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Abstract

Neurodegenerative diseases (ND) are chronic and progressive in nature, and
characterized by the gradual loss of neurons in various regions of the central
nervous system (CNS). ND include Alzheimer’s disease (AD), Parkinson’s disease
(PD), Huntington’s disease (HD), multiple sclerosis (MS), amyotrophic lateral
sclerosis (ALS) and cerebral ischemia/reperfusion (CIR). They have various
progressive neurodegenerative pathologies that can result in several severe
functional impairments for patients, and ultimately lead to serious health-related
issues. According to more recent data, AD accounts for the most common cause of
dementia and is believed to contribute to approximately 60—-70% of cases. AD is thus

seen as the most common form of dementia.

There are various mechanisms involved in neuronal cell death, whether necrotic or
apoptotic in nature, but one of the most notable is the lethal triplet. This triplet
consists of metabolic compromise, oxidative stress, and excitotoxicity. Although not
the only processes that can cause cell death, one or a combination of these
processes are usually involved. A large part of this triplet involves excessive Ca?"
influx through Voltage gated calcium channels (VGCC) and N-Methyl-D-Aspartate
(NMDA) receptor overstimulation.

Polycyclic cage derivatives are hydrocarbon chemical compounds that resemble a
cage like shape or structure. Well known chemical structures such as PCP,
amantadine and NGP1-01 are all cage like moieties. These cages have been proven
to exhibit neuroprotective properties, while also inhibiting NMDA receptors and/ or
calcium channels. Furthermore, they tend to exhibit a generally low side effect
profile. These cages also have the potential to cross the blood brain barrier (BBB)
permeability. Moreover the use of fluorescent molecules in ND can be highly
advantageous, as they can generate high-resolution images; they tend to have a
high sensitivity and can be a cost-effective way of monitoring diseases. Combining
the neuroprotective, NMDA and VGCC activity of cage moieties with fluorophores

can result in multi-functional agents in ND.

For this purpose six compounds were synthesised, including polycyclic cage

derivatives, fluorophores and fluorophore-cage conjugates. The structures of these

viii
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compounds were confirmed using NMR, IR and MS. The synthesised compounds
were evaluated for cytotoxicity, neuroprotection and most importantly NMDA and
VGCC inhibitory activity. For the VGCC inhibition assay Nimodipine and NGP1-01
were used as reference compounds, yielding 69.55% and 59.14% inhibition
respectively, while all the test compounds showed a moderate to high degree of
inhibition. Compound 3 had the highest inhibition at 77.76%. The assay proved to be
statistically significant (P <0.0001). MK-801 and NGP1-01 were used as reference
compounds for the NMDA assay. They showed a percentage inhibition of 59,57%
and 42,27% respectively. Again compound 3 showed the best activity at 73.68%
inhibition. For this assay most compounds also showed significant results and the
assay was found to be statistically significant (P < 0.01). Compound 3, 4 and 7 were
fluorophore-cage conjugates and all proved to have moderate to high degrees of
dual VGCC and NMDA activity.

The true potential use of these compounds as neuroprotective, NMDA and VGCC
inhibitory agents have been proven to some degree, however the efficiency of these
compounds and safety in patients is yet to be established and should be further
researched. It has also been proven that these compounds maintained the
fluorescent nature of the fluorophores conjugated to the cage moieties, and as such
have potential as fluorescent ligands in disease monitoring and detection. The
compounds could serve as lead structures in studies with a more comprehensives

series for the development of novel fluorescent polycyclic agents in ND.
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CHAPTER 1

INTRODUCTION

1.1 Background

Neurodegenerative diseases (ND) are chronic and progressive in nature, and are
characterized by the gradual loss of neurons in specific areas of the central nervous
system (CNS), such as the frontal cortex and substantia nigra. A few examples of
such diseases include Alzheimer's disease (AD), Parkinson’s disease (PD),
Huntington’s disease (HD), multiple sclerosis (MS), amyotrophic lateral sclerosis
(ALS) and cerebral ischemia/reperfusion (CIR) (Giacoppo et al., 2015). They have
various progressive neurodegenerative pathologies that can result in several severe
functional impairments for patients, and ultimately lead to serious health-related
issues. According to more recent data, AD accounts for the most common cause of
dementia and is believed to contribute to approximately 60—-70% of cases. AD is thus
seen as the most common form of dementia. It was reported 2019 that there are
more than 50 million people living with dementia globally. This figure is believed to
increase to 152 million by 2050 (Adelina, 2019).

Most of these neurological conditions are not curable, and can even progress and
become worse with the process of ageing. These diseases present a range of signs
and symptoms, usually leading to functional limitations, and affecting the quality of
life of individuals suffering from the disorder, as well as their families (Giacoppo et
al., 2015). The pathogenesis of these diseases often have similar features, such as
the abnormal accumulation and aggregation of disease-specific proteins, such as
amyloid-B plagues, protein misfolding and aggregation in previously unaffected cells
or areas, genetic mutations and/or environmental factors. The symptoms can
happen as a result of oxidative or metabolic stress. The various factors involved in
the pathogenesis of these diseases, together with age, play an integral role in the

onset, progression and severity of the disease (Herrero and Morelli, 2017).

Dementia also has a huge economic impact, resulting in a worldwide cost of US$818
billion in 2015. (Prince et al., 2016) In 2006 the world health organisation (WHO)

1
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reported that “a large body of evidence shows that policy-makers and health-care
providers may be unprepared to cope with the predicted rise in the prevalence of
neurological and other chronic disorders and the disability resulting from the
extension of life expectancy and ageing of populations globally” (World Health
Organization, 2006).

AD and PD are the two most common neurodegenerative diseases (Tokuchi et al.,
2016). Yet both and many other neurodegenerative disorders have very different
clinical and pathological features (Tokuchi et al., 2016). AD is a prototypical
dementing illness that is associated with cortical dysfunction, amyloid plaques,
neurofibrillary tangles and cholinergic basal forebrain degeneration, while PD is a
movement disorder, associated with degradation and dysfunction in the basal
ganglia, Lewy bodies, and substantia nigral dopaminergic neurons of the brain
(Starkstein et al., 1996; Weintraub et al., 2007).

The main objective when treating patients suffering from neurological conditions has
mostly been single target treatments. PD treatment for example focuses on restoring
the function of striatal dopamine (Dondorp et al., 2009). However, lately the focus for
treating these disorders has shifted to alternative approaches that involve
neuroprotection, rather than only focussing on treating symptoms that become worse
as the disease progresses. Effective therapy in ND conditions should not only
prevent disease progression, but also cure the motor and cognitive dysfunction
associated with them. Presently, there are no drugs that effectively meet these
requirements, as the drugs currently marketed focus on symptomatic treatment of
the relevant condition (Madrid et al., 2006; Finazzi and Arosio, 2014).

Current therapies in the field of neurodegeneration act by targeting specific sites or
pathways that are involved in the pathology of the disease. These include
acetylcholinesterase (AChE) inhibitors such as rivastigmine (Exelon®) and N-methyl-
D-aspartate (NMDA) receptor antagonists such as memantine (Namenda®), both
FDA approved drugs in AD. In the case of PD, monoamine oxidase-B inhibitors such
as selegiline (Eldepryl®) and rasagiline (Azilect®), and dopamine agonists like

bromocriptine (Cycloset®) (Rang et al. 2012) are used in treating this disorder.
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Figure 1.1: Structures of FDA approved drugs for various ND.

1.2 Rationale

A study conducted in Europe alone, estimated that the annual economic cost of
neurological diseases (dementia, epilepsy, migraine and other headaches, multiple
sclerosis, Parkinson’s disease and stroke) amounted to € 139 billion (approximately
US$ 180 billion) in 2004. This excluded indirect costs and omitted intangible costs
(WHO report). One of the main difficulties with regards to diagnosing these
neurodegenerative disorders is the fact that they do not develop overnight. These
disorders exhibit a progression and decline that is not linear, and usually cognitive
function fluctuates between patients, and may also differ when it comes to patient
evaluations. (Korczyn, 2016) (Werner and Korczyn, 2008) This alone makes early

and effective diagnosis of these diseases extremely difficult.

1.2.1 Fluorescent ligands and imaging

Molecular imaging with fluorescent molecules, known as fluorophores, is currently a
focus in molecular imaging research. Using fluorophores in imaging is advantageous
because they can generate high-resolution images, they usually have a high
sensitivity and precision, they can be non-invasive and more importantly cost-
effective, while having minimum or in many cases no influence on cellular functions
(Boustany and Boppart, 2010). In the last decade molecular imaging as a field has

emerged, developed and progressed remarkably, due to the ability for site-specific
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and molecule-specific imaging, resulting in a vast number of applications and

opportunities (Specht et al., 2016).

In science and medicine various different techniques are being used for imaging and
diagnosis of different types of diseases. These can include computed tomography
(CT), planar scintigraphy, positron emission tomography (PET), single photon
emission computed tomography (SPECT), magnetic resonance imaging (MRI),
ultrasound (US) and optical imaging (Ol). Some of these techniques are invasive
while others such as PET, SPECT and MRI are used because of their non-invasive
nature of molecular imaging. These techniques all have differences in terms of the
types of probes, detection methods, their spatial/temporal resolution, sensitivity and
tissue penetration depth (Alberti, 2012; Arslan Ali, 2015).

Fluorophores being used as fluorescent probes exhibit a number of specific
properties such as a specific excitation/emission wavelength range, Strokes shift and
spectral bandwidth being imposed by the fluorescent imaging instrument. The
fluorescent signal for a given fluorophore is dependent on the efficiency with which it
absorbs and emits photons, and also its ability to wundergo repeated

excitation/emission cycles (Joubert, 2007).

It has been found that fluorophores designed for molecular imaging should aim to be
in the near infrared region (NIR). Using fluorophores that emit light in this wavelength
is superior over using fluorophores in the visible window due to a reduction of photon
absorption in biological tissue, interference from auto-fluorescence and increasing
resolution and penetration depth (Hong et al., 2017). Hence for the purpose of this
the fluorescent ligands NBD, dansyl chloride and the dicyano fluorophore have been
assessed and shown to be effective fluorophores for application in ND. The
structures of these fluorophores and their emission wavelengths can be seen in

figure 1.2.
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Figure 1.2: Fluorophores and their respective emission wavelengths.

1.2.2 Polycyclic.Cages

Polycyclic cage derivatives are hydrocarbon chemical compounds that resemble a
cage like shape or structure, usually saturated, and includes chemical structures
such as PCP, amantadine and NGP1-01(Fig 1.3). These structures have been of
particular interest to chemists for their potential in the field of medicine has been
explored because of this (Ito et al., 2007; Egunlusi, 2014). These cages have been
shown to exhibit neuroprotective properties, while also inhibiting NMDA receptors
and/ or calcium channels, and also generally having a low side effect profile.
Furthermore they show good blood brain barrier (BBB) permeability. All these factors
make them a group of structures with a high potential as lead derivatives for drug
design and development (Lipton, 2007). The neuroprotective nature of these
structures is of particular importance and occurs by not only slowing down cell death,
but also preventing it. Compounds such as memantine acts on the NMDA receptor
and prevents over activation and thus excessive activity, while maintaining normal
NMDA receptor activity. With this neuroprotective potential, it has resulted in a lot of
focus on memantine and other cage derivatives in the field of medicinal chemistry
(Johnson and Kotermanski, 2006; Lipton, 2007; Wenk, 2007; Egunlusi, 2014).
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Figure 1.3: Chemical structures of PCP, NGP1-01 and polycyclic derived molecules

with neuroprotective effects.

Furthermore several pentacyloundecane cage derivatives have also been reported
to have neuroprotective activity, while also being good synthons due to the ability to
conjugate other chemical structures. These modifications tend to improve the
pharmacokinetic and pharmacodynamic properties of the molecules. They also
exhibit NMDA receptor inhibition as well as L-type voltage gated calcium channel
(VGCC) blocking activity. This dual inhibitory mechanism that we see in structures
like NGP1-01 (Fig. 1.3), mean polycyclic cage derivatives are potential drug
candidates in both prophylaxis and the treatment of neurodegenerative disorders
(Van der Schyf and Youdim, 2009). As a result of this, various cage derivatives have
been developed and synthesised extensively for this purpose (Geldenhuys et al.,
2004; Joubert et al., 2011).

1.3 Aim

A series of novel pentacylcloundecane derivatives were developed which are similar
in structure to that of NGP1-01, but with varying carbon linkers, and conjugated
fluorophores. NMDA receptor and VGCC inhibitions are known to be useful in the
treatment of ND. The final compounds were evaluated for fluorescence, cytotoxicity,

neuroprotective ability and finally the ability to inhibit Ca* influx through NMDA and
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VGCC modulation. NMDA receptors and VGCC are integral targets in glutamate
related neurotoxicity and thus directs our focus with regards to disease treatment
and prevention. Furthermore, the fluorescent nature of the molecule directs the
research to a disease diagnosis and monitoring focus. Thus, a compound that can
detect the disease early enough, while treating it to prevent the progression and
ultimately dysfunction of the patient from occurring, would be a significant

advancement in the field.

Designing a drug which acts on multiple targets, through various biological pathways
involved in the apoptotic process, (or which has more than one mechanism of action)
can completely revolutionise the treatment of neurological disorders. This can
possibly lead to the discovery of an effective neuroprotective, or even curative agent.
The multi-functional or multitargeted approach explored in this study may be of great
importance. Even though these compounds could act on multiple targets, the goal
will be to ensure these compounds are selective for these specific receptors. This
selectivity will help to minimise side effects. Since these compounds will also have
fluorescent properties, it is possible to visualise the pharmacokinetics and binding
sites of the compounds using fluorescent imaging techniques. Furthermore being
able to see a drug cross the BBB, interact with drug binding pockets and/or its
deposition, might allow the visualisation and early detection of neurodegenerative
disorders. This may be accomplished through binding to specific targets or deposits
responsible for the progression of neurodegenerative disorders, such as amyloid-f3
plaques, NMDA receptors and/or VGCC. Table 1 below highlights the series of

compounds designed for synthesis and evaluation in this study.

1.2 Concluding remarks

This exploratory study will be used to develop an agent that is not only effective in
disease detection and/or treatment, but also in monitoring and prevention. Drugs
targeting neurodegeneration currently available on the market only offer symptomatic
relief without stopping the progression of the disease. However through blocking
over activation of NMDA receptors and VGCCs, agents that are more beneficial in
this field can be developed. Attaching a fluorophore that can assist with disease

monitoring and understanding is a potential option that would be beneficial. This

http://etd.uwc.ac.za/



process of conjugating an active compound to a fluorophore is an applicable concept

and applied to different neurodegenerative diseases such as AD and PD.

Table 1.1: Ketal and Aza derivatives that were designed
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CHAPTER 2

2. LITERATURE REVIEW

2.1 Neurodegenerative disorders

Neurodegeneration occurs when neurons in the CNS, the brain in particular, are
destroyed by several mechanisms (Araki et al., 2001). The pathology of these ND
are progressive and irreversible, and the abnormal loss of neurons from specific
regions of the brain is a main characteristic of them (Alexi et al., 2000). Cells affected
in these specific regions become necrotic (cellular death due to injury) or apoptotic
(programmed cellular death) (Connor and Dragunow, 1998). When these regions
become damaged or apoptotic, a neurotransmitter imbalance occurs in a specific
region of the brain, ultimately leading to the signs and symptoms that arise in these
diseases(Alexi et al., 2000; Zindo et al., 2014a). These ND include among others
Huntington’s disease (HD), Alzheimer’s disease (AD) and Parkinson’s disease (PD).
Of the vast number of neurodegenerative disorders, PD and AD are the most
common, more so in the elderly (Calon and Cole, 2007; Egunlusi, 2014). Symptoms
of these disorders usually start to occur around the age of sixty and progresses from
there (Landrigan et al., 2005). Disorders such as ALS and HD are much more rare in
comparison to AD and PD, however these are fatal with little to no effective
treatment options (Mayeux, 2003). Some manifest at ages as young as infancy and
happen irrespective of age (Mayeux, 2003).

