
Chapter 1 

Introduction & Rational 

1.1. N eurodegeneration 

Neurodegeneration can be described as the process by which certain neurons in the central 

nervous system (CNS), and especially the brain, are damaged by a variety of mechanisms 

(Hibbs et al., 1987). Neurodegeneration and the development ofneuroprotective agents have 

in recent years become an increasingly important focus of research. Much time and effort 

have gone into establishing the cause of neuropsychiatric disorders such as Parkinson's 

disease (PD) and Alzheimer's disease (AD) as they negatively influence the quality of life of 

millions of people around the world. These disorders are increasingly becoming a burden to 

society as the world's population is growing older and the need has therefore increased to 

discover and develop drugs to prevent these diseases from occurring or developing further 

(Rang et al., 2007). Currently, there is relatively good symptomatic therapy for both PD and 

AD, but no proven therapy that prevents cell death, or restores damaged neurons to a normal 

state (Dawson & Dawson, 2002). There are three key mechanisms of neuronal cell death and 

they may act separately, or co-operatively to cause neurodegeneration (Araki .et al., 2001). 

This "lethal triplet" includes metabolic compromise, oxidative stress and excitotoxicity, the 

combined effect of which causes neuronal cell death that is both necrotic and apoptotic in 

nature. Aspects of these three mechanisms are believed to play a role in the neurodegeneration 

that occurs in both acute conditions, such as stroke and epilepsy, and in chronic 

neurodegenerative disorders like Parkinson's disease, Alzheimer's disease and Huntington's 

disease (Alexi et al., 2000). 

Metabolic compromise may be caused by ischemic stroke, ashpyxiation, hypoglycaemia and 

certain toxic proqucts of respiration. Neurotoxic toxins are usually mitrochondrial poisons and 

include amongst others cyanide, carbon monoxide, 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) and 3-nitropropionic acid (3-NP). These mitochondrial toxins 

result in loss of mitochondrial function and therefore depletion in cellular ATP. Due to the 

high concentration of mitochondria in the basal ganglia, there is a preponderance of 

neurodegeneration in these parts following toxic assult. Dysfunction of the mitochondria leads 
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to loss of intracellular calcium buffering capacity and an increase in the production of 

damaging oxygen and nitrogen based free radicals, that lead to oxidative stress and the 

activation of a host of calcium dependant proteases and lipases which result in 

neurodegeneration (Alexi et al., 2000; Meldrum & Garthwaite, 1990). 

In the process of aging the efficiency of the mitochondrial electron transport chain gradually 

decreases resulting in increased production of highly reactive free radicals, namely reactive 

oxygen species such as the superoxide anion (02
-), and hydroxyl radical C OH) and the 

reactive nitrogen species (RNS), i.e. peroxynitrate (ONOO-) (Beal, 1995; Hagen et al., 1997). 

The oxidizing reactions caused by these reactive species destroy membrane lipids, proteins, 

and DNA and could thus cause neurodegeneration at excessive concentrations. The 

production of free radicals may be enhanced by certain physiological substances including 

intracellular calcium, dopamine and nitric oxide synthase (NOS) (Alexi et al., 2000; Mattson 

et al.; 2003). 

Excitotoxicity is a term used to describe neuronal death due to the over stimulation of 

N-methyl-D-aspartate (NMDA) receptors, an event that causes an excessive influx of calcium 

into neuronal cells (Kemp & McKernan, 2002). Calcium overloading of neuronal cells can 

cause the activation of calcium-dependant signals to enzymes such as phospholipases and 

proteases, as well as oxidative stress through ROS and RNS, leading to cell death (Mattson, 

2003; Meldrum & Garthmaite, 1990; Alexi et al., 2000). Calcium may also enter through 

voltage-dependant calcium channels (VDCC) and are implicated in calcium overload and 

mitrochondrial disruption (CanoAbad et al., 2001; Mattson, 2003). 

Calcium overload stimulates the production of the calcium dependant neuronal nitric oxide 

synthase (nNOS), an enzyme responsible for catalysing the formation of nitric oxide (NO) in 

the central nervous system (CNS). Overstimulation of nNOS and subsequent overproduction 

of NO is known to lead to the development of neurodegenerative processes and cell death 

(Moncada et al., 1989). Harmful effects caused by an overproduction ofNO are thought to be 

mediated by peroxynitrate (ONOO-), the product obtained when NO and the superoxide anion 

(02-) react during cellular respiration. Peroxnitritrate (ONOO-) causes injury to the 

mitochondrial electron transport chain resulting in damage and eventual neurodegeneration 

and death of neurons through the oxidative processes described (Moncada et al., 1989; Hibbs 

et al., 1987). 
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1.2. Polycyclic cage compounds and their use as neuro-active drugs 

