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Abstract

N-methyl-D-aspartate receptors (NMDAR) are ionotropic glutamate receptors which
can be blocked by Mg?* in a voltage-dependent manner and are highly permeable to
Ca®*, hence they represent a medically relevant target for neurodegenerative
disorders caused by excitotoxicity. The two main objectives of this study were, (i) to
determine the impact of Q/R/N, +1 and -8 sites modification in the M2 pore region
of GIuN2A NMDAR subunit on Mg?* block and other open channel blockers; and (ii)
to evaluate novel multi-target-directed ligands (MTDL) for Alzheimer’s disease
therapy. The Xenopus laevis oocyte expression system was employed where NMDAR
subunit cRNAs were injected into the oocytes and responses to NMDA/glycine and
channel blockers were recorded using two-electrode voltage clamp (TEVC)

electrophysiology.

Pore region mutations to investigate the impact of Q/R/N and adjacent sites were
characterized using Mg?*, memantine, MK-801, philanthotoxin analogues and an
MTDL compound, CR18. NN at the Q/R/N and +1 sites in GIUN2A subunits were
mutated to GR and RR, while W at the -8 position (in relation to the Q/R/N site), was
mutated to N. Wild type and mutated GIuN2A were co-expressed with GluN1-1a in
Xenopus oocytes and antagonistic responses by channel blockers were recorded with
TEVC. At -75 mV, the RR mutation significantly increased ICsos of Mg?*, memantine
and MK-801 by 27-, 42- and 325-fold respectively, compared to wild-type. As for the
GR mutation, ICsos were also significantly increased for memantine and MK-801 by 5-
and 132-fold respectively, compared to wild type. W to N mutation at the -8 position
did not significantly affect blocking potencies for all channel blockers. Blocking
potency for PhTX-343 was not significantly altered by any mutations. This study
provided evidence that the presence of G and R at the Q/R/N and +1 sites are likely
responsible for the changes in blocking sensitivity and play important roles in ion
permeability. The fact that PhTX-343 remained potent despite the mutations suggest
that this compound might have a different mode of action or different binding site

other than the M2 region and should be further characterized.



In the MTDL study, twenty one novel compounds were tested on GluN1-1a/GIluN2A
NMDAR subunits. Thirteen were memantine-derivatives (MAB) incorporated with
antioxidant moieties, three were spermine-derived polyamines also incorporated
with antioxidants, and five were combinatorial forms of donepezil and carvedilol. The
antagonistic properties of the compounds were tested electrophysiologically at -60
mV and compared with Mg?*and memantine. The MAB series were found to be weak
NMDAR channel blockers suggesting the loss of memantine functionality due to
attachment of the antioxidant structure to its amine group. Subsequently,
modification of the linker point to memantine moieties to free its amine group
eventually resulted in weaker NMDAR channel blockers with ICsos of more than 100
UM. The spermine-derived polyamines (CR compounds) were potent NMDAR
blockers with 1Csos (0.69 to 2.35 uM) comparable to memantine (2.28 uM) and

significantly lower than Mg?* (10.1 uM) and also exhibited voltage-dependence block.

Our mutation study revealed that CR18, the most potent MTDL compound was less
sensitive in NMDAR containing GR or RR mutation in GIuN2A subunits. This is a
favourable property of an NMDAR blocker for potential Alzheimer’s disease
treatment since GIuN3 subunits containing GR or RR at the Q/R/N and +1 sites are

less permeable to Ca?* influx and has been shown to exert neuroprotective effects.
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CHAPTER 1

INTRODUCTION

11 THE GLUTAMATE RECEPTOR FAMILY

Glutamate receptors mediate excitatory neurotransmission in the vertebrate CNS
(Kumar and Mayer, 2013). They are known to have a key role in memory and learning
and have been associated with a role in neurodegenerative disorders (Traynelis et al.,
2010). Ever since the first glutamate receptor subunit was cloned in rat by Hollmann
and colleagues, there have been important discoveries leading to the identification

of different glutamate receptor subunits (Hollmann et al., 1989).