Although all classified as neurodegenerative diseases, it is observed that they all,
even the more common ones AD and PD, have very different clinical, as well as
pathological features (Tokuchi et al., 2016). With AD we see a prototypical
dementing iliness that is related to a cortical dysfunction, amyloid-B plaques and
neurofibrillary tangles formation, and cholinergic basal forebrain degeneration.
However with PD, basal ganglia dysfunction, the presence of Lewy bodies, and
degeneration in the substantia nigra of dopaminergic neurons are observed (Tokuchi
et al., 2016). The quality of life of patients suffering from these diseases is
significantly diminished as their normal functionality and well-being is compromised.

This is seen even more so among the ageing population, and it is a huge problem
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worldwide (Alexi et al., 2000). There has been a large amount of research, money
and time put into this area of disorders, especially towards identifying causative

factors.

The current treatment options that are available are used more for the management
of these disorders and not curing them. These disorders have a profound impact on
the life of both the affected patient and their families (Tarrants et al., 2010). As a
result of this significant impact, it has become crucial to create drugs that can stop
the progression and destruction we see in this abnormal neuronal breakdown
process, as well as assist in treating them, and helping monitor and diagnose them

early and effectively (Schweichel and Merker, 1973).

2.1.1 Alzheimer’s Disease

AD is a form of dementia that is related to neurodegeneration occurring with age and
a number of other factors. AD involves progressive memory loss, as well as a
decline in ability to communicate, and multiple other cognitive impairments.
Worldwide there are more than 35 million cases, making it one of the most common
types of neurodegenerative disorders (Lardenoije et al., 2015; Selkoe, 2012).
Between 40-80 people in every 1000 people suffer from AD, and the average years
of living with the diseases is only 9 years (Mayeux, 2003). Moreover the extent to
which the disease affects the families, caretakers and community of the sufferer,
contributes to the global burden of AD. Globally the annual cost of dementia and AD
is estimated at around 1 trillion US dollars, and it is expected to double by 2030
(Adelina, 2019).

AD is extremely complex and multifaceted disorder. Genetic, epigenic and
environmental factors all play a role in the resulting dysfunction in homeostasis of the
brain, and it can be seen with inflammation, cell cycles and many other processes
and pathways in the brain (Mastroeni et al., 2010). The cognitive decline, mood
instability, and various behavioural and physical instabilities occur due to cortical
degeneration as well as subcortical degeneration (Bediou et al., 2008; Lardenoije et
al., 2015). It is also important to note that with AD the neural degeneration occurs in
specific regions of the brain and not the entire brain (Hardy, 2006). The main areas
affected by AD is the frontal cortex, temporal lobe, parietal lobe, hippocampus,
entorhinal cotex and finally the cingulate gyrus (Wenk, 2007).

10
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Current treatment for AD focuses on the management of symptoms, and even
though many pre-clinical and clinical trials have been done on treatment options, the
focus still lies on target and drug discovery. These treatment options only slow the
disease progression, and cannot stop it or cure the disease (Mastroeni et al., 2010).
Approved options for treatment, as mentioned before includes AChE inhibitors such
as rivastigmine (Fig 1.3), galanthamine and donepezil, or NMDA antagonists like
Memantine (Fig 1.3), while other possible agents are still in the pipeline for

development.

Brain changes in Alzheimer disease
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Figure 2.1: Changes observed in AD brain and neurons, compared to healthy brain
(Arslan Ali, 2015)

2.1.2 Parkinson’s Diseases
PD is the second most common ND disorder after AD, and involves progressive

degeneration of dopaminergic neurons in the substantia nigra. Approximately 10 to
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20 out of every 1000 people suffer from the disease. Duration of the illness usually
last about 2 to 20 years, depending on severity, and then leads to death as a result
of multiple complications. PD has been found to be more common in the male
population (Mayeux, 2003). When it comes to PD genetic predisposition is reported
to be a high risk factor, although age and environmental factors also play an

important in role PD and its development and progression (Veldman et al., 1998).

PD is known for its symptoms relating motor dysfunction, but cognitive dysfunction
and ultimately cognitive impairment takes place in most, if not all cases of the cases,
to some degree. This is one of the reasons PD and AD are often mentioned together
or compared. One similarity between the two diseases is the degeneration of the
nucleus basalis of Meynert in the brain. This region is related to the cholinergic
innervation of the brain, and is believed to be responsible for some of the cognitive
dysfunction and memory related changes seen in these diseases (Korczyn, 2016).

Even though a few similarities are seen between PD and AD, they do have very
different histopathologies. In AD the regions of the brain mainly affected include the
frontal cortex and hippocampus of the brain, while in PD it is the substantia nigra,
and dopaminergic pathway. Dopaminergic neurons play a crucial role in initiating
motor movements in the body, and thus the progression of PD. When these neurons
are damaged or lose function, the effectiveness of movement and related activities is
affected, and these are seen as the main resulting symptom in PD. The degradation
of these neurons result in symptoms such as tremors, bradykinesia which is the
slowness of movements and gait disturbances, which is disturbances in the ability to
walk (Jankovic, 2008). These motor disturbances are also accompanied by
psychiatric symptoms, autonomic impairments and some cognitive dysfunctions.
These symptoms are all intrinsic to the disease and may occur prior to or after the
motor related symptoms (Aarsland et al., 1999). The symptoms observed in PD that
are not related to motor function are due to imbalances in specific neurotransmitters
in the brain. These are the serotonergic, noradrenergic and cholinergic
neurotransmitters. These imbalances are accompanied by the presence of Lewy
bodies (LBs) occurring in certain areas of the brain (van de Berg et al., 2012). LBs
are distributed throughout the CNS, more specifically in the case of PD, the
substantia nigra. There are two types of LBs, called brainstem as well as cortial LBs.

Brainstem LBs are intra-cytoplasmic, and spherical or elongated in shape, while
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Cortical LBs tend to be irregular in shape (Wakabayashi et al., 2007). LBs,
regardless of the type, consist of flamentous structures similar to neurofilaments but
thicker in nature. In patients with PD, the number of LBs in the substantia nigra is
higher, and it corresponds to the level of neuronal depletion. It is also suggested that
neurons with high levels of LBs are in the process of dying. Furthermore Cortical LB
specifically could be involved in cognitive impairment seen in patients with PD
(Wakabayashi et al., 2007).

2.1.3 Other NDs

NDs can differ with regards to their clinical presentations, underlying physiology, and
histopathology, but still have overlapping features. This is seen in lesser known NDs
such as ALS and HD. ALS is a ND characterized by progressive degeneration of
motor neurons (Hawley et al., 2019). HD on the other hand is an autosomal
dominant progressive ND. These and multiple other NDs do not receive as much
attention as AD and PD as a result of the significantly higher prevalence of AD and
PD. However over the last few years, awareness and incidence of the less well

known NDs have increased.

HD is characterized by movement, cognitive and neuropsychiatric dysfunction and
has symptoms similar to both AD and PD. (Clarimén et al., 2018). HD is extremely
rare with and estimated worldwide prevalence of only 2.7 cases per 100 000 people.
Diagnosis occurs in the middle stages of life, around 40 years old. High rates of
depression, suicide and suicide attempts are also associated with HD (Clarimén et
al., 2018). The histopathology of HD involves neurodegeneration in the striatum as
well as the white matter and neocortex. Neurodegeneration in these areas relate to
the motor symptoms as well as the cognitive side of the disease (Groen et al., 2010).

ALS on the other hand overlaps with PD with regards to involvement of motor
neurons specifically. Similar to both AD and PD, ALS can be genetic in nature
(familial) or non-familial. It is also slightly more common in men. ALS is more likely to
occur in the middle to later stages of life, and generally progresses to a fatal degree
in less than five years. Similar to AD, glutamate and calcium ion related excitotoxicity
is the main mechanism in neuronal cell death within ALS (Checkoway et al., 2011;
Logroscino et al., 2005; Sen et al., 2005). With the histopathology of ALS,
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intracytoplasmic bodies with neurofilaments and spheroids containing enzymes and

ions are involved in formation of reactive oxygen species (ROS) (Checkoway et al.,
2011; Nordlund and Oliveberg, 2006).

Table 2.1: Comparison between different NDs

L Approved Treatment
ND Characteristic Pathol mptom .
acteristic Pathology Symptoms Options
Neuz:blrg:z% t:ngrlz f:trir;r?tlon, Dementia, loss of cognitive
AD glutamgte recepgthr d%/sfunc’tion function, mood alterations, Rivastigmine, memantine
and calcium ion imbalances. memory loss.
Tremors, bradykinesia, gait
Neurotransmitters imbalances, disturbances, autonomic . .
PD Lewy bodies occurrence. impairments and some Selegiline, rasageline
cognitive dysfunctions.
) . Movement, cognitive and Tetrabenazine amantadine,
HD CAG gene coding deregulation. neuropsychiatric dysfunction. riluzole
Glutamate receptor dysfunction ¥ YT T ETre rveroes Frovars
and calcium ion imbalances, as e LT RETTs l;reathin
ALS well as genetic factors, proteins diffié:uIFt) Fild-coaritive g Riluzole
involved in RNA processing in>1/’ airmentg
and excitotoxic damage. P f

2.2 Mechanisms involved in Neurodegeneration

Neurodegenerative diseases for the most part have a common mechanism of
degeneration or neuronal damage. The etiopathology of these diseases is complex
and heterogeneous (Geldenhuys et al., 2011; Egunlusi, 2014). When it comes to the
mechanisms and pathogenesis of the different neurodegenerative diseases, a
number of common features arise. One of the common features is when disease
specific proteins, such as amyloid-B (AB) or tau-proteins accumulate, and
aggregation occurs at an abnormal rate, ultimately leading to the loss of cell function.
Further evidence has also shown that these abnormal levels of aggregated protein
can spread from one cell to another, and also from a specific area in the brain to

14

http://etd.uwc.ac.za/



another area. This in turn induces protein misfolding, leading to the aggregation,
resulting in previously unaffected cells or environments being drawn in. It is
important to note that genetic mutations, and environmental factors, such as
oxidative stress can promote or induce this protein misfolding and aggregation that is
seen in neurodegenerative diseases (Herrero and Morelli, 2017). Underlying
mechanisms of some of these disorders themselves are still not well understood in
many cases (Herrero and Morelli, 2017). As mentioned previously both genetic and

environmental factors are initiators of ND.

Neuronal cells which are prone to degeneration either become apoptotic or necrotic
(Feuvre et al., 2002; Egunlusi, 2014). In patients suffering from ND, intrinsic cell
death or suicide takes place. This is a programmed process known as apoptosis,
and takes place in the CNS (Schweichel and Merker, 1973). Oxidative stress,
excitotoxicity and metabolic compromise are but a few mechanisms involved in

triggering a number of pathways which lead to apoptosis.

2.2.1 The lethal triplet

The key mechanisms involved in neuronal cell death, whether necrotic or apoptotic
in nature, are often referred to as the lethal triplet (Joubert et al., 2007). This triplet
consists of metabolic compromise, oxidative stress, and excitotoxicity. Although not
the only processes that can cause cell death, one or a combination of these

processes are usually involved.

2.2.1.1 Oxidative Stress

Oxidative stress refers to the physiological reaction that takes place in the body as a
result of the increasing and progressive damage caused by free radicals that are not
properly neutralised by endogenous antioxidants. The process is believed to be
linked to ageing or diseases (Halliwell, 2001). It is usually an imbalance in the level
of these free radicals and/or the amount of natural antioxidants that are meant to be
present within the cell and body. This imbalance leads to oxidative damage of the
cell as well as its components, and ultimately causing neurotoxicity and cell death
(Gilgun-Sherki et al., 2001; Crouch et al., 2008; Gonsette, 2008). AD and often other
neurodegenerative diseases are associated with ROS and these free radicals. The

imbalances mentioned before often causes damage to cellular components and/or
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biological molecules through peroxidation. This, in turn results in apoptosis (Uttara et
al., 2009).
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Figure 2.2: Chemical and molecular mechanisms in cell death (LU et al., 2010).

Free radicals are formed when compounds that contain one or more unpaired
electrons usually become more reactive in nature. Common free radicals include the
superoxide radical (O"). This free radical is extremely reactive due to a reaction
where one electron escapes from the electron transport chain in the mitochondrial
membrane (Teponnou, 2017; Halliwell, 2001). Nicotinamide Adenine Dinucleotide
(NAD), which is a cofactor found in all living cells, when in its reduced form NADH,
together with the enzymes ubiquinone reductase and ubiquinone cytochrome C,
forms an enzymatic complex. This complex catalyses the reaction of oxygen with the
escaped electron, and forms the superoxide radical. Antioxidant enzymes such as
SOD (superoxide dismutase) assist in converting the superoxide radical to hydrogen
peroxide, a free radical that is much less harmful. Hydrogen peroxide can however

still form a reaction with copper (Cu*) or iron (Fe?*) causing the hydroxyl radical (OH
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) to form. This free radical is also a very strong ROS. The reaction between chlorine
and ROS can lead to the formation of hypochlorous acid (HOCI), through a reaction
catalysed by myeloperoxidase (MPO). However if hydrogen peroxide is in the
presence of antioxidants such as either glutathione peroxidase (GPX) or antioxidant
enzyme catalase (CAT), it is converted to water (LU et al., 2010). It is the imbalance
or lack of enzymes or antioxidants such as GPX or CAT that ultimately result in the

accumulation and damaging effect free radicals have on cells.

Amyloid-B (AB) plaque formation has also been linked with the production of ROS
and there is much research on the role of A in ND. AB plagues form and ultimately
play a role in ND through a process often referred to as the Ap cascade hypothesis.
The cascade starts with missense mutations of dysregulation of APP, PS1 or PS2
genes. This dysregulation results in increases AP production and accumulation
(Hardy and Selkoe, 2002). AB then interacts with a number of metal ions such as
(Cu?*, Fe*" and Zn?*') and this interaction results in reduced forms of these ions
namely Cu* / Fe** / Zn*. Once in this form the metal ions can now interact with
hydrogen peroxide and produce the previously mentioned OH (Uttara et al., 2009).
Throughout the body we find multiple sources of ROS such as by products from
monoamine oxidase (MAO) activities. Hydrogen peroxide is one of these by-
products, and as mentioned before can from ROS that causes oxidative stress and
cellular damage, in this case mitochondrial and cytoplasmic dysfunction (Sturza et
al., 2013). Having ROS in the body is extremely important, due to the fact that they
often act as antimicrobials, as well as playing a key role in degrading foreign matter
(Nimse and Pal, 2015). The problem is that ROS are capable of producing a vast
number lethal cellular effects. ROS can cause the depletion of ATP within cells,
cause increased levels of cellular Ca*'influx elevation and various other processes
that can lead to the process of cellular degeneration process (Raffray and Gerald M.,
1997). Within a healthy body antioxidant enzymes such as carotenoids, or the
presence of components such as Vitamin E or C, tends to neutralise or inactivate
ROS (Uttara et al., 2009).

