 13 and 14 were unable to exert their proconvulsant effects. These 

hypotheses seem to suggest that subtle structural differences can shift the 

binding preference and mode of activity at the preferred binding site, and when 

preferred sites are absent compounds may adopt other sites and different 

modes of activity.  

SAR findings herein suggest a less obvious role of the nitrogen in the 

succinimide backbone, as methyl substituents on it were demonstrated to 

preserve (compound 17; phensuximide), reduce (compounds 4; trimethadione, 

and 18), and enhance (compound 16; methsuximide) potencies in comparison 

to ethosuximide; AEDs as named. Corroborating the observation on 

compound 18, N-methylation of succinimide derivatives was reported to 

reduce potencies (Poupaert et al., 1984, Klunk et al., 1982c). However, a 

separate series of studies demonstrated protection against MES-induced 

seizures and to a lesser extent, PTZ-induced seizures, in rodents by diverse 

set of N-substituted succinimide derivatives (Kaminski and Obniska, 2008, 

Kaminski et al., 2013, Obniska et al., 2009, Obniska et al., 2010, Obniska et 

al., 2012, Rybka et al., 2014). However, a key observation from one such study 

from this series seemed to lend some support to the importance of the 

unsubstituted nitrogen of the succinimide backbone in retaining anticonvulsive 

activity (Obniska et al., 2012). In the study, N-substituted derivatives protected 

against MES-induced seizures in rodents only when R1/R2 substituents were 

diphenyl or methylphenyl moieties, whereas the presence of an alkyl methyl-

ethyl moiety abolished seizure protection. As ethosuximide has the same alkyl 

substituent as well, taken together this corroborates observations herein with 

compound 18, which is essentially an N-methylated derivative of the drug. 

However, findings from these studies showed that anticonvulsive activity 

depended on the type of structural modifications at both nitrogen and R1/R2 

positions. As modifications at these structural positions were made 
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concurrently, it was difficult to establish the molecular requirements for activity 

and potency. In addition, it should also be noted that anticonvulsant activities 

were mostly assessed singularly in the rodent MES test. When compounds 

were assessed in both MES and scPTZ tests, most compounds only protected 

against seizures in the former but not the latter. As compounds in the current 

study were studied for their protective activities against PTZ-induced seizures, 

albeit in C. elegans, this raises questions about the applicability of SAR 

findings from this series of studies to the work performed herein. Despite this 

caveat, these studies demonstrated that the type of nitrogen and R1/R2 

modifications collectively influence the anticonvulsant activity and potency of 

a molecule. Pertaining specifically to observations herein, however, the loss of 

activity observed with the N-methylated compound 18 may be explained by 

the loss of the ionisable N-bonded hydrogen which likely partakes in hydrogen 

bonding of the molecule to its target, resulting in a reduced affinity and 

consequent reduced potency.  

The other N-methylated compounds herein are AED prodrugs trimethadione, 

methsuximide, and phensuximide, which require N-demethylation for their 

active metabolites to exert anticonvulsant activity (Porter et al., 1979, 

Chamberlin et al., 1965). The observed discrepancies in the potencies with 

these compounds herein can be attributed to a combination of ADME-related 

factors such as the N-demethylation rate to active metabolites, half-lives of 

these metabolites, and rate of elimination in the worms over the drug and PTZ 

treatment window. As aforementioned, it is noteworthy that the candidate 

molecule compound 9 is the N-demethylated active metabolite of 

methsuximide (Dobrinska and Welling, 1977, Nicholls and Orton, 1972, Muni 

et al., 1973). Although both molecules exhibited similar anti-seizure potencies, 

the active metabolite was selected as the candidate compound since prodrug 

activation is not required. Additionally, it has an extremely long reported half-

life of 38 hours as opposed to 1.4 hours for methsuximide, and good 

accumulation in human plasma at levels averaging about 700-fold higher than 

its parent molecule in patients on chronic methsuximide treatment (Porter et 

al., 1979, Strong et al., 1974). Taken together, this suggests that retention of 

the -NH group is important at least for the current derivatives which do not yet 
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deviate far away from the succinimide backbone. However, as exemplified 

above by the series of studies which demonstrated seizure protection from 

diverse N-substituted succinimide derivatives (Kaminski and Obniska, 2008, 

Kaminski et al., 2013, Obniska et al., 2009, Obniska et al., 2010, Obniska et 

al., 2012, Rybka et al., 2014), further comprehensive SAR analyses will have 

to be carried out with secondary compounds synthesized from the selected 

candidate compound 9. 

As a further point of discussion, SAR requirements uncovered in the current 

study do not corroborate with the chemical structures of the structurally-similar 

AED levetiracetam (Figure 3.3.1). Although levetiracetam lacks R1 or R2 

substituents which are inferred herein to be essential for anticonvulsive activity, 

the drug has a broad spectrum of anticonvulsive activity and is effective against 

generalized and focal seizures. Additionally, the drug possesses a single C=O 

group and an N-substituent. Levetiracetam is effective in the electrically-

induced 6-Hz pyschomotor rodent seizure model, which is predictive for focal 

seizures and possibly for pharmacoresistant epilepsy as well (White, 2003, 

Löscher, 2011). However, it is not active in the gold standard MES and scPTZ 

seizure models. Conversely, ethosuximide displayed a 9-fold reduced potency 

in the 6-Hz model as compared to levetiracetam (Obniska et al., 2012), and is 

effective in the scPTZ but not MES model. It should be noted that in addition 

to both drugs, no one AED exhibits uniform activity across seizure models 

(White, 2003, Löscher, 2011). Additionally, levetiracetam but not ethosuximide 

reduced the EEG-detectable non-convulsive spike discharges In the brains of 

the APP-overexpressing J20 AD mouse model as mentioned previously 

(Sanchez et al., 2012). Taken together, this suggests that both the PTZ seizure 

model used herein and SAR findings obtained from it may only be applicable 

to a select group of compounds like the succinimide-based compounds. 

Furthermore, it emphasizes the complexity of trying to extrapolate SAR 

information from studies performed in different seizure models.  

In conclusion, SAR findings herein are useful in facilitating the development of 

secondary compounds from the candidate molecule compound 9, but this 

information might only pertain specifically to anticonvulsant activity against 
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PTZ-induced seizures, and might not be extrapolated fully for neuroprotection. 

Further comprehensive SAR studies are required in the future for secondary 

compounds generated from compound 9. 

 

 

 

Figure 3.3.1. Chemical structure of levetiracetam. 
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4.1 INTRODUCTION 

4.1.1 Neuroprotective effects of AEDs 

In addition to the neuroprotective and lifespan extending effects of 

ethosuximide (Chen et al., 2015b, Tiwari et al., 2015, Evason et al., 2005, 

Tauffenberger et al., 2013, Collins et al., 2008), a number of other AEDs have 

been reported to protect against neurodegeneration associated with seizures, 

strokes, ischemia, and traumatic brain injury in experimental models (Trojnar 

et al., 2002, Pitkanen and Kubova, 2004, Czuczwar et al., 2007).  

In neurodegenerative disorders per se, protective effects of a handful of AEDs 

have been reported. Of these, the structurally-unrelated broad-spectrum AED 

valproic acid has been most extensively studied and its neuroprotective 

actions have been shown in models of ALS, PD, AD, spinocerebellar ataxia 

type 3, and spinal muscular atrophy which were generated in cells, C. elegans, 

and rodents (van Bergeijk et al., 2006, Pan et al., 2005, Kautu et al., 2013, 

Teixeira-Castro et al., 2011, Qing et al., 2008, Yi et al., 2013, Rouaux et al., 

2007, Crochemore et al., 2009, Sugai et al., 2004, Monti et al., 2010, Monti et 

al., 2012, Kidd and Schneider, 2011, Ximenes et al., 2015, Carriere et al., 

2014). Valproate also extended the lifespan of WT C. elegans (Evason et al., 

2008), although these  longevity effects were not apparent in rodent ALS 

models (Rouaux et al., 2007, Crochemore et al., 2009). Trimethadione, an 

AED which is structurally-similar to ethosuximide, was once prescribed for the 

treatment of absence seizures but is now no longer in use due to its associated 

toxicity. It was reported to effect lifespan extension in WT worms (Evason et 

al., 2005) and protected against cell death of primary mouse hippocampal and 

cortical neuronal cultures (Wildburger et al., 2009a). Last but not least, the 

broad-spectrum AED levetiracetam was previously shown to ameliorate PD-

associated behavioural deficits, dopamine neuronal losses, and oxidative 

stress in a rotenone-induced model of PD in rats (Erbaş et al., 2016). 

Levetiracetam was also shown to alleviate the dyskinesia which is associated 

with L-DOPA treatment of PD in a MPTP-induced primate PD model (Bezard 

et al., 2004). In a transgenic mutant human APP-overexpressing J20 AD 

mouse model, the drug protected against behavioural, cognitive, and 

hippocampal synaptic defects (Sanchez et al., 2012). In human studies, it was 
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most recently reported to normalize aspects of abnormal EEG patterns in a 

small group of mild AD patients, although cognitive improvements were not 

evident (Musaeus et al., 2017). 

Some AEDs possess neuroprotective properties and have the potential to be 

repurposed as treatments for neurodegenerative disorders and other 

conditions associated with neuronal damage, such as stroke. Additionally, their 

chemical diversities and rich pharmacologies, especially of the new generation 

AEDs, also meant that they have the potential to be used as treatments for 

other conditions as well, as exemplified for instance by their protective effects 

in neuropathic pain and mood disorders (Bialer, 2012b). As neither 

methsuximide nor compound 9 have been yet documented to mediate 

neuroprotective and/or lifespan-extending effects, it will be interesting to 

assess these properties of compound 9 herein and to compare them with its 

succinimide family member ethosuximide.   

4.1.2 Drug chirality 

Chirality occurs when the mirror images of a molecule are non-superimposable. 

Chiral molecules or enantiomers possess chiral centres, which are usually but 

not exclusively carbon atoms. Different substituents bonded to such chiral 

centres have different spatial arrangements which leads to the configurational 

designation of enantiomers as either R or S based on the Cahn-Ingold-Prelog 

priority (CIP) system (Cahn et al., 1956). Additionally, enantiomers are also 

optical isomers designated + or - depending on the right or left rotation of 

plane-polarized light respectively. Aside from the direction of plane-polarized 

light, enantiomers share the same empirical formula and chemical and 

physical properties.   

Chirality is an important parameter for consideration in the development of new 

drugs, as enantiomers can have different pharmacological activities, toxicities, 

ADME properties and pharmacokinetics (Nguyen et al., 2006). These 

properties determine if a drug is to be introduced as a racemic mixture of both 

enantiomers or as an enantiopure treatment. With regard to pharmacological 

activity, it is less common for both enantiomers to possess equal activity, 

whereas one enantiomer is usually the primary active species whilst the other 
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is less active or completely inactive. On the other hand, identical or different 

toxic or side effects may reside in one or both enantiomers, and is not exclusive 

to only the bioactive species; differential toxicity may also be mediated from 

chiral drug-derived metabolites.  

Such chiral differences can be exemplified by the drug (R)-(-)-apomorphine, a 

nonselective dopamine receptor agonist which is approved for PD treatment 

(Quinn, 1995). Unlike (R)-(-)-apomorphine, its enantiomer (S)-(+)-

apomorphine does not stimulate these receptors (Lehmann et al., 1983). 

Additionally, whilst emesis is an undesired side effect of (R)-(-)-apomorphine, 

this was not induced with (S)-(+)-apomorphine even at 10-fold higher doses 

when administered to dogs (Saari et al., 1973). A noteworthy study with (S)-

(+)-apomorphine exemplifies the importance and utility of chiral consideration 

in developing new therapies for neurodegeneration (Mead et al., 2013). In that 

study, the therapeutic potential of immobilizing the NFE2-related factor 2 

(Nrf2)-antioxidant response element (ARE) antioxidant pathway as a 

neuroprotective strategy against ALS was investigated. Compound screens for 

Nrf2-ARE inducing activity via a reporter cell line unveiled (R)-(-)-apomorphine 

as a hit molecule, and additional screening of (S)-(+)-apomorphine 

demonstrated equipotent Nrf2-ARE activation. Due to the lack of undesirable 

side effects associated with (R)-(-)-apomorphine, (S)-(+)-apomorphine was 

selected for further evaluation and was shown to protect against oxidative 

stress-induced losses of both primary motor neurons fibroblasts from mice and 

ALS patients respectively. Furthermore, it ameliorated motor function decline 

in an ALS mouse model. Given the preferable pharmacological tolerability of 

(S)-(+)-apomorphine and its demonstrated Nrf2-ARE activation and 

neuroprotection against oxidative stress in the various ALS models, it was 

deemed a more attractive and obvious candidate for clinical testing as an ALS 

therapeutic since dosing can be performed with an improved safety margin.  

Given the importance of considering chirality-associated implications as 

illustrated above, regulatory agencies around the world have established 

mandatory guidelines to enforce chiral assessments of potential drugs before 

they are introduced into the market (Strong, 1999, Daniels et al., 1997).   
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Ethosuximide is a chiral drug and is used in its racemic form for the treatment 

of absence seizures. Although the pharmacological activities of its 

enantiomers have not been individually assessed and compared, the chiral 

aspects of its ADME and pharmacokinetics have been previously studied. For 

instance, enantioselective metabolism and elimination of (R)-ethosuximide 

was previously shown in rats (Mifsud et al., 2001). In humans, however, both 

enantiomers were detected at roughly equivalent ratios in blood plasma, 

suggesting the lack of enantioselective metabolism and elimination (Villen et 

al., 1990, Tomson and Villen, 1994). Unlike ethosuximide, the chiral 

characteristics of methsuximide or its active metabolite α-methyl-α-

phenylsuccinimide (compound 9) remain unexplored. 

4.1.3 Chapter aims 

As neuroprotective and longevity properties of compound 9 or its AED prodrug 

methsuximide have not been documented, the primary aim of the current work 

is to investigate these characteristics of the compound in the CK426  

C. elegans ALS model. As additionally discussed in the preceding chapter, the 

potential predictive value of the PTZ-induced seizure assay in the GABA-

defective unc-49 strain will be further explored herein. Lastly, in view of the 

importance of chirality on various aspects of a molecule’s properties, a 

secondary aim is to derive enantiomers of compound 9 for further comparisons 

of their biological properties.     
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4.2 RESULTS 

4.2.1 Generating enantiomers of compound 9 

As detailed in the preceding chapter, compound 9 was the candidate molecule 

selected for further derivation of compounds with enhanced neuroprotective 

efficacies and/or potencies. However, as highlighted, the neuroprotective 

properties of the molecule remained unelucidated at this point due to the 

utilisation of the PTZ-induced seizure assay as the primary screening platform. 

As the compound was screened in its racemic form, and due to potential 

pharmacological and toxicological differences between enantiomeric forms as 

aforementioned, the objective herein is to obtain the separate enantiomers of 

the compound to facilitate a more thorough investigation of its neuroprotective 

features. 

Direct enantiomer separation from a racemate can be performed with a 

preparative chiral high performance liquid chromatography (HPLC) column, 

however it was not possible for the current study due to the unavailability of 

this equipment. Additionally, this approach is associated with high costs and 

low yield. Hence, the synthesis route was taken to first derive the (R)-

enantiomer via a series of three reactions as adapted from reported 

procedures (Shintani et al., 2006, Carniato et al., 2009). As described 

previously (chapter 2, section 2.5.2), the process involved initial generation of 

1-benzyl-3-methylmaleimide, an N-benzylated substrate for chiral synthesis; 

N-benzylation blocks nitrogen from partaking in bonding reactions. This was 

followed by the stereospecific derivation of N-benzylated isomers (R)-

compound 9 and cis/trans-1-benzyl-3-methyl-4-phenylsuccinimide from the 

substrate. In the last reaction of the series, AlCl3-mediated N-debenzylation 

was attempted to remove the N-benzyl blocking group from N-benzylated (R)-

compound 9 and trans-1-benzyl-3-methyl-4-phenylsuccinimide; compounds 

eluted closely and separated easily from the cis isomer. Removal of the 

lipophilic benzyl group at this stage will enhance polarity differences between 

the two compounds and facilitate separation of (R)-compound 9. Despite the 

success of N-debenzylation, however, (R)-compound 9 was not recovered for 

further investigation due to the tiny scale of the reaction which meant that 

recovered amounts will be minute. Unfortunately, further repeats were not 
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made on a larger scale, hence subsequent analysis of neuroprotection and 

lifespan extension herein were carried out with the racemate. Regardless, this 

provides a proof of concept for future replication of the procedure.   

4.2.2 Rationale for utilising the CK426 ALS model and characteristics 

of TDP-43 pathology  

Despite the unfeasibility of the CK10 FTDP-17 and dnj-14 ANCL models for 

primary screens as described in preceding chapters, they are potential 

platforms for investigating the neuroprotective and lifespan-extending 

properties of compound 9. A key objective herein was to address the direct 

protective effect of the compound against neurodegeneration by assessing the 

integrity of the GABAergic D-type inhibitory motor neuronal subtype, since 

these neurons play a key role in mediating worm locomotion (Jorgensen, 2005, 

McLntire et al., 1993). GABAergic-specific expression of fluorescent markers 

would be required to study this. Hence, these models were unsuitable for the 

following reasons: 1) Previous attempts to express GFP in GABAergic neurons 

of the CK10 strain for this purpose demonstrated reversion to WT which was 

evident from intact neurons and WT thrashes. 2) Degeneration of these 

neurons manifest in dnj-14 worms around adulthood day 9 (Kashyap et al., 

2014). Due to the shortened lifespan of the strain, it was technically challenging 

to propagate sufficient worms up to this age and older ages to assess age-

dependent changes in neuronal integrity. For such reasons, an alternative 

model had to be considered.  

We decided to use a transgenic model of ALS, the CK426 strain, which was 

generated and kindly donated by our long-standing collaborator, Dr. Brian 

Kraemer (University of Washington, USA), as neuronal imaging work was 

previously described for this particular model (Liachko et al., 2010). The 

CK426 strain pan-neuronally expresses an snb-1 promoter-driven A315T 

missense mutation in the TDP-43-encoding gene TARDBP which was 

identified in familial ALS (Gitcho et al., 2008, Sreedharan et al., 2008). 

Characterisation of this model was performed in comparison against WT 

worms and the CK405 transgenic control strain which express WT human 

TDP-43 (Liachko et al., 2010). Although CK405 transgenic control strains had 
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reduced lifespans and mild locomotion defects which exacerbated 

progressively with age in comparison to WT worms, these phenotypes were 

considerably augmented with the CK426 worms. When the integrity of the 

GABAergic D-type inhibitory motor neurons was assessed, CK405 control 

worms did not exhibit significant neurodegeneration in comparison to non-

transgenic WT controls, whereas cell body losses and neuronal breaks were 

evident in the CK426 worms. These features of the CK426 worms mimic the 

shortened lifespan, motor deficits, and extensive neurodegeneration of ALS 

patients, hence recapitulating various aspects of the human disease. 

Importantly, the lifespan-extending and neuroprotective effects of 

ethosuximide were previously demonstrated in this model in a separate study 

(Tauffenberger et al., 2013), providing strong support to the justification of its 

use herein. 