Glutamate receptors are classified into metabotropic (mGIuR) or ionotropic
glutamate receptors (iGIuR). The former transmit signals via intracellular G proteins
while the latter open ion channels directly after agonist binding (Erreger et al., 2004;
Niswender and Conn, 2010). To date, 18 human iGIuR genes have been cloned giving
rise to four main classes of iGluRs characterized based on their pharmacological
properties, selective agonists, structural homology and DNA sequences (Mayer,
2011a). The three major families are 2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-
yl)propanoic acid (AMPA), kainate (KA) and N-methyl-D-aspartate (NMDA) receptors
which all mediate excitatory synaptic neurotransmission in brain (Mayer, 2011b). The
remaining orphan class, GluD consisting of GluD1 and GluD2 does not form functional
ion channels although they share similar overall structure with other types of iGIuR
(Collingridge et al., 2009; Mayer, 2011a). Although abundantly expressed in the brain
cerebellum, and may also be found in numerous regions of the brain, their function

in neurotransmission is yet to be established (Kumar and Mayer, 2013).



Table 1 shows the classification and nomenclature of iGIuRs as established by The
International Union of Pharmacology Committee on Receptor Nomenclature and

Drug Classification (NC-IUPHAR).

Table 1: lonotropic glutamate receptor classification by NC-IUPHAR

Receptor NC-IUPHAR Subunit | Human Gene Human Chromosomal
Family Nomenclature Name Location
GluAl GRIA1 5g31.1
GluA2 GRIA2 4932—q33
AMPA GluA3 GRIA3 Xq25-¢26
GluA4 GRIA4 11922
GluK1 GRIK1 21g22.11
Gluk2 GRIK2 6016.3—g21
Kainate Gluk3 GRIK3 1p34—p33
Gluk4 GRIK4 11g22.3
GIluK5 GRIK5 19q13.2
GluN1 GRIN1 9qg34.3
GIuN2A GRIN2A 16p13.2
GluN2B GRIN2B 12p12
NMDA GluN2C GRIN2C 17925
GluN2D GRIN2D 19q13.1
GIuN3A GRIN3A 9g31.1
GIluN3B GRIN3B 19p13.3
, , GluD1 GRID1 10q22
Orphan” (GIuD) | ) ns GRID2 4022

Table 1 presents the classification and nomenclature for ligand-gated ion channels for the
glutamate receptor family that are expressed in humans. Adapted from Collingridge et al.
(2009).

Each of the classes demonstrates a common modular structure which is conserved
throughout the iGluR family and differentiates them from other neurotransmitter
receptors and ion channels (Kumar and Mayer, 2013; Suzuki et al., 2013). They form
ligand-gated ion channels which allow cations to pass through the channel pore
(Meldrum, 2000). Sequence homology shared between the iGIuRs suggest that they
share a similar structure. All iGIuR subunits consists of four domains (i) extracellular
amino-terminal domain (ATD), (ii) extracellular ligand-binding domain (LBD), (iii)
transmembrane domain (TMD), and (iv) intracellular carboxyl-terminal domain (CTD)
(Traynelis et al., 2010). Figure 1 shows the common modular structure and domain

organization of glutamate receptors.
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Figure 1: Modular structure of glutamate receptors.

(A) Linear representation of the subunit polypeptide chain. (B) Schematic illustration of the
subunit topology comprising of (i) extracellular ATD (green), (ii) extracellular LBD (blue)
formed by two amino acid segments, S1 and S2, (iii) TMD (orange) comprised of three
membrane-spanning helices (M1, M3, and M4) and a membrane re-entrant loop (M2) which
forms part of the channel pore, and (iv) intracellular CTD. Source: Traynelis et al. (2010)

Despite sharing similarities, the different classes of receptors also display individual
developmental and cell-specific expression profiles, varied cation permeability to
Ca?* and distinct roles in brain physiology conferred by different subunit

combinations and RNA editing (Meldrum, 2000; Traynelis et al., 2010).