Oxidative stress plays a large role in AD pathology, specifically with regards to free
radical attack, mitochondrial dysfunction, nucleic acid damage and protein oxidation.

Oxidative stress ultimately leads to the damage of DNA, RNA, proteins and lipids
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and cells and neurons on multiple levels. This ultimately results in apoptosis and

disease states (LU et al., 2010).

2.2.1.2 Excitotoxicity

Excitotoxicity plays a major role in neurodegeneration in both acute and chronic CNS
diseases. Ca*" ions are seen as the key mediators involved in the excitotoxic
process and the damage caused by it. These ions act as intracellular messengers,
and control various cellular functions such as membrane excitability, exocytosis and
also synaptic activity. Because they play such a key role, there is a constant
extremely complex balance between the influx and efflux of Ca*" ions at the cell's
ion channels. These levels are controlled by neurons and they enable the signalling
cascade, regulated by these ions to occur under normal physiological conditions.
Once there is an excessive influx or efflux of these ions from intracellular stores, the
Ca?* regulatory mechanism can be overloaded, leading to the Ca?* dependant
processes to be activated at the wrong time. This can lead to metabolic
derangements that effect cell death (Choi, 1988; Tymianski and Tator, 1996; Sattler
and Tymianski, 2000).

Glutamate is the key or major neurotransmitter involved in the process of
excitotoxicity in the CNS. The release of glutamate stimulates both ionotropic and
metabotropic receptors resulting in these postsynaptic responses. The main
ionotropic receptors are NMDA, AMPA and kinase receptor subtypes. These
receptors form an ion channel pore when they are stimulated or activated. Activation
specifically causes cellular Ca?*, Na* and K ions permeability. Excitotoxic effects
occur through activation of the glutamate receptor and calcium channel on neuronal
cells. When metabotropic receptors are activated, there is an indirect link to the
same ion channels. It is observed that activation causes stored Ca?* ions to be
mobilised. This occurs through a number of mechanisms that is dependent on GTP-
binding protein dependant mechanisms (Tymianski and Tator, 1996; Arundine and
Tymianski, 2003). GTP or trimeric G-proteins binding proteins play a crucial part in
signal transduction pathways for multiple hormones and neurotransmitters, in this
case glutamate. Research has shown that most if not all subtypes of the glutamate
receptors are involved mediating or causing neurotoxicity on some level (Arundine

and Tymianski, 2003). This is the reason we see the connection between excessive
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levels of Ca®" influx into cells and glutamate related damage or injury to neurons
(Arundine and Tymianski, 2003).

This form of primary or direct excitotoxicity occurs when the NMDA receptors get
over activated by abnormal or excessive amounts of glutamate. This causes Ca®*
influx, but because of the excessive levels of glutamate there is an intracellular
Ca?*overload (Lipton, 2007). Sensitive VGCC are also activated, adding to the
cumulative effect of the intracellular overload. This process results in a disturbance
in the cellular Ca®* homeostasis. As a result of the disturbances of specific enzymes
get activated. The processes of these enzymes result in the previously discussed
‘free radicals being formed, which ultimately leads to neuronal cell damage and
death.

The second type of excitotoxicity is referred to as indirect excitotoxicity. In this
process glutamate receptor stimulation is normal and unchanged. However cell
death in this case occurs due to the postsynaptic neuron being damaged or
weakened. There can be multiple reasons for this damage or weakness to be
present in a neuron. If there is mitochondrial dysfunction as mentioned previously, it
can be a result of oxidative stress, and low levels of ATP production can occur.
Normal cellular processes cannot take place because of the low levels of ATP. This
means the energy for cell activity is not sufficient. This cascade of events causes
damage to the neuron and cell apoptosis occurs eventually (Fulvio Celsi et al.,
2009).

2.2.1.3 Metabolic Compromise

Metabolic compromise can also be referred to as bioenergetics impairment.
Bioenergetics refers to cell energy metabolism. Metabolic compromise in other
words refers to a deficiency in the ability to provide the required energy levels for
normal cellular function. For the brain to function at optimal capacity, it require a lot
of energy and it consumes approximately 20% of body basal oxygen for this
purpose. If there is disruption or an imbalance in the homeostasis of the oxygen,
energy levels and metabolisms of the CNS and the brain, it can easily result in
disease states, whether these changes are small or not. Differences in neuronal
function lead to possible cell death and neurodegeneration. (Grimm and Eckert,
2017) Metabolic compromise occurs when cells or neurons are deprived of the
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cellular substances, including oxygen, required for optimum cellular function. For this
reason the mitochondria plays a crucial role. It is often referred to as the cellular
powerhouses, providing ATP as cellular energy. It produces the energy that is
essential for most cellular processes, specifically regulation of intracellular Ca**
homeostasis, synaptic plasticity and the synthesis of vital neurotransmitters (Grimm
and Eckert, 2017). In multiple neurodegenerative diseases such as PD and HD it
had been found that there are reduced levels of mitochondrial enzymes. This
enzymatic deficit results in metabolic injuries and ultimately reduced or complete loss
of function in the mitochondria. This leads to lower levels of ATP in cells, in this case
neurons. In diseases such as PD, we see this depletion of ATP which mostly in the
basal ganglia, resulting in cell death and neurodegeneration. ATP depletion plays a
significant role in metabolic compromise, as it means cellular ion pumps which are
dependent on ATP cannot function. This means depolarisation of these neurons

cannot occur(Greene and Greenamyre, 1996).

As the mitochondria functions less optimally, and the ionic integrity of the cell
becomes compromised, the ability of the mitochondria to buffer itself from the
intracellular Ca** and other ions becomes hindered. This causes Ca®* accumulation
in the mitochondria, as well as affecting Ca*" homeostasis in the cell, resulting in
increased levels of oxygen and nitrogen free radicals, further damaging the neuron

due to the cytotoxic nature of these free radicals (Stout et al., 1998).

Figure 2.3 indicates how the lethal triplet and more specifically the mitochondria
influences brain ageing and damage to the CNS and neurons. Increased levels of
oxidative stress plays a crucial role in these disorders, while high levels of ROS
depletes the antioxidant system. When at homeostasis these processes leads to
normal ageing, but as soon as the pathological threshold is passed due to processes
involved in the lethal ftriplet, it triggers multiple processes inducing
neurodegeneration (Grimm and Eckert, 2017).
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Figure 2.3: The lethal triplet

2.2.2 Apoptosis and Necrosis

Apoptosis is known or referred to as the chain of enzymatic processes that take
place resulting in energy-dependent and programmed cell death (Raffray and Gerald
M., 1997; Egunlusi, 2014). Apoptosis is the most common form of neuronal cell
death (Krantic et al., 2005). Necrosis on the other hand usually occurs to a high
number of cells at once, resulting from a high degree of injury or stress. Often this
injury will be severe, unexpected and sudden in nature, and is caused by detrimental
agents or cellular injury. It affects the cell homeostasis to the point where cellular
function is lost irreversible and uncontrollable enzymatic processes take place. This
causes high levels of inflammation and eventually cell death (Raffray and Gerald M.,
1997; Egunlusi, 2014).
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Apoptosis, as a process, is slow and part of normal growth and differentiation of cells
and organ systems in both vertebrates and invertebrates. It is centred on matching
neuronal populations to target size. Apoptosis is believed to mostly be controlled by
a limiting supply of target-derived trophic factors, but is also controlled by afferent
stimulation (Martin et al., 1998). Apoptosis consists of two main pathways, referred

to as an intrinsic and extrinsic pathway of neuronal cell death.

The intrinsic pathway is related to UV exposure, mitochondrial damage as a result of
ROS and reactive nitrogen species (RNS), excitotoxicity due to increased Ca?*
influx, and finally hypoxia. Due to some or all of these processes or environments,
cytochrome C is released into the cytosol. This results in the subsequent formation
of the apoptosome and finally effector caspases activation. The second or extrinsic
path occurs when the binding of specific ligands happens to apoptotic initiating
receptors that belong to the family of tumour necrosis factors. This binding between
receptor and ligand causes the activation of effector caspases (Waldmeier, 2003;

Artal-sanz and Tavernarakis, 2005).

Necrosis, on the other hand, is much more rapid. The cell inflammatory process that
takes place as mentioned before, leads to swelling and ultimately the rupture of the
cell plasma membrane, damaging the integrity of the cell. The process of necrosis is
not as well understood as that of apoptosis, but it is believed that intracellular Ca*
influences necrosis when occurring at accelerated rates. Unlike apoptosis, caspases

are not believed to be involved in necrosis (Artal-sanz and Tavernarakis, 2005).

2.3 Polycyclic Cages

Polycyclic cage compounds play an essential role in synthetic organic chemistry due
to their unique properties which stem from their rigid structures. As a result of this
they have a key role in the design and synthesis of both natural and non-natural
products. The C-C bonds within the cage and their angles result in a unique
synthetic architecture. The use of polycyclic cages and derivatives thereof has been
a focus in the field of drug design for many years (Joubert et al., 2011; Onajole et al.,
2012). Compounds such as adamantine and pentacycloundecane (PCU) have
become a focal point in drug design since the discovery of anti-viral properties of

amantadine (Onajole et al., 2012). These structural derivatives have the ability to
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improve drug lipophilicity, a crucial aspect when it comes to drug transport across
cellular membranes, the CNS and the BBB. Furthermore, it has been found that
polycyclic derivatives slow down or lower bio-degradation of drugs once in the body
when it gets subjected to biological systems. This ensures these compounds have
longer pharmaceutical effects (Onajole et al., 2012). Some of the cages such as
amantadine, and PCU are also extremely rigid in conformation, which means they
are often able to maintain their conformational entropy when binding or interacting to
proteins or receptors, and as a result of this maintaining their pharmacological
activity. Polycyclic cages are highly beneficial in drug design as they can also
improve and change both pharmacokinetic and pharmacodynamic properties of
other chemical compounds (Oliver et al., 1991). Memantine is one example, where
the adamantane cage is structurally altered to synthesise a compound that is
clinically well tolerated, has a low affinity, and is an uncompetitive NMDA receptor
antagonist (Geldenhuys et al., 2004). Another example is NGP-101, a PCU
derivative with significant NMDA antagonist activity, but also neuroprotective
properties (Zindo et al., 2014a). Polycyclic compounds as seen in Figure 1.3, can be
used as a building block or privileged structures by attaching side chains and

resulting in improved properties such as the lipophilicity of a drug (Oliver et al.,1991).

Polycyclic cages have many more biological activities. Besides the use of
amantadine in PD, PCU derivatives have anticataleptical activity, while others such
as D3-trishomocubanes have anti-oxotremorine and anticataleptic activity. Some

cages have also shown a degree of anti-TB activity (De Vries, 2006).

2.4 Potential mechanisms of action and target sites

2.4.1 N-methyl-D-aspartate receptor

As previously mentioned, excitotoxicity plays a large role in a various
neurodegenerative diseases and their progression.. This suggests that it can be a
common pathway or process to target in ND. This process of excitotoxicity takes
place as a result of over-activation of receptors for excitatory neurotransmitters such
as the NMDA and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA)

receptors. lonotropic glutamate receptors like NMDA receptors, regulate quick
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responses to the major excitatory neurotransmitters that are found in the CNS
(Egunlusi, 2014).

NMDA and kainic acid act as excitotoxins when binding to NMDA receptors. When
these receptors are activated in high levels, it ultimately results in excitotoxicity. It
creates numerous toxic and damaging consequences to cells, which include
disturbing Ca**homeostasis, formation of free radicals, and finally interfering with

mitochondrial permeability and function (Oliver et al., 1991).

NMDA receptors regulate the plasticity of the synapses through controlling Ca*
entry through the NMDA receptor. Excessive activation of these receptors results in
cellular death through a number of cytoplasmic as well as nuclear processes taking
place within the cell. It is because of this reason that drugs that block or regulate
NMDA receptors have therapeutic relevance, especially in ND (Cookson et al.,
1964).

An important aspect about the structure of the NMDA receptor is that it has an S-
nitrosylation site. In the extracellular region of the receptor the N-terminus can be
found as illustrated in Figure 2.4. This is referred to as the modulatory site of the
NMDA receptor. At this site activity of the NMDA receptor is controlled through the
process known as S-nitrosylation. During this reaction a nitric oxide group in
covalently bonded to a cysteine sulfhydryl. It causes down regulation of the receptor
and decrease channel opening and activity, preventing excessive amounts of

Ca?*from entering the cell, ultimately having a neuroprotective effect (Schyf, 1989).

Although neurodegenerative diseases may result due to multiple different
mechanisms, processes and factors, the fact that neuronal injury occurs due to
overstimulation of glutamate receptors, usually NMDA, is a common denominator

between these diseases (Marchand et al., 1988).
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Figure 2.4: The structure of the NMDA receptor (lanke ML, 2009).

2.4.2 Voltage-gated calcium channels (VGCCs)

Evidence that Ca®* overload is implicated in NDs and ultimately acts as a neuron
death-triggering signal has been extensively researched and proven. VGCC are
present in many different cell types, and play an important physiological role in these
cells. Roger Simon discovered in 1984 that after an ischemic insult event there is a
significant increase in Ca®" build-up within the hippocampus. This resulted in interest
forming around the role and involvement of Ca®* overload in neurodegeneration
(Cataldi, 2013). VGCC regulate Ca*" influx into the cell, when membrane
depolarisation takes place, and is thus a controlling agent with regards to the amount
of Ca®" moving into the cell. These channels in other words act as secondary
messengers when it comes to initiating cellular activity (Catterall and Few, 2008).
VGCCs initiate the synaptic transmission that takes place in cells. This results in
signalling between synapses, within neurons (Tsien et al., 1988; Dunlap et al., 1995;
Catterall and Few, 2008). How effectively neurotransmitters are released from
neurons are dependent on Ca?* entering the neuron. This entry firstly initiates the
fast release of glutamate, acetylcholine, and GABA, and furthermore ensures these
neurotransmitters continue to be released (Catterall and Few, 2008). Presynaptic
Ca?* channels conduct currents in order to initiate synaptic transmission in neurons.
Efficiency and effectiveness of neurotransmitter release is dependant Ca** entry.
This high level dependence of neurotransmission on Ca?* entry, means the
presynaptic Ca®* channel is extremely sensitive and a crucial target for control and

regulation.
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VGCCs are thus closely related to the NMDA receptor activity, and more importantly
implicated in excitotoxicity, and many neurodegenerative disorders. Extensive
research has been done which shows that drugs acting on VGCCs are beneficial
neurodegenerative diseases (Van der Schyf et al., 1986). These drugs are effective
because they block Ca®* that enters cells through VGCC. Apoptosis is more likely to
arise from higher or abnormal levels of Ca®* entering the cell. When a significant
increase in Ca®" entry occurs, it can result in saturation of mitochondria’s buffering
capacity, disrupting mitochondrial homeostasis. This causes damage to the

mitochondria, and eventually neuronal death.