Longevity and direct neuroprotective effects of compound 9 can be 

investigated by the standard analyses of lifespans and neuronal integrity 

respectively. However, assessment of its protection against locomotory 

defects is less straightforward, as a suitable phenotypic readout with a good 

signal-to-noise ratio must be selected to best distinguish these effects. 

Preliminary work performed by Matthew Pontifex (University of Liverpool) 

compared the suitability of liquid thrashing and body bend frequencies as 

locomotion readouts. As the CK426 ALS worms mostly do not thrash at all in 

liquid as compared to WT and CK405 controls, the thrashing phenotype is 

hence a poor readout for distinguishing the effects between treatments (Figure 

4.2.1). Body bend frequency on solid medium was assessed with the different 

treatments (Figure 4.2.1). CK426 worms exhibited markedly reduced body 

bend frequency than CK405 controls. Neither ethosuximide nor compound 9 

had any effect on the body bend frequency of the CK405 controls. In contrast, 

movement was significantly improved with both compounds in CK426 worms, 

demonstrating the feasibility of using body bends as a readout for assessing 

the treatment effects on locomotion. Additionally, this provides the first 

evidence of the neuroprotective effects of compound 9.  
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Figure 4.2.1. Assessment of suitable locomotory readout for CK426 ALS 

worms. (A) CK426 worms exhibited little to no thrashes in liquid as compared 

to WT N2 and CK405 WT human TDP-43-expressing transgenic control 

(p<0.05). Body bend frequencies of (B) CK405 controls and (C) CK426 ALS 

worms on solid medium were assessed as a locomotory readout. Body bend 

frequencies of (B) CK405 controls were not affected by treatments (p>0.05), 

whereas (C) improvements in CK426 worms were mediated by ethosuximide 

and compound 9 (p<0.05); note the different y-axis scales. CK405 thrashing 

data was derived from a single experiment (n = 10), whereas N2 and CK426 

data were pooled from two biological replicates (n = 28 - 30). CK405 (n = 20) 

and CK426 (n = 13 - 15) body bend data were pooled from three and four 

biological replicates respectively; *, p<0.05.  
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Note that in addition to a lack of liquid thrashing and reduced body bends on 

solid agar, the CK426 worms exhibited apparent uncoordinated movement, 

partial paralysis, and a coiling phenotype. However, locomotory defects were 

observed to vary between batches, and appeared to improve after several 

generational propagations, potentially a result of genetic drift. To counteract 

this phenomenon, the worst moving worms were selected at each propagation, 

and new frozen stocks utilised whenever required.     

4.2.3 Compound 9 is neuroprotective and lifespan-extending 

Preliminary data on the body bend readout above evidenced the 

neuroprotective effect of compound 9 in CK426 ALS worms (Figure 4.2.1). 

However, a comprehensive concentration-response evaluation was required 

to enable an elaborate assessment of the compound’s protective properties. 

To get an idea of the range of concentrations that could be assessed, 

preliminary re-assessment of the body bend readout with a 20-fold lower 0.05 

mM concentration of the compound revealed an improvement even at this 

lower concentration. To proceed from this, the concentration-response 

relationship of the compound was evaluated to identify the optimal 

neuroprotective concentration. Findings showed that the concentration-

response relationship was not established at younger ages of adulthood days 

1 and 3, whereby none of the assessed concentrations significantly improved 

the locomotion defect of the worms (Figure 4.2.2). At older ages of days 5 to 

9, the concentration-response relationship became more pronounced up to 

logarithmic concentrations (M) of -4.6 (0.025 mM) and/or -4.3 (0.05 mM) which 

ameliorated body bend frequencies. Further increases in the treatment 

concentration had negative instead of additional protective effects as 

locomotion rates declined, albeit seemingly to baseline levels. Hence, it 

appears that high concentrations used abolish the protective effects of the 

compound rather than inducing toxicity, as no differences in behaviour were 

displayed from worms treated at these concentrations in comparison to 

counterparts treated with lower concentrations. From these experiments, 0.05 

mM was selected as the optimal concentration to be carried forward with 

further evaluations of the compound’s properties. Comparisons of the 

compound’s neuroprotective effects were made with a 160-fold higher 
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concentration of 8 mM ethosuximide which was identified to be the optimal 

neuroprotective concentration from concentration-response assessments 

performed previously with the same locomotory readout by Matthew Pontifex 

(University of Liverpool); note that this corresponds approximately to the 

optimal neuroprotective concentration of 1 mg/mL in previous work carried out 

with the CK10 and dnj-14 strains (Chen et al., 2015b).  

At these optimal concentrations, both compound 9 and ethosuximide improved 

the frequency of body bends made by the CK426 worms (Figure 4.2.3). 

Additionally, these effects were exerted to a comparable extent between the 

two compounds despite the considerable 160-fold difference of the 

concentrations given. 

As aging is intimately linked with the development of neurodegenerative 

diseases, the longevity effect of the compound was also investigated. Despite 

the protective effects of ethosuximide on locomotion, the drug failed to mitigate 

the shortened lifespan of these worms as it only induced an insignificant 5 % 

increase of the mean lifespan in comparison to succinimide (Figure 4.2.4). In 

contrast, compound 9 increased the mean lifespan by 25 % as compared to 

the DMSO controls. This effect from the compound was shown to be significant.  
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Figure 4.2.2. Concentration-response relationship of compound 9. Body 

bend frequencies of chronically-treated, age-synchronised CK426 ALS worms 

were assessed to determine the concentration-response relationship of the 

compound at various ages of adulthood. (A) Body bends of control worms 

treated with the 0.4 % DMSO vehicle (0 M compound) at all ages. Although 

control values were not incorporated into concentration-response curves on 

the logarithmic scale as a logarithmic value cannot be obtained for 0 M of the 

compound, body bend frequencies for each day were compared against 

respective control values. Locomotion defects were not ameliorated at any 

concentration on (B) days 1 and (C) 3 (p>0.05). (D - F) At older ages, 

locomotion rate was significantly improved with logarithmic concentrations (M) 

of -4.6 (0.025 mM) and/or -4.3 (0.05 mM) (p<0.05), although higher 

concentrations reduced it instead. Data shown was pooled from three 

biological replicates, and comparisons were made with the Kruskal-Wallis test 

with Dunn’s multiple comparisons (n = 30 per day per concentration); *, p<0.05. 
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Figure 4.2.3. Compound 9 ameliorates locomotion defects of the CK426 

ALS strain. Age-synchronised worms were chronically treated with 8 mM 

succinimide or ethosuximide, 0.4 % DMSO vehicle, or 0.05 mM compound 9 

in 0.4 % DMSO from the L1 larval stage. Ethosuximide improved the frequency 

of body bends at most ages except days (B) 3 and (D) 7, whilst compound 9 

consistently ameliorated locomotion from day 3 onwards (B-E; p<0.05). 

Comparisons were performed via the Kruskal-Wallis test with Dunn’s multiple 

comparisons; *, p<0.05.  Data shown was pooled with contributions from 

Matthew Pontifex (University of Liverpool). Number of biological replicates for 

pooled data and n (per day per treatment); four, n = 40, ethosuximide (days 7 

and 9) and succinimide; five, n = 60, ethosuximide (days 1 to 5); six, n = 60, 

DMSO and compound 9 (days 1 to 7) 
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Figure 4.2.4. Compound 9 extends lifespan of the CK426 ALS worms. 

Lifespan analyses were performed on age-synchronised worms chronically 

treated from the L1 larval stage onwards. Worms were scored as dead in the 

absence of pharyngeal pumping or response to touch, with physically 

damaged and bagged worms censored from analysis. (A) Ethosuximide had 

no effect on the lifespan (p>0.05), (B) whereas compound 9 improved the 

longevity of the worms when compared to the DMSO control (p<0.05).  Mean 

lifespans (number of adulthood days) are as follows: succinimide, 12.45 ± 0.37 

(n = 141); ethosuximide, 13.08 ± 0.39 (n = 139); DMSO, 11.51 ± 0.35 (n = 131); 

compound 9, 14.37 ± 0.41 (n = 138). Data shown was pooled from three 

biological replicates, with comparisons of lifespans carried out with the log-

rank test. Total n per biological replicate; first replicate, 39 succinimide, 42 

ethosuximide, 36 DMSO, 46 compound 9; second replicate, 45 succinimide, 

42 ethosuximide, 42 DMSO, 39 compound 9; third replicate, 52 succinimide, 

53 ethosuximide, 49 DMSO, 46 compound 9. 
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ALS is characterised by the degeneration of upper and lower motor neurons 

in the brain and spinal cord. To investigate if compound 9 has a direct 

protective effect against neuronal degeneration, the integrity of the GABAergic 

D-type inhibitory motor neurons was studied. These neurons innervate the 

body wall muscles of the nematode, and are required for ventral and dorsal 

muscle relaxation during locomotion. Normal sinusoidal locomotion requires 

opposing excitatory and inhibitory neurotransmission on ventral and dorsal 

sides, and ablation of inhibitory D-type neurons resulted in movement defects 

due to the muscle walls receiving only excitatory input (Schuske et al., 2004). 

In other words, this neuronal subset plays an essential role in mediating normal 

locomotion. Since progressive loss of movement and eventual paralysis is a 

characteristic clinical feature of ALS, and this is in part recapitulated by the 

locomotion defects of the CK426 strain, the integrity of these neurons will be 

informative in relating underlying pathology with clinical phenotypes.     

To facilitate the assessment of these neurons, CZ1200 worms which express 

GFP in GABAergic neurons were crossed with CK426 worms to introduce this 

genetic feature into the background of the latter strain to create the 

CK426/CZ1200 double mutant strain (refer to chapter 2; section 2.2.1 and 

Figure 2.1). GABAergic neuronal-specific expression of GFP in CZ1200 worms 

was driven by the promoter for the unc-25 gene ([Punc-25::GFP]) which 

encodes glutamic acid decarboxylase, the enzyme which catalyses GABA 

biosynthesis from glutamate (Jin et al., 1999). Due to the transparency of  

C. elegans, the GFP-expressing GABAergic neurons can be visualised in vivo 

at various adult ages to track age-dependent neuronal changes.  

From the cross, hermaphroditic F1 progenies heterozygous for the CK426 and 

CZ1200 transgenes were further propagated based on their respective Pmyo-

2::dsRED red pharyngeal and Punc-25::GFP green fluorescence markers. 

Homozygous F2 hermaphrodites were singled out and propagated for a further 

generation based on the brightest red and green fluorescences, due to diploid 

copies of both transgenes. F3 lines which homogenously express both 

markers at the same intensities were most likely derived from a single 

homozygous F2 parent, and were retained for further verification. For the 
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obvious reason that worms were already selected based on GABAergic GFP 

expression, retained lines were not further genotyped for the expression of the 

CZ1200-derived Punc-25::GFP transgene. On the other hand, although red 

pharyngeal fluorescence was a selection marker for the CK426-derived TDP-

43-encoding TARDBP transgene, expression of the TDP-43 protein was 

examined by Matthew Pontifex (University of Liverpool) to verify transgene 

expression (Figure 4.2.5). The protein was confirmed to be expressed in the 

CK426/CZ1200 worms, demonstrating success of the crosses.   

The cell bodies of the 19 GABAergic D-type inhibitory motor neurons lie along 

the ventral nerve cord and consist of 13 ventral (ventral D; VD) and 6 dorsal 

(dorsal D; DD) type neurons which innervate the respective ventral and dorsal 

body wall muscles of C. elegans. The integrity of this neuronal subset was 

assessed herein by quantifying the number of cell bodies and neuronal breaks 

in the ventral nerve cord (Liachko et al., 2010); cell bodies were evident from 

GFP punctae fluorescence whereas discontinuities in the GFP fluorescence 

highlight neuronal breaks. Observations herein demonstrated clear differences 

between the CZ1200 controls and CK426/CZ1200 worms across all assessed 

ages. In general, CZ1200 worms displayed little to no cell body losses and 

neuronal breaks even at an older adult age of day 7 whereas CK426/CZ1200 

fared significantly worse for these quantifications for all treatments even at the 

youngest assessed age of day 1, verifying the neurodegenerative effect of the 

TARDBP mutation (Figures 4.2.6 and 4.2.7). 
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Figure 4.2.5. Representative western blot verifying expression of the 

human TDP-43 protein in the CK426/CZ1200 double mutant. Blots were 

probed with an antibody which recognizes amino acid (aa) residues 1 to 161 

of the 414-aa human TDP-43 protein. WT N2 and CK426 single mutant 

strains were analysed alongside as negative and positive controls for TDP-43 

expression. The 45.5 kDa protein was detected with the antibody in both the 

CK426 positive control and the CK426/CZ1200 double mutant from the 

genetic cross, verifying that the genetic cross had successfully generated the 

human TDP-43-expressing desired mutants. Western blots were performed 

by Matthew Pontifex (University of Liverpool).    
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Figure 4.2.6. Compound 9 prevents GABAergic cell body losses in the 

CK426/CZ1200 strain. CK426/CZ1200 worms generated from mating of the 

CK426 ALS strain with the GABAergic-specific GFP-expressing CZ1200 strain 

were chronically treated from the L1 larval stage onwards. (A-D) CZ1200 

worms consistently preserved more of the 19 D-type motor neuronal cell 

bodies than CK426/CZ1200 ones at all assayed ages, verifying 

neurodegenerative effect of the CK426 background (#, p<0.05). Both (B-D) 

ethosuximide and (A, B and D) compound 9 protected against cell body losses 

in CK426/CZ1200 worms when compared against respective succinimide and 

DMSO controls (p<0.05). Data for CZ1200 and CK426/CZ1200 strains were 

pooled from two and three biological replicates respectively, with comparisons 

made via the Kruskal-Wallis test with Dunn’s multiple comparisons. CZ1200 (n 

= 30 per age), CK426/CZ1200 (n = 33 - 47 per age); #, *, p<0.05. 
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Figure 4.2.7. Compound 9 protects against breaks in D-type GABAergic 

motor neurons in the CK426/CZ1200 strain. CK426/CZ1200 worms 

generated from mating of the CK426 ALS strain with the GABAergic-specific 

GFP-expressing CZ1200 strain were chronically treated from the L1 larval 

stage (A-D) CZ1200 control worms had fewer neuronal breaks than 

CK426/CZ1200 worms at all ages, verifying the neurodegenerative effect of 

the CK426 background (#, p<0.05). (B-D) Both ethosuximide and compound 

9 reduced the number of neuronal breaks in CK426/CZ1200 worms from day 

3 onwards as compared to succinimide and DMSO controls (p<0.05). Data for 

CZ1200 and CK426/CZ1200 strains were pooled from three and four biological 

replicates respectively, with comparisons made via the Kruskal-Wallis test with 

Dunn’s multiple comparisons. CZ1200 (n = 40 per age), CK426/CZ1200 (n = 

43 - 56 per age); #, *, p<0.05. 
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When neurodegeneration was compared between differentially-treated 

CK426/CZ1200 worms, both ethosuximide and compound 9 protected against 

cell body losses and breaks within this motor neuronal subset (Figures 4.2.6 

and 4.2.7). Effects appeared to be more apparent for neuronal break reduction 

than for cell body preservation as both compounds consistently protected 

against breaks from age 3 onwards, whereas protection against cell body 

losses were less consistent. This was likely to be a direct consequence of the 

difficulty in quantifying cell bodies especially with age, as punctae fluorescence 

becomes progressively less prominent and distinguishable. Representative 

images as shown in Figure 4.2.8 demonstrate the absence of 

neurodegeneration in the CZ1200 worms at younger and older ages of days 3 

and 7, whereas Figures 4.2.9 and 4.2.10 represent the clear differences in 

neuronal deterioration between the differentially-treated CK426/CZ1200 

worms at days 1 and 7; representative images for days 3 and 5 are shown in 

Appendices 5 and 6.  

Taken together, overall findings demonstrated that compound 9 possesses 

both neuroprotective and lifespan-extending properties. Most importantly, 

neuroprotection and lifespan extension were mediated at a concentration 

which was 160-fold lower than the administered concentration for 

ethosuximide, displaying the enhanced potency of the compound relative to 

the starting scaffold. 
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Figure 4.2.8. Representative images of control CZ1200 worms which 

express GFP in GABAergic neurons. Age-synchronised worms at adult 

ages of (A) day 3 and (B) day 7 are shown to compare the appearance of D-

type GABAergic motor neurons in the ventral nerve cord. The 19 cell bodies of 

this neuronal subset and neuronal breaks manifest as puntae fluorescence 

(indicated with arrows in A) and discontinuities in GFP fluorescence 

respectively. (B) Aging did not cause observable physical neuronal 

deterioration, which was evident from intact neurons and discernible cell 

bodies. Images were taken at 200X magnification, scale bars = 100 µm. 
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Figure 4.2.9. Representative images of day 1 CK426/CZ1200 worms. Age-

synchronised worms were chronically treated with 8mM (A) succinimide or (B) 

ethosuximide, (C) 0.4 % DMSO vehicle or (D) 0.05 mM compound 9 in 0.4 % 

DMSO from the L1 larval stage. Breaks within the D-type GABAergic motor 

neurons in the ventral nerve cord are indicated and emphasized with red boxes. 

Images were taken at 200X magnification, scale bars = 100 µm. 
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Figure 4.2.10. Representative images of day 7 CK426/CZ1200 worms. 

Age-synchronised worms were chronically treated with 8mM (A) succinimide 

or (B) ethosuximide, (C) 0.4 % DMSO vehicle or (D) 0.05 mM compound 9 in 

0.4 % DMSO from the L1 larval stage. Breaks within the D-type GABAergic 

motor neurons in the ventral nerve cord are indicated and emphasized with red 

boxes. Bagged worms were commonly observed at this age. Images were 

taken at 200X magnification, scale bars = 100 µm. 
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4.2.4 Insights into the predictive value of the PTZ-induced seizure 

assay for neuroprotective characteristics of compounds 

The trend observed with compound 9, which showed enhanced anticonvulsant 

potency in PTZ-induced seizure assays than ethosuximide, and subsequently 

enhanced neuroprotective and lifespan-extending activities herein, supported 

the argument for the potential predictive value of the PTZ-induced seizure 

assay for neuroprotectiveness as discussed in the preceding chapter. To 

explore this further, two active anticonvulsant compounds, compounds 4 

(trimethadione) and 14, were selected on the basis of their reduced and 

enhanced seizure-protecting potencies in comparison to ethosuximide 

respectively. The neuroprotective properties of these compounds were 

assessed by their effects on the body bend frequencies of the CK426 worms.    