iGIuRs are inducible by L-glutamate as the primary neurotransmitter that mediates
mammalian excitatory neurotransmission in the CNS (Traynelis et al., 2010). L-
aspartate (Patneau and Mayer, 1990) and NMDA are agonists which specifically
stimulate NMDA receptors (NMDAR) (Mayer and Westbrook, 1987). The activation
of NMDAR, however, requires glycine or D-serine as the essential co-agonist
(Kleckner and Dingledine, 1988). Glycine was reported to be more potent with three

to four times lower EDsp than that of D-serine (Matsui et al., 1995), although later



studies have shown that D-serine is also a potent co-agonist (Chen et al., 2008). AMPA
and KA receptors (AMPAR and KAR, respectively) can be activated by their respective
specific agonists of glutamate analogues, although early reports have suggested that
certain assemblies of these receptor subunits may also be triggered by both amino
acids to a certain extent (Dingledine et al., 1999). AMPARs are also stimulated by
quisqualate by which the receptor was previously named until AMPA was found to
be more potent and selective (Watkins and Jane, 2006). Some of the major agonists

and co-agonists of ionotropic glutamate receptors are presented in table 2.

Table 2: Major agonists and co-agonists of ionotropic glutamate receptors.

Compound Chemical Structure
NH,
H,
L-Glutamate /'\/\
HO,C CO,H
H.C.
NMDA 3H &
MD H
CO_H
Hogc>\/ 2
0O
w0~
Quisqualate HO,C N\[rNH
0O

Kainate Q
CO_H

N 2
H
H,N
m OH
AMPA HO,C / {
HC™ o
Glycine H,N.__-COOH
NH

2
D-Serine HO\/L
COOH

Adapted from Watkins and Jane (2006) and Urwyler et al. (2009).




1.1.1 AMPA Receptors

The AMPAR subtype which is found abundantly in the brain has pivotal roles in
excitatory neurotransmission and synaptic plasticity (Chang et al., 2012). AMPARs are
also important in maintaining dendritic spines to ensure functional neural circuit
connectivity. Synaptic responses can affect changes to AMPAR density which in turn
affect the synaptic structure and actin cytoskeleton conferring the spine shape
(Chang et al., 2012). Structurally, AMPARs can form homomers but are generally
found to be heterotetramers assembled from the possible combinations of GIuA1l,
GluA2, GluA3 or GluA4 subunits that form ligand-gated ion channels (Collingridge et
al., 2009; Geiger et al., 1995; Traynelis et al., 2010). These AMPAR subunits are found
to be equally abundant but differentially distributed in specific parts of the brain
(Chang et al., 2012; Hollmann and Heinemann, 1994).

Heteromeric receptors, may be assembled from two GluA2 subunits and two of either
the GluA1l, GluA3, or GluA4 subunits (i.e., GIuA1A2, GIuA2A3, GIuA2A4) and are the
principal subtypes expressed on excitatory neurons (Sans et al., 2003; Wenthold et
al., 1996). Subunit composition varies depending on the brain region, but at the
hippocampal CA3—CA1 synapse most AMPARs are heteromers comprised of GluA2
plus GIuAl or GIuA3 subunits (Derkach et al., 2007). Homomeric receptors are more
dispersed throughout the nervous system, with GIuAl receptors mainly found on
inhibitory neurons (Geiger et al., 1995). Subunit compositions of the receptor
distinguished the characteristics and pharmacological properties of AMPARs such as
channel conductance, ion permeability, gating kinetics and trafficking (Jonas and
Burnashev, 1995; Washburn et al., 1997). In the adult brain, majority of the AMPARs
are co-assembled with an alternative form of the GluA2 subunit produced by RNA
editing which confers the ion channel Ca?*-impermeable characteristics (Henley and

Wilkinson, 2016).

More recently, the transmembrane AMPAR regulatory proteins (TARPs) have been
characterized which form associations with AMPARs as auxiliary subunits. TARPs

modulate trafficking and biophysical functions of the receptor playing a key role in



synaptic plasticity especially in long-term potentiation (LTP) and long-term
depression (LTD) (Bats et al., 2013; Payne, 2008 ). Further studies have shown that
TARPs bind directly to AMPARs, and target the receptors to synapses via binding to
the scaffolding protein postsynaptic density-95 (PSD95) and dramatically alter the
gating and pharmacological properties of AMPARs (Shi et al., 2010).