2.4.3 5-HT

5-hydroxytryptamine, also referred to as serotonin is a monoamine neurotransmitter,
specifically linked to emotions of well-being and happiness. It does however have a
complex and multifaceted function in the brain and body, influencing multiple
biological as well as physiological processes. Some of these processes include
controlling aspects of the memory and cognition centres of the brain. This complex
serotonin system undergoes degeneration in both normal aging as well as AD, and it
has been proven by multiple neuropathological and neuroimaging studies (Smith et
al., 2017). These studies proved neurofibrillary tangle formation and neuronal loss in
specific cell bodies which originate in serotonin projections, known as the raphe
nuclei cell bodies (Curcio and Kemper, 1984; Smith et al., 2017). Post mortem
studies of AD patients also showed a significant decrease in the level of serotonin
and metabolites of the neurotransmitter such as 5-hydroxyindoleacetic acid in the
cortex of the brain when compared to controls. This was accompanied by decreased
serotonin transporters (SERT), 5-HT2A and 5-HT1A receptors (Palmer et al., 1988;
Smith et al., 2017). The shortage or decreased levels of serotonin is to be more
widespread than other monoaminergic and cholinergic neurotransmitters in AD
specifically (Palmer et al., 1988; Stout et al., 1998; Smith et al., 2017). The
widespread influence of the serotonin system is even seen in receptors, as
neuroimaging studies have proven the cortical 5- HT2A receptors are less in AD,
globally (Blin et al., 1993), while lower levels of cortical and hippocampal 5-HT1A
receptor availability is also seen. This decrease in the serotonin receptors in the
cortical and hippocampal regions of the brain can be associated with cognitive

impairment seen in AD. Furthermore it results in decreased metabolism of glucose in
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the hippocampal region of the brain and ultimately relates to the neuropathology of
AD (Kepe et al., 2006; Smith et al., 2017). Other studies showed lower SERT in the
striatal, midbrain and temporal cortex regions of the brain when compared to control
groups (Ouchi et al., 2009; Marner et al., 2012).

Serotonin deficiency has also been seen in other ND. PD is an ND with complex
motor dysfunctions, yet multiple non-motor symptoms also occur in these patients.
These include depression, anxiety disorders and abnormalities in sleep patterns
(Prediger et al., 2012; Troeung et al., 2013; Chen and Marsh, 2014), while other
studies also show attention deficit, learning impairments and a decline in recognition
memory (Lewis et al., 2003; Wood, 2012; Leal et al., 2019). Studies have shown that
these non-motor symptoms play a significant role in the health-related quality of life
of the patient and ultimately the progression of disability for patients suffering from
PD (Den Oudsten et al., 2007; Soh et al., 2011; Leal et al., 2019). In some cases of
PD the non-motor symptoms have been observed before the motor symptoms (Elgh
et al., 2009; Benito-Leodn et al., 2011; Chen and Marsh, 2014). As studies have
shown these non-motor symptoms of PD do not respond to dopaminergic medication
(Chaudhuri et al., 2006; Prediger et al., 2012), non-motor dysfunction is believed to
be caused by other neurotransmitters, such as serotonin and acetylcholine. The
influence of the altered serotonergic system have been seen in both clinical and
preclinical studies, specifically in the physiological and emotional processes of PD
patients (Ohno et al., 2013; Faggiani et al., 2018). The non-dopaminergic
progression of PD is still unclear in many ways, and as a result current therapies for
PD do not address symptoms that are non-motor related (Pavese et al., 2011; Politis
and Loane, 2011).

2.3.4 Amyloid-Beta

There is a lot of research implicating protein misfolding and aggregation in ND. A
misfolding, the ultimate growth by gradual accumulation of AR and other proteins like
a-Syn, tau, IAPP, polyglutamine and superoxide dismutase are well known to be
underlying causes and factors in ND as AD, HD, PD and ALS (Soto, 2003; Knowles
et al.,2014; Rajasekhar et al., 2017).

The term amyloid originates from the expression “corpora amylacea”, first noted
around 1854 by a German physician and scientist known as Rudolph Virchow. He
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found small corpuscles with atypical microscopic appearance around some blood
vessels within the CNS of elderly subjects (Sipe and Cohen, 2000). In 1859 it was
discovered that these amyloids are high in nitrogen content, and as a result of this, it
changed study of amyloids to another path. Amyloids were now investigated as
proteins, and more importantly this meant they are susceptible to conformational

change forming ultimately amyloid fibrils (Sipe and Cohen, 2000).

It has since been found that amyloid peptides accumulate in AD, causing amyloid
plaques (AP) to form. When mis-folded AR peptides, mostly Ap42 and
hyperphosphorylated tau proteins undergo aggregation, insoluble AB plaques and
neurofibrillary tangles(NFT) form in the brain (Hamley, 2012; Rajasekhar et al.,
2017). As the plaques form there is a significant increase in VGCC currents,
resulting in neuronal cell death in AD. Studies have shown a significant increased
potentiation of L- and N- type VGCC currents when exposed to AP. More recently
research revealed that AP also inhibit P-type currents, and could as a result of this
be related to the cognitive impairment seem in AD (Nimmrich et al., 2008). AP occur
in different forms, and the status of it affects the way in which AP modify VGCC
currents. AP oligomers for instance activates VGCC more than non-toxic aggregated
forms (Ramsden et al., 2002). Even though the exact mechanism by which AP
increase VGCC currents is not know, it is believed to be as a result of free radical

generation in L-type VGCC activation (Ueda et al., 1997).

AB-plaques and aggregates play a vital role in AD diagnosis, specifically because it
can be used as a selective target in distinguishing AD from multiple other dementia
related diseases (Spires-Jones and Hyman, 2014). Most cases of AD only get
diagnosed once the cognitive state and capabilities of a patient was tested, and this
only becomes possible when the disease has progressed and there is significant and
irreversible brain degeneration. Making a diagnosis tool that targets sites with AP

can be crucial in managing AD (McKhann et al., 1984).

2.5 Fluorescence

The design and use of fluorescent agents, ligands or probes, and the associated
imaging techniques has received significant attention over the last few years. A
major aspect of this has been heading towards agents with emission wavelengths in
the deep-red to near-infrared regions (NIR)(Li et al., 2016). Fluorophores or
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fluorescent dyes that emit light in the NIR, have a wavelength of around the >600 nm
region. They are considered crucial in biological and clinical applications. The reason
for focussing on agents in the NIR, is because they cause minimal photodamage to
biological tissue and specimens. Agents emitting light in this region also show
outstanding deep tissue penetration. Lastly, with agents emitting light in the NIR
minimum interference is seen from the natural fluorescence emitted by biological
substances or molecules in living systems, known as auto fluorescence (Zhang et
al., 2015). Autofluorescence is defined as the natural emission of light by biological

structures, usually mitochondria and lysosomes, when they have absorbed light.

Fluorescent agents such fluorophores, fluorescent ligands, or fluorescent probes
give us the ability visualize and form images of cellular activities. The process is
becoming increasingly convenient, detailed and advanced, as it allows researchers
to describe but also do a visualisation of different biological phenomena. Imaging
technology based on fluorescence are not only effective techniques, but also

incredibly useful and cost effective in the cellular imaging field (Li et al., 2016).

Fluorescence is an optical phenomenon based on a principle where an external
energy source supplies energy a specific body. This body or fluorescent molecule
absorbs this energy from the external source and emits a fluorescent signal at a
specific wavelength (Wood, 1994). The process occurs in three main stages, and
can only take place in certain molecules, with specific properties allowing them to
absorb energy from the source but also emit it. These molecules are usually poly-
aromatic hydrocarbons or heterocyclic hydrocarbons and are thus referred to as
fluorophores (Wood, 1994).
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Figure 2.5: (a) The drop in energy from the first stage of fluorescence to the final stage, (b)

and the accompanying stokes shift observed (Al-khafaji, 2017).

The first stage of fluorescence is known as excitation. During excitation the external
energy source supplies a photon of a specific energy, either through an
incandescent lamp or a laser. The fluorophores then absorbs this energy, which
results in an excited energy state (Figure 2.5 (a) 1). The second stage of the
fluorescent process is known as the excited-state lifetime, indicated by 2 in Figure
2.5. The molecule can only exist in this state for a finite time, during which
conformational changes occur within the fluorophore. The third and last stage of the
process is known as fluorescence emission. The molecule or fluorophore emits a
photon during this stage, which results in the fluorophore returning to its ground

energy state from the excited state achieved in stage two (Figure 2.5 (a) 1). As
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energy from the excited-state lifetime dissipates in this stage, the energy of this
photon is lower. The lower energy accounts for longer wavelength, compared to the
excitation photon, as the relationship between energy and wavelength is inversely
proportional.

The loss or difference in energy seen between the excitation and emission stages is
referred to as the Stokes shift, and can thus be defined as the difference, between
the peak excitation (absorption) and the peak emission wavelengths (Wood, 1994).
The Stokes shift phenomenon explains how a fluorophore or fluorescent molecule is
excited at a specific wavelength, and then it emits light at a longer wavelength
(Figure 2.5 (b)). This process is seen as a constant or general rule in fluorescent
molecules and is also referred to as a red Stokes shift (Wood, 1994). Blue stokes
shifts can also occur due to a phenomenon known as Raman scattering. When
Raman scattering occurs, the incoming excitation light or energy interacts with the
sample which results in scattered light. This scattered light is lessened in energy by
the vibrational modes of the chemical bonds of the specimen (Wang and Zhang,
2014).

2.4.1 Fluorescent ligands and methods of disease detection

PET, SPECT and MRI-based techniques are just a few disease detection techniques
that have been developed for detecting and imaging the brain and specific regions of
it (Adlard et al., 2014). PET, Positron emission tomography is nuclear imaging
technology, and is often referred to as molecular imaging. It is used as an important
tool to visualise or image protein aggregates in the brain. The disadvantage of PET
is that it is expensive and hazardous to humans. This is because of the use of
radiolabeled nuclei in the imaging process (Zhu et al., 2014). As a result of many
imaging techniques showing similar as well as other risk factors, more attention has
been shifted to focus on developing fluorescent probes and ligands, more specifically
those on the NIR fluorescence region, as mentioned earlier in this chapter. The
reason for this is that these probes are usually easily synthesised, they tend to be
less expensive, have a long shelf-life, can be easily identified in the body as they
have minimal interference from auto-fluorescence and finally they show a significant
and good tissue penetration depth, which will assist in receiving information from
deep inside a specimen or target site. All of these factors make fluorescent ligands in

this region perfect candidates to be used diagnostic and imaging agents for diseases
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(Rajasekhar et al., 2017). There are also various fluorescent imaging techniques,
and devices designed to detect fluorescence and other probes because of this.
Firstly there are spectrofluorometers and microplate readers, of which both measure
the fluorescent properties of bulk samples (Chen, Dzitoyeva and Manev, 2012).
Fluorescence microscopes, another imaging device, resolves fluorescence as a
function of spatial coordinates in two or three dimensions for microscopic objects
(Roe, 1990). Flow cytometers can measure the fluorescence per cell in a flowing
stream, known as flow cytometry (Haugland et al., 2002). Other types of
instrumentation used in fluorescence detection include capillary electrophoresis
apparatus, DNA sequencers and microfluidic devices. All these instruments produce
their results in terms of different variables and have different specifications with
regards to the intensity or type of fluorescent signal. One example of this can be
seen with photobleaching that is often problematic in fluorescence microscopy,
because it does not result in a significant impediment in flow cytometry. These
fluorescent instruments and techniques are of great importance in various fields of
medicine, research and every day testing. They are thus often used in disease
detection, but also have various other applications (Haugland et al., 2002).

There are multiple reports and a vast number of research being done on probes,
designed to bind to different protein aggregates, or targets in the human body, and
are considered as candidates for use in disease detection. A problem seen with
many of these probes or ligands are the lack specificity for the desired target, and
thus they are not suitable for selectively detecting and diagnosing specific diseases.
The urgency to design and develop more aggregate or target specific imaging
agents or ligands, is well documented. These agents can be used in understanding
disease progression and help study the effect, and effectiveness of therapeutic

agents and treatment plans for specific diseases. (Rajasekhar et al., 2017).

The combination of these fluorophores or probes used with the imaging instruments
lead to the development of multiple assays used in disease detection and diagnosis
or research. Examples of current uses of fluorescence include assays for
biomolecules, metabolic enzymes and DNA sequencing. Research done in
biomolecule dynamics, more specifically cell signalling and adaptation has also been
developed (Applications and Sciences, 2005). The use of fluorescence plays an

essential role in disease diagnosis and detection, by making use of, for example
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fluorescence microscopy. Microorganisms such as bacteria, viruses and fungi can be
detected using fluorescence, and in some cases specifically identified.. Fluorescent
antibodies and fluorescent acid-fast stains are usually used with detection of these
organisms. An example more closely related to AD is the AP deposits which form in
the brain. Since it has been found that there are fluorophores that can bind to these
deposits, it could make early disease detection and prevention of disease

progression possible (Zhu, Ploessl and Kung, 2014).

2.5 Conclusion

As discussed throughout this chapter there are a number of mechanisms involved in
NDs. The aggregation and misfolding of proteins, combined with the lethal triplet of
excitotoxicity, mitochondrial dysfunction, oxidative stress combine or in some cases
act individually in both the activation and progression of these diseases, ultimately
leading to neuronal cell death. Due to the lack of effective treatment options that can
cure these diseases, or detect then early enough, it is crucial to focus on the
development and synthesis of compounds that may act at multiple target sites, or
have multiple functionality. Designing agents for the treatment, diagnosis and
monitoring of disease progression is essential in ND. Furthermore, agents that can
possible have further activity to reverse the neuronal damage as well as protect

against more degeneration.

The polycyclic cage derivatives such as the PCU scaffold and other cages such as
amantadine, memantine and NGP1-01, have shown great potential in this field, due
to their inhibitory activity against NMDA-mediated Ca®‘influx and VGCC inhibition.
The highly lipophilic nature of these cages, ensure effective movement through the
BBB. The additional advantage of these cages are that they can act as carriers for
other moieties, such as fluorescent agents across the BBB. The combination these
agents could lead to the development of compounds with better pharmacokinetic and
pharmacodynamic properties, and ultimately agents for effective treatment in

neurodegenerative disorders.
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CHAPTER 3

3.1 General Synthesis

The general synthesis for the proposed series of fluorescent-polycyclic ligands
consisted out of a number of microwave and conventional synthesis procedures. The
fluorophores selected for conjugation are presented in Figure 3.1. The synthetic
procedures are shown in scheme 3.1. The synthesis of the final fluorescent-

polycyclic ligands was accomplished by starting from the synthesis of Cookson‘s

diketone (pentacyclo[5.4.O.02’6.031O.Os’g]undecane—&11—dione). This diketone was
then converted to the ketal moiety as seen in Step 1. An amine linker was
conjugated to the free carbonyl moiety using a microwave assisted amination
reaction as seen in Step 2. The respective fluorophores (Figure 3.1) were
subsequently conjugated to the primary amine. This yielded the imine derivatives,
which was then further reduced using NaBH, to produce the secondary amine
derivatives of the fluorescent-polycyclic ligands as shown in Step 3. The compounds
from Step 3 were then converted to the second series using a trans-annular

cyclization reaction as seen in Step 4.

@]
N
— pzd
T+
@)
O
SN/
2
~O
—Z
\
/
@)
\

NH,
NBD Dansyl Chloride Dicyano
Abs: 466 nm Abs: 353 nm Abs: 450 nm
Em: 535 nm Em: 518 nm Em: 600 nm

Figure 3.1: Fluorophores and their respective emission wavelengths. (Zhang et al.,
2015) (Haugland et al., 2002).
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Figure 3.2: General synthesis of the fluorescent-polycyclic ligands. Reagents and

conditions: (i) benzene, rt, 5 hrs; (ii) ethanol, microwave irradiation, 150 W, 150 psi, 5
hrs; (iii) ethanol/NaBHg4, rt, 8 hrs;(iv) acetone, 3 M HCI (aq).
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3.2: Standard experimental procedures

3.2.1: Reagents and chemicals

All reagents used during the synthesis were purchased from Merck (St Louis, MO,
USA) and Sigma-Aldrich® (Darmstadt, Germany). These reagents were used without

further purification. The solvents used were dried using standard methods.