At the same concentration administered for ethosuximide and the succinimide 

control, compound 14 only showed a significant improvement in locomotion at 

day 7 whereas trimethadione consistently ameliorated locomotion from ages 1 

to 7; these protective effects were lost on day 9 (Figure 4.2.11). Although the 

effects of both compounds were not different from ethosuximide herein, 

primary screens from the PTZ-induced seizure assay showed a less consistent 

anticonvulsive effect from trimethadione whereas ethosuximide and 

compound 14 reproducibly and robustly protected against seizures. As 

aforementioned, trimethadione and compound 14 were less and more potent 

than ethosuximide in the seizure assay. Taken together, these findings 

suggest a poor or lack of correlation between seizure- and neuro-protection 

with the PTZ-induced seizure assay. 
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Figure 4.2.11. Trimethadione and compound 14 ameliorates locomotion 

defects of the CK426 ALS strain. Age-synchronised worms were chronically 

adminstered 8 mM of respective treatments. (A-D) Trimethadione effected the 

most consistent improvements in locomotion up to day 7, whereas a significant 

improvement was only seen with compound 14 treatment at (D) day 7. Data 

shown was pooled with contributions from Beth Atherton (University of 

Liverpool) and comparisons were made against the succinimide control via the 

Kruskal-Wallis test with Dunn’s multiple comparisons; *, p<0.05. Number of 

biological replicates for pooled data and n (per day per treatment); five, days 

1 to 5 all treatments except compound 14 (n = 47 – 50), three, days 1 to 5 

compound 14 (n = 28 – 30); two, days 7 and 9 (n = 20). 
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4.2.5 Comparing bioaccumulation of compounds in chronically-

treated CK426 worms  

4.2.5.1 Optimisation of extraction conditions 

To evaluate the contribution of drug bioaccumulation towards potency 

differences observed between compound 9 and ethosuximide, 1D 1H NMR 

spectroscopy was performed on day 1 CK426 worms. As explained in the 

previous chapter, although there were issues with assessing bioaccumulation 

from an acute liquid treatment protocol due to the hydrophobic nature of 

compound 9 (chapter 3, section 3.2.7), these are circumvented with a chronic 

plate-based treatment procedure herein. As before, singlet peaks with the 

highest intensity from each compound was selected for analysis as these 

peaks offer the best signal-to-noise ratios for detection and differentiation from 

C. elegans-derived metabolites. 

To establish suitable extraction conditions, a series of experiments were 

performed prior to preparation and analysis of samples. Previous work 

conducted by a separate group concluded bead-beating and 80 % methanol 

as the best tissue disruption method and solvent for the most reproducible 

extraction of water-soluble metabolites from C. elegans (Geier et al., 2011). 

However, the efficiencies of sonication and the acetonitrile extraction solvent 

were not evaluated therein, hence this was addressed in the current study. By 

utilising two estimated similarly-sized populations of day 1 CK426 worms, 

extraction efficiencies of bead-beating and sonication were compared based 

on the yield of extracted metabolites (Figure 4.2.12).  
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Figure 4.2.12. Comparing the efficiencies of bead-beating and sonication 

for metabolite extraction from C. elegans. Metabolites from C. elegans 

samples of similar estimated sizes were extracted by either approach with AcN 

and analysed with 1D 1H NMR spectroscopy. Extracted yields were 

determined by total TSP-scaled 1H spectral intensities which excluded the 

region occupied by protonated water. Note that although the reference 

molecule TSP may be added to samples prior to extraction to account for 

extraction-induced losses, TSP acts as the internal standard for improving 

estimation of extracted yields when added after extractions herein as the 

absence of extraction-induced TSP losses results in confidence in the TSP 

concentration. Extracted yields were compared by normalizing to the higher 

yield of the two methods. The level of metabolites extracted from bead-beating 

was about 20% lower, suggesting that sonication may be a better approach. 

Data shown was from a single extraction of samples from a single preparation. 

 

 

 

 

 

 

 

T
o

ta
l 

s
p

e
c

tr
a

l 
in

te
n

s
it

y

S o n ic a t io n B e a d -b e a t in g

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0



177 
 

Sonication appeared to be more efficient as it produced a slightly higher 

metabolite yield than bead-beating. This was likely a consequence of the 

procedure being performed in situ, reducing number of transfers between 

plastic ware, and as such, reducing sample losses. However, derived yields 

should be noted with caution as extracted sample sizes were based on worm 

population estimations, hence the effect of sample size differences on 

extracted yield is indeterminate. Despite this caveat, sonication was favoured 

and was the selected method for extraction herein due to the conveniences 

associated with it, and the simple fact that less procedural steps lead to 

reduced sources of error.  

To determine the extent of sample loss from sonication, the reference 

molecule TSP was used as an internal standard which was added either before 

or after sonication of the samples. Comparison of TSP levels between the two 

approaches revealed a profound 10-fold reduction due to the extraction 

procedure, highlighting the importance of accounting for sonication-induced 

sample losses by co-extracting the internal standard with samples (Figure 

4.2.13).  
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Figure 4.2.13. Extent of sample loss from sonication. The reference 

compound TSP was added to C. elegans samples as an internal standard 

before or after sonication, followed by analysis with 1D 1H NMR spectroscopy. 

TSP-derived signals, derived by scaling against total 1D 1H spectral intensities 

which excluded the protonated water region, were compared between both 

conditions. Sonication resulted in a 10-fold reduction of TSP as evident from 

the significant reduction of the compound when added before sonication 

(p<0.05). Results shown are derived from an independent sonication of three 

biological replicates per condition, with comparisons of TSP signal intensities 

performed via the unpaired t test.      
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Acetonitrile (AcN) is a recommended extraction solvent for water-soluble 

metabolites, whereas a mixture of chloroform and methanol is more suitable 

for lipid metabolites (Beckonert et al., 2007). As compound 9 is hydrophobic, 

AcN might fail to extract it as efficiently as for water-soluble compounds 

succinimide and ethosuximide. As AcN acts as a solubilising agent for water-

soluble metabolites, compound 9 might potentially be excluded from the AcN-

metabolite fraction, resulting in NMR undetectability. However, as 

reproducibility requires keeping conditions as standardised as possible, the 

feasibility of utilising this extraction solvent for the compound was assessed as 

illustrated in Figure 2.10 of chapter 2. Briefly, solutions of the compound at the 

treatment concentration were prepared and subjected to mock extractions with 

AcN. The compound was detectable with 1D 1H NMR spectroscopy, 

demonstrating that a proportion of the compound is soluble in the AcN-

metabolite fraction (Figure 4.2.14). Additional DMSO in the NMR buffer did not 

improve the solubility of the compound as its detected level was comparable, 

further demonstrating that AcN did not reduce extraction efficiency of the 

compound at the treatment concentration. However, this inference should be 

taken with caution as AcN might only be an acceptable extraction solvent for 

the concentration of the compound tested or lower, as the tendency of the 

compound to precipitate will invariably increase with increasing concentrations. 
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Figure 4.2.14. AcN did not affect the solubility of hydrophobic compound 

9 despite being an extraction solvent for water-soluble metabolites. 

Lyophilised solutions of the compound at 0.05 mM in 0.4 % DMSO were 

subjected to a mock extraction procedure with AcN without sonication, 

followed by preparation in NMR buffer with or without additional DMSO. 

Subsequent centrifugation in order to pellet insoluble components determines 

if the compound remained solubilised with AcN, and whether additional DMSO 

was required to promote or improve solubility. 1D 1H NMR spectroscopy of the 

liquid fraction which corresponds to the metabolite-containing fraction, 

detected comparable levels of the compound in the presence (red spectrum) 

and absence (black spectrum) of additional DMSO. This demonstrated that 

solubility of the compound was not affected with AcN. The result shown is from 

a single experiment of single preparations. NMR traces shown were scaled to 

the TSP peak intensity, and arrows indicate the strongest singlet peak from 

the compound detected from both conditions. 
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4.2.5.2 Compound 9 failed to bioaccumulate to detectable levels in 

CK426 worms after chronic treatment 

To relate treatment bioaccumulation with phenotypic and pathological 

observations from neurodegeneration and lifespan analyses as 

aforementioned (section 4.2.3), chronic treatment of the CK426 worms was 

carried out at the same concentrations as previously tested. Although 

protective effects from both ethosuximide and compound 9 appeared to be 

most consistent at older assessed ages of days 5 to 9 from locomotion (Figure 

4.2.2) and neuronal imaging (Figure 4.2.6 and 4.2.7) assays, analysis of 

bioaccumulation was initially not performed with worms of these ages due to 

the difficulty in maintaining a large gravid population without progeny 

contaminations. Although the DNA synthesis inhibitor FUDR can be used to 

sterilise gravid worms and hence prevent progeny contamination (Mitchell et 

al., 1979), it has been reported to be a confounding factor in lifespan analyses 

(Anderson et al., 2016) and might potentially affect bioaccumulation of the 

compounds in unknown ways. For these reasons, day 1 was the age selected 

for analysis. 

Following extraction and analysis with 1D 1H NMR spectroscopy, resultant 1D 

1H spectra from respective compounds demonstrated detectability of the 

strongest singlet peaks from unmetabolized succinimide and ethosuximide 

(Figure 4.2.15), but not of compound 9 (Figure 4.2.16). The compound 9-

derived peak coincides with a region occupied by worm metabolites shared 

across all differentially-treated samples. In addition, the concentration of the 

externally administered compound was 0.05 mM, which was 160-fold lower 

than the treatment concentration of 8 mM for both succinimide and 

ethosuximide. The combination of both factors would have severely reduced 

the possibility of the detection of the compound. In an attempt to improve 

detectability of this singlet peak, worms were administered a 40-fold higher 

concentration of the compound at 2mM, the currently established highest 

tolerable concentration used in concentration-response assessments as 

described above (section 4.2.3). Nevertheless, this failed to improve the 

visibility of the compound-derived signal from internal metabolites (Figure 

4.2.16). Due to potential occlusion of the signal due to overlapping peaks from 
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worm metabolites, other compound-derived peaks occupying separate 

spectral regions were examined for both low and high concentrations of 

compound 9. Unfortunately, no distinguishable signals from the compound 

were visible at either concentration (Figure 4.2.16). 
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Figure 4.2.15. Detectable traces of succinimide and ethosuximide in 

treated day 1 CK426 ALS worms. Overlay of spectra from all treatments (8 

mM succinimide and ethosuximide, 0.05 mM compound 9) and regions with 

compound-derived peaks of interest. (A) Succinimide (in 2.82 – 2.74 ppm) and 

(B) ethosuximide-derived peaks (1.30 – 1.28 ppm) were readily distinguishable 

only in samples treated with the respective compounds (red arrows). Peaks 

common to all treatment from C. elegans metabolites are shown alongside 

compound-derived peaks for emphasis. Data shown is from nine 1H spectra 

from three treatment conditions with three biological replicates each.  

A

B
2.82 [ppm]2.80 2.78 2.76 2.74

1.300 [ppm]1.295 1.290 1.285 1.280
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Figure 4.2.16. Compound 9 is undetectable in treated day 1 CK426 ALS 

worms. Spectra from all treatments were overlaid and specific regions 

containing compound-derived peaks of interest were focused on to assess the 

presence of these peaks. The singlet peak with the highest intensity from the 

compound (boxed region) was indistinguishable in samples treated with both 

(A) low and (B) high concentrations, as it might be occluded by common worm-

derived metabolites. Due to the undetectability of the singlet peak, the 

presence of other compound-derived multiplet peaks in the (C) aromatic or (D) 

-CH2 region were analysed from spectra derived from treatment with both low 

and high concentrations. To facilitate the ease of peak identification from these 

multiplets, the reference spectrum of the compound was overlaid with those 

from treated samples; reference peaks as shown in green and indicated with 

black arrows. These peaks were also not detectable from samples. Data 

shown is from nine 1H spectra from three treatment conditions with three 

biological replicates each. 
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Since the unmetabolized form of compound 9 was undetectable in day 1 

samples, additional analyses were performed on worms aged to day 5 based 

on the hypothesis that the compound will bioaccumulate to higher levels over 

time, and to mirror physiological effects of treatment at that age. Comparison 

between day 1 and 5 samples may additionally facilitate some insights into the 

kinetics of bioaccumulation, metabolism and clearance. Despite potential 

effects of FUDR on bioaccumulation, worms were aged in the presence of the 

compound to maintain a homogenous aged population. Similar to day 1 

samples, no traces of compound 9 were observed (results not shown). Given 

the undetectability of the unmetabolized compound in both younger and older 

worms, it is possible that metabolism of the compound had occurred and that 

traces of the compound-derived metabolite(s) could be distinguished to inform 

about drug accumulation. There has only been one reported p-hydroxyphenyl 

metabolite of compound 9 to date (Dudley et al., 1974).  Hydroxylation of 

compound 9 to the metabolite causes a shift of spectral peaks, as 1H NMR 

peaks from the p-hydroxyphenyl moiety of the metabolite were predicted to 

produce two doublet peaks which distinguish the metabolite from the multiplets 

derived from the unhydroxylated phenyl of compound 9 (Dudley et al., 1974). 

However, these peaks coincide with a very noisy worm-derived metabolite 

region of the 1H spectrum and may not be easily distinguished even if present. 

As with compound 9, the methyl moiety of the metabolite is likely to produce a 

singlet with the highest intensity; however the spectral region of this peak is 

unknown and may differ from the unmetabolized compound. To pinpoint the 

approximate spectral regions occupied by this metabolite-derived peak, the 

predicted 1D 1H NMR spectra for compound 9 and the metabolite were 

compared (Appendix 7); refer to chapter 2, section 2.5.4 for details on spectral 

prediction. Predicted spectra showed a slight upfield spectral shift of the drug 

metabolite-derived peak. However, no distinct singlet peak was distinguishable 

from worm-derived metabolite signals in upfield regions from the original 

compound 9-derived peak on the spectra analysed herein, showing that the 

metabolite was similarly undetectable.  
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Although peaks from succinimide and ethosuximide remained detectable in 

day 5 worms (results not shown), fair comparisons against day 1 samples were 

not possible as FUDR treatment plates used for aging day 5 worms were not 

depleted of bacterial food lawns at the time of sample processing. In contrast, 

bacterial lawns were thick and infected, which were extremely difficult to 

remove from worm samples during washes as they constitute a bulk of the 

worm samples. Therefore, it was possible that they have participated in the 

bioaccumulation and metabolism of the treatments, or they might have 

influenced bioaccumulation in the worms in some way. In view of this possible 

confounding factor and the quality of samples analysed, spectra from day 5 

worms were not analysed. 

To quantify the internal concentrations of unmetabolized succinimide and 

ethosuximide in day 1 CK426 worms, concentration and sample size standard 

curves (refer to chapter 2, section 2.6.3.3 and Figure 2.17) were constructed 

(Figures 4.2.17 and 4.2.18); note that curves were also shown herein for 

compound 9 for completion. Measured internal concentrations were 206.6 ± 

48.89 µM for succinimide and 143.8 ± 39.08 µM for ethosuximide. Although 

determined concentrations were derived from unmetabolized forms of the 

compounds, higher values for the inert control succinimide likely verifies the 

intrinsic bioactivity of ethosuximide. The unapparent physiological effects of 

compound 9 and its metabolite at age day 1 suggests the possibility of a lack 

of treatment uptake at that age and might be an explanation for the 

undetectability of the compound. However, DMSO was easily distinguishable 

in these samples (not shown), verifying at least carrier uptake by the worms, 

although it is possible that worms had preferentially taken up DMSO instead 

of the compound.  
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Figure 4.2.17. Standard curves for estimating internal concentration of 

compounds in C. elegans following treatment. A range of concentrations 

for each compound were analysed with 1D 1H NMR spectroscopy and the 

resultant spectral intensities of analysed peaks, as derived from indicated 

regions from each compound, were scaled to the reference compound TSP 

and plotted against respective concentrations to generate the curves. Data 

shown was from a single experiment of single preparations. 
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Figure 4.2.18. Sample size estimation from standard curves. Standard 

curves were generated from the coomassie blue staining intensities of known 

ratios of day 1 CK426 worms in 1X SDS buffer resolved on SDS-PAGE gel. 

Samples, which are 5 % of the analysed populations, were resolved and 

stained alongside standards to preserve staining consistency for accurate 

interpolation. Shown here are the stained gels and corresponding standard 

curves below; two gels were analysed due to the number of conditions and 

replicates required. The number of worms analysed by 1D 1H NMR 

spectroscopy was extrapolated from interpolated numbers. Data shown was 

from a single experiment of samples from four treatment conditions with three 

biological replicates each. 
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4.3 DISCUSSION 

In the preceding chapter, compound 9 was demonstrated to exert a 2-fold 

enhancement of anticonvulsive potency than ethosuximide and was selected 

as the candidate molecule for the derivation of secondary compounds. 

Subsequent work herein verified its neuroprotective and lifespan-extending 

properties in the CK426 C. elegans ALS model. Most importantly, comparable 

protective effects with ethosuximide were exerted at a concentration which 

was 160-fold lower than the drug. Unlike ethosuximide whereby 

neuroprotection and lifespan extension have been reported in various models 

of neurodegeneration (Tauffenberger et al., 2013, Chen et al., 2015b, Tiwari 

et al., 2015), these protective effects of compound 9 and/or its methsuximide 

prodrug have not been documented elsewhere. Hence, the current work 

presents novel findings of a molecule with much enhanced potency despite it 

being structurally similar to ethosuximide. 

As treatments for epilepsy, ethosuximide is only effective against absence 

seizures, whereas the methsuximide pro-drug of compound 9 has a broad 

spectrum of activity and is effective against other seizure types as well (Browne 

et al., 1983, French et al., 1958, Dow et al., 1958, Carter and Maley, 1957, 

Wilder and Buchanan, 1981, Hurst, 1996). The striking enhanced potency of 

compound 9 relative to ethosuximide herein and its wide spectrum of activity 

in humans may be attributed to increased lipophilicity conferred by its phenyl 

moiety, as lipophilicity often improves the potency of a molecule in vitro. 

However, increased lipophilicity is additionally associated with undesirable 

features such as increased toxicity, and reduced solubility, bioavailability, and 

metabolic stability (Leeson and Springthorpe, 2007), exemplified by the 

increased toxicity of methsuximide in comparison to ethosuximide. Lipophilicity 

is defined by the octanol-water distribution coefficients, LogP and LogD, with 

the latter being a more physiologically relevant measure due to the additional 

consideration of pH-dependent ionisation states of molecules (van de 

Waterbeemd et al., 1998). In CNS drug discovery, although lipophilicity has 

been reported to improve brain permeation as shown by a good correlation of 

predicted LogD values with total drug levels in the brain (Wager et al., 2010a), 

it is the free unbound fraction which is more relevant as it mediates the 
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therapeutic effect at the biological target(s) (Rankovic, 2015). More importantly, 

a negative correlation has been reported for LogP and free unbound drug 

levels in the brain (Gleeson, 2008), which emphasizes the importance of 

considering the effect of lipophilicity on brain permeation based not on total but 

on the free unbound drug levels in the brain. In addition, to reiterate the 

importance of a multiobjective parameter optimisation approach as discussed 

in the preceding chapter, other parameters such as molecule binding to and 

efflux by drug transporters such P-glycoprotein affects brain permeation and 

should be considered alongside lipophilicity of a molecule. This is important for 

future work when further compounds have been developed from compound 9.  