Investigations into the synthesis and chemistry of novel saturated polycyclic hydrocarbon 

'cage' compounds have been the aim of several research groups. Interest in the pharmacology 

and medicinal potential of these compounds was realised with the discovery that the 

1-amino-adamantane or amantadine (1, Figure 1.1) had antiviral activity against the influenza 

virus (Davies et al., 1964). Subsequent to this discovery, anti-parkinsonian activity of 

amantadine (1) was found through the serendipitous observation of improvement of 

Parkinson's disease· in patients treated for influenza with the drug (Schwab et al., 1972). 

Amantadine's pharmacological mechanism as an anti-parkinsonian agent has generally been 

attributed to its action on nigrostriatal dopaminergic neurons. The 

anti-Parkinsonian activity of amantadine is expressed by increasing extracellular dopamine 

(DA) levels via DAre-uptake inhibition (Mizoguchi et al., 1994) or DA release and NMDA 

receptor antagonism (Danysz et al., 1997). Electrophysiological studies further indicated that 

amantadine acted via the phencyclidine (PCP) or MK-801 (dizocilpine) binding site located 

within the NMDA receptor/ion channel complex (Parsons et al 1999). Interest in the 

pharmacology of polycyclic cage amines was further stimulated when the 1-amino-3,5-

dimethyladamantane derivative of amantadine, memantine (2, Figure 1.1 ), was found to be a 

clinically well tolerated NMDA receptor antagonist (Parsons et al., 1999). Both amantadine 

and memantine are low-affinity non-competitive NMDA receptor antagonists and show 

promise as neuroprotective drugs by preventing excessive influx of calcium into neuronal 

cells (Parsons et al., 1999). These adamatane cage structures and other potent unon

competitive NMDA receptor antagonists such as the non-cage compounds MK-801 and 

phencyclidine (PCP) bind to the PCP binding site located within the ion-channel pore of the 

NMDA receptor (Dingledine et al., 1999). This antagonism is use dependant as the PCP site 

is only accessible when the ion channel pore is in . an open or activated state. Blocking is 

accelerated by increased open-channel probability and this suggests that compounds having 

pronounced use-dependency will have greater affinity for brain regions where over 

stimulation occur (Grauert et al., 1997). Once bound, the blocker can be trapped by channel 

closure. Recovery from the trapped, blocked state is generally slow. Hence blockage produced 

by MK-801 or PCP is difficult to reverse, especially for the long acting MK-801 (Dingledine 

et al., 1999). As a result, the use of these long duration antagonists is associated with adverse 

CNS side effects including hallfcinations (Carter et al., 1994), memory impairment and 

neuronal vacuolisation (Brigge, 1993). The low-affinity, use-dependant channel blockers such 
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as amantadine and memantine are generally not associated with these unacceptable side 

effects and are well tolerated. The favourable clinical toleration of amantadine (1) and 

memantine (2) as opposed to MK-801 also lies in the fact that these polycyclic adamantanes 

exhibit rapid and strong voltage-dependant blocking kinetics of the NMDA receptor channel 

(Parsons et al., 1999). From the above discussion it is clear that both amantadine and 

memantine are ideal lead compounds for the development of novel compounds to treat 

NMDA-mediated neurodegenerative disorders. 

Figure 1.1: Structural correlations of the pentacycloundecane derivatives (3, 4) with amantadine (1) 
and memantine (2; Oliver et al., 1991). 

A structural similarity (Figure 1.1) exists between the polycyclic cage structure of the 

adamantane amines (1,2) and that of the polycyclic pentacycloundecaneamines (3, 4; Oliver et 

al., 1991a; Marchand, 1995). Pentacycloundecylamines (represented by 4) are derived from 

Cookson's diketone (3; pentacyclo[5.4.02
'
6.03

'
10.05

'
9]undecane-8,11-dione), the so called "bird 

cage" compound, obtained from the intramolecular photocyclisation of the Diels Alder adduct 

of p-benzoquinone and cyclopentadiene (Cooksen et al., 1958). The pentacycloundecane 

structures and derivatives thereof, like the adamantanes, have a variety of pharmacological 

activities (Geldenhuys et al., 2005) including antiviral (Oliver et al., 1991c), anti

parkinsonian (Oliver et al., 1991 a,b,c), calcium channel and sodium channel antagonism 

(Liebenberg et al., 2000; Malan .et al., 2000; Van der Schyf et al., 1986) and sigma receptor 

antagonism (Lui et al., 2001; Nguyen et al., 1999, Kassiou et al., 1996). 