3.2.2: Instrumentation

Infrared (IR) absorption spectrophotometer:
Infrared spectra were obtained on a Perkin EImer Spectrum 400 spectrometer, fitted

with a diamond attenuated total reflectance (ATR) attachment.

Melting point (MP) determination:
Melting points were determined using a Stuart SMP-300 melting point apparatus and

standard capillary tubes.

Mass Spectrometry (HR-MS):

Mass Spectrometry data were obtained from Stellenbosch University, Mass
Spectrometry Unit, using a Waters Synapt G2, ESI probe. This was done at a Cone
Voltage of 15 V. Samples were infused in methanol.

Nuclear magnetic resonance (NMR) spectrescopy:

'H and *C spectra were determined using a Bruker Avance Ill HD spectrometer at a
frequency of 400 MHz and 100 MHz, respectively. Tetramethylsilane (TMS) was
used as internal standard. Deuterated chloroform (CDCI;) was used as solvent.
Reported chemical shifts are in parts per million with an internal standard (6 = 0) and

the CDCI; peaks as reference.
Abbreviations used to indicate the multiplicity of respective signals are as follows:

s-singlet

bs-broad singlet
d-doublet

dd-doublet of doublets
t-triplet

m-multiplet.
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Microwave synthesis system:
All microwave synthesis was performed using a CEM DiscoverTM focused closed
vessel microwave synthesis system. Standard microwave vessels and magnetic

stirrers were used. Parameters adjusted were watts (W), pressure (psi) and time.

3.2.3: Chromatographic techniques

All mobile phases were prepared on a volume-to-volume (v/v) based and used for
both thin layer chromatography (TLC) and column chromatography. The prism model
described by Nyiredy et al. (1985), was used for these preparations. Visualisation of
TLC was done using a UV light at 254 nm and 366 nm, as well as iodine vapour and
nihydrin (1.5%).

3.2.4: Fluorescent'scanning

Fluorescence for each final compound was determined using a Synergy™ Mx
Monochromator-based fluorescent Microplate Reader. A concentration of 1 uM in
100% DMSO of the compounds were used to determine the fluorescent excitation
and emission A for each compound. The scan ranged from a wavelength of 250 nm
to 700 nm.

3.3 Synthetic Procedures:

3.3.1 PCU:

26F% 3105959 .
Pentacyclo[5.4.0.0 .0 .0 ]Jundecane-8,11-dione

Method:

Benzoquinone (10 g, 9.25 mmol) was dissolved in 100 ml benzene on an external
ice bath to cool the solution to 5 °C. The mixture was protected from light with
aluminium foil. Cyclopentadiene (12.23 g, 9.25 mmol) was freshly monomerised and
added stoichiometrically to the reaction mixture, while keeping the reaction
temperature between 5 °C and 18 °C. The reaction was monitored with TLC using

hexane:DCM = 3:1. Upon completion, the reaction mixture was removed from the
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external ice bath and stirred at room temperature for an additional 1 hour, while still
protected from light. Activated charcoal was then added to the mixture and it was
stirred at room temperature for a further 30 minutes. The activated charcoal was
removed through filtration, and benzene was removed in vacuo, yielding a yellow oil.
The remaining solvent was evaporated overnight in a fume hood, resulting in the
formation of yellow Diels-Alder adduct crystals (16.25 g). The crystals were then
dissolved in ethyl acetate (4 g/100 ml) and irradiated with UV light for 6 hours, using
a photochemical reactor. After 6 hours, decolouration of the solution had occurred
and cyclisation of the Diels-Alder adduct was complete. The ethyl acetate was
evaporated yielding a yellow wax. The wax was purified through Soxhlett extraction,
using cyclohexane to produce the final cage as a fine light yellow-white powder
(Cookson et al., 1964).

Physical Characteristics:

C11H1002; MW: 174.1959 g/mol; Melting point: 242 °C; Yield: 13.020 g, 80 %. The
physical and structural characteristics of these crystals correlated with that in
Cookson et al., 1964. ['H-NMR = Spectrum 1]

3.3.2 Compound 1:

Spiro[1,3-dioxolane-2,8"-pentacyclo[5.4.0.0>%.0*1°.0>*lundecan]-11'-one

O]
N\ O
(@)
Method:

PCU (2 g, 11.6 mmol) was dissolved in benzene (20 ml). Ethylene glycol (0.72 g,
11.6 mmol) and p-toluesulfonic acid monohydrate (22.07 mg, 0.116 mmol) was
added to the solution. The mixture was then refluxed under Dean Stark conditions for
5 hours. The solution was then allowed to cool to room temperature and neutralised
by adding aqueous NaHCO3 solution in a drop-wise manner. The pH of the solution
was monitored using pH indicator strips. The benzene was then removed in vacuo.
The compound was extracted and separated from the aqueous using
dichloromethane (DCM). This was repeated three times using 15 ml DCM. The
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organic layers where combined and dried by stirring with MgSQO,4 for 30 minutes. This
yielded a yellow brown oil, which was recrystallized from hexane to yield the ketal
cage compound. The final compound was purified via column chromatography
(using ethyl acetate:DCM in a ratio of 1:3). It yielded light white-brown crystals(Oliver
etal., 1991).

Physical Characteristics:

C13H1403; MW: 218.2485 g/mol; Melting point: 71 °C; Yield: 0.978 g, 4.471 mmol, 39
%. The physical characteristics of these crystals correlated with that in Oliver et al.,
1991.

Structural Elucidation:

Infrared spectrum: 2979 cm™: (dioxolane), 1740 cm™: (aromatic C-H), 1687 cm™:
(C=0) [Spectrum 4]. "H-NMR (400 MHz, CDCl3) & (ppm): 3.82-3.96 (m, 4H), 2.94-
2.99 (m, 1H), 2.79-2.84 (m, 2H), 2.41-2.68 (m, 5H), 1.59-1.89 (AB-q, 2H, J = 11.2
Hz) [Spectrum 2]. *C-NMR (100 MHz, CDCls) & (ppm): 215.2, 113.9, 65.7, 64.6,
53.0, 50.7,45.9,42.9,42.4,41.5, 41.4, 38.8, 36.4 [Spectrum 3].

3.3.3 Compound 2:

N*-{spiro[1,3-dioxolane-2,8-pentacyclo[5.4.0.0°.0**.0>Jundecan]-11-
ylidene}ethane-1,2-diamine

O
\NQNHZ

Method:

Compound 1, (0.9880 g, 4.57 mmol) was dissolved with diaminoethane (1.53 ml,
22.88 mmol) in a 10 ml ethanol solution. The solution was then microwave irradiated
for 3 hours at 60 W, 100 °C and 80 psi. This yielded a light brown liquid, from which
the compound was extracted with DCM (3 x 10 ml). The organic layers were
combined and washed with brine (3 x10 ml). The organic layer was dried over
anhydrous magnesium sulphate (MgSQO4). The mixture was then filtered and the

DCM removed in vacuo. The crude mixture was purified by column chromatography
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using an ethanol and ammonia solution/methanol/DCM solution at a ratio of (1:9:90)

as eluents, to give a light-yellow wax(Joubert et al., 2013a).

Physical Characteristics:
C15H20N202; MW: 260.3315 g/mol; Melting point: Wax; Yield: 0.499 g, 1.920 mmol,
42.7 %.

Structural Elucidation:

Infrared spectrum: 3250 cm™: (N-H), 1748 cm™: (aromatic C-H), 1342 cm™: (C-O)
[Spectrum 7]. HR-ESI [M+NH,4]": calc. 287.363 exp. 279.1010 [Spectrum 8]. 'H-
NMR (400 MHz, CDCI3) & (ppm): 3.87-3.93 (m, 4H), 3.79-3.84 (m, 2H), 2.76-2.96 (m,
4H), 2.52-2.65 (m, 4H), 2.45-2.49 (m, 1H), 2.38-2.43 (m, 1H), 1.54-1.86 (AB-q, 2H, J
= 10.8 Hz) [Spectrum 5]. *C-NMR (100 MHz, CDCls) 5 (ppm):154.1, 114.9, 65.7,
63.8, 53.8, 51.6, 50.5, 45.3, 43.8, 42.7, 40.9, 39.6, 37.3, 32.1 [Spectrum 6].

3.3.4 Compound 3:

5-(dimethylamino)-N-[2-({spiro[1,3-dioxolane-2,8'-pentacyclo[5.4.0.0>°.0%1°.0°>7]-
undecan]-11'-yl}amino)ethyllnaphthalene-1-sulfonamide

Q=
O
NH

NH\S//O O
// T/
CH,

Compound 2 (0.1 g, 0.39 mmol) was dissolved in 10 ml THF (10 ml). Dansyl

Method:

chloride (0.1 g, 0.39 mmol) was added and the solution was left to stir at room
temperature for 6 hours. Following the stirring a yellow precipitate formed that was
filtered yielding 0.098 g (0.198 mmol) of the imine PCU-dansyl as a yellow solid. This
compound was dissolved in EtOH (5 ml) with NaBH,4 (0.04 g, 0.8 mmol), and the
mixture was stirred at room temperature for 8 h. The EtOH was evaporated in vacuo
and HO (10 ml) was added. The final mixture was extracted with DCM (3 x 10 ml).
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The combined organic extracts were washed with brine (10 ml) and concentrated in
vacuo. This yielded compound 3 as a light yellow oil (Joubert et al., 2013).

Physical Characteristics:
C27H33N304; MW: 495.63 g/mol; Melting point: Qil; Yield: 0.031 g, 0.063 mmol, 17 %.
Absorption A: 350 nm, Emission A: 450 nm

Structural Elucidation:

Infrared Spectrum: 3344 cm-1: (N-H), 1574 cm™: (Aromatic C-H), 1453 cm™: (S=0),
1277 cm™: (C-O) [Spectrum 11]. HR-ESI [M+ CHs;OH + HJ": calc. 528.663, exp.
527.181 [Spectrum 12]. "H-NMR (400 MHz, CDCls) & (ppm): 8.50-8.53 (d, J = 9.2
Hz, 1H), 8.11-8.20 (m, 2H), 7.44-7.56 (m, J = 7.6 Hz, 2H), 7.15-7.18 (d, J = 7.6 Hz,
1H), 5.40-5.44 (d, J = 12.4 Hz, 1H), 3.84-4.04 (m, 4H), 3.64-3.70 (m, 1H), 2.85-2.886
(m, 8H), 2.18-2.74 (m, 8H), 1.148-1.658 (AB-q, 2H, J = 10.8 Hz) [Spectrum 9]. "*C-
NMR (100 MHz, CDCI3) & (ppm): 151.2, 134.9, 128.4, 127.5, 127.0, 125.9, 123.6,
121.1, 114.5, 67.9, 54.9, 64.5, 53.0, 50.7, 45.9, 45.5, 42.8, 42.2, 41.9, 40.6, 38.8,
36.5, 30.3 [Spectrum 10].

3.3.5 Compound 4:

N*-(7-nitro-2,1,3-benzoxadiazol-4-yl)-N*{spiro[1,3-dioxolane-2,8'-
pentacyclo[5.4.0.0°.0*'°.0°°Jundecan]-11"-yl}ethane-1,2-diamine

Method:

Compound 2 (0.1 g, 0.385 mmol) was dissolved in 10 ml THF. NBD (0.78 g, 0.38
mmol) was added and the solution was left to stir at room temperature for 6 hours.
Following the stirring a yellow precipitate formed that was filtered yielding (0.078 g,

41

http://etd.uwc.ac.za/



0.184 mmol) of the imine PCU-NBD as a yellow-brown solid. This compound was
dissolved in EtOH (5 ml) with NaBH4 (0.04 g, 0.8 mmol), and the mixture was stirred
at room temperature for 8 h. The EtOH was evaporated in vacuo and H,O (10 ml)
was added. The final mixture was extracted with DCM (3 x 10 ml). The combined
organic extracts were washed with brine (10 ml) and concentrated in vacuo. This

yielded compound 4 as a dark yellow-brown oil (Joubert et al., 2013).

Physical Characteristics:
C21H23N305; MW: 425.44 g/mol; Melting point: Qil; Yield: 0.021 g, 0.049 mmol, 12 %.
Absorption A: 485 nm, Emission A: 530 nm

Structural Elucidation:

Infrared Spectrum: 2956 cm™" (N-H), 1450 cm™1: (N=0), 1450 cm™: (aromatic C=0),
1267 cm™ (C-O) [Spectrum 15]. HR-ESI [M+ CHsOH + HJ]*: calc. 458.473, exp.
461.2442 [Spectrum 16]. "H-NMR (400 MHz, CDCl3) & (ppm): 8.46-8.49 (d, J = 10.8
Hz, 1H), 7.64-7.67 (d, J = 7.6 Hz, 1H), 3.83-3.97 (m, 4H), 3.69-3.77 (m, 2H), 2.43-
2.98 (m, 7H), 2.26-2.34 (m, 1H), 1.99-2.05 (m, 1H), 1.84-1.93 (m, 2H), 1.23-1.26
(AB-q, J = 3.2 Hz, 6.8 Hz, 2H) [Spectrum 13]. *C-NMR (100 MHz, CDCls) & (ppm):
152.1, 134.3, 130.7, 129.6, 128.6, 123.2, 118.5, 115.4, 72.4, 65.6, 63.1, 47.3, 46.7,
45.5,44.7,43.7,43.1, 39.9, 39.3, 38.9 [Spectrum 14].

3.3.6 Compound 5:

2-{2-[(1E)-2-aminoethenyl]-4H-chromen-4-ylidene}propanedinitrile

The synthesis of compound 6 involved an additional step which was to synthesise

the dicyano-fluorophore itself, compound 5 (Figure 3.3).
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1-(2-hydroxyphenyl)ethanone 1-(2-hydroxyphenyl)butane-1,3-dione ~ 2-methyl-4H-chromen-4-one

0l .
iv
| | L
o] CHy % NH,
Dicyano-intermediate Compound 5
3-(2-methyl-4H-chromen-4-ylidene)propanedinitrile 3-{2-[(E)-2-aminoethenyl]-4H-chromen-4-ylidene}prptanedinitrile

Figure 3.3: Synthetic route of the final fluorophore, compound 5. Reagents and conditions:
(i) AcCl, pyridine, DCM; t-BuOK, THF, (ii) 98% H,SQO,, AcOH; (iii) malononitrile, Ac,O; (iv) 3-
amino-2-propenal, piperidine, CH;CN.