Although the (R)-enantiomer was successfully generated by the end of the 

three-step reaction, no further attempts were made to recover it due to 

insufficient amounts from the tiny scale of the reaction. Hence, findings herein 

were derived from the racemate of the compound. Although bioactivity and 

toxicity may differ between enantiomeric forms, characterization work 

performed herein with the racemate is equally important as enantiomers may 

interact with each other to produce different biological effects from single 

enantiomers. Although the enantiomers of compound 9 remain to be 

characterised herein, chiral effects on not only pharmacological activity, but 

also on important parameters contributing to the mechanism of action, such as 

toxicity and ADME properties, should be assessed for a lead molecule derived 

from compound 9 in the future. 

Investigation of bioaccumulated drug levels in the CK426 worms treated with 

8 mM ethosuximide revealed an internal ethosuximide concentration of 143.8 

± 39.08 µM in day 1 animals. A separate study reported an internal 

concentration of approximately 220 µM in WT worms which were chronically-

treated with 14 mM of the drug (Evason et al., 2005). However, the reported 

method of measuring bioaccumulated concentrations differ from the approach 

used herein. Instead of 1D 1H NMR spectroscopy, a commercial immunoassay 

was utilised to detect and measure the drug levels in the worms. Despite the 

differences in procedures, the bioaccumulated concentration from a lower 

externally administered concentration of 8 mM herein does not deviate far, 

given the previously reported linear relationship between drug plasma levels 
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and administered doses of the drug (Patsalos, 2005). Although 

bioaccumulated drug levels is lower than the reported therapeutic range of 280 

to 700 µM in human plasma for the treatment of absence seizures (Browne et 

al., 1975), it might be attributed to species differences. Despite the expression 

of many members of phase I and II metabolism enzymes by C. elegans, the 

detoxification functions of these proteins in the worms are largely not 

characterised (Lindblom and Dodd, 2006), and metabolism routes and 

resultant drug metabolites may differ between C. elegans and humans.  

Unlike ethosuximide, compound 9 was undetectable in CK426 worms at both 

younger and older ages of days 1 and 5. Undetectability may be partly 

explained by the known half-lives of the compounds in humans, which were 

reported to be 38 hours for compound 9 (Porter et al., 1979) and 30 to 60 hours 

for ethosuximide (Buchanan et al., 1969). The similar or perhaps even longer 

half-life of ethosuximide, in addition to the 160-fold difference in treatment 

concentrations administered to worms, would have likely resulted in a greater 

bioaccumulation and hence detectability of the drug as opposed to compound 

9.  

The metabolism of ethosuximide had been extensively studied (Millership et 

al., 2005, Millership et al., 1995, Mifsud et al., 2001, Preste et al., 1974, 

Pettersen, 1978, Villen et al., 1990, Millership et al., 1993, Horning et al., 1973b, 

Goulet et al., 1976), whereas limited information is available for the metabolic 

fate of methsuximide aside from its known N-demethylation metabolism to 

compound 9 (Horning et al., 1973a, Dudley et al., 1974, Dobrinska and Welling, 

1977, Orton and Nicholls, 1972, Nicholls and Orton, 1972). Ethosuximide and 

compound 9 are the known bioactive species. The main metabolite of 

ethosuximide is biologically inactive (Preste et al., 1974), whereas the activities 

of methsuximide-derived metabolites have not been documented aside from 

compound 9. Although a hydroxylated p-hydroxyphenyl metabolite of 

compound 9 is the only reported  metabolite of the compound to date, the 

activity of this metabolite has not been characterised (Dudley et al., 1974). 

Other metabolites of the compound may exist, albeit not documented. In the 

body, drugs undergo phase I and II biotransformation (Lindblom and Dodd, 
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2006). Phase I functionalisation reactions occur by hydrolysis, oxidation, or 

reduction, to reveal or attach functional groups such as hydroxyl (-OH), 

carboxyl (-COOH), thiol (-SH), amine (-NH), or amino (-NH2) groups to a 

molecule. The next stage of biotransformation, the phase II detoxification 

reactions, inactivates and hydrophilizes phase I primary metabolites for 

subsequent elimination from the body by conjugating endogenous groups such 

as glucuronide, methyl, and gluthathione to the metabolites. The p-

hydroxyphenyl metabolite of compound 9 could be an active species which 

contributes to the biological activity of the compound, as it is hydroxylated and 

not a phase II conjugated derivative. As shown herein and similar to compound 

9, traces of this metabolite were indistinguishable. Although the limit of 

detection for compound 9 was 5 µM based on observations of the spectra 

derived for generating the concentration curves herein, whether the compound 

and/or its metabolite had presumably bioaccumulated below this concentration 

was difficult to ascertain at this point as their corresponding peaks were 

occluded by peaks from worm-derived metabolites. However, given that the 

externally-administered concentration was a 100-fold lower than the detection 

limit at 0.05 µM, and based on findings herein which showed drastically 

reduced bioaccumulated µM concentrations of succinimide and ethosuximide 

in the low hundreds despite an external treatment concentration of 8 mM, the 

assumption may be made that the compound and/or its metabolite had 

bioaccumulated below this 5 µM detection threshold. This detectable 

concentration again differs from reported human plasma levels which ranged 

approximately from 100 to 260 µM (20 to 50 µg/ml) (Strong et al., 1974, Porter 

et al., 1979, Tennison et al., 1991). Taken together with findings from 

ethosuximide, the enhanced potency from the compound was most likely 

attributed to its chemistry and not simply a consequence of improved 

bioaccumulation in the worms. Furthermore, it is noteworthy that this 

presumed internal concentration of less than 5 µM is extremely close to the 

desired KD affinity range of femtomole to nanomole concentrations for high 

affinity ligands, suggesting feasibility of target identification with the compound 

in comparison to ethosuximide (Terstappen et al., 2007). 
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Active compounds 4 (trimethadione) and 14, previously demonstrated to be 

less and more potent than ethosuximide respectively from PTZ-induced 

seizure assays, were selected for analysis of their neuroprotective activities 

herein to gain an insight into the potential predictive utility of the seizure assay 

for neuroprotectiveness. Both molecules were neuroprotective as they 

improved the defective locomotion of the CK426 worms. In corroboration with 

the protective activity of trimethadione against neurodegeneration, the AED 

was also previously shown to protect against cell death in primary mouse 

hippocampal and cortical neuronal cultures (Wildburger et al., 2009a). Despite 

the preservation of bioactivity from both compounds from the PTZ-induced 

seizure to the neuroprotection assay herein, the extent of neuroprotectiveness 

relative to ethosuximide did not correlate with the observed differences in 

anticonvulsive potencies. Previous lifespan analyses showed a 47 % increase 

of mean lifespan from WT worms treated with 4 mg/mL trimethadione whereas 

ethosuximide extended a relatively modest extension of 17 % at the same 

treatment concentration (Evason et al., 2005). Furthermore, the active 

molecule compound 15 was shown to possess a lower anticonvulsant potency 

than ethosuximide from the seizure assays in the preceding chapter, yet was 

reported in the same study to extend the mean lifespan by 31 % as opposed 

to 13 % by ethosuximide at the same concentration of 2 mg/mL. Although 

lifespan extension was previously shown not to effectively correlate with 

neuroprotection (Tauffenberger et al., 2013), the lifespan findings support at 

least observations herein that seizure protection may not effectively predict the 

extent of neuroprotection. As additionally discussed in the preceding chapter, 

the PTZ seizure model and obtained SAR findings in the current study may 

only be applicable to a select group of compounds like the succinimide-based 

compounds, based on SAR discrepancies with a structurally-similar AED 

levetiracetam which does not exhibit anti-seizure protection in the rodent 

scPTZ counterpart. Regardless of these caveats and based on the limited 

findings obtained herein, it seems that neuroprotective activity could at least 

be predicted from the anticonvulsive activity of the molecules assayed herein. 

Hence, based on current findings, it served as a useful and more rapid pre-

screening approach for potential neuroprotectiveness prior to validation of 
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these properties in more time-consuming neurodegeneration assays as 

reported herein. 

As illustrated at the beginning of the current chapter, the neuroprotective 

and/or lifespan extending properties of the AEDs valproic acid (van Bergeijk et 

al., 2006, Pan et al., 2005, Kautu et al., 2013, Teixeira-Castro et al., 2011, Qing 

et al., 2008, Yi et al., 2013, Rouaux et al., 2007, Crochemore et al., 2009, 

Sugai et al., 2004, Monti et al., 2010, Monti et al., 2012, Kidd and Schneider, 

2011, Ximenes et al., 2015, Carriere et al., 2014, Evason et al., 2008), 

trimethadione (Evason et al., 2005, Wildburger et al., 2009a), and 

levetiracetam (Sanchez et al., 2012, Bezard et al., 2004, Erbaş et al., 2016, 

Musaeus et al., 2017) have been demonstrated across a number of studies, 

and like ethosuximide, they have the potential to be repurposed as treatments 

for neurodegeneration. Amongst them, the neuroprotective activity of valproic 

acid has been the most extensively documented as it has been shown to be 

protective in in models of ALS, PD, AD, spinocerebellar ataxia type 3, and 

spinal muscular atrophy in cells, C. elegans, and rodents. Hence, similar to 

ethosuximide, valproic acid has neuroprotective activity across a spectrum of 

neurodegeneration disease models. Note that despite extensive evidence of 

its neuroprotective properties, it has failed phase III trials for the treatment of 

ALS, resulting in discontinuation of further development as an ALS therapeutic 

(Piepers et al., 2009). Valproic acid is also associated with a greater range and 

severity of adverse effects, with hepatotoxicity and teratogenicity being two 

notable examples (Moshe et al., 2015). Additionally, the structural dissimilarity 

of valproic acid compared to ethosuximide and compound 9 suggests that the 

latter succinimide-based derivatives may work via distinct sets of mechanisms 

from valproic acid to protect against neurodegeneration. For these reasons, 

the current study chose to focus on ethosuximide and compound 9.  

Although trimethadione is structurally quite similar to ethosuximide, its 

neuroprotective properties were assessed in primary mouse hippocampal and 

cortical neuronal cultures (Wildburger et al., 2009a) and not in 

neurodegeneration models per se aside from the work performed herein. In 

addition, findings herein demonstrated a similar extent of neuroprotection from 
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the drug when tested at the same concentration as ethosuximide, whereas 

compound 9 was much more potent. Additionally, trimethadione is no longer 

prescribed for the treatment of absence seizures due to associated toxicity, 

hence it may be more suitable for experimental instead of clinical use. Lastly, 

the neuroprotective properties of levetiracetam have not been as extensively 

studied as ethosuximide across a range of models, since it showed 

neuroprotection only in PD and AD models (Bezard et al., 2004, Sanchez et 

al., 2012, Erbaş et al., 2016). Although it was reported to normalise abnormal 

EEG patterns in the brains of mild AD patients, no cognitive improvements 

were mediated (Musaeus et al., 2017). Given the better documentation of 

neuroprotectiveness from ethosuximide in a range of neurodegeneration 

models, and the enhanced potency of compound 9 as compared to the drug, 

taken together these justify the decision to utilise compound 9 for further 

studies rather than trimethadione or levetiracetam.  

Unlike ethosuximide, the broad spectrum of neuroprotectiveness from 

compound 9 has yet to be assessed. Being structurally-similar, however, this 

may by extension apply to compound 9 as well although further study is 

warranted. Collaborative plans are currently in place to assess the 

neuroprotective activity of the compound in the rat AD-like model whereby 

ethosuximide was shown to mediate neuroprotective and neurogenic 

properties (Tiwari et al., 2015), and in a polyQ expansion model in mouse 

primary neuronal cells (Massimiliano Stagi, University of Liverpool). As these 

are rodent models which are generally considered to be the gold standards for 

preclinical testing, it will be interesting to see if the compound exerts 

neuroprotection in these clinically-relevant models of neurodegeneration in 

addition to findings from the CK426 ALS model herein.  
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5.1 INTRODUCTION 

5.1.1 Mechanism of ethosuximide 

The MMOA of ethosuximide remains unelucidated despite being an 

established AED for the treatment of absence seizures. The drug was thought 

to mediate its anticonvulsant therapeutic effect by blocking the low-voltage 

activated T-type calcium channels, as several studies have reported inhibition 

of low threshold calcium currents mediated by these channels (Coulter et al., 

1989a, Coulter et al., 1990, Coulter et al., 1989b, Gomora et al., 2001, 

Lacinova et al., 2000). However, other studies have refuted such findings 

(Sayer et al., 1993, Thompson and Wong, 1991, Gross et al., 1997, Todorovic 

and Lingle, 1998, Herrington and Lingle, 1992, Kostyuk et al., 1992, Pfrieger 

et al., 1992, Leresche et al., 1998, Tsakiridou et al., 1995). Phenotypically, 

work done within our group demonstrated that deletion of the C. elegans T-

type calcium channel CCA-1 did not affect neuroprotective and lifespan-

extending effects of the drug in CK10 FTDP-17 worms (Chen et al., 2015b). 

This was further corroborated by a different study which verified that the drug 

did not act via these channels to extend the lifespan of WT worms (Collins et 

al., 2008). Although it is possible that CCA-1 may not mediate neuroprotective 

and/or longevity effects of the drug, these phenotypic findings lend support to 

the latter group of studies. In addition to putative T-type calcium channel block, 

evidence has also demonstrated that the drug blocks voltage-gated sodium 

and potassium channels in giant squid axon, although channel blockade might 

be in part attributed to a nonspecific effect since extremely high concentrations 

of the drug of up to 60 mM were administered (Fohlmeister et al., 1984). In a 

different study, therapeutically-relevant concentrations of ethosuximide had no 

effect on the high frequency sustained repetitive firing of the sodium action 

potentials in mouse spinal cord neurons, suggesting that sodium channel 

blockade is not a therapeutic but rather a nonspecific effect of the drug 

(McLean and Macdonald, 1986). 

Ethosuximide was also proposed to mediate its lifespan-extending effects by 

inhibiting chemosensory function in C. elegans (Collins et al., 2008). Forward 

chemical genetic screens identified mutations in chemosensory neuronal 

genes che-3 and osm-3, which conferred resistance to ethosuximide-induced 
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toxicity. Furthermore, the osm-3 mutation increased lifespan and was resistant 

to further lifespan extension by the drug, strongly supporting this hypothesis. 

However, work performed within our group on the dnj-14 ANCL worms 

contradicts this model, as these worms have sensory defects and reduced 

instead of extended lifespans (Kashyap et al., 2014). Moreover, ethosuximide 

extended lifespans and improved the sensory function of these worms (Chen 

et al., 2015b), effects which are not consistent with the proposed mechanism 

of action.    

DAF-16 is the C. elegans ortholog of the mammalian FOXO transcription 

factors which has been shown to play a role in mediating neuroprotective and 

longevity effects of ethosuximide. Work performed within our group has 

demonstrated that RNAi-mediated silencing of daf-16 abolished the lifespan 

extension of dnj-14 ANCL worms by ethosuximide (Chen et al., 2015b). In 

addition, ethosuximide induced the expression of several FOXO-regulated 

genes in a mouse neuroblastoma N2A cell line, demonstrating that the role of 

DAF-16/FOXO in mediating the effects of the drug was conserved from  

C. elegans to mammals. In a separate study, introduction of a null daf-16 

mutation into the genetic background of a A315T TDP-43-expressing 

transgenic C. elegans ALS worms partially diminished the ability of the drug to 

reduce the number of paralyzed worms and motor neurodegeneration, 

suggesting that neuroprotection is only partially mediated through DAF-16 

(Tauffenberger et al., 2013). Contradictory to the abovementioned findings, 

ethosuximide was reported to significantly extend the lifespans of two different 

daf-16 null mutant strains (Evason et al., 2005). However, it should be noted 

that the mean lifespans of these worms were not restored to the same level as 

ethosuximide-treated WT worms, again suggestive of a partial dependence of 

the drug on the transcription factor for lifespan extension. DAF-16 and its 

antagonistic role in the insulin/insulin-like growth factor 1 (IGF-1) signalling (IIS) 

pathway is described in more detail in section 5.1.3 below.    

Ethosuximide was also reported to mediate neuroprotective and neurogenic 

properties via activation of the PI3K/AKT/Wnt/β-catenin pathway (Tiwari et al., 

2015). The drug was shown to promote neural stem cell proliferation and 
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neuronal differentiation in the hippocampus of normal rats. In a rat AD-like 

model generated by bilateral stereotaxic injection of Aβ42 into the hippocampus, 

ethosuximide further protected against Aβ42-induced losses of hippocampal 

proliferating and neuronal differentiating cells, apoptosis, and cognitive deficits. 

These effects were attributed to the PI3K/AKT/Wnt/β-catenin pathway, as 

pharmacological inhibition of the PI3K/AKT axis or RNA interference (RNAi)-

mediated silencing of β-catenin blocked ethosuximide-induced hippocampal 

neuronal differentiation. In silico molecular docking predictions additionally 

suggest interaction of ethosuximide with various components of the pathway. 

5.1.2 Mechanism of compound 9 

Unlike ethosuximide, there is extremely limited information on the mechanisms 

of action of compound 9 and its AED pro-drug methsuximide. Like 

ethosuximide, compound 9 was reported to inhibit the low threshold calcium 

currents (Coulter et al., 1990). The compound was also suggested to block 

voltage-gated sodium channels like the AED phenytoin (Yaari et al., 1986, 

Zhang et al., 1996a). However, this mechanism is unlikely to contribute to the 

anticonvulsive, neuroprotective, and lifespan-extending effects of the 

compound observed in worms in the current project, since C. elegans does not 

express these channels.  

5.1.3 C. elegans DAF-16 and PQM-1 in the IIS pathway 

The conserved C. elegans IIS pathway mediates lifespan regulation, dauer 

formation, metabolism, and responses to stress (Barbieri et al., 2003). 

Regulation of this pathway is carried out via the activation or inhibition of the 

IGF receptor (IGFR) ortholog, DAF-2, by various insulin-like peptides (ILPs) in 

C. elegans (Murphy and Hu, 2013). DAF-2 is a receptor tyrosine kinase which 

undergoes autophosphorylation and activation of its tyrosine kinase activity 

when bound by activating ILPs, resulting in the recruitment of AGE-1/PI3K to 

the plasma membrane via the PI3K adaptor subunit, AAP-1. At the plasma 

membrane, AGE-1 phosphorylates phosphatidylinositol 4,5-bisphosphate 

(PIP2) to phosphatidylinositol 3,4,5-triphosphate (PIP3), which then recruits the 

serine/threonine phosphoinositide-dependent kinase PDK-1 to the plasma 

membrane. AKT-1 and AKT-2, members of the protein kinase B family of 
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serine/threonine kinases, are subsequently recruited, phosphorylated, and 

activated by PDK-1. Phosphorylation of cytoplasmic DAF-16 by these kinases 

promotes binding and cytoplasmic sequestration by the 14-3-3 proteins FTT-2 

and PAR-5, preventing nuclear shuttling of the transcription factor and thus 

rendering it transcriptionally inactive. The IIS pathway is antagonized by DAF-

18 phosphatase/tensin homolog (PTEN) phosphatase and PPTR-1/protein 

phosphatase 2A subunit (PP2A), which dephosphorylates PIP3 to PIP2 and 

reduces AKT-1 phosphorylation respectively, resulting in the disinhibition and 

nuclear translocation of DAF-16. Aside from the IIS pathway, other cofactors 

and coregulators also regulate the activity of DAF-16 directly or indirectly, such 

as the C. elegans sirtuins (Landis and Murphy, 2010).  