The observed anti-parkinsonian activity of amantadine (1) and neuroprotective activity of 

both amantadine (1) and memantine (2) have led to the evaluation of the 

pentacycloundecylamines (represented by 4) as possible therapeutic agents for 

neurodegenerative disorders (Figure 1.1; Oliver et al., 1991). The calcium channel and 

sodium channel antagonism described for some of these pentacycloundecylamines also 

indicate that these structures might act as potential neuroprotective agents (Malan et al., 2000 

& 2003). Vander Schyf et al., (1986) first characterized NGP1-01 (4; 8-benzylamino-8,11-

oxapentacycloundecane) as a novel calcium channel antagonist. Electrophysical studies on 

NGP1-01 (4) and its derivatives indicated L-type calcium channel antagonism for this class of 
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compounds (Malan et a!., 2000). Structure activity relationships for NGPl-01 and its 

derivatives as a putative calcium channel antagonist found that there was a domination of 

steric and geometric constraints rather than electronic considerations (Malan et a!., 2000). 

Aromatic substitution ofNGPl-01 influenced activity significantly while increasing the cage 

size also led to better inhibition of calcium current (Malan eta!., 2000). In the late 1990's a 

series of azapentacycloundecylamines and pentacycloundecanes were evaluated for sigma 

receptor (a calcium channel modulator) activity (Kassiou et a!., 1996). This might further 

contribute to the calcium channel activity of the pentacycloundecylamines. Recently, NGPl-

01 and other pentacycloundecane derivatives were investigated for their ability to block 

calcium flow through the NMDA receptor channel (Figure 1.2) (Geldenhuys et a!., 2003). fu 

these studies NGPl-01 was able to block NMDA receptor induced calcium flux in an 

uncompetitive manner, comparable to memantine in the same assay. In vivo evaluation of a 

small series of pentacycloundecylamines in the MPTP parkinsonian mouse model indicated 

possible neuroprotective activity ofthese compounds (Geldenhuys eta!., 2003). Based on this 

information it is evident that polycyclic cage compounds have the ability to modulate various 

neurodegenerative targets and might act as effective neuroprotective drugs, especially in 

combination with specific functional moieties which could effect neuroprotection through 

dual or multiple mechanisms. 

Another benefit of the adamantane and pentacycloundecylamine polycyclic compounds is 

their ability to enter the CNS (Prins et a!., 2008; Zah et a!., 2003). For drugs to exert 

meaningful effects in the CNS they have to cross the blood brain barrier (BBB) and it was 

found that the adamantanes and pentacycloundecylamines penetrate the CNS in sufficient 

concentration to exert pharmacological effects (Prins et a!., 2008; Zah et a!., 2003). These 

polycyclic structures also show modification and improvement of the pharmacokinetic and 

pharmacodynamic properties of known drugs and privileged structures conjugated to them 

(Oliver eta!., 1991a; Geldenhuys eta!., 2005). Polycyclic cage structures therefore appear to 

be useful lipofilic scaffolds to explore the design of potential pharmacologically active 

compounds with BBB permeability. 

1.3. Fluorescent ligands 

Radioligand binding techniques have been widely used to study receptor and enzyme 

pharmacology and physiology. Despite the usefulness and sensitivity of radioligand binding 

techniques, the use of alternative methods, such as fluorescent ligands, to study ligand-
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receptor/enzyme binding interactions may provide information not readily accessible with the 

use of conventional radioligand binding techniques. This will also circumvent some of the 

problems assosiated with radioligand binding assays, such as high cost, difficulty of disposal, 

health hazard and potential technical implications, associated with radiobinding assays. 

(McCabe eta!., 1992; Auer et al., 1998 & McGrath et al., 1996). 

Fluorescent ligands have been used since the mid-1970s and offer several advantages over 

traditional radioligand binding techniques (McGrath et al., 1996). Some of these advantages 

include: determining the properties of receptor internalization and sub cellular localization, 

the study of the thermodynamics and kinetics of ligand binding and the ability to assess the 

nature of the micro-environment of the ligand binding site (Middleton et al., 2005). These 

ligands also provide high sensitivity, great versatility while minimally perturbing the cell 

under investigation and offer an attractive alternative to the application of radioligands 

without the problems associated with this methodology (Daily et al., 2003). 