3.3.6.1 2-(2-methyl-4H-chromen-4-ylidene)propanedinitrile

Method:

1-(2-Hydroxyphenyl)ethan-1-one (20 ml, 166 mmol) and pyridine (26.8 ml, 332
mmol) was dissolved in 80 ml DCM. To this solution AcCl (14.1 ml, 199 mmol) was
added in a drop wise manner. This mixture was then stirred at room temperature for
16 h. The first intermediate of the fluorophore was then extracted with EtOAc and
washed with 40 ml 6 N HCI (aq) followed by brine. The solution was dried over
Na,SO,4 and concentrated under reduced pressure. This yielded a brown-red oil that
was crystallized to the crude product with petroleum ether and EtOAc (5:1). The
crystals were then dissolved in 120 ml THF and 19.7 g of t-BuOK (176 mmol) was

added to the same flask. This mixture was refluxed for two hours, forming a bright
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red mixture. The mixture was then poured into ice to rapidly cool down, and

extracted with EtOAc. The organic layer was washed with water followed by brine,
and finally dried with Na,SO,4 This solution was concentrated in vacuo and

crystallized using an EtOH and petroleum ether solution yielding brown crystals as 1-
(2-Hydroxyphenyl) butane-1, 3-dione. These crystals were dissolved with 3.3 ml 98%
H>SO,4 in 50 ml AcOH and refluxed for 30 min. The orange solution was then poured

into ice and extracted with DCM. The organic layer extracted was washed with 10%
Na2COs3 (aq) followed by water and then dried over Na,SO,4 and concentrated. The

crude product was crystallized in a mixture of EtOAc and petroleum ether to yield
2.581 g of 2-methyl-4H-chromen-4-one. (2 g, 12.5 mmol) 2-methyl-4H-chromen-4-
one was refluxed with malononitrile ( 0.99 g, 15 mmol) in AcOH for 14 h. Water was
added into the solution and refluxed for an additional 30 min. The solution was
concentrated under reduced pressure and purified by column chromatography using
(petroleum ether: DCM 3:1 followed by petroleum ether: DCM 2:1) as eluent. 3-(2-
methyl-4H-chromen-4-ylidene)propanedinitrile  was collected as an orange solid

powder.

Physical Characteristics:

C13HsN20; MW: 208.25 g/mol; Melting point: 300 °C. The physical characteristics
were identical to those indicated in (Zhang et al., 2015). Yield: 0.91 g, 3.85 mmol, 31
%

Structural Elucidation:
"H-NMR (400 MHz, CDCI3) 8 (ppm): 8.90-8.92 (m, 1H), 7.75-7.69 (m, 1H), 7.42-7.48
(t, J =8 Hz, 2H), 5.70-5.72 (s, 1H), 2.42-2.46 (t, 3H) [Spectrum 17].
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3.3.6.2 Compound 5:

2-{2-[(1E)-2-aminoethenyl]-4H-chromen-4-ylidene}propanedinitrile

o] Z~ “NH,

Method:

3-(2-Methyl-4H-chromen-4-ylidene)propanedinitrile (0.05 g, 0.212 mmol) and 3-
amino-2-propenal (0.015 g, 0.22 mmol), with 150 ml piperidine in 5 ml CH3CN was
refluxed for 16 h. The mixture was cooled to room temperature and extracted it with

DCM and concentrated in vacuo to yield a dry orange powder.

Physical Characteristics:
C14HoN30; MW: 263.29 g/mol; Melting point: 300 °C+. Yield: 0.009 g, 0.34 mmol, 16
%. Absorption A: 450 nm, Emission A: 620 nm.

Structural Elucidation:

Infrared Spectrum: 3375 cm™ (N-H), 2865 cm™: (nitrile), 1450 cm’, 1337 cm™
(Aromatic C-O) [Spectrum 20]. HR-ESI [M+;Na-H]": calc. 308.271, exp. 309.135
[Spectrum 21]. "H-NMR (400 MHz, CDCls) & (ppm): 8.90-8.93 (d, J = 12 Hz, 1H),
7.69-7.76 (m, 1H), 7.43-7.50 (m, 2H), 6.95-7.00 (d, J = 8.4 Hz, 1H), 6.88-6.93 (d, J =
8.0 Hz, 1H), 6.71-6.72 (s, 1H) [Spectrum 18]. *C-NMR (100 MHz, CDCl3) & (ppm):
168.8, 162.3, 161.7, 136.6, 134.8, 130.8, 126.1, 125.7, 119.1, 118.7, 118.5, 105.4,
50.1, 47.5 [Spectrum 19].
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3.3.7 Compound 6:

2-{2-[2-({spiro[1,3-dioxolane-2,8’-pentacyclo[5.4.0.0%°.0**°.0>°] undecan]-
11’-yl}amino)ethenyl]-4a,8a-dihydro-4H-chromen-4-

ylidene}propanedinitrile

NH = O

Method:

Compound 1 (0.01 g, 0.046 mmol) and compound 5 (0.009 g, 0.034 mmol) were
reacted under microwave conditions. These reactants were dissolved in EtOH (5 ml)
at a maximum temperature of 100 °C, 150 W and a pressure of 150 psi for 30 min.
This yielded what was expected to be the imine intermediate mixture. The mixture
was allowed to cool down and dissolved in EtOH (5 ml). NaBH,4 (0.005 g, 0.136
mmol) was added to the mixture. The mixture was stirred at room temperature for 8
hours after which the EtOH was evaporated under reduced pressure. H,O (10 ml)
was added to the mixture, and compound 6 was extracted with CH,Cl, (3 x 10 ml).
The combined organic extracts were then washed with brine (10 ml) and

concentrated in vacuo.
Physical Characteristics:
CQ7H23N33; MW: 437.49 g/mol

Structural Elucidation:

Compound 6 was not successfully synthesised due to the inability link the
fluorophore to the cage moiety. The extremely low yields of the fluorophore also
made it more difficult to synthesise compound 6. Increased starting materials did not
significantly increase the yield of the fluorophore, but rather the amount of wastage

and by-products. For this reason, repeating the synthesis of the fluorophore multiple
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times, or on a larger scale to produce a higher yield of the fluorophore was not
feasible. Compound 5 was completely lost in the synthesis and the resulting NMR
was identified as only compound 1. Compound 5 was however still tested in the
biological assays, Chapter 4, to identify whether or not it has activity for future

reference.

3.3.8 Compound 7:

5-(3-{[5-(propan-2-yl)naphthalen-1-yl]sulfonyl}propyl)-5-
azahexacyclo[5.4.1.0°.0°'°.0*®.0°*?]dodecan-4-ol

Method:

Compound 3 (0.02 g, 0.04 mmol) was dissolved in acetone (10 ml), and 4 M aq HCI
(8 ml) was added to the mixture. The mixture was stirred at room temperature for 6
hours. The mixture was then diluted with H,O (120 ml) and basified to pH 14 using 1
M aq. NaOH. Compound 7 was extracted using DCM (3 x 10 ml), and dried with
Na,SO4. The product was then concentrated in vacuo. This yielded the compound 7
as an amber yellow oil. The compound could not be further purified using column

chromatography due to extremely low yield.

Physical Characteristics:
Ca5H20N303; MW: 451.58 g/mol; Melting point: Qil; Yield: 0.01 g, 022 mmol, 6 %.
Absorption A: 350 nm, Emission A: 450 nm.

Structural Elucidation:

Infrared Spectrum: 3465 cm™: (N-H), 3407 cm™: (O-H), 1574 cm™: (Aromatic C-H),
1453 cm™ (S=0), 1277 cm™: (C-0) [Spectrum 24]. HR-ESI [M+NH4]": calc.
469.615, exp. 462.275 [Spectrum 25]. "H-NMR (400 MHz, CDCl3) & (ppm): 8.50-
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8.53 (d, J = 8.8 Hz, 1H), 8.22-8.37 (m, 2H), 7.45-7.59 (m, 2H), 7.16-7.20 (d, J = 7.0
Hz, 1H), 3.01-3.07 (m, 2H), 2.94-2.97 (m, 1H), 2.86-2.89 (s, 6H), 2.65-2.73 (m, 2H),
2.33-2.59 (m, 8H), 1.74-1.90 (AB-q, 2H, J = 10.4 Hz, 2H) [Spectrum 22]. *C-NMR
(100 MHz, CDCl3) & (ppm): 152.1, 134.2, 130.6, 129.9, 129.6, 129.3, 128.7, 123.1,
118.7, 115.8, 115.2, 115.3, 72.3, 65.5, 62.9, 46.9, 46.7, 45.5, 44.7, 43.6, 43.1, 39.9,
39.0, 38.9, 34.9 [Spectrum 23].

3.3.9 Compound 8:

5-{2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]ethyl}-5-
azahexacyclo[5.4.1.0°.0*'°.0*®.0°'*]dodecan-4-ol

OH
N _0
_\—NH '\/1 \N
Y
+0
N

|
o}

Method:

Compound 4 was dissolved in acetone (10 ml) and 4 M ag HCI (8 ml) was added to
the mixture. This mixture was stirred at room temperature for 6 hours. The mixture
was then diluted with H,O (120 ml) and basified to pH 14 with 1 M ag. NaOH. The
compound was extracted with DCM (3 x 10 ml), dried with Na,SO4 and concentrated
in vacuo. The reaction was unsuccessful as it did not yield a compound. As a result

of this compound 8 was not successfully synthesised.

The synthesis of compound 4, had an extremely low yield (0.021 g, 0.049 mmol, 12
%). The likely reason for the failure to successfully synthesise compound 8, is
because the quantity of compound 4 was not enough. This was also seen in the
Transanular cyclisation of compound 3 to compound 7. Compound 3 had a low yield

of only 17 %, and this resulted in an even lower yield for compound 7 of 6 %.
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Compound 9:

2-{2-[(1E)-2-{4-hydroxy-5-azahexacyclo[5.4.1.0>°.0*1°.0*%.0°*%] dodecan-5-
yl}ethenyl]-4a,8a-dihydro-4H-chromen-4-ylidene}propanedinitrile

OH

Due to the inability to synthesise compound 9, because the yield of the fluorophore,
compound 5, transannular cyclisation of compound 9 could not be performed. As a

result of this, compound 10 was not successfully synthesised.

3.4 Conclusion

A total of six compounds were successfully synthesised using multi-step synthetic
procedures (Figure 3.4). Compound 6, 8 and 9, were not successfully synthesised
due to extremely low yields that did not allow for purification, and as such the ability
to properly analyse the NMR and IR data. The structure of the successfully
synthesised compounds were confirmed using MS, IR and NMR analysis. In future,
optimisation of the synthesis procedure and improved purification methods can be
developed to synthesise compound 6, 8 and 9. The initial cage and derivatives
thereof showed moderate yields, with 1 and 2 giving yields of 39% and 42%,
respectively. Compounds 3 and 4, as well as the fluorophore 5, and the aza-
derivative 7, all showed very low yields. A large part of the low yields seen with these
compounds was due to significant purification needed, as well as the formation of by-
products. Furthermore, the final transannular cyclization step was not performed for
8 and 9, because of the extremely low yields obtained for 4 and inability to
synthesise 6. However, as initial proof of concept the aza, and ketal derived

polycyclic ligands were used in further biological studies in order to see if the
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conjugation of the fluorophores still maintain the biological properties known for

these cage molecules.

For the purpose of this study, the synthesised compounds were subjected to NMDA,
VGCC, cytotoxicity and neuroprotective assays. The results of these assays are
discussed in Chapter 4.

O] O
o \N /\/NHZ
Compound 1 Compound 2
o
(@)
S @Oj
NH
—0
H »
O=S=0 HN /N
+$o
|
o)
HsC CHg
Compound 3 Compound 4
N N
[
OH
AN
NH // O
o} Z NH, §/ T/
Compound 5 Compound 7

Figure 3.4: Successfully synthesised compounds.
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Chapter 4

4.1 Introduction

Biological evaluations of test compounds 1-5 and 7 were performed in using four
different assays. Firstly a cytotoxicity test to identify the cellular survival in the
presence of the test compounds and whether or not these compounds are toxic for
cells was done through an MTT assay. The second assay is a neuroprotection test
on cells to identify if cellular death is attenuated in the presence of the test
compounds when these cells are exposed to an agent that is known to induce

neurotoxicity, in this case, 1-methyl-4-phenyl pyridinium (MPP+).

Assays three and four, the VGCC and NMDA modulation assays, are almost
identical and aim to determine if the test compound will be effective in blocking Ca®
influx into cells through either VGCC or NMDA receptors, ultimately as agents for
further development in neurodegenerative disorders. This assay model was
developed in our laboratory in collaboration with the Department of Medical
Bioscience at UWC, and is described in this chapter. No ethical approval was

required for the assays performed and described in the chapter.

All assays were conducted using SH-SYSY neuroblastoma cell lines. The cells were
cultured in DMEM (Dulbeco Modified Eagles Medium). This medium was replaced
every two to three days and cells were always kept at 37 °C, with humidified air that
was 95% air and 5% CO..

4.2 Assays

4.2.1. Cytotoxicity Assay

Compounds 1-5 and 7 were assayed for cell viability on SH-SY5Y human
neuroblastoma cells using a standard 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide (MTT) assay method (Zindo et al., 2014b). The SH-SY5Y cells

were plated in flat bottom 96 well plates in growth medium at a density of 7,500
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cells/well. The cells were allowed to adhere to the plate surface for 24 hours. The
test compounds were then introduced to each well by replacing the growth medium
with different concentrations of each compound. This assay was performed at
concentrations of 10 uM, 50 uM and 100 uM, to measure the metabolic activity of the
cells and ultimately if and how cytotoxic the test compounds are. The cell viability
was tested spectrophotometrically after exposing them to the aforementioned
concentrations of the respective test compounds for 48 hours. Vehicle control cells
for this assay was treated with dimethyl sulfoxide (DMSO), and served as a
reference for 100% cell viability. DMSO was used to dissolve the test compounds.
Once incubation for 48 hours was complete, 10 pL of MTT solution (5 mg/mL) was
added to each well. Further incubation was done for 4 hours. The purple formazan
that formed was solubilized with 100 pL DMSO, and plates were read
spectrophotometrically to determine absorbance. This was done at 570 nm with a
BMG Labtech POLARStar Omega multimodal plate reader.

4.2.1.1 Compound Preparation
Each test compound was prepared in 100 yL of DMSO at a stock concentration of 50
mM.

4.2.2 Neuroprotection Assay

As with the cytotoxicity test SH-SY5Y cells were used to perform the neuroprotection
assay. A well-known and used cellular model was used to perform this assay. This
assay involves inducing neurotoxicity in the SH-SY5Y neuroblastoma cells through
(MPP+) (Zindo et al., 2014b). MPP+ is used due to the highly toxic effects it has on
neurons. It is well documented in the use of inducing neurodegeneration in various in
vitro as well as in vivo models. It is believed that MPP+ induces neurodegeneration

through oxidative stress and ultimately apoptosis.

4.2.2.1 Compound Preparation
Each test compound was prepared in 100 yL DMSO to make a 50mM solution,

similar to the cytotoxicity assay.

4.2.3 VGCC and NMDA Assay

These assays both utilised a fluorescent ratiometric indicator, Fura-2 AM. The
Synergy™ Mx Monochromator-based fluorescent Microplate Reader was used to
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scan and analyse the fluorescence from the cells in combination with Gen 5™ data

analysis software.

The assay measures the relative changes in intracellular Ca** levels that occur after
cell membrane depolarisation. A dual wavelength ratiometric approach is used to
detect excitation of both Ca**-bound and free concentrations. This is done at both
340 nm and 380 nm, while emission is measured at 510 nm. A ratio of the
fluorescent intensities at both excitations, allows for quantification of Ca®* ion levels
within the cells(Zindo et al., 2014).

4.2.3.1 Compound, control and buffer solution preparation

Each compound was prepared in 10 yL of a 50 mM solution and added to 990 uL of
DMSO to have a final concentration of 0.5 mM. The positive test controls for the
VGCC assay (nimodipine and NGP1-01 as well as the positive controls for the

NMDA assay (MK-801 and NGP1-01 was prepared in the same manner.
Two identical buffer solutions were required for the assays:

The Krebs-Hepes solution (Ca?* Free Buffer). This consisted of 118 mM NaCl,
4.7 mM KCI, 1.18 mM MgCl, 20 mM HEPES and 30.9 mM glucose.

The Ca?* containing buffer consisted of 118 mM NaCl, 4.7 mM KCI, 1.18mM
MgCl, 2 mM CaClz, 20 mM HEPES and 30.9 mM glucose.