Loss-of-function mutations in daf-2 and in genes encoding various 

components of the IIS pathway, such as age-1, cause a lifespan extension 

phenotype which is dependent on DAF-16 activity (Lin et al., 1997, Ogg et al., 

1997, Kenyon et al., 1993). To understand how DAF-16 regulates aging, genes 

dependent on its transcriptional regulation were previously identified from loss-

of-function daf-2 backgrounds (Murphy et al., 2003, McElwee et al., 2003). 

DAF-16-regulated genes were categorised into two separate groups which 

were either up- (Class 1) or down-regulated (Class 2) when DAF-2/IIS was 

inhibited (Murphy et al., 2003). Subsequent work demonstrated that DAF-16 

induces Class 1 gene expression dependently on the DAF-16-binding element 

(T(G/A)TTTAC; DBE) regulatory sequence in promoter regions (Tepper et al., 

2013). On the other hand, a zinc finger transcription factor PQM-1 regulates 

primarily Class 2, and Class 1 genes to a lesser extent, dependently of a 

different regulatory motif, the DAF-16-associated element (CTTATCA; DAE). 

Both transcription factors were also shown to antagonize each other by 

exclusive occupation of either the cytoplasm or the nucleus, (Tepper et al., 

2013). Given these findings, it is interesting that despite the requirement of 

DAF-16 by ethosuximide to mediate its protective effects, the PQM-1-

regulated DAE motif was significantly enriched in the promoter regions of 

genes which were differentially-regulated by the drug (Chen et al., 2015b). In 

contrast, the DAF-16-regulated DBE motif was not identified, suggesting that 
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the drug’s mechanism of action involves the regulation of DAE-containing 

genes.   

Gene ontology analysis suggest that stress responses are mediated by DAF-

16 regulation of Class 1 genes, whereas PQM-1 regulation of primarily Class 

2 genes mediates growth and development (Tepper et al., 2013). Based on 

these findings, a model was proposed whereby PQM-1 resides in the nucleus 

and upregulates Class 2 genes to promote growth and development in 

physiological conditions, whereas DAF-16 stays sequestered in the cytoplasm. 

In contrast, stress conditions inhibit DAF-2/IIS and induce nuclear 

translocation of DAF-16 and cytoplasmic translocation of PQM-1, resulting in 

Class 1 gene upregulation to combat stress. A schematic of the DAF-2/IIS 

pathway and the proposed model of how both transcription factors function in 

antagonistic ways is illustrated in Figure 5.1.1 For obvious reasons, an 

abridged illustration of this pathway is presented herein. It should be noted that 

like mammalian FOXOs, DAF-16 has various isoforms and the spatiotemporal 

expressions and regulations, and their physiological functions remains largely 

unknown at this point. Adding to this layer of complexity, DAF-16 can also 

interact with additional coregulators and cofactors from other signalling 

pathways.  

5.1.4 Chapter aims 

As shown in the preceding chapter, compound 9 exhibited a 160-fold 

enhanced neuroprotective and longevity potency as compared to 

ethosuximide despite their similar structures. Given the largely unknown 

mechanism of the compound, the primary objective herein is to gain insights 

on whether the compound shares a similar MMOA as ethosuximide. In lieu of 

the conflicting evidence of T-type calcium channels as molecular targets of 

ethosuximide, and because work done previously within the group has 

excluded the role of these channels in mediating neuroprotective and longevity 

effects of the drug, a secondary objective is to provide an additional in-house 

assessment of the contribution of these channels towards the seizure-

protecting effect of ethosuximide.  
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Figure 5.1.1. DAF-2/IIS pathway and antagonistic roles of DAF-16 and 

PQM-1. Representations of DBE and DAE are based on enrichments in Class 

1 and 2 genes; DBE is also found in Class 2 genes but is underrepresented. 

Although direct binding of transcription factors to associated elements is 

illustrated herein, gene regulation can occur independently of binding, albeit 

via unelucidated mechanisms. 
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• DAF-16 translocates to the 
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dependent manner

• At the same time, PQM-1 

exits the nucleus and Class 2 

genes get downregulated

• Growth and development 

stops, stress response ensue
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5.2 RESULTS 

5.2.1 Compound 9 may have a different MMOA from ethosuximide 

As reported in the preceding chapter, ethosuximide and compound 9 mediated 

comparable extents of neuroprotection as evident from both phenotypic 

improvements of locomotory deficits and direct amelioration of GABAergic 

neurodegeneration in CK426 worms. Although compound 9 induced a clear 

extension of lifespan in these worms, the longevity effects of ethosuximide 

were not pronounced despite previous work reporting otherwise (Chen et al., 

2015b, Evason et al., 2005, Collins et al., 2008, Tauffenberger et al., 2013). 

Given that treatment concentrations used were 0.05 and 8 mM for compound 

9 and ethosuximide respectively, overall findings indicated the striking 

enhancement in potency of compound 9 despite its structural similarity to the 

drug. As AEDs, ethosuximide is only effective for the treatment of absence 

seizures, whereas the methsuximide pro-drug of compound 9 has a broader 

spectrum of activity and has anticonvulsive effects against other types of 

seizures aside from absence seizures (Browne et al., 1983, French et al., 1958, 

Dow et al., 1958, Carter and Maley, 1957, Wilder and Buchanan, 1981, Hurst, 

1996). This suggests that the compound may have a different MMOA than 

ethosuximide.  

To gain insights into this, qPCR analysis was performed on a select handful of 

genes to compare transcriptional regulatory activities of compound 9 and 

ethosuximide. Chosen genes for analysis were previously identified to be 

modulated by ethosuximide in both WT and dnj-14 ANCL worms from 

microarray work performed within the group (Chen et al., 2015b). An unbiased 

approach such as microarray would be more ideal for facilitating a wider 

understanding of the compound’s MMOA, but this was not feasible given the 

time constraints of the current project. Selected genes included a negative 

control gene pph-6 which did not change in expression levels in response to 

ethosuximide, a downregulated gene tir-1, and nine of the most upregulated 

genes asm-3, ugt-25, dhs-26, ttr-44, dod-3, dod-6, cyp-35B1/dod-13, cyp-

34A9/dod-16, and cyp-14A3; a summary of these genes is provided in Table 

5.2.1. All of them are DAF-16-dependent upregulated Class 1 genes identified 

from loss-of-function daf-2 backgrounds, except asm-3 and tir-1 are Class 2 
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genes which were conversely downregulated (Murphy et al., 2003, Tepper et 

al., 2013).  

qPCR assessment was carried out on day 7 CK426 worms on the same 

treatments used to assess both neuroprotective and longevity effects; day 7 

was the age selected for analysis as direct protection against GABAergic 

neurodegeneration was consistent for both compounds at this timepoint. 

Transcript levels from ethosuximide-treated worms mostly corroborated 

microarray findings on ethosuximide-upregulated genes, as Class 1 genes ugt-

25, dhs-26, dod-6, cyp-35B1/dod-13, cyp-34A9/dod-16, and cyp-14A3 were 

similarly induced in response to the drug (Figure 5.2.2). Expression levels of 

the remaining two microarray upregulated genes asm-3 and ttr-44, per contra, 

were not significantly elevated. Likewise, ethosuximide did not cause a 

reduction in tir-1 expression as previously observed. Unlike ethosuximide, 

compound 9 did not cause any significant modulation of gene expression, 

aside from the downregulation of dhs-26 (Figure 5.2.2).  

Comparisons between both treatments revealed a more pronounced 

difference in expression levels as the transcript abundances of all Class 1 

genes were strikingly higher from ethosuximide-treated worms as compared 

to compound 9-treated ones. In contrast, transcript levels of the Class 2 gene 

asm-3 were not statistically different between both treatments, whereas the 

other Class 2 gene tir-1 was expressed at significantly higher levels by 

compound 9. From these differences in the transcriptional regulatory activities 

of both compounds, it is possible that compound 9 may have a different MMOA 

than ethosuximide. 
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Table 5.2.1. Genes selected for qPCR analysis. Selected genes were 

previously shown from microarray analysis to be regulated with ethosuximide 

treatment in both WT and dnj-14 ANCL worms (Chen et al., 2015b).   

Microarray 

findings

C. elegans 

gene
Gene description Literature

Human 

ortholog

Upregulated

asm-3 
Sphingomyelin 

phosphodiesterase

• Class 2 gene 

• Acts upstream of DAF-16 to 

positively regulate DAF-2/IIS 

pathway in C. elegans 

(Kim and Sun, 2012)

SMPD1

dod-3 
Unknown protein; 

Downstream Of DAF-16 

(Regulated by DAF-16)

Class I genes 

• Unknown functions of dod-3 and 

dod-6 

• cyp-35B1/dod-13, cyp-34A9/dod-

16, and cyp-14A3 encode the 

cytochrome P450 family 

members, which are the major 

enzymes carrying out phase I 

functionalisation reactions in drug 

metabolism; phase I reactions 

mediate hydrolysis, oxidation, or 

reduction, to reveal or attach 

functional groups such as 

hydroxyl (-OH), carboxyl (-

COOH), thiol (-SH), amine (-NH), 

or amino (-NH2) groups to a 

molecule

• ugt-25 encodes the phase II UDP-

glucuronosyltransferase, which 

conjugates glucuronide groups to 

phase I primary metabolites; 

phase II detoxification reactions 

inactivates and hydrophilizes 

molecules to facilitate elimination 

from the body

• dhs-26 encodes a short chain 

dehydrogenase which is an 

oxidoreductase

• ttr-4 encodes a transthyretin-like 

protein with unknown function

-

dod-6 -

cyp-35B1/

dod-13 Cytochrome P450; 

Downstream Of DAF-16 

(Regulated by DAF-16)

CYP2A7P1

cyp-34A9/

dod-16

ttr-4

Transthyretin-like protein; 

Downstream Of DAF-16 

(Regulated by DAF-16)

-

cyp-14A3 Cytochrome P450 CYP1A2

ugt-25
UDP-

Glucuronosyltransferase

UGT3A1, 

UGT3A2

dhs-26
Short chain 

dehydrogenase
DHRS1

Downregulated tir-1

Sterile alpha and TIR 

motif-containing protein 

tir-1

• Class 2 gene 

• Null mutations suppresses 

neurodegeneration in C. elegans 

ALS model 

(Veriepe et al, 2015)

SARM1
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Figure 5.2.2. Gene expression changes by ethosuximide and compound 

9. Transcript levels of selected genes were analysed with qPCR in chronically-

treated day 7 CK426 worms. (A) Ethosuximide significantly upregulated most 

transcripts except ttr-4, asm-3, tir-1, and dod-3 when compared to unchanged 

levels of the pph-6 negative control (p<0.05), whereas (B) only dhs-26 

expression was significantly reduced by compound 9. (C) Except tir-1, 

expression levels of all genes were higher with ethosuximide than compound 

9 treatment (p<0.05). Data was pooled from four biological replicates, with 

three technical replicates per gene and strain. Fold changes were derived from 

normalization to housekeeping genes (pmp-3 and cdc-42) and respective 

succinimide and DMSO controls for ethosuximide and compound 9. Analysis 

was performed with the Kruskal-Wallis test with Dunn’s multiple comparisons; 

*, p<0.05. 
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To gain an additional insight into the MMOA of compound 9 as compared to 

ethosuximide, metabolome profiles acquired previously by 1D 1H NMR 

spectroscopy for drug bioaccumulation determination was subjected to further 

analysis. As discussed in the preceding chapter, both day 1- and 5-treated 

CK426 worms were processed to determine drug bioaccumulation. However, 

day 5 samples were of poor quality due to the presence of heavy contamination 

by the bacterial food source which introduced additional variability. As reliable 

NMR data depends on good reproducibility between replicates to detect real 

biological differences, these data are not suitable for further analysis, although 

the information derived at this later timepoint is potentially more cogent and 

comparable with day 7 qPCR findings. To get an idea of metabolome 

differences between the two treatments without contamination, 1D 1H NMR 

metabolome profiles of day 1 samples were subjected to uni- and multi-variate 

analyses (Figure 5.2.3). Due to the low number of biological replicates (nf = 3), 

however, analysis was restricted to unsupervised statistical methods to avoid 

overfitting of discriminant models such as partial least squares discriminant 

analysis (PLS-DA).   

Multivariate principal component analysis (PCA) transformed the 1940-

bucketed spectra from 10 to 0.10 ppm, which excluded the protonated water 

region at 4.8 to 4.6 ppm, into 5 principal components (PCs), with 95 % of the 

variance between treatments displayed with PC1 and PC2 on the scores plot 

(Figure 5.2.3). The intra-group clustering pattern on the PCA scores plot 

provides an indication of the reproducibility within each group, and additionally 

highlights potential differences between groups based on the clustering 

distances between them. PCA clustering shown herein suggest larger 

differences from ethosuximide-treated samples in comparison to succinimide- 

and compound 9-treated ones, as these samples are clearly distinct in the first 

PC, which explains 90 % of the total variance between the spectra, from the 

other treatments. Inspection of the PCA loadings plot highlighted variables or 

features that give rise to the sample variance, with variables distinct from the 

main cluster at 0,0 being the most influential (Figure 5.2.3). Univariate ANOVA 

with post-hoc Tukey’s analysis confirmed that most of these peaks were 

significantly different in ethosuximide-treated samples (Figure 5.2.3). With the 
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exception of features at 0.8925 and 0.8775 ppm which coincided with the 

spectral region of a drug-derived peak at 0.90 to 0.85 ppm (refer to chapter 3, 

Figure 3.2.19), the other significant features were unlikely drug-derived and 

possibly metabolome changes as a result of ethosuximide treatment. Although 

neuroprotection from compound 9 and ethosuximide were not consistently 

observed in day 1 CK426 worms, these preliminary findings suggest that 

ethosuximide induces earlier metabolomic changes, which might relate to a 

different MMOA.   

In summary, findings from both qPCR and preliminary metabolome analyses 

suggest that compound 9 may have a different MMOA from ethosuximide. 

qPCR findings were more cogent as compound 9 did not induce the same 

DAF-16-upregulated Class 1 genes as ethosuximide. Additionally, Class 2 

genes modulation seems to differ between both compounds. Taken together, 

this suggests that the protective effects of compound 9 might not be mediated 

via a DAF-16-dependent pathway like ethosuximide. 
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Figure 5.2.3. Uni- and multi-variate analyses of differentially-treated day 

1 CK426 samples with ANOVA and PCA. (A) Clustering patterns on PCA 

scores plot. Shaded areas show 95 % confidence intervals. Although 

ethosuximide-treated samples (dark blue) appear to cluster away from the 

other treatments (succinimide, light blue; compound 9, red/green), confidence 

intervals from all treatments overlap. (B) PCA loadings plot and (C) table with 

the top twenty discriminating features (ppm) which separated furthest away 

Discriminating feature (ppm) Distance from cluster (0,0) ANOVA post-hoc analysis (p<0.05)

1.2525 0.371331105 Ethosuximide vs all groups 

1.4775 0.15633865 Ethosuximide vs succinimide and 2 mM compound 9

1.3375 0.154615619 Ethosuximide vs 2 mM compound 9

1.4875 0.150028271 NS

1.9225 0.148119829 Ethosuximide vs all groups 

1.4925 0.141080651 NS

1.3275 0.140696999 Ethosuximide vs 2 mM compound 9

1.9175 0.134565042 Ethosuximide vs all groups 

1.4825 0.127924297 NS

1.4975 0.123065383 NS

1.2575 0.120138539 Ethosuximide vs succinimide and 2 mM compound 9

3.2075 0.116849307 Ethosuximide vs all groups 

1.2475 0.11277773 Ethosuximide vs all groups 

0.8775 0.111405641 Ethosuximide vs all groups 

0.8925 0.107666389 Ethosuximide vs all groups 

1.4625 0.104293006 NS

1.1975 0.102971028 Ethosuximide vs all groups 

1.1875 0.101996985 Ethosuximide vs succinimide and 0.05 mM compound 9

1.5025 0.09503688 NS

3.2725 0.094127331 Ethosuximide vs all groups 
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from the main cluster (0,0). (C) ANOVA and Tukey’s post-hoc analysis 

revealed significant features from ethosuximide-treated samples (p<0.05), and 

those which are significantly different when compared to all other treatments 

are highlighted in green and indicated on the (B) loadings plot; p value of 

significance was adjusted for multiple testing with the false discovery rate 

(Benjamini and Hochberg, 1995). (D) Selected box plots demonstrating higher 

concentrations of significant features from ethosuximide-treated samples 

(1.2525, 1.9175, and 0.8775 ppm). Data shown is from twelve 1H spectra from 

four treatment conditions with three biological replicates each; NS, not 

significant.  
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5.2.2 Compound 9 requires DAF-16 to exert neuroprotection and 

lifespan extension  

To verify qPCR findings which suggest that the MMOA of compound 9 is not 

dependent on DAF-16, the neuroprotective and lifespan-extending activities of 

the compound were re-evaluated in daf-16 loss-of-function CK426/CZ1200 

worms which express a daf-16 (mu86) deletion mutation. These worms were 

generated by genetic crosses of CK426/CZ1200 and daf-16 (mu86) worms 

(Lin et al., 1997) (refer to chapter 2; section 2.2.1 and Figure 2.1). Note that 

although both CK426 and CK426/CZ1200 crosses can be performed with daf-

16 mutants, genetic crosses are tedious. For this reason, CK426/CZ1200 

worms were crossed as the additional expression of GFP in GABAergic 

neurons enables further investigation on the effect of loss-of-function daf-16 

on GABAergic motor neuron integrity aside from locomotion and lifespan 

phenotypes. CK426/CZ1200 worms exhibit locomotion defects and both red 

pharyngeal and green GABAergic neuronal fluorescence markers from Pmyo-

2::dsRED and Punc-25::GFP transgenes, whereas daf-16 (mu86) worms have 

no fluorescent markers or obvious locomotory deficits. Hence, compound 

mutant progenies from the cross were selected based on CK426/CZ1200-

derived markers. F1 progenies heterozygous for the daf-16 (mu86) allele and 

CK426/CZ1200-derived TDP-43-encoding TARDBP and Punc-25::GFP 

transgenes are desired. Due to heterozygosity, hermaphroditic F1 progenies 

were selected for further propagation based on milder locomotion defects and 

fainter red pharyngeal and green GABAergic neuronal fluorescence. 

Homozygous hermaphroditic F2 worms with severe locomotion and bright 

fluorescences were singled out and further propagated. F3 populations which 

homogenously displayed these features were genotyped for the presence of 

the TARDBP transgene and homozygosity of the daf-16 (mu86) deletion allele 

with PCR; genotyping primers were specified in Table 2.3 of chapter 2. Note 

that human TPD-43 protein expression in the CK426/CZ1200 strain was 

already previously verified as discussed in the preceding chapter, hence 

TARDBP genotyping was performed herein in place of protein expression 

confirmation. daf-16 (mu86) homozygosity was verified by the presence of only 

the deletion allele and not the WT daf-16 one. PCR primers distinguish 

between both alleles which either flanked the allelic region or target within the 



212 
 

deletion. The former flanking primers only amplify the daf-16 (mu86) deletion 

allele of 405 bp, but not the WT one as its product size is too large (11385 bp) 

for efficient amplification with the PCR conditions used. In contrast, the latter 

primer pair only amplifies a WT daf-16 region of 635 bp. As the genomic 

location of the TARDBP transgene was not mapped, only expression but not 

homozygosity can be confirmed using primers specific for it; TARDBP PCR 

products are 1231 bp. Figure 5.2.4 shows the twice-verified genotype of 

compound mutant worms prior to analysis. 