The use of fluorescent ligands is growing rapidly within the pharmacological community and 

other disciplines. fu recent years the use of fluorescent detection methods, that is, fluorescent 

microscopy, confocal laser scanning microscopy, flow cytometry, multiphoton fluorescent 

microscopy and image analysis, in nonradioactive assays have found widespread applicability 

in receptor and enzyme pharmacology (Leipoldo eta!., 2009; Daily eta!., 2003 & McGrath et 

al., 1996). Techniques employed to visualize physiological or pathophysiological changes in 

living cells have become increasingly important in biomedical sciences. Fluorescent ligands 

with high affinity for receptors and enzymes are one ofthe cornerstones of real-time imaging 

of live cells and are powerful tools in various scientific fields (Middleton et al., 2005). Small 

molecule fluorescent ligands are excellent tools to analyze and clarify the roles of 

biomolecules in proteins and living cells, affording high spatial and temporal resolution via 

microscopic imaging (Leipoldo et al., 2009; McGrath eta!., 1996 & Auer et al., 1998). The 

development of ligands for probing biological events has thus become an area of intense 

interest (Leipoldo et al., 2009). 

It has therefore been the objective of various research groups to design fluorescent ligands for 

use in directly quantifying ligand-receptor and/or ligand-enzyme interactions within proteins 

and cells and to facilitate the development of high-throughput screening methods as 

alternative to radioligand binding techniques (Middleton et al., 2005; Leipoldo et al., 2009 & 

Auer et al., 1998). The greatest challenge in the design of fluorometric assays lies in the 
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development of an appropriate fluorescent ligand while maintaining potency, selectivity, site 

specificity and accommodating the steric demands of the fluorophore, especially where the 

fluorescent moiety is conjugated to a small biologically active molecule (Leipoldo et al., 

2009; McGrath et al., 1996). Nonetheless, there have been several reports of successful 

fluorophore-conjugation with small molecule ligands, and advances in fluorometric assays 

utilising fluorescent ligands have encouraged pursuit of this approach (Leipoldo et al., 2009; 

Middleton et al., 2005; Hovius et al., 2000). Numerous fluorophores with the required 

spectrofluorometric properties have been described which may be conjugated to active small 

molecules, some of which are depicted in table 1.1. 

Table 1.1: Fluorescent properties of selected fluorophores 

Fluorophore 

N-methylanthranilic acjd 

R 

~N:o 
R = CN (Cyanoisoindole); 
N02 (Nitroisoindole ); SCN 
(Thiocyanoisoindole) 

Nitrobenz-2-oxa-1 ,3-
diazole-4-yl (NBD) 

o$1 ,, N........_ 
,S 

Cl ' 
~ 

Dansyl chloride 

Description Excitation/Emission 

One of the smallest reactive fluorophores. 368/437 nm in MeOH 
Small size reduces the likelihood that it (Haugland et al., 2002). 
will interfere with the function of the 
active biomolecule, an important 
advantage when designing site-selective 
probes (Angelides . & Brown, 1984; 
Angelides & Nutter, 1983) 

The aromatic dialdehydes, 
o-pthaldialdehyde (OP A) and 
naphthalene-2,3-dicarboxaldehyde are 
essentially not fluorescent until reacted 
with a primary amine in the presence of 
excess cyanide or thiols (Benson & Hare, 
1975). 

NBD is a suitable fluorophore since it is 
relatively small and is not expected to 
sterically hinder interactions when 
coupled to the parent molecule with an 
appropriate spacer molecule. NBD has a 
relatively small dipole moment, reducing 
the possibility of an electrostatic 
interaction, that could result in a loss of 
affinity compared to the parent group 
(Ghosh & Whitehouse, 1968; Birkett et 
al., 1970). 

Dansyl chloride is non-fluorescent until 
reacted with amines to form amides that 
exhibit large Stokes shifts, along with 
environmentally sensitive fluorescent 
quantum yields and emission maxima 
(Haugland et al., 2002). 

334/455 nm for the reaction 
product with glycine in the 
presence of cyanide, 
measured m pH 7.0 
buffer/MeCN (Haugland et 
al., 2002). 

485/540 nm for the primary 
aliphatic amine derivatives 
of NBD chloride in MeOH 
and secondary amines in 
MeOH (Haugland et al., 
2002). 

. 337/492 nm for the primary 
aliphatic amine derivatives 
of dansyl chloride in 
CHCh. Emission and 
quantum yield are highly 
solvent dependant (Haug
land et al., 2002). 
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R 

HO, ~ 
0~~~ 

R = CN (Cyanoindolizine); 
EtCOC (Ethylindolizine) 

1-Fluoro-2,4-
dinitrobenzene 

1.4. Study Aim 

The indolizine structures are suitable 340/400 run ill EtOH 
fluorophores since they are relatively (Haugland et al., 2002). 
small and are not expected to sterically 
hinder interactions when coupled to the 
parent molecule with an appropriate 
spacer molecule (Weber, 1952). 