Each assay required an additional depolarising buffer, specific to the relative assay.

The VGCC depolarising buffer consisted of 5.4 mM NaCl, 770 mM KCI, 10 mM
NaHCOs;, 1.4 mM CaClz, 0.9 mM MgSO4, 5.5 mM glucose monohydrate, 0.6 mM
KH2POy4, 0.6 mM Na;HPO,4 and 20 mM HEPES.

The NMDA/glycine depolarising buffer contained 0.1 mM CaCl,.,H20, 0.55 mM
NMDA, 0.55 mM Glycine, 118 mM NaCl, 4.7 mM KCI, 30.9 mM glucose
monohydrate and 20 mM HEPES.

The pH for all for buffers were adjusted to 7.4 using 4 M solutions of NaOH and HCI.

4.2.3.3 VGCC Assay Method (KCI-mediated VGCC depolarisation)
The Ca®" influx through VGCC was tested using SH-SY5Y neuroblastoma cell lines,
to determine the ability and potential of the test compounds to block these channels.
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The cells grown were sub-cultured into 96-well black plates to a density of 1 x 10°
cells per well, at 37 °C, and in 100 uL of DMEM. The cells were plated 24 hours prior
to the actual assay to allow them to adhere to the plates. Fura-2 AM was loaded with
the cells after the 24 hours. This was done by removing the DMEM solution and
adding 5 pM Fura-2/AM-DMEM solution (9990 uL of DMEM and 10 pL of Fura-
2/AM). The cells were then incubated for another hour at 37 °C. The Fura-2/AM
DMEM solution was then removed from each well, and the well was washed with
Ca®* Krebs-Hepes solution. 98 pL of Ca** containing buffer was then added to each
well and the cells were incubated for further 30 minutes at 37 °C. Then 2 uL of test
compound dissolved in DMSO was plated to into each -well to a final concentration
of 10 uM. Two positive controls were used, nimodipine (NIM), a known L-type VGCC
blocker commercially available, as well as NGP1-01, a well-known and tested
polycyclic amide. The plated cells with the respective test compounds and controls
were then inserted into the plate reader. In the reader the cells were incubated at
37°C for 10 minutes, shaking the plate slightly every minute. After the 10 minutes, 10
ML of the VGCC depolarising solution was added. The fluorescence was then
measured over 35 seconds to determine the Ca®* influx after depolarisation. The test
compounds were compared to a control where the cells were not exposed to any

VGCC blocking agent and which represented 100 % Ca?* influx.

4.2.3.2 NMDA Assay Method (NMDA/glycine-mediated receptor stimulation)

To assess the compounds’ ability to block Ca?" influx via the NMDA receptor
channels, a similar method as in the VGCC assay was used. However, a
concentrated NMDA/Glycine solution, instead of KCI, was used to stimulate Ca®*
influx through the NMDA receptors specifically. This assay also had two positive
controls. NGP1-01 was again used, while the second positive control was MK-801, a
commercially available non-competitive antagonist of NMDA receptors. SH-SY5Y
neuroblastoma cell lines were used, and the cells were sub-cultured into 96-well
black plates to a density of 1 x 10° cells per well, at 37 °C, and in 100 pL of DMEM.
The cells were then plated 24 hours prior to the actual assay to allow them to adhere
to the plates. Fura-2 AM was loaded with the cells after the 24 hours, identical to the
VGCC assay. This was done by removing the DMEM solution and adding 5 uM
Fura-2/AM-DMEM solution (9990 uL of DMEM and 10 uL of Fura-2/AM). The cells
were incubated for another hour at 37 °C. The Fura-2/AM DMEM solution was then
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removed from each well, and the well was washed with Ca%* Krebs-Hepes solution.
98 uL of Ca*" containing buffer was then added to each well and the cells were
incubated for a further 30 minutes at 37 °C. 2 uL of test compound dissolved in
DMSO was plated to into each well, resulting in a final concentration of 10 yM for
each compound. The 96-well black plate containing the cells with the test
compounds as well as controls were then inserted into the plate reader. In the reader
the cells were incubated at 37 °C for 10 minutes. During this time shaking of the
plate occurred every minute. After 10 minutes, 10 pL of the NMDA/Glycine
depolarizing buffer was added. The fluorescence was then measured over 35

seconds to determine the Ca®" influx after depolarisation.

The test compounds were assayed at 10 uM for NMDA assays. The percentage
NMDA receptor inhibition of each compound was calculated relative to the control
which represented 100 % Ca?" influx.

4.2.4 Statistical analysis

The data analysis, calculations as well as graphs were all done using Prism 6
(GraphPhad, Sorrento Valley, CA). All bar charts included are shown as a % of the
control and each bar represents the mean + SD.

One way analysis of variance ANOVA was performed on the data to indicate
significant differences between test compounds.

P < 0.05 was considered to be statistically significant and is represented on graphs
by *. Further degrees of significance was indicated as follows: **P < 0.01, ***P <
0.001, ****P < 0.0001.

4.2.5 Materials

Chemicals used for all assays were of analytical grade or spectroscopy grade. These
chemicals were purchased from Merck (St Louis, MO, USA) and Sigma-Aldrich®

(Darmstadt, Germany).
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4.3 Results

4.3.1 Cytotoxicity

As seen in Figure 4.1 all the compounds were compared to 100% growth in the
control. None of the test compounds showed significant cytotoxicity at 10 uM, as all
had cell viability above 85%. The general trend showed a slight decrease in cell
survival at 50 uM, except for compound 5, which maintained an almost constant cell
viability at all three concentrations. The general trend, as expected, showed a further
decrease in cell viability as the concentration of each test compound was increased
to 100 uM. As a result, it can be seen that the concentration in most cases was
indirectly proportional to cell survival, in other words as the concentration increased,
the cell viability decreased. An interesting observation was that at all concentrations
the derivatives of the ketal-cage, compound 1, became less cytotoxic irrespective of
the structure conjugated to the cage. This can be seen in Table 4.1, where the
percentage viability is the lowest for compound 1 irrespective of the concentration.
This was the general trend except for compound 2, which showed a higher degree of

cytotoxicity than compound 1 at all concentrations.
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Figure 4.1: Cytotoxic effects of tested compounds at 10 yM, 50 yM and 100 uM. The data represents
the mean + SD of the treated cells vs the untreated Control cells. The experiment was performed
three times and analysed using one-way ANOVA. The assay was found to be statistically significant
with a P-value of 0.0064, when the mean cell viability of the cell treated with the test compounds were

compared to the control of 100% cell viability.
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Table 4.1: Mean £SD % Cell Viability for test compounds.

10 uM 50 uM 100 uM
C1 11017 95110 81110
C2 8516 7914 6314
C3 110111 80+13 59113
C4 111212 11116 7245
C5 96110 9348 10317
C7 10418 98+4 7617

4.3.2 Neuroprotection

For this assay the SH-SY5Y cells were seeded onto a 96-well black plate and
treated with test compounds dissolved in DMSO. After two hours, MPP* was added
to the cells to induce neurotoxicity. The cells were then incubated for 48 hours.
During this time the cells were in the presence of the test compounds as well as
2000 uM MPP+. The neuroprotective effect of each compound was evaluated
through the MTT mitochondrial function assay. As with the cytotoxicity assay, vehicle
control cells were treated with only DMSO, to represent 100% cell survival. The
percentage neuroprotection was calculated as a percentage of the control. It can be
seen in Figure 4.2 that all the test compounds exhibited significant neuroprotective
properties when compared to the cells treated with only MPP*. The most significant
level of neuroprotection was seen for compound 1. As a result of this, it could be
expected that conjugating fluorophores to the PCU cage, merely maintained or
slightly decreased the ability of the cages to protect the neurons.
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Figure 4.2: Neuroprotective effects of tested compounds at 10 uM. The data represents the mean +
SD of the treated cells vs the untreated Control cell. The experiment was performed three times and
analysed using one-way ANOVA. The level of significance is expressed as *P < 0.05, **P < 0.01, ***P
< 0.001, ****P <0.0001.

4.3.3VGCC

Compound 1-7 were evaluated for VGCC inhibition by measuring Ca** influx into SH-
SY5Y neuroblastoma cell lines using the fluorescent technique as described in
section 4.2.3. Fura-2 AM, a ratiometric fluorescent indicator, was used to determine
the change in intracellular Ca®* concentration after depolarisation of the VGCC. The
influx of Ca?* of test compounds, relative to a control, which represents 100% influx
was used to determine of the degree of inhibition produced by the test compounds.
The positive controls for this assay was Nimodipine and NGP1-01. Nimodipine, a
commercially available L-type Ca?* channel blocker, is used because it passes the
BBB readily and binds with a high affinity to these channels (Marchetti & Usai, 1996).
NGP1-01 has also been shown to block VGCC, but to a lesser degree.
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Figure 4.3: Effect of the test compounds and positive controls, Nimodipine (NIM) and NGP1-01
(NGP) on the Ca”influx through VGCC. VGCC blocking effects of tested compounds were measured
at 10 yM. The data represents the mean * SD of the treated cells as a percentage of ca®" influx
relative to the 100% influx of untreated control cells. The experiment was performed in triplicate and
analysed using one-way ANOVA. The level of significance is expressed as *P < 0.05, **P < 0.01, ***P
< 0.001, ****P <0.0001.

Table 4.2: Percentage VGCC Ca”" influx inhibition of test compounds.

Control 0

Nimodipine 69,5416
NGP1-01 59,14+11"
C1 25,60+12"

c2 41,8523

C3 77,7646

c4 57,79+15"

C5 73,09+8"

c7 62,18+13"

Control = DMSO only *P < 0.1 **P < 0.05 ***P < 0.001 ****P <0.0001
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As seen in table 4.2, and figure 4.3, all compounds including the reference
compounds yielded statistically significant results. The positive controls yielded
expected results, with nimodipine inhibiting Ca?* influx to a very high degree at
69.54%, while NGP1-01 also showed a slightly lower, but still high degree of
inhibition at 59.14%. There was a clear increase of activity with the conjugation of
the fluorophores to the PCU. The inhibition of Ca®" influx increased from 25.60% with
Compound 1 to 41.85% with compound 2. This gives an indication that the NH
group on the linker interacts with the VGCC in some way. A further increase in
activity was seen when attaching the fluorophores. Compound 3, 4 and 7 all
exhibited a higher degree of inhibition than compound 2. These fluorophore-PCU
conjugates also displayed either a similar level of inhibition (compound 4), or higher
degree of inhibition than the positive control NGP1-01. Nimodipine showed better
activity than all the test compounds, except compound 3, that had an inhibitory
concentration of 77.76%. Similar to previous studies it was seen that compounds
with bi-aromatic fluorophores showed significant VGCC activity (Joubert et al.,
2011a). There was a significant decrease in activity between compound 3 and its
aza-derivative, compound 7. Even though previous studies have found that in some
cases the exposed hydroxyl group increases VGCC activity (Egunlusi, 2014), this
was not observed in the case of compound 3 and 7. The increase in activity is more
than likely do to the flexibility of compound 3 as a result of not having the aza-bond.
This flexibility better allows the compound to move and bind to the VGCC.
Compound 5, the fluorophore alone also showed a high level of inhibition at 73.09%.
This is more than likely due to the nitrile groups seen in this compound. Studies have
shown the compounds containing nitrile groups exhibit good VGCC blocking activity
(Joubert et al., 2011a). Due to the high level of inhibition seen with Compound 5, it is
expected that the proposed compounds 6 and 9, the PCU derivatives of this
fluorophore will have great potential as VGCC inhibiting agents, should they be
synthesised successfully.

4.3.4 NMDA

In the NMDA assay, the inhibition of the NMDA receptor was studied by determining
the relative change of Ca?* influx compared to the control that has no NMDA receptor
blocking agent and as such represented 100% influx.

60

http://etd.uwc.ac.za/



150 -

*%

5 100- . .
[
£
+
Nm *kkk
O 50+
W
o°°

*kkk

<& \\\4‘\\(;2 AR IV

Test Compounds

Figure 4.4: Effect of the test compounds and positive controls, MK-801(MK) and NGP1-01(NGP) on
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the Ca"influx through NMDA channels. NMDA receptor antagonism of tested compounds were

measured at 10 pM. The data represents the mean £ SD of the treated cells as a percentage of ca”
influx relative to the 100% influx of untreated control cells. The experiment was performed in triplicate
and analysed using one-way ANOVA. The level of significance is expressed as *P < 0.05, **P < 0.01,

**p < 0.001, ****P <0.0001.

The lower the percentage influx compared to the control, the better the inhibition
Ca?* influx and activity of the test compound. The experiment was performed in
triplicate, and the results are given as an average inhibition over the three

experiments. The test compounds were prepared to have a final concentration of 10

MM, and their activity relative to the control can be seen in Figure 4.3.

Table 4.3: Percentage NMDA receptor Ca®" influx inhibition by test compounds.

Control 0,00

MK-801 59,57+5

NGP1-01 42 27422
C1 25,0810
C2 46,83+32
C3 73,686
C4 59,0710
C5 13,5514
C7 47,71£19*

Control = DMSO only *P < 0.1 **P < 0.05 ***P < 0.001 ****P <0.0001
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As expected, the positive controls MK-801 and NGP1-01 both showed significant
inhibitory activity (table 4.2), with 59.57% and 42.27% respectively. This is supported
by the fact that both these compounds are known to block NMDA receptors. MK-801
is however known to have a high affinity for the PCP binding site of the NMDA
receptor and this is likely to be the reason for the higher percentage of inhibition
compared to NGP1-01 (Black et al., 1996). The synthesised compounds all showed
some level of statistically significant activity when compared to the control, except
compound 1 and compound 5. Compound 5 showed the lowest activity, with 13.55%
Ca*" influx inhibition. Compound 3 showed the best activity with 73.68% inhibition,
outperforming both the positive controls in this assay. It is seen that there is a
gradual increase in the activity of the PCU cage moiety as it is modified. There is a
clear increase from compound 1 to compound 2, from 25.08% to 46.83%. This
suggests that the primary amine at the end of the link attached to the ketal cage
could allow the cage improved interaction and binding with the NMDA receptor
channel. The large SD seen for compound 2 specifically does mean that this
increase in activity seen between compound 1 and 2 could not be as significant as
the results indicate. Another increase in activity was seen when the fluorophores
were conjugated to compound 2, to yield compounds 3, 4 and 7. These compounds
showed activity of 73.68%, 59.07% and 47.71% inhibition respectively. The increase
in activity seen here is also variable, due to the previously stated large SD seen for
compound 2. Irrespective of this, there was still a clear increase seen in activity
between the ketal PCU derivative, compound 1 and the fluorophore PCU derivatives.
The increase in activity with these compounds could be due to a number of reasons.
Firstly the increase in LogP as seen in Table 4.4, means these compounds have a
significantly higher degree of lipophilicity compared to that of compound 1 and 2. The
increased lipophilicity means these compounds are more easily able to cross
biological membranes. Similar results have been reported previously (Joubert et al.,
2011a). In this study it was also reported that an increase in molecular weight
correlated to an increase in activity, more than likely due to the ability of the
conjugated fluorophores to interact with residues in the NMDA receptor binding
pocket. Similarly it was seen that compounds 3, 4 and 7 have fluorophores attached
that correlates to the higher molecular weight, but more importantly the ability to
interact with residues in the NMDA receptor pocket. In this study it was found that

the bi-aromatic groups could be involved in these interactions. Compounds 3 and 7
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contain two benzene rings, while compound 4 has a benzene ring attached to
pentane ring. These rings are expected to contribute to the activity seen with these
compounds. There was however a significant decrease in activity seen between
compound 3 and compound 7. The difference between these two compounds is the
transannular cyclisation resulting in the formation of the aza-PCU derivative, from the
ketal-PCU derivative. This conversion means the ketal is now effectively replaced
with a hydroxyl group that is located on the cage. This hydroxyl group might allow
the compound to form additional interactions in the receptor site, however this
significantly decreases the LogP value of the compound, and as such the activity.
Furthermore the formation of the aza-bond on the cage means that compound 7 is
much more rigid than compound 3. This more than likely means the compound is not
able to bend and fit into the receptor pocket as effectively, and ultimately results in
the decreased activity. Compound 5 was the only compound in the final series that
did not have a PCU moiety. The fluorophore alone meant a lower LogP and
ultimately lipophilicity, and decreased activity. There was however still some activity
seen, probably due to the bi-aromatic nature of the compound. The multiple exposed
nitrogen groups on the fluorophore could also have been the reason for some
interactions within the receptor channel. Based on the results from the successfully
synthesised compounds, there are grounds to believe the proposed aza-derivative of
compound 4 could also show a moderate degree of NMDA inhibition. Compounds 6
and 9, the proposed PCU- 5 conjugates could thus have a high degree of activity,
should they be synthesised successfully. Significant variation in the results of the
NMDA assay indicates that more replicates of this specific assay could be done in
order to confirm the findings of these results and findings. Even though a large SD

was seen with compound 2 and 5, the assay was still statistically significant.
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4.4 Conclusion