1.1.2 Kainate Receptors

There are five types of KAR s subunits, GluK1 to GIuK5 (previously termed GIuRS5,
GluR6, GluR7, KA1 and KA2) which are approximately 100 kDa (MW) in size (Lerma et
al., 2001). Similar to AMPAR subunits, GluK1, GluK2 and GluK3 subunits can assemble
into heteromers or homomers. However, GluK4 and GIuK5 can only function as ion
channels if co-assembled with GluK1 to GluK3 (Traynelis et al., 2010). The expression
of KAR are ubiquitous throughout the nervous system with each subunit
heterogeneously concentrated in certain areas of the brain (Lerma et al., 2001).
Studies concerning KAR function are relatively limited compared to AMPAR and
NMDAR. However, research has shown that KAR are involved in both excitatory and
inhibitory neurotransmission (Koga et al., 2012), nociception (Bhangoo and Swanson,
2013), and may underlie the neuropathophysiology of neurospsychiatric disorders
(Knight et al., 2012; Pickard et al., 2008) and epilepsy (Bowie, 2008). In addition,
researchers have identified two auxiliary subunits, termed as Neto1 and Neto2 which
co-assemble with KARs to modulate their functions. It has been indicated that Neto’s
affect how KAR respond when glutamate binds to them (Sheng et al., 2015; Wyeth et
al., 2014).

1.1.3 NMDA Receptors

NMDARs are ionotropic glutamate receptors activated by glutamate or NMDA as the
agonist and glycine or D-serine as the co-agonist. Two of the main characteristics
which distinguish NMDARs from other iGIuRs are their susceptibility to voltage-

dependent block by Mg?* and high permeability for Ca?* especially in GIuN2A and



GIuN2B-containing receptors as depicted in figure 2 (Sanz-Clemente et al., 2013;

Traynelis et al., 2010).
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Figure 2: Diagram of NMDA receptor showing its main distinct characteristics.

NMDA receptors require glutamate (Glu) which binds to GIuN2 and glycine (Gly) or D-serine
(Ser) as the co-agonist binding to GIuN1 to be activated (1). They are highly permeable to
Ca?" (2). They can be blocked by Mg?* which is dependent on the membrane potential (3).
Adapted from Sanz-Clemente et al. (2013).

The opening of NMDAR channels occur with the binding of glutamate bound to the
receptor, and when the postsynaptic cell is depolarized which removes the Mg?* from
blocking the channel (Dale et al., 2008). They are distributed ubiquitously throughout
the CNS (Wollmuth et al., 1996) where they are involved in synaptic plasticity and
long-term potentiation which underlie learning and memory (Takatsuki et al., 2001;
Zimmer et al., 1995). They also play critical roles in spatial learning, synaptogenesis
and contextual fear memory acquisition (Lynch, 2004; Traynelis et al., 2010). Due
to their functionality, NMDAR impairment is implicated in multiple neurological and
psychiatric diseases such as Alzheimer’s disease, schizophrenia and chronic pain

(Malinow, 2012; Suzuki et al., 2013).



1.2 NMDAR STRUCTURES AND SUBUNITS

The first rat NMDAR gene was cloned and characterized by Moriyoshi and colleagues
in 1991. It is now known that NMDARs are encoded by seven genes and form
obligatory heterotetramers (figure 3) comprised from the combination of three
subunits; GIuN1, GIuN2 and the most recently cloned GluN3 (Chaffey and Chazot,
2008). Numerous studies have established that the majority of NMDARs are
comprised of two GluN1 and two GIuN2 subunits. Both of these subunits are essential
to form a functional NMDA/glutamate-gated receptor channels in the mammalian

nervous system (Furukawa et al., 2005).

Figure 3: NMDA receptor heterotetrameric modular structure.
(A) Crystallographic space-filling homology model of two GluN1 (green and blue) and two
GIuN2 (yellow and magenta) subunits forming a heterotetrameric assembly, showing the
major regions (N-terminal domain, ligand-binding domain and transmembrane domain) of
the protein, (B) The corresponding backbone ribbon structure. Adapted from Monaghan et
al. (2012).

Each of the NMDAR subunits contain an N-terminal domain (NTD), an extracellular
agonist binding domain for glutamate/NMDA or glycine binding (ligand binding
domain, LBD) consisting of S1 (pre-M1) and S2 (between M3 and M4) regions, a
transmembrane domains (TMD) consisting of three transmembrane helices (M1, M3,
and M4) and a re-entrant loop (M2) which forms the selectivity filter region, and an
intracellular C-terminal domain as shown in figure 4 (Beck et al., 1999; Traynelis et

al., 2010).