As reported in the preceding chapter, compound 9 caused a significant 25 % 

extension of the mean lifespan in CK426 worms as compared to DMSO-

treated controls. However, this lifespan-extending effect was abolished in the 

daf-16 null CK426/CZ1200 worms herein, as the mean lifespan of compound 

9-treated worms were reduced by an insignificant 3 % in comparison to DMSO 

controls (Figure 5.2.5). This demonstrated that DAF-16 is essential for 

mediating the longevity effects of compound 9. Similar to the lack of lifespan 

extension by ethosuximide on CK426 worms as reported in the previous 

chapter, the drug exhibited no effect on the lifespan of these daf-16 null worms.  
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Figure 5.2.4. Agarose gels showing verified genotypes of daf-16 null 

CK426/CZ1200 worms. (A) Single worms from two F3 lines were PCR 

genotyped for daf-16 (mu86) homozygosity and TDP-43-encoding TARDBP 

transgene expression. Primers specific for WT and mutant daf-16 alleles 

produce PCR products of 635 and 405 bp respectively, whilst TARDBP-

specific primers generate 1231 bp products. Products of interest for each gel 

are indicated beside gels in red. All worms were homozygous for the daf-16 

(mu86) allele and express the TARDBP transgene. (B) Line 2 worms were 

further propagated for several generations and reconfirmed for daf-16 (mu86) 

homozygosity. Progenies displayed poor locomotion and TARDBP-associated 

red pharyngeal co-injected fluorescence marker, hence transgene expression 

was not re-verified. Note that PCR products from samples 1-3 from (A) and 5 

from (B) were not successfully amplified with any of the primers tested, hence 

no bands were observed. 
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Figure 5.2.5. DAF-16 is essential for lifespan extension by compound 9.  

Lifespan analyses were performed in chronically-treated daf-16 null 

CK426/CZ1200 ALS worms. Worms were scored as dead in the absence of 

pharyngeal pumping or response to touch, with physically damaged and 

bagged worms censored from analysis. Both (A) ethosuximide and (B) 

compound 9 failed to improve the longevity of the CK426 worms in the absence 

of functional DAF-16 (p>0.05). Mean lifespans (number of adulthood days) are 

as follows: succinimide, 11.70 ± 0.34 (n = 86); ethosuximide, 11.30 ± 0.33 (n 

= 87); DMSO, 12.03 ± 0.40 (n = 77); compound 9, 11.65 ± 0.32 (n = 86). Data 

shown was pooled two biological replicates, with comparisons of lifespans 

carried out with the log-rank test. Total n per biological replicate; first replicate, 

46 succinimide, 41 ethosuximide, 36 DMSO, 50 compound 9; second replicate, 

40 succinimide, 47 ethosuximide, 40 DMSO, 36 compound 9. 
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As expected from the known DAF-16 dependency of ethosuximide, loss of 

functional DAF-16 abolished the drug’s neuroprotective effects. This was 

evident from the failure of the drug to mitigate both locomotion defects of the 

CK426 worms (Figure 5.2.6), but also cell body losses (Figure 5.2.7) and 

breaks (Figure 5.2.8) within the inhibitory GABAergic D-type motor neuronal 

subset. Despite qPCR findings, loss of functional DAF-16 also obliterated 

these protective effects from compound 9 (Figures 5.2.6 to 5.2.8). 

Representative images of days 1 and 7 daf-16 null CK426/CZ1200 worms are 

shown herein (Figures 5.2.9 and 5.2.10), whilst those of days 3 and 5 worms 

are shown in Appendices 8 and 9. 

Contradictory to qPCR findings, these findings demonstrated that both 

compound 9 and ethosuximide mediate neuroprotective and longevity 

properties via a DAF-16-dependent pathway.  
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Figure 5.2.6. Compound 9 requires DAF-16 to mitigate locomotion 

defects of CK426 ALS worms. The daf-16 gene was deleted in the CK426 

genetic background via mating with a daf-16 null mutant strain to assess the 

necessity of functional DAF-16 in mediating the protective effects of compound 

9 on movement. Similar to ethosuximide, protection by the compound was 

abolished in the absence of DAF-16 at all assayed ages. Data was pooled from 

three biological replicates, with comparisons performed via the Kruskal-Wallis 

test with Dunn’s multiple comparisons against succinimide or DMSO controls 

(n = 26 – 30 worms per treatment per age). 
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Figure 5.2.7. Compound 9-mediated protection against GABAergic 

neuronal cell body losses is DAF-16 dependent. The daf-16 allele was 

deleted in the GABAergic GFP-expressing CK426/CZ1200 worms through 

crosses with a daf-16 null mutant strain. Synchronised worms were chronically 

treated from the L1 larval stage and scored for the number of intact cell bodies 

from the D-type GABAergic motor neurons. The loss of DAF-16 completely 

abolished the ability of both ethosuximide and compound 9 to mitigate cell 

body losses at all ages. Data was pooled from four biological replicates, with 

comparisons performed via the Kruskal-Wallis test with Dunn’s multiple 

comparisons against succinimide or DMSO controls (n = 46 – 52 worms per 

treatment per age). 
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Figure 5.2.8. Protective effect of compound 9 against breaks in 

GABAergic neurons require DAF-16. Deletion of the daf-16 allele in 

CK426/CZ1200 worms was carried out through crosses with a daf-16 null 

mutant strain. Synchronised worms were chronically treated from the L1 larval 

stage and assessed for breaks within the D-type GABAergic motor neurons. 

At all assayed ages, the loss of daf-16 prevented reduction of neuronal breaks 

by both ethosuximide and compound 9 as compared to their respective 

succinimide and DMSO vehicle controls. Data was pooled from four biological 

replicates, with comparisons performed via the Kruskal-Wallis test with Dunn’s 

multiple comparisons (n = 46 – 50 worms per treatment per age). 
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Figure 5.2.9. Representative images of day 1 daf-16 null CK426/CZ1200 

worms. Age-synchronised worms were chronically treated with 8mM (A) 

succinimide or (B) ethosuximide, (C) 0.4 % DMSO vehicle or (D) 0.05 mM 

compound 9 in 0.4 % DMSO from the L1 larval stage. Breaks within the D-type 

GABAergic motor neurons in the ventral nerve cord are indicated and enlarged 

with red boxes. Images were taken at 200X magnification, scale bars = 100 

µm. 
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Figure 5.2.10. Representative images of day 7 daf-16 null CK426/CZ1200 

worms. Age-synchronised worms were chronically treated with 8mM (A) 

succinimide or (B) ethosuximide, (C) 0.4 % DMSO vehicle or (D) 0.05 mM 

compound 9 in 0.4 % DMSO from the L1 larval stage. Breaks within the D-type 

GABAergic motor neurons in the ventral nerve cord are indicated and enlarged 

with red boxes. Images were taken at 200X magnification, scale bars = 100 

µm. 
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5.2.3 Anticonvulsant activity of ethosuximide is not mediated via  

CCA-1 and DAF-16   

Despite being an established antiepileptic drug, the MMOA underlying seizure 

protection by ethosuximide is not understood. DAF-16 was previously shown 

to play a role in mediating both lifespan extension and neuroprotection by 

ethosuximide (Chen et al., 2015b, Tauffenberger et al., 2013), but its potential 

role in seizure protection has not been studied or reported. To address this, 

the anticonvulsive activity of the drug was evaluated on unc-49 worms which 

harbour the same null daf-16 mutation as mentioned in the preceding section 

(unc-49/daf-16). Additionally, in view of the controversial role of the T-type 

calcium channels as mediators of the drug’s anticonvulsive effects, a cca-1 

deletion was introduced into the genetic background of the unc-49 worms (unc-

49/cca-1) herein to enable an in-house insight into whether these channels 

constitute the drug’s defence arsenal against seizures.  

These double mutant unc-49/daf-16 and unc-49/cca-1 strains were generated 

by genetic crosses of the unc-49 worms with the respective loss-of-function 

daf-16 (mu86) and cca-1 (ad1650) strains (refer to chapter 2; section 2.2.1 and 

Figures 2.1 and 2.2). As none of these strains express fluorescence markers, 

unlike the CK426/CZ1200 worms as aforementioned, progenies from crosses 

were selected based on the phenotypic markers prior to genotyping. 

Characteristic to the unc-49 strain is the “shrinker” phenotype whereby bodily 

contraction and shortening occurs in response to touch stimulation of either 

anterior or posterior ends (McLntire et al., 1993). Additionally, this strain 

exhibits reduced thrashes in liquid in comparison to the loss-of-function strains, 

which display no locomotory abnormality. Furthermore, only unc-49 worms 

seize in response to PTZ treatment. As desired heterozygous F1 progenies 

from these crosses will only possess a single copy of the unc-49 (e407) allele, 

these worms would technically exhibit milder or no obvious “shrinker” 

phenotype and higher thrashing rates than parental homozygous unc-49 

worms. Hence, hermaphroditic F1 worms displaying these features were 

propagated to derive F2 progenies. F2 hermaphrodites with the characteristic 

unc-49-derived “shrinker” phenotype and reduced thrashing rates, indicative 

of unc-49 (e407) homozygosity, were singled out and propagated for a further 
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generation before single worm genotyping was performed with PCR to verify 

homozygosity for unc-49 (e407) and daf-16 (mu86) or cca-1 (ad1650) alleles; 

genotyping primers specified in Table 2.3 of chapter 2. Both daf-16 (mu86) and 

cca-1 (ad1650) alleles contain deletions. cca-1-targeting primers flank the 

allele to generate WT and deletion mutant products of 3310 and 930 bp 

respectively. Primers specific for the WT daf-16 allele recognize the deleted 

region, hence PCR products of 1470 bp will only be generated for the WT allele. 

On the other hand, primers targeting the daf-16 (mu86) allele flanked the allelic 

region to produce 950 bp products; WT alleles would not be amplified since 

the 10980 bp deletion is too large. Instead of a deletion, the unc-49 (e407) 

allele is a C to T point mutation which results in a premature stop codon 

(Q179stop). To differentiate between the WT and mutated unc-49 allele, PCR 

was performed with primers targeting exon 5 of the unc-49 allele, followed by 

restriction digestion of products with the enzyme MseI. MseI recognizes the 

T^TAA sequence and cleaves the WT unc-49 product at a single site at the 

exon to generate two 259 and 172 bp fragments. In contrast, the point mutation 

introduces an additional recognition site at the exon, resulting in cleavage into 

three 258, 120, and 53 bp fragments. Figures 5.2.11 and 5.2.12 show the 

verified genotype of three homozygous lines for each double mutant strain. 

These verified lines were each assessed to check for reproducibility of the 

observed responses to ethosuximide treatment.  
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Figure 5.2.11. Agarose gels showing verified genotypes of unc-49/cca-1 

lines. Single mutant strains cca-1 (ad1650) and unc-49 (e407) were analysed 

alongside as reference controls for mutant alleles, and as corresponding 

controls for WT unc-49 and cca-1 alleles. (A) Primers specific for WT and 

mutant cca-1 alleles (red) produce PCR products of 3310 and 930 bp 

respectively. All unc-49/cca-1 lines were homozygous for the cca-1 (ad1650) 

deletion as only mutant product was detected. (B) Exon 5 of the unc-49 allele 

contains the C to T point mutation in the unc-49 (e407) strain and was amplified 

with PCR. WT and mutant alleles were differentiated with MseI restriction 

enzyme digestion, which cuts respective PCR products at one and two T^TAA 

sites to generate two WT and three mutant cleavage products of the specified 

sizes; the smallest cleaved fragment from mutant product is very faint and 

indicated with arrow head. Three clear cleavage products were present for all 

lines, confirming unc-49 (e407) homozygosity. Genotyping was performed by 

Douglas Grimes (University of Liverpool).    
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Figure 5.2.12. Agarose gels showing verified genotypes of unc-49/daf-16 

lines. Single mutant strains daf-16 (mu86) and unc-49 (e407) were analysed 

alongside as reference controls for mutant alleles, and act as corresponding 

controls for WT unc-49 and daf-16 alleles. (A) Primers specific for WT and 

mutant daf-16 alleles (red) produce PCR products of 1470 and 950 bp 

respectively. All unc-49/daf-16 lines were homozygous for the daf-16 (mu86) 

deletion as only mutant product was detected. (B) As before, unc-49 exon 5 

PCR products were digested with the restriction enzyme MseI to distinguish 

WT and mutant unc-49 alleles. Three mutant-associated cleavage products 

were present for all lines, confirming unc-49 (e407) homozygosity. Genotyping 

was performed by Douglas Grimes (University of Liverpool).    
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As previously observed in unc-49 worms, ethosuximide protected against PTZ-

induced seizures when worms were acutely treated with the optimal 

anticonvulsant concentration of 4 mg/mL (28 mM; Figure 5.2.13). At this 

concentration, the drug also exerted an overall anticonvulsant effect in each 

unc-49/daf-16 and unc-49/cca-1 line. However, a minority of the assayed 

population from the unc-49/daf-16 lines was observed to seize at noticeably 

higher rates and intensities which were akin to succinimide-treated unc-49 

worms. As worms were only acutely treated for this assay, the reduced efficacy 

of the drug in protecting against induced seizures in a minority of unc-49/daf-

16 worms suggest that a longer duration of exposure to the drug may be 

required to better assess the extent or involvement of the transcription factor 

in mediating the seizure-protecting activity of ethosuximide. As transcriptional 

changes are known to occur over a range of timescales in response to different 

stimuli (Yosef and Regev, 2011), it may well be that the role of DAF-16 in 

seizure protection is chronic rather than acute. Additionally, elucidating the role 

of the transcription factor under conditions of chronic treatment may mirror 

clinical conditions better, since the drug is chronically administered to patients. 

Although the role of DAF-16 remains unclear at this point, current findings 

show that neither CCA-1 nor DAF-16 is essential to mediate the acute 

anticonvulsant activity of the drug. 
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Figure 5.2.13. Identifying putative targets contributing to the antiepileptic 

activity of ethosuximide. Mutated versions of genes encoding the C. elegans 

homologs of mammalian T-type calcium channel (cca-1) and FOXO 

transcription factors (daf-16) were individually introduced into the genetic 

background of the unc-49 synaptic transmission mutant strain. Three lines of 

each double mutant strain were evaluated for the seizure-protecting activity of 

ethosuximide at the drug concentration of 4 mg/mL. As compared to 

succinimide-treated unc-49 worms, ethosuximide reduced (A) percentages of 

seizing worms and (B) seizure rates of unc-49 control worms and all unc-

49/cca-1 and unc-49/daf-16 double mutant lines (p<0.05). In addition, there 

were no significant differences with these parameters when double mutant 

lines were compared to the ethosuximide-treated unc-49 controls (p>0.05), 

thus disclaiming the involvement of CCA-1 and DAF-16 in the antiepileptic 

mode of action of ethosuximide. Data shown was pooled from three biological 

replicates, with seizure rates compared via the Kruskal-Wallis test with Dunn’s 

multiple comparison (n = 13 - 15 worms per line and treatment); *, p<0.05. 

 

 

 

 

 

 

%
 S

e
iz

u
r
e

u
n

c
-4

9
 (

S
u

c
c
in

im
id

e
)

u
n

c
-4

9
 (

E
th

o
s
u

x
im

id
e
)

u
n

c
-4

9
/c

c
a
-1

 (
1
)

u
n

c
-4

9
/c

c
a
-1

 (
2
)

u
n

c
-4

9
/c

c
a
-1

 (
3
)

u
n

c
-4

9
/d

a
f-

1
6
 (

1
)

u
n

c
-4

9
/d

a
f-

1
6
 (

2
)

u
n

c
-4

9
/d

a
f-

1
6
 (

3
)

0

2 0

4 0

6 0

8 0

1 0 0

M
e

a
n

 n
o

. 
s

e
iz

u
r
e

s

u
n

c
-4

9
(S

u
c
c
in

im
id

e
)

u
n

c
-4

9
 (

E
th

o
s
u

x
im

id
e
)

u
n

c
-4

9
/c

c
a
-1

(1
)

u
n

c
-4

9
/c

c
a
-1

(2
)

u
n

c
-4

9
/c

c
a
-1

(3
)

u
n

c
-4

9
/d

a
f-

1
6
(1

)

u
n

c
-4

9
/d

a
f-

1
6
 (

2
)

u
n

c
-4

9
/d

a
f-

1
6
 (

3
)

0

1 0

2 0

3 0

4 0

5 0

6 0

** * *

*
*

*

A B



227 
 

5.3 DISCUSSION 

Previous studies have demonstrated the role of the FOXO transcription factor 

DAF-16 in mediating both neuroprotective and lifespan-extending properties 

of ethosuximide (Chen et al., 2015b, Tauffenberger et al., 2013, Evason et al., 

2005). In contrast, the suggested MMOA of  T-type calcium channel blockade 

by the drug remains controversial (Sayer et al., 1993, Thompson and Wong, 

1991, Gross et al., 1997, Todorovic and Lingle, 1998, Herrington and Lingle, 

1992, Kostyuk et al., 1992, Pfrieger et al., 1992, Leresche et al., 1998, 

Tsakiridou et al., 1995, Chen et al., 2015b, Coulter et al., 1989a, Coulter et al., 

1989b, Coulter et al., 1990, Gomora et al., 2001, Lacinova et al., 2000). 

Although compound 9 was also previously shown to inhibit T-type calcium 

channels (Coulter et al., 1990), the MMOAs of the compound or its pro-drug 

methsuximide remain largely unknown and need to be delineated. To this end, 

comparisons drawn with ethosuximide herein demonstrated different 

metabolome profiles and transcriptional regulation of DAF-16-dependent 

genes between the compounds. Notably, despite these differences, loss of 

functional DAF-16 abolished all protective effects mediated by both 

compounds in CK426 worms. Last but not least, findings herein demonstrated 

that CCA-1 T-type calcium channels and DAF-16 did not mediate the acute 

anticonvulsant effects of ethosuximide in the seizure-prone unc-49 worms.       

Nearly all genes analysed by qPCR herein are known Class 1 genes which are 

upregulated dependently on DAF-16 (Murphy et al., 2003, Tepper et al., 2013). 