Table 4.4: Combined analysis of test compounds

Aem
% Cell % Cell % VGCC % NMDA | Aex (nm) (nm)
Compound MW LogP Viability Survival inhibition inhibition DMSO DMSO
g/mol 10 uM 1uM 10 uM 10 uM 1uM 1 uM
MK-801 221,3 3,68+ 0,39 X X X 59,5745 X X
NGP1-01 265,35 1,68+ 0,36 X X 69,54+11 | 42,27+22 X X
Nimodipine 418,44 3,85+ 0,59 X X 42,48+16 X X X
Compound 1 218 0,1+0,59 110.39+7 88,0215 25,60+12 | 25,0810 X X
Compound 2 260 1,56+0,62 84.72+6 75,64+3 41,85+23 | 46,83+32 X X
Compound 3 | 495,63 3,78+ 0,56 | 109,77+11 90,114 77,7616 73,6816 350 450
Compound 4 | 425,44 1,55+ 1,14 | 111,26%13 76,64+4 57,7915 | 59,0710 485 530
Compound 5 263,3 0,01+ 0,63 96,32+10 68,12+14 73,0948 13,5514 420 550
Compound 7 | 451,58 2,42+ 0,49 104,30+8 73,8318 62,18+13 | 47,71+19 350 450

The procedures used in this chapter allowed for successful evaluation of the
synthesised compounds for cell cytotoxicity, neuroprotection and more specifically
VGCC and NMDA related Ca?* inhibition. The test compounds we analysed to
indicate their potential NMDA receptor and VGCC inhibitory activities by comparing
them with reference compounds known to be active. The potential NMDA receptor
and VGCC inhibition of the synthesised compounds was successfully established,
while the possible structure-activity relationships of the active compounds were
discussed. The PCU-fluorophore derivatives showed great promise, especially
compound 3, which showed the highest neuroprotection while also showing good
VGCC and NMDA inhibitory activity. The results provided insight into the activity of
these compounds and show promise in the establishment of these or similar

structures as fluorescent ligands in drug design and evaluation.
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Chapter 5

Conclusion

5.1 General

Neurodegeneration occurs when neurons in the CNS, and the brain in particular, are
destroyed by a complex network of mechanisms (Araki et al., 2001). ND are
progressive and irreversible, and the treatment options available for these diseases
target the management of these disorders, rather than aiming to cure them. These
diseases have a profound impact on the life of both the affected patient and their
families (Tarrants et al., 2010). Due to this significant and global impact of ND, it has
become crucial to create drugs that can stop the progression and destruction we see
in ND. Detecting these diseases, preventing them or even stopping the progression
of ND is a strong motivator behind research in this field. Ultimately, to be able to treat
ND, and helping monitor and diagnose them early and effectively is vital (Schweichel
and Merker, 1973).

One of the greatest obstacles when treating ND is in the complexity of the
neurodegenerative processes. It is not one simple process, but rather a complex
system with multiple pathways of neurodegeneration. The development of molecules
that prevent, stop or reverse the degenerative processes is a complex process in
itself as there are all these different pathways that need to be considered. There is a
need for a neuroprotective agent, which simultaneously possesses multifunctional
activity for these different pathways to possibly cure these disorders. The lethal
triplet of neurodegeneration is key mechanisms involved in neuronal cell death.
Metabolic compromise, oxidative stress, and excitotoxicity are three crucial targets in
the fight against ND. Two major pathways involved in the lethal triplet are VGCC and
NMDA receptors. They have shown to be responsible to a large degree, for the
excessive Ca" influx and ultimately neurodegeneration seen in neurons. Designing
an agent that targets these pathways, while also showing neuroprotective properties
is crucial in ND. The need for a multifunctional agent that could also assist in more
effective disease treatment is evident. The addition of monitoring and detecting the

progression of the disease due to the fluorescent nature of a compound, could be
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even more useful. With this in mind, this project embarked on designing,
synthesising and evaluating several fluorescent cage derivatives that show potential

for use in the detection, prevention, treatment and cure of ND.

5.2 Synthesis and Chemistry

Five polycyclic cage derivatives, some with conjugated fluorophores, and an
additional dicyano fluorophore were successfully synthesised for the purpose of
biological evaluation. These compounds can be seen in figure 5.1. The lead
compound, Cookson’s diketone, also known as PCU, was initially synthesised and
purified to a pale yellow-white power. This synthesis had an extremely high yield of
13.020 g, 80 %. The ketal-derivative of PCU was synthesised by refluxing under
Dean Stark conditions to produce compound 1 as light white-brown crystals with a
yield of 39% after purification. An amine linker was then conjugated to compound 1,
to yield compound 2, a light yellow wax and had a yield of 42%. This was done using
a microwave assisted amination reaction at 100 °C, 80 psi and 60 W for 3 hrs. The
respective fluorophores were then conjugated to the primary amine of compound 2,
yielding imine-fluorophore derivatives. These derivatives were then further reduced
using NaBH; to produce the secondary amine derivatives of the fluorescent-
polycyclic cages known as, compounds 3 and 4. These Ketal-PCU fluorophore
derivatives were both oils, compound 3 yellow in colour and compound 4 being
brown. Both compounds had low yields of 17% and 12.8% respectively. Compound
3 then underwent a transannular cyclisation reaction, yielding compound 7.
Compound 7 was a light yellow oil, and had the lowest yield at 6%. Compound 5 was
a fluorophore successfully synthesised for conjugation to PCU. Compound 5, was a
solid orange powder and had a yield of 16%, but the mass of this yield only
amounted to 0.009 g. Successful conjugation of compound 5 to compound 1 via
microwave assisted reductive amination could not be successfully achieved due to
this low yield. Purification of these compounds proved to be a great challenge as a
result of extremely low yields. All compounds except 1 and 2 had yields below 17%.
Various unidentified by-products or impurities further complicated purification and the
synthesis of additional ketal and aza derivatives. Purification and recrystallization
processes assisted in being able to identify the successfully synthesised compounds
via NMR, IR and MS spectra. These processes also further lowered the yields

resulting in the inability to synthesise more derivatives. As a result of the high level
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of by-products accompanied by low yields meant it was impossible to synthesise
compounds 6, 8 and 9. The synthesis of compound 6 and 8 were attempted but not
successful as no product was yielded. The synthesis of 9 could not be performed
due to the inability to synthesise compound 8. With improved synthetic processes
and more importantly purification techniques, the synthesis of these compounds

could be feasible.
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Figure 5.1: Structures of the successfully synthesised compounds.

5.3 Biological Evaluation

In this study four different assays were successfully performed on the synthesised
compounds. Firstly a cytotoxicity assay was performed. Compounds 1-5 and 7 were
assayed for cell viability on SH-SY5Y human neuroblastoma cells, a standard MTT
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assay. Compound concentrations of 10 yM, 50 yM and 100 uM were used. None of
the compounds were found to be cytotoxic at 10 yM or 50 uM. At 100 uM a slight
reduction in cell viability was seen, with only compound 1, 3 and 5 showing more
cytotoxic effects with cell viability under 75%, with 63%, 59% and 72% respectively.

The results for this assay were statistically significant (P < 0.01).

The second assay was a neuroprotection assay, and also performed on SH-SY5Y
cells. The assay involved inducing neurotoxicity in the cells through MPP+ in these
SH-SY5Y neuroblastoma cells (Zindo et al., 2014). The toxic effects induced by
MPP+ causes neurodegeneration through oxidative stress. The cells were incubated
with test compounds at 10 yM as well as 2000 uM MPP+. All the compounds
showed some degree of neuroprotection when compared to the cell survival
percentage seen with cells exposed to only MPP+. The highest level of
neuroprotection was seen with compounds 1 and 3. This assay also yielded results

that were statistically significant with a P value less than 0.0001.

The VGCC and NMDA assays performed were similar as both used SH-SY5Y
neuroblastoma cell lines again. Both assays assessed the ability of the test
compound to block Ca?* influx via VGCC and NMDA receptor channels respectively.
The VGCC assay used a KCI solution for depolarisation, whereas a concentrated
NMDA/glycine solution was used in the NMDA assay for depolarisation. NGP1-01
was used as a reference compound in both assays, while MK-801 was also used in

the NMDA assay and nimodipine in the VGCC assay.

In the VGCC assay compound 3 showed the highest concentration of Ca®" influx
inhibition at 77.76%. A gradual increase in activity was seen when conjugation
occurred on the ketal PCU, compound 1. This showed that the addition of linkers and
fluorophores have great potential in improving and further utilising the cage
derivatives in VGCC antagonism. Significant activity was seen with compound 2, 3, 4
and 7, all the cage derivatives. Lastly the fluorophore compound 5 also showed
activity at 73.09% indicating it has great potential to be used as a fluorophore with
VGCC activity and possibly as part of a cage derivative. The assay was also

statistically significant with a P value less than 0.001.

The NMDA assay yielded very similar results to the VGCC assay. Again, compound

3 has the greatest activity at 73.68% inhibition. Here it was also seen that the
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conjugation on Compound 1 increased the activity as compound 2, 3, 4 and 7 all
showed higher activity. Compound 5 was the only compound that showed extremely
low NMDA activity at 13.55%

This study confirmed the dual antagonism of VGCC and NMDA receptor related Ca**
influx with compounds 3, 4 and 7. It was also seen that flexibility around the amide
bond in the ketal derivatives is better than that of the rigid nature of the same bond in
the aza derivative, as it more than likely allows for better interaction and bond
formation in the receptor pockets. Furthermore these polycyclic cage-like molecules
show great potential as expected and could be further analysed and explored as
different derivatives to develop compounds that can be used as treatment options for

neurodegenerative disorders.

5.4 Closing Remarks

A series of polycyclic cage derivatives were successfully synthesised. Their
fluorescence, neuroprotective as well as potential inhibitory activities on VGCC and
NMDA receptors were tested and demonstrated. Compounds 3, 4 and 7 proved to
not only have a high degree of fluorescence and neuroprotection, but also clear dual
VGCC and NMDA activity. As such these compounds can serve as possible lead
compounds to develop a more comprehensive series with more derivatives and
fluorophores. Further expansion on this series will also help clarify structure activity

profiles and mechanisms related to the activity seen with these compounds.

Although these compounds were found to have the fluorescent, VGCC and NMDA
properties discussed in this thesis, their readiness for clinical use, as well as safety
in humans still needs to be proven. Further in vitro and in vivo studies with regards to
fluorescent ability and VGCC and NMDA ability of these compounds must still be
tested to establish the true potential of these compounds as imaging tools in

neurodegenerative/protective research.
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Appendix 1

SPECTRAL DATA:
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Spectrum 11: Infrared of 5-(dimethylamino)-N-[2-({spiro[1,3-dioxolane-2,8"-pentacyclo[5.4.0.0%°.0*'°.0>*lundecan]-

11’-ylidene}amino)ethyllnaphthalene-1-sulfonamide

12

http://etd.uwc.ac.za/



LD1

MS_Direct_191210_9 25 (0.168) Cm (25:34) 1: TOF MS ES+
527.1810 6.31e5
100
465.2769
°\°,
528.1836
466.2798 A YA
510.2094 529.1797
b 479.2916 4972317 | 112135 ||| 301808
322.‘1229 343.1308 398.2352 406.‘2169 480.2949 498.2298( 513.1646 549.1616
n I L il L I 1 Ly . - I
m/z
300 310 320 330 340 350 @ 360 370 @ 380 390 400 = 410 420 = 430 440 450 460 470 480 490 500 510 520 530 540 550 = 560 570 = 580 590

Spectrum 12: MS of 5-(dimethylamino)-N-[2-({spiro[1,3-dioxolane-2,8'-pentacyclo[5.4.0.0%°.0**.0>*Jundecan]-
11’-ylidene}amino)ethyl]naphthalene-1-sulfonamide

13

http://etd.uwc.ac.za/



SpinWorks 4:

Compound 4

PROTON CDCI3 {C:\Bruker\TopSpin3.6.23% J1J-LocarnoFourie 1

&bé-h o O o O e e o B OO ) B e e Pl e WO O O 0S8 Fod P Fod Pt Pt Pl
—iiroc en = r=ap 2yt wn O G R Qe O D O S e D D0 L Bl 0 = ] Pl S
prope-pap- —_= s = O D O OF e OO e e O CE DGR O o ] G2 RO e e G o o B
X 1.000
& = M
] [
=] =
= ~
| T | T T T T T T l\r/J n\ﬁ/;
PPM 8.4 8.2 8.0 7.8 7.6 B .
g
T T T T T T T T T T T T T
L 1am 1300 1230 1340 1330 1220 1310 1200
k\ _— — —
| 1
= = o= i = o =
L == - - e [= - = e
~ = [ w [=] = = =
+= =] (=== -~ = = o2 L=
I T I T I T I T I T I T I T I T I T
PPM 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0

file: ...UMENTS\FINAL THESIS NMRs\N1A\1\fid
transmitter freq.: 400.122471 MHz

time domain size: 65536 points

width: 8012.82 Hz = 20.0259 ppm = 0.122266 Hz/pt
number ot scans: 16

expt: =zg30=

freq. of O ppm: 400.1Z0010 MH=
processed size: 65536 complex points
LB: 0.3200 GF: 0.0000

Spectrum 13: *H-NMR of N*-(7-nitro-2,1,3-benzoxadiazol-4-yl)-N*-{spiro[1,3-dioxolane-2,8'-
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Spectrum 20: Infrared Spectrum of 2-{2-[(1E)-2-aminoethenyl}-4H-chromen-4-ylidene}propanedinitrile
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]dodecan-4-ol

700



LN2
MS_Direct_191210_4 20 (0.129) Cm (19:24)

1: TOF MS ES+

1004 465.2748 3.25€5
477.2919
461.2433
479.2921
480.2944
503.2900
308.2332 | ‘ 481.2068 M
VALV FILI ULV LE VS RN Rl i, 1l VI TV I R VL R RS e ‘;tléo 500 vl v s T bt W R
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