A relatively small fluorophore that 396/449 run ill EtOH 
reduces the likelihood to interference with (Haugland et al., 2002). 
the function of the biomolecule (Haugland 
et al., 2002). 

This study was aimed at developing fluorescent ligands, which can be used to study receptor

ligand and/or enzyme-ligand interactions using fluorescent techniques. Conjugates of 

fluorophores that possess high affinity for the NMDA receptor, voltage gated calcium 

channels (VGCC) and/or the NOS enzyme was designed and synthesised with the aim to 

directly measure binding of these novel molecules to receptors and/or enzymes utilizing 

fluorescent techniques (compounds 5 - 20, Figure 1.2). These compounds could be 

particularly useful in competitive binding studies to determine the specificity and affinity of 

uncharacterized compounds (Leipoldo et al., 2009; Middleton et al., 2005; McGrath et al., 

1996). Novel fluorescent polycyclic ligands found with the sought-after potency, sensitivity 

and selectivity for a specific receptor or enzyme, could be used to screen potential test 

compounds for specific binding to a receptor or enzyme, either intracellular or extracellular, 

by competitive binding with this fluorescent polycyclic ligand. The fluorescence of the 

displaced ligand could be used to determine and quantify the binding of the compound(s) 

screened. 

For this study the primary objectives were to design and synthesise a series of fluorescent 

polycyclic ligands and to evaluate these compounds as fluorescent ligands for CNS enzyme 

and receptor targets directly pertaining to the development of neurodegeneration (compounds 

5 - 20, Figure 1.2). These targets include the NOS enzyme, VGCC and/or the NMDA 

receptor. The polycyclic structures, including adamantane (1, Figure 1.1) and 

pentacycloundecane derivatives (represented by 4, Figure 1.1 ), were selected to be conjugated 

to known fluorophores (Table 1.1 ), because of the uncompetitive manner of binding of these 

polycyclic structures to the VGCC and NMDA receptor and the additional benefit of these 
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molecules to facilitate CNS penetration (Geldenhuys et al., 2005). This may aid the selective 

binding of the fluorescent ligands to their intended target(s). 

The second objective was to write and publish a series of review papers directly pertaining to 

this research. The first review describes polycyclic structures as lipophilic scaffolds for neuro

active drugs (Chapter 2), while the second review focuses on the design of fluorescent ligands 

for central nervous system imaging ·(Chapter 3). A third review focuses on recent 

developments in the patented literature on NOS inhibitors (Chapter 4). 

A third objective was to evaluate the biological profiles of compounds selected from the 

synthesised series as multifunctional neuroprotective agents, possibly displaying activity 

against the NOS enzyme, VGCC, NMDAR and for oxidative free radicals. 

The final findings from this study were compiled into three research articles published in 

peer-reviewed journals. The first article (Chapter 5) describes the design and synthesis of 

novel fluorescent-polycyclic conjugates that display micromolar inhibition of the NOS 

enzyme (compounds 5, 6, 9-14; Figure 1.2). This study is based on the design of fluorescent· 

ligands resembling the structure of 7-nitroindazole (7-NI), a selective nNOS inhibitor (Handy 

et al., 1995), conjugated to polycyclic structures for effective BBB permeability and increased 

selectivity. These novel fluorescent ligands may be used to develop high-throughput direct 

binding nNOS competition assays. (Data from a M.Sc. degree, Joubert et al., 2007, was used 

for this paper and additional data was included such as; improved synthetic methods, 

additional biological data and fluorescent measurements, which were compiled during the 

first year of this Ph.D. study to elaborate on the potential value of these fluorescent 

compounds). The second paper (Chapter 6) describes the expansion of the initial set of 

fluorescent polycyclic derivatives and their potential as multifunctional neuroprotective 

agents (compounds 7-11, 14; Figure 1.2). It was found that the compounds designed in the 

first paper exhibited dual or multifunctional activity against various CNS targets that play a 

role in neurodegeneration, which sparked further investigation of these novel compounds. The 

third and final article included (Chapter 7) describes the synthesis and design of fluorescent 

polycyclic ligands (compounds 5-11, 14, 19, 20; Figure 1.2.) for the NMDA receptor and/or 

VGCC and includes a direct binding assay as proof of concept, portraying the potential 

application of these novel fluorescent ligands as imaging probes for the development of direct 

binding competition assays for CNS disorders. 
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Figure 1.2: Fluorescent polycyclic analogues synthesised and evaluated as potential fluorescent 
ligands. 
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