Previous microarray transcriptomic analyses performed within our group 

demonstrated the upregulation of these genes by ethosuximide in day 6 dnj-

14 ANCL and WT worms (Chen et al., 2015b), and was further verified herein 

in a different model of neurodegeneration in similarly-aged day 7 CK426 ALS 

worms. Additionally, phenotypic analyses performed in these two models 

confirmed the DAF-16-dependency of the drug in mediating its protective 

effects. To gain insights into how DAF-16 may be modulated by ethosuximide, 

previous work assessed if nuclear translocation of the transcription factor was 

induced by the drug since this is required for DAF-16 to regulate its gene 

targets in the nucleus (Chen et al., 2015b). Although ethosuximide did not 

induce observable nuclear translocation of DAF-16 in a GFP-tagged DAF-16-
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expressing C. elegans strain (Chen et al., 2015b), it may not necessarily 

preclude this occurrence as it was not observed in the long-lived age-1 (hx546) 

IIS mutant strain either despite the necessity of DAF-16 for lifespan extension 

in these worms (Dorman et al., 1995, Henderson and Johnson, 2001). A high 

detection threshold was hence proposed to account for the lack of obvious 

drug-induced DAF-16::GFP nuclear translocation.  

Despite the requirement of DAF-16 for ethosuximide to exert neuroprotection 

and lifespan extension, the role of the transcription factor in the MMOA of the 

drug remains unclear. As mentioned in the introduction above, the DAE but 

not DBE motif was found to be overrepresented in the promoter regions of 

ethosuximide-regulated genes (Chen et al., 2015b), suggesting that 

ethosuximide works via a DAF-16, DAE-dependent but not DBE-dependent 

manner. This seems paradoxical considering that DAE is regulated by PQM-1 

whereas DBE is regulated by DAF-16. Further work will have to be performed 

to facilitate insights into this.  

Ethosuximide was also reported to mediate neuroprotective and neurogenic 

effects in a rat AD-like model via activation of the PI3K/AKT/Wnt/β-catenin 

pathway (Tiwari et al., 2015), and results herein additionally corroborated its 

reported DAF-16-dependency (Chen et al., 2015b, Tauffenberger et al., 2013, 

Evason et al., 2005). Despite the opposing effect of PI3K/AKT on downstream 

β-catenin and DAF-16/FOXO, physical interaction between C. elegans and 

mammalian BAR-1/β-catenin and DAF-16/FOXO was previously reported to 

be essential for mediating the responses of the transcription factor to oxidative 

stress (Essers et al., 2005), presenting a paradoxical mechanism of 

ethosuximide. However,  a contradictory study showed an enrichment of DAF-

16-induced Class 1 genes in genes upregulated in loss-of-function bar-1 

mutants (van der Bent et al., 2014). Conversely, PQM-1-induced Class 2 

genes were enriched in the downregulated subset in these mutants, 

suggesting negative and positive regulation of DAF-16 and PQM-1 activities 

by BAR-1. Differential spatiotemporal regulation of BAR-1/β-catenin and DAF-

16/FOXO may account for the seemingly paradoxical effects of ethosuximide, 

as the drug may exert different effects depending on the timepoint and 
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population of cells studied. Such potential spatiotemporal differences can be 

exemplified by a previous study which uncovered disparities between neuronal 

and global transcriptomes of IIS daf-2 and daf-2/daf-16 loss of function mutant 

strains (Kaletsky et al., 2016). Whereas gene ontology terms reflected mainly 

metabolism-associated functions of differentially-regulated genes from whole 

animal transcriptomes, neuronal transcriptomic profiles were enriched for 

neuronal functions. One of the IIS/FOXO-regulated neuronal genes is fkh-9, 

which encodes another FOXO transcription factor FKH-9, and is a known 

canonical Class 1 gene which was shown from whole worm transcriptome 

profiles to be upregulated in daf-2 mutants. Loss-of-function fkh-9 in daf-2 

mutants hindered axonal regeneration in older worms, which was rescued by 

pan-neuronal-expression of the gene. In contrast, pan-neuronal expression did 

not rescue the shortened lifespan in fkh-9 null daf-2 mutants, suggesting that 

the transcription factor regulates lifespan a neuron-independent manner. In 

addition to such spatiotemporal regulatory differences as exemplified above, 

the polypharmacology of AEDs may explain this seemingly paradoxical role of 

ethosuximide. The biological diversities of AEDs are well known, and they 

have been repurposed for other indications such as neuropathic pain and 

mood disorders (Bialer, 2012b). Ethosuximide is no exception, and its 

promiscuity suggests that it can both activate PI3K/AKT/Wnt/β-catenin and a 

DAF-16-dependent pathway concurrently. 

Despite the discrepancies in the preliminary metabolome data and 

transcriptional regulatory activities between ethosuximide and compound 9, 

both compounds required DAF-16 to mediate their protective effects. This 

demonstrated that like ethosuximide, compound 9 also works via a DAF-16-

dependent MMOA, although the exact mechanisms remain to be elucidated. 

These metabolome and transcriptional differences may simply be reflective of 

the 160-fold difference in concentrations administered for both compounds (8 

mM ethosuximide and 0.05 mM compound 9). Additional to the concentration 

effects, the analysis of day 1 worms instead of older worms may also contribute 

to the observed metabolome differences, as protective effects were not yet 

evident at this age. In support of concentration effects, genes encoding the 

major phase I cytochrome P450 (cyp-35B1/dod13, cyp-34A9/dod-16, and cyp-
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14A3) and phase II UDP-glucuronosyltransferase (ugt-25) drug metabolism 

enzymes were massively upregulated by ethosuximide but not compound 9. 

In addition, many AEDs, including ethosuximide, are known inducers of drug 

metabolism enzymes, and drug metabolism rate in C. elegans was previously 

shown to be concentration-dependent (Zheng et al., 2013). Although this does 

not preclude the possibility that upregulation of these genes is part of the 

MMOA of ethosuximide, since DAF-16 was previously shown to upregulate 

phase I and II metabolism enzymes (McElwee et al., 2007), these 

transcriptional changes observed herein were most likely a response to the 

pharmacological challenge and may be red herrings. Furthermore, findings 

should be interpreted with caution since only a handful of genes were analysed 

herein. An unbiased and global transcriptomic or proteomic approach, or a 

comprehensive metabolomics analysis, will have to be performed in order to 

infer biologically significant differences between both treatments. In view of 

spatiotemporal differences as exemplified by the reported disparities in 

neuronal and whole animal transcriptomes above (Kaletsky et al., 2016), 

unbiased analysis of the neuronal transcriptome and/or metabolome may be a 

more sophisticated approach to facilitate insights into neurodegenerative 

changes. However, it is perhaps ideal to combine both neuronal and whole 

animal analyses to facilitate comparative insights into neuronal-specific and 

systemic alterations. To best identify MMOA-relevant components, 

appropriate controls are essential, such as differentially-treated WT and daf-

16 null CK426 worms.  

Considering the antagonistic roles of DAF-16 and PQM-1, it will be interesting 

to investigate the role of the latter, less extensively studied transcription factor 

in the protective effects of both compounds. Additionally, since the PQM-1-

regulated DAE motif was enriched in ethosuximide-regulated genes (Chen et 

al., 2015b), this can provide useful insights into how the drug works via a DAF-

16, DAE-dependent manner. Although I attempted to generate pqm-1 null 

CK426/CZ1200 mutants by genetic crosses of loss-of-function pqm-1 (ok485) 

worms with the latter, these desired mutants were not successfully obtained. 

Alternatively, pqm-1 silencing may be performed via RNAi in CK426 worms to 

mimic the pqm-1 loss-of-function background. These loss-of-function pqm-1 
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mutants should be included as controls for MMOA delineation in addition to 

those mentioned above. 

As aforementioned in section 5.1.1, voltage-gated potassium channel 

inhibition is also a putative mechanism of ethosuximide in addition to the 

controversial blockade of T-type calcium and voltage-gated sodium channels. 

As C. elegans do not express voltage-gated sodium channels (Hobert, 2013), 

the action of ethosuximide on this ion channel family cannot be studied in the 

nematode. However, voltage-gated potassium channels are expressed in the 

nematodes, and future work can employ chemical reverse genetics with RNAi-

silencing of potassium channel genes to assess the anticonvulsant and/or 

neuroprotective effects of the drug in the absence of these channels.  

In summary, findings herein showed that both compound 9 and ethosuximide 

mediate protective effects DAF-16-dependently. Clinically, the methsuximide 

AED pro-drug of compound 9 has a broader spectrum of activity due to its 

anticonvulsant effect against a wider range of seizure types, whereas 

ethosuximide is only effective against absence seizures. This suggests that 

despite their dependence on DAF-16, MMOAs between both compounds may 

differ. Alternatively, the broader spectrum of activity by methsuximide may 

simply be a result of much enhanced potency, as demonstrated by its active 

metabolite compound 9 in the preceding chapter. As of now, the MMOAs of 

both compounds remain unclear and further work needs to be performed to 

delineate them, especially with regard to neuroprotection. 
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Ethosuximide is a succinimide-like AED approved for the treatment of absence 

seizures, albeit with an unclear MMOA. Several pre-existing studies have 

demonstrated its lifespan-extending effects in both WT and ALS C. elegans 

strains (Evason et al., 2005, Collins et al., 2008, Tauffenberger et al., 2013). 

In addition, it exerted neuroprotection in different models of neurodegeneration 

in C. elegans and rats, demonstrating its potential to be repurposed clinically 

as a general neuroprotective agent (Tiwari et al., 2015, Chen et al., 2015b, 

Tauffenberger et al., 2013). The concept of a broadly neuroprotective 

treatment is extremely appealing given the poor comprehension of disease 

pathologies underlying neurodegenerative disorders, which is reflected in the 

numerous clinical trial failures for the most common and widely studied 

neurodegenerative condition, AD (McDade and Bateman, 2017). Additionally, 

drug repurposing is an attractive alternative as approved drugs have already 

been preclinically evaluated and so can be expedited to clinical testing, 

reducing the lengthy, tedious, and expensive nature of the drug discovery and 

development process. However, high concentrations and doses of 

ethosuximide administered in those in vivo studies suggest potentially low 

neuroprotective clinical efficacy and/or potency. High potency is especially 

important for the purposes of identifying binding targets through a traditional 

small molecule affinity chromatography approach to facilitate insights into the 

MMOA, as potency depends on affinity for target(s). However, the necessity 

for drug derivatisation to immobilize it onto the affinity chromatography column 

may further reduce its affinity for its target(s), especially since important 

structural requirements for bioactivity are difficult to extrapolate from pre-

existing SAR information due to the diversity of derivatives studied. In view of 

such potential issues associated with ethosuximide, the broad aims of the 

current project were to obtain a structurally-similar candidate molecule which 

exhibits enhanced neuroprotective and/or lifespan-extending potency in 

comparison to the drug and to obtain more potent derivatives from it in order 

to facilitate target identification studies.        

To achieve these general aims, and considering the difficulty of extrapolating 

relevant SAR information from previous studies, an in-house assessment of 

the SAR of ethosuximide was mandatory. This was performed in the current 
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study with structurally-similar compounds which were identified and selected 

with chemistry approaches. Given the low to medium throughput of C. elegans 

neurodegeneration assays, the higher throughput PTZ-induced seizure assay 

in the GABA-defective unc-49 strain was selected as the primary screening 

platform of choice. SAR inferences herein do not fully corroborate with 

previous findings from mammalian systems, but this was most likely a 

consequence of the diversity of derivatives analysed amongst the different 

studies. This illustrates the necessity of an in-house SAR assessment, and 

emphasizes the need for reiterative SAR evaluation per new set of derivatives 

obtained from the candidate molecule. Given the potential inapplicability of 

anticonvulsive SAR requirements for neuroprotective and/or lifespan-

extending activity, future SAR studies should ideally be performed based on a 

suitable neurodegeneration readout which has been optimised for a higher 

throughput format. This can be facilitated with automation, as techniques to 

automate C. elegans handling and for sampling behavioural readouts such as 

thrashing and lifespan have been developed (Lockery et al., 2012, Stroustrup 

et al., 2013, Swierczek et al., 2011, Flavell et al., 2013, Ben Arous et al., 2009, 

Boyd et al., 2010, Buckingham and Sattelle, 2009, Yemini et al., 2013, Tsibidis 

and Tavernarakis, 2007). The feasibility of HTS in C. elegans has additionally 

been demonstrated by various groups (Kwok et al., 2006, Burns et al., 2006, 

Sleigh et al., 2011, Gosai et al., 2010, McCormick et al., 2013, Schwendeman 

and Shaham, 2016, Leung et al., 2013, Ellerbrock et al., 2004).    

In addition to facilitating SAR insights, primary screens in the PTZ seizure 

assay identified compound 9 as the candidate molecule. The compound 

exhibited a 2-fold enhanced anticonvulsant potency than ethosuximide, and is 

the known active metabolite of the AED methsuximide.  Although 

methsuximide also exhibited the same enhancement of potency, compound 9 

was selected as the candidate molecule instead since pro-drug activation can 

be bypassed. Additionally, compound 9 exhibits more desirable 

pharmacokinetic features as its half-life is 38 hours compared to 1.4 hours for 

methsuximide (Porter et al., 1979), with average 700-fold higher plasma levels 

in patients on chronic methsuximide treatment (Strong et al., 1974).  
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As neuroprotective and lifespan-extending properties could not be inferred 

from the seizure assays, compound 9 had to be further assessed for these 

properties. The model of choice was the transgenic CK426 ALS strain which 

expresses A315T human TDP-43 (Liachko et al., 2010). The compound 

ameliorated locomotion defects and extended the shortened lifespan of these 

worms. Furthermore, it protected against degeneration of the D-type 

GABAergic inhibitory motor neurons, by reducing both GABAergic cell body 

losses and neuronal breaks. Most importantly, the compound exerted similar 

extent of protection at a 160-fold lower concentration than ethosuximide, 

showing an even greater augmentation of potency in neuroprotection as 

compared to a 2-fold improvement of anticonvulsive potency.  

Compound 9 was initially selected as the candidate molecule based on its 

enhanced anticonvulsive potency compared to ethosuximide, and further 

demonstrated enhanced potency as well when assessed for both 

neuroprotective and lifespan-extending effects. This preservation of 

augmented potency from the compound from the PTZ-induced seizure assay 

to neurodegeneration and lifespan assays suggest the potential predictive 

value of the former primary screening platform for neuroprotection and lifespan 

extension. Additionally, links between seizures and neurodegeneration have 

been reported and suggested. Further investigation was hence performed with 

trimethadione and compound 14, which were shown from the seizure assay to 

possess lower and higher anticonvulsant potency than ethosuximide 

respectively. Both molecules exhibited neuroprotection by ameliorating the 

locomotion defects of CK426 ALS worms when administered at the same 

concentration as ethosuximide. However, extents of protection were similar to 

ethosuximide, and did not reflect the previously observed anticonvulsive 

potency differences. This suggest that neuroprotective efficacy and/or potency, 

and anticonvulsive SAR requirements, may not be directly extrapolated. 

Regardless, the seizure assay could at least predict for neuroprotectiveness 

in the compounds studied herein, and provided a relatively higher throughput 

approach for pre-screening of succinimide-like compounds for 

neuroprotectiveness and lifespan extension properties at this initial stage.  
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Although compound 9 exhibited enhanced neuroprotective and lifespan-

extending potency than ethosuximide, this may be attributed to improved 

bioaccumulation in the worms. To invalidate this occurrence, 1D 1H NMR 

spectroscopy was performed to assess internal drug levels. Ethosuximide 

bioaccumulated at 143.8 µM in day 1 adult worms, whereas compound 9 was 

undetectable and indistinguishable from worm-derived internal metabolites 

even when administered at the highest tolerable concentration. As protective 

effects of both compounds were not as evident or consistent at age day 1 as 

compared to later ages of days 5 and older, undetectability may be due to a 

lack of bioaccumulation; however, traces from the DMSO vehicle were obvious, 

suggesting otherwise. To mirror physiological effects at later ages and to 

improve detectability based on the assumption that bioaccumulated levels may 

increase over time, day 5 samples were additionally analysed. Despite this, 

the compound remained undetectable. Although the compound may 

accumulate as its potentially-active p-hydroxyphenyl metabolite, traces of the 

metabolite were not visible even if present. This was inferred from the 

undetectability of its strongest singlet peak within its predicted spectral region. 

Aside from this p-hydroxyphenyl metabolite, other metabolites have not been 

documented, albeit possible. To tease out traces of the compound, 

heteronuclear 1H and 13C NMR spectroscopy may be performed with a 13C-

labelled compound 9, which can be synthesized from 13C-labelled precursors. 

As 13C is of extremely low natural abundance at 1.1 %, isotopic labelling 

improves detection sensitivity since isotope abundance is synthetically 

enhanced. In addition, the dynamic range of the 13C resonance is much greater 

at 250 ppm, as opposed to 15 ppm for the 1H, hence improving the dispersal 

of signals and reducing the difficulty of peak identification due to overlapping 

resonances (Bothwell and Griffin, 2011).  

For the purposes of target(s) identification and given the poor documentation 

of the compound’s metabolic fate, it is paramount to identify other metabolites 

of compound 9 aside from its reported p-hydroxyphenyl metabolite, and to 

ascertain whether and which of these metabolites contribute towards the 

biological effects. This is important as it is possible that compound 9 may not 

be the primary active species despite being the known active metabolite of 
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methsuximide. 13C-labelling can facilitate such metabolite studies as traces 

from the compound can be picked up from new 13C signals which are not 

present in control samples. In addition, these heteronuclear analyses can 

facilitate structure elucidation of potential metabolites. However, an inherent 

problem associated with NMR is its low sensitivity, hence metabolites present 

in very low concentrations might not even be picked up even with isotopic 

labelling. An alternative and more sensitive approach is mass spectrometry, 

which can be combined with pre-separation chromatographic techniques such 

as HPLC and gas chromatography. Sample pre-separation is important to 

isolate the parent drug and/or metabolites from endogenous molecules which 

may mask these signals, and requires prior knowledge of the retention times 

of parent drug and its metabolites. This information is usually not available for 

unknown metabolites, however drug metabolism introduces structural and 

chemical modifications which will generate metabolites of differing molecular 

weights and polarities, which can be inferred (Holcapek et al., 2008). Mass 

spectrometry data, which provides information on the molecular weights, 

formula, and fragmentation patterns, can be inferred from to deduce the type 

of structural modifications made from the parent drug, but are usually 

inadequate for full structure elucidation of metabolites. Hence, a combination 

of both NMR and mass spectrometry approaches, both coupled with 

chromatographic sample pre-separation, is the most ideal approach for 

achieving this aim.   

Despite the possibility of other potentially-active metabolites of compound 9, 

1D 1H NMR findings herein demonstrated undetectability of both compound 9 

and its p-hydroxyphenyl metabolite due the occlusion of their respective 

signals by internal metabolites. Given the massive 160-fold concentration 

reduction of externally-administered compound 9 in comparison to 

ethosuximide, and the bioaccumulated concentration of the latter at 143.8 µM, 

internal concentrations of the compound and its metabolite were postulated to 

be below the observed detection limit of 5 µM. Hence, overall findings strongly 

suggest that the enhanced neuroprotective potency from the compound was 

not a result of improved bioaccumulation in the worms, justifying its selection 

as the candidate molecule. However, the protective properties of the 
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compound were assessed on its racemic form. In consideration of potential 

differences in activity between the enantiomeric forms of the compound, the 

current study has attempted to firstly derive its (R)-enantiomer through 

chemical syntheses for chiral comparisons. Despite the successful generation 

of the enantiomer, the enantiomer was not further purified due to the small 

scale of the reaction, as recovered amounts would be insufficient for a 

thorough assessment. Although syntheses reactions were not repeated on a 

larger scale, it offers a proof of concept for further work. As regulations have 

enforced mandatory chiral assessments in recognition of chiral-associated 

differences (Strong, 1999, Daniels et al., 1997), this work is crucial for keeping 

in line with current regulations. In addition to elucidating the active metabolites 

derived from compound 9 as aforementioned, knowledge of the active 

enantiomeric form is equally important for facilitating target(s) identification if 

the compound was to be utilised for this purpose in the near future. It should 

be emphasized that despite the importance of evaluating the single 

enantiomers, characterization of the racemate is equally vital as enantiomeric 

interactions may occur in vivo to produce different biological effects. 

Work performed in the current study has also attempted to facilitate some 

insights into the MMOA of compound 9 in juxtaposition with ethosuximide. 

Although preliminary metabolomics data and transcriptional analysis of a 

handful of selected known ethosuximide-regulated genes suggested differing 

MMOAs, both compounds exhibited DAF-16-dependency as loss of functional 

DAF-16 abolished all protective effects in CK426 ALS worms. Previous 

microarray work performed in our group showed an enrichment of the PQM-1-

regulated DAE motif in genes which were differentially regulated by 

ethosuximide, suggesting a paradoxical DAF-16- and PQM-1/DAE-dependent 

MMOA of the drug (Chen et al., 2015b). Further work could enable additional 

insights into the role of PQM-1 by assessing the physiological effects of both 

compounds in loss-of-function pqm-1 CK426 worms. As metabolomics and 

transcriptional analyses were not comprehensively performed herein, these 

could be investigated more thoroughly with appropriate controls which include 

control and drug-treated CK426, daf-16 null CK426, and pqm-1 null CK426 

strains to best pinpoint drug-specific MMOAs. In addition, the neuronal 
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population may be complementarily examined with these global whole animal 

analyses to provide further and comparative insights into neuron-specific and 

systemic neurodegenerative changes. As metabolomics data herein was 

inferred from day 1 of adulthood when protective effects from both compounds 

were not consistent or evident as opposed to later ages, further work should 

utilise older worms to relate back to transcriptional and phenotypic work. Since 

reliable NMR data relies on good reproducibility to detect real biological 

differences, much care must be taken to keep the aged samples as free from 

contamination as possible, as this was a problem herein with data from day 5 

samples which could not be relevantly interpreted due to associated heavy 

contamination. In the current study, the analysed metabolite fraction was 

extracted with acetonitrile, a recommended solvent for isolating water-soluble 

metabolites (Beckonert et al., 2007). Although work performed herein has 

demonstrated that it did not cause the hydrophobic compound 9 to precipitate 

out of the soluble metabolite fraction, future dedicated metabolomics analyses 

should include the lipidomic fraction for a more comprehensive coverage of 

the metabolome. The lipidomic fraction could be extracted using a mixture of 

chloroform/methanol (Beckonert et al., 2007). 

Although ethosuximide did not induce an observable nuclear translocation of 

GFP-tagged DAF-16 previously (Chen et al., 2015b), it will be interesting to 

assess if the drug and compound 9 stimulates PQM-1 nuclear exit since this 

transcription factor resides in the nucleus in physiological conditions; this might 

facilitate further insights given the known subcellular antagonism of DAF-16 

and PQM-1 (Tepper et al., 2013). Another possible approach is to administer 

a combination treatment of ethosuximide and compound 9 to CK426 worms, 

as an additive effect as opposed to single treatments will suggest potentially 

differing mechanisms working independently from DAF-16. An extremely 

tedious and potentially more useful approach would be to perform forward 

chemical genetic screens with both compounds to identify genes which modify 

the functional responses to drug treatment. With this approach, worms are 

mutagenized to introduce random mutations in the genome, followed by 

phenotypic analysis with drug treatment. Mutations which abolish the 

protective effects of the compounds can be mapped back to the genes that 
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they reside in. This approach provides a readout of protein function with 

systemic effects and may be more informative than assessing transcriptional 

changes, since the relationships between genes, proteins, and physiological 

responses are not always straightforward. However, it can be extremely 

tedious given the potential innumerability of the uncharacterised mutations, 

especially if age-dependent phenotypes are used as phenotypic readouts. 

Alternative to the unbiased forward chemical genetics approach, reverse 

chemical genetics screens can be performed with RNAi-mediated silencing of 

known genes hypothesized to mediate protective effects of the compounds. 

Being a directed approach, this is less tedious but may limit the discovery of 

previously unknown genetic mediators.   

Although compound 9 is the known active metabolite of methsuximide and not 

a novel structure, regulations enable enantiomeric forms of approved drugs to 

be marketed and patented as new drugs (Strong, 1999, Daniels et al., 1997). 

Hence, the enantiomeric differences in pharmacological activity, toxicity, and 

pharmacokinetics/pharmacodynamics need to be elucidated if the compound 

is to be reintroduced as a treatment for neurodegeneration. Although the 

compound and methsuximide have not been as extensively studied as 

ethosuximide, pre-existing information might facilitate these chiral evaluations 

of the compound and expedite the process. Additionally, the initial stages of 

reiterative compound synthesis and screens can be bypassed, further 

quickening the developmental process. More importantly, the compound is a 

more attractive candidate than ethosuximide due to its 160-fold enhanced 

neuroprotective potency as shown from findings herein. However, its general 

neuroprotective effects remain to be evaluated as these properties have only 

been demonstrated in the CK426 ALS model. This will be addressed with on-

going work in a rat AD-like model (Tiwari et al., 2015) and polyQ expansion 

model in mouse primary neuronal cells (Massimiliano Stagi, University of 

Liverpool).  

As a final point of consideration, chiral inversion may be a potential issue to 

address if a single enantiomeric form of compound 9 is to be introduced as a 

treatment for neurodegeneration in the future (Nguyen et al., 2006). Chiral 

inversion occurs when a single enantiomer is converted into the other 
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enantiomer or a racemate by in vivo processes, and would be problematic if 

activity and toxicity profiles are altered. Bioisoteres are chemical groups with 

similar chemical properties and biological effects which can be used to 

substitute chiral inversion sites in a molecule (Lima and Barreiro, 2005). In 

addition, such bioisoteric replacements may improve the physicochemical 

properties of a molecule and reduce toxicity, thereby improving the safety 

margin of the dosing regimen. This can be exemplified from a previous study 

which developed compounds possessing both antiseizure and neuroprotective 

properties (Smith et al., 2014). In the mentioned study, bioisoteric replacement 

of a potential racemization site at a benzylic hydroxyl group with an achiral 

difluoro group in the active enantiomer of an anticonvulsive and 

neuroprotective small molecule was performed to prevent chiral inversion into 

the inactive enantiomer. In addition to preventing racemization, the bioisoteric 

replacement further improve lipophilicity and topological polar surface area 

values, parameters known to affect CNS permeation.      

As discussed previously, valproic acid, levetiracetam, and trimethadione are 

other AEDs which have also demonstrated lifespan-extending and/or 

neuroprotective properties (van Bergeijk et al., 2006, Pan et al., 2005, Kautu 

et al., 2013, Teixeira-Castro et al., 2011, Qing et al., 2008, Yi et al., 2013, 

Rouaux et al., 2007, Crochemore et al., 2009, Sugai et al., 2004, Monti et al., 

2010, Monti et al., 2012, Kidd and Schneider, 2011, Ximenes et al., 2015, 

Carriere et al., 2014, Evason et al., 2008, Wildburger et al., 2009a, Sanchez 

et al., 2012, Bezard et al., 2004, Erbaş et al., 2016, Musaeus et al., 2017). In 

addition, the current project has corroborated the neuroprotective activity of 

trimethadione in the C. elegans CK426 ALS model. Although these AEDs have 

repurposing potential for treating neurodegenerative diseases, several 

caveats may limit this as compared to ethosuximide and compound 9. Valproic 

acid, which has the best characterised lifespan-extending and neuroprotective 

properties in a range of neurodegeneration models amongst these AEDs, is 

associated with severe adverse effects such as hepatotoxicity and 

teratogenicity (Moshe et al., 2015). Notably, it has additionally failed phase III 

trials for ALS treatment (Piepers et al., 2009). In comparison to valproic acid 

and ethosuximide, such protective effects have not been as extensively 
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characterised for trimethadione and levetiracetam, especially for trimethadione 

whereby protection and lifespan extension were not demonstrated in 

neurodegeneration models per se. Additionally, trimethadione may serve 

better use as an experimental compound as it is no longer clinically prescribed 

for absence seizures due to toxicity. On the other hand, ethosuximide and the 

methsuximide pro-drug of compound 9 have relatively good safety profiles.  

Taking the above reasons into consideration and the enhanced 

neuroprotective potency of compound 9 as compared to ethosuximide as 

shown herein, compound 9 may have the best translational and repurposing 

potential for treating neurodegenerative diseases out of these AEDs. 

Additionally, compound 9 had likely bioaccumulated below the detection limit 

of 5 µM, which is extremely close to the desired KD affinity range of femtomole 

to nanomole concentrations for high affinity ligands. This suggests that the 

success of target identification may be greatly improved with the compound as 

opposed to ethosuximide. Identification of potentially disease-modifying 

target(s) is extremely important as this can shed light on the underlying 

mechanisms which contribute to disease pathogenesis, in turn fuelling the 

development of therapeutics based on a rational, target-driven approach. This 

is especially important for neurodegenerative diseases, whereby the poorly 

understood processes of disease pathogenesis are reflected by the unmet 

need for disease-modifying treatments. The classical small molecule affinity 

chromatography approach and most alternative target deconvolution methods 

require molecular derivatisation for immobilisation to a matrix, with the 

exception of drug affinity responsive target stability (DARTS) which relies on 

proteolytic degradation and proteolytic sparing of unbound and drug-bound 

proteins respectively to distinguish drug targets (Lomenick et al., 2011, 

Terstappen et al., 2007). Although DARTS may in principle be more feasible 

for potentially lower-affinity ligands such as ethosuximide, the choice of 

protease and duration of proteolysis are factors which can affect the success 

of the approach. Given the requirement for molecular derivatisation of most 

techniques, the more potent and higher affinity compound 9 has broader utility 

and prospect for successful target identification, and presents a far better 

molecule than ethosuximide for this purpose. Regardless, the choice of 
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approach depends on careful consideration of individual advantages and 

limitations as these approaches are generally tedious. With any identified 

binding targets, validation of direct drug-target interaction and the functional 

effects of target modulation must be performed. The latter is especially 

important as not all interactions have pharmacological relevance. Reverse 

chemical genetics validation with RNAi-mediated silencing of the target-

encoding transcript is a commonly employed and effective approach to 

functionally validate the identified target (Terstappen et al., 2007).  

In addition to reintroducing compound 9 as a new treatment for 

neurodegeneration, novel structures may potentially be derived from it. 

Although this alternative approach means having to participate in the lengthy 

and expensive drug discovery and development process from the beginning, 

it may result in safer, and more efficacious and potent treatments than 

compound 9. Regardless of whether compound 9 or potential novel structures 

will be introduced as neurodegeneration treatments in the future, a major 

problem which is still plaguing neurodegenerative disorders is the lack of 

understanding of disease pathogenesis processes. In addition, reliable 

biomarkers remain to be discovered for disease prognosis, diagnosis, and 

monitoring of treatment efficacy. Drugs currently approved for 

neurodegeneration diseases provide symptomatic relief without treating the 

conditions. Hence, translational work needs to focus on the prodromal or 

presymptomatic stages to halt disease development or progression.     

In conclusion, the work performed herein has identified a compound which 

displays enhanced neuroprotective potency than ethosuximide which has the 

potential to be repurposed for treating neurodegenerative diseases. This 

compound, compound 9, may also facilitate the ease and success of target 

identification as compared to ethosuximide. Consequently, identified targets 

may be disease-modifying and thus may be therapeutically intervened in 

addition to providing insights into disease pathogenic mechanisms. In short, 

the work performed herein has important contributions towards expediting the 

translational efforts to treat neurodegenerative diseases. 

 



244 
 

 

 

 

 

 

 

 

 

 

 

 

APPENDICES 

 

 

 

 

 



245 
 

 
Appendix 1. 1D 1H NMR peaks of N-methylated ethosuximide (2,5-

Pyrrolidinedione,3-ethyl-1,3-dimethyl).  

 

 

  

 

 

 

 

Chemical group no.
1H Chemical shift 

(ppm)
Peak pattern

Coupling 

constant 

1 2.99 singlet -

2
1.61

1.72

multiplet

multiplet
-

3 1.30 singlet -

4
2.42

2.62

doublet

doublet

2JHH = 16.0 Hz
2JHH = 16.0 Hz

5 0.87 triplet 3JHH = 8.0 Hz

1

2
3

4

5
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Appendix 2. 1D 1H NMR peaks of reaction 1 and 2 products from (R)-

compound 9 synthesis reactions (Shintani et al., 2006).  

 

 

1-Benzyl-3-methylmaleimide
(R)-1-Benzyl-3-methyl-

3-phenylsuccinimide 

trans-1-Benzyl-3-methyl-

4-phenylsuccinimide

Reaction Product Chemical group no.
1H Chemical shift 

(ppm)
Peak pattern

Coupling 

constant 

1 1-Benzyl-3-methylmaleimide

1 7.35 – 7.24 multiplet -

2 4.65 singlet -

3 6.33 quadruplet 4JHH = 1.8 Hz

4 2.07 doublet 4JHH = 1.8 Hz

2

(R)-1-Benzyl-3-methyl-3-

phenylsuccinimide 

1 and 5 7.39 – 7.25 multiplet -

2 4.72 singlet -

3 3.10 doublet 2JHH = 18.2 Hz

4 1.69 singlet -

trans-1-Benzyl-3-methyl-4-

phenylsuccinimide

1 and 5

7.38 – 7.24

7.14

7.4

multiplet

doublet

doublet

-
3JHH = 7.1 Hz
3JHH = 7.1 Hz

2
4.69

4.75

doublet

doublet

2JHH = 14.0 Hz
2JHH = 14.0 Hz

3 3.55 doublet 3JHH = 6.0 Hz

4 2.91 quadruplet
3JHH = 7.2 and 

6.6 Hz

6 1.41 doublet 3JHH = 7.2 Hz

1

2

3

4

Reaction 1

1

2

3

4

5

1

2

3 4

Reaction 2

5

6
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Appendix 3. 1D 1H NMR spectrum of AlCl3-mediated debenzylation of 

products from reaction 2. Peaks derived from the methylene (-CH2) protons 

of the benzyl groups were detectable, demonstrating that benzylated 

compounds were present.    

 

 

 

(R)-3-methyl-3-

phenylsuccinimide 

trans-3-methyl-4-

phenylsuccinimide

trans-1-Benzyl-3-methyl-4-

phenylsuccinimide

Debenzylated products

(R)-1-Benzyl-3-methyl-3-

phenylsuccinimide 

Benzylated starting materials

Peaks from

benzyl group
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Appendix 4. Mass spectrometry of AlCl3-mediated debenzylation 

reaction confirmed successful debenzylation of (R)-1-benzyl-3-methyl-3-

phenylsuccinimide to (R)-compound 9. Presence of the benzylated starting 

material demonstrated that the reaction had not gone into completion. 

 

 

 

 

(R)-1-Benzyl-3-methyl-3-

phenylsuccinimide 

(R)-3-methyl-3-

phenylsuccinimide

((R)-compound 9) 
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Appendix 5. Representative images of day 3 CK426/CZ1200 worms. Age-

synchronised worms were chronically treated with 8mM (A) succinimide or (B) 

ethosuximide, (C) 0.4 % DMSO vehicle or (D) 0.05 mM compound 9 in 0.4 % 

DMSO from the L1 larval stage. Breaks within the D-type GABAergic motor 

neurons in the ventral nerve cord are indicated and emphasized with red boxes. 

Images were taken at 200X magnification, scale bars = 100 µm. 
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Appendix 6. Representative images of day 5 CK426/CZ1200 worms. Age-

synchronised worms were chronically treated with 8mM (A) succinimide or (B) 

ethosuximide, (C) 0.4 % DMSO vehicle or (D) 0.05 mM compound 9 in 0.4 % 

DMSO from the L1 larval stage. Breaks within the D-type GABAergic motor 

neurons in the ventral nerve cord are indicated and emphasized with red boxes. 

Bagged worms, which contain hatched progenies as shown by the 

representative image for (A) succinimide-treated worms, were commonly 

observed at age day 5. Images were taken at 200X magnification, scale bars 

= 100 µm. 
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Appendix 7. Predicted 1D 1H NMR spectra of compound 9 and its 

metabolite α-(p-hydroxyphenyl)-α-methylsuccinimide. (A) Compound 9 is 

hydroxylated on its phenyl moiety to α-(p-hydroxyphenyl)-α-methylsuccinimide. 

(B) Hydroxylation causes a change in the spectral pattern of the metabolite in 

comparison to compound 9.  (C) Predicted chemical shifts of peaks from 

compound 9 and its metabolite. The methyl moiety (compound 9, chemical 

group 3; metabolite, chemical group 4) produces the peak with the highest 

intensity for both compound 9 and its metabolite. This metabolite-derived peak 

is predicted to shift slightly upfield in comparison to the compound 9-derived 

one. 1H peak resonances were predicted for a resonance frequency of 600 

MHz on ACD/I-lab (National Chemical Database Service, UK).  

2

3

1

1

3

2

1

2
3

41

3

4

2

8 7 6 5 4 3 2 [ppm]

Compound Chemical group no.
1H Chemical shift 

(ppm)

α-(p-hydroxyphenyl)-α-

methylsuccinimide

1 8.02

2 7.29 and 6.80

3 3.07 and 2.85

4 1.60

Compound 9

1 7.43 and 7.25

2 3.07 and 2.84

3 1.68

α-(p-hydroxyphenyl)-α-methylsuccinimide

Compound 9

α-(p-hydroxyphenyl)-α-methylsuccinimideCompound 9

(α-Methyl-α-phenylsuccinimide)

A

B

C
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Appendix 8. Representative images of day 3 daf-16 null CK426/CZ1200 

worms. Age-synchronised worms were chronically treated with 8mM (A) 

succinimide or (B) ethosuximide, (C) 0.4 % DMSO vehicle or (D) 0.05 mM 

compound 9 in 0.4 % DMSO from the L1 larval stage. Breaks within the D-type 

GABAergic motor neurons in the ventral nerve cord are indicated and enlarged 

with red boxes. Images were taken at 200X magnification, scale bars = 100 

µm. 
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Appendix 9. Representative images of day 5 daf-16 null CK426/CZ1200 

worms. Age-synchronised worms were chronically treated with 8mM (A) 

succinimide or (B) ethosuximide, (C) 0.4 % DMSO vehicle or (D) 0.05 mM 

compound 9 in 0.4 % DMSO from the L1 larval stage. Breaks within the D-type 

GABAergic motor neurons in the ventral nerve cord are indicated and enlarged 

with red boxes. Images were taken at 200X magnification, scale bars = 100 

µm. 
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