Figure 4: Model structure of GluN1/GluN2/GIuN3 assembly.

Only three subunits are shown for clarity. Each subunit consists of an extracellular N-terminal
region containing the amino-terminal domain (ATD) and part of the agonist binding site (S1)
for glutamate (Glu) or glycine (Gly), a region containing four membrane domains; three
transmembrane regions (M1, M3, M4) and a cytoplasmic re-entrant loop (M2) and an
intracellular C-terminal domain. Between M3 and M4 is a large extracellular loop that
contains the other part of the agonist binding site (52). Also shown is the Q/R/N site which is
the amino acid residue thought to regulate ion selectivity marked by N/GO (green/yellow
circle) as well as +1 (green/red circle) and -8 (white circle) sites. These are all sites of interest
in this study.

1.2.1 GIluN1

The Grinl gene which encodes for the GIuN1 subunit is subjected to alternative
splicing. This gives rise to eight variants of GIuN1 which are differentially distributed
and expressed within the CNS (Cull-Candy et al., 2001; Kristiansen et al., 2007). The
eight GIuN1 variants are GluN1-1a, GIuN1-1b, GIluN1-2a, GIuN1-2b, GIuN1-3a, GIuN1-
3b, GluN1-4a and GIluN1-4b. GluN1-1a is the most abundant form and the most
extensively characterized (Cavara et al., 2009; Patil et al., 2012; Stephenson, 2006).
The GIuN1 subunit is fundamental for the functionality of NMDA receptors. It
contributes towards channel pore formation and provides the binding site for glycine,
the essential co-agonist for glutamate or NMDA (Traynelis et al., 2010; Vrajova et al.,
2010). This corresponds with findings that Xenopus oocytes expressing just GIuN1 are
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only faintly stimulated by NMDAR agonists (Moriyoshi et al., 1991) while there is no
response recorded in mammalian cells transfected with GIuN1 alone (Traynelis et al.,

2010).

1.2.2 GluN2

Within a year after GIuN1 was cloned, GIuN2 subunits were identified as being
comprised of four subtypes encoded by four different genes; GIuUN2A, GIuN2B,
GluN2C and GIuN2D (lkeda et al., 1992; Kutsuwada et al., 1992; Meguro et al., 1992;
Monyer et al., 1992). The GIuN2 subunits provide the site for agonist binding (NMDA
or glutamate) for activation to occur (Vrajova et al., 2010). The expression of GIuN2
subunits, primarily GIuUN2A and GIuN2B, are found abundantly in the forebrain
especially in the cortex and hippocampus (Traynelis et al., 2010). Although GIuN2B is
prominent in the early postnatal brain, this isoform eventually decreases during
development while GIuN2A increases until they become more abundant than
GluN2B. This GIuN2B-GIuN2A switch occurring during development is postulated to
underlie the functional changes in NMDA receptor properties (Liu et al., 2004).
GluN2C are found mainly in the cerebellum, and GIuN2D subunits are expressed in
basal ganglia and associated brainstem nuclei, including the subthalamic nucleus
(STN), globus pallidus, striatum, and substantia nigra (Brothwell et al., 2008; Swanger
et al.,, 2015).

GluN2 subunits are critical for the functionality of NMDA receptors and are believed
to distinguish the characteristics of the receptor assembly (Saiki et al., 2013; Sanz-
Clemente et al., 2013). GIuN2 subunits have been demonstrated to control and
confer NMDAR pharmacological and kinetic properties (Chen and Wyllie, 2006;
Gielen et al., 2009; Yuan et al., 2009). The combination of different GIuUN2 subunits
with GIuN1 renders the NMDAR variable in its sensitivity towards block by Mg?* and
other antagonists as well potency of agonists and co-agonists (Ishii et al., 1993;
Kutsuwada et al., 1992; Monyer et al., 1992; Wyllie et al., 2013) . For example, a study

by Wrighton et al. (2008) revealed that the sensitivity to Mg?* block was much less in

10



GIuN2D compared to in GIuN2A, by which the effects are mediated not only by the

channel pore region but also the ligand binding domain.

1.2.3 GIuN3

GIuN3A and GIuN3B were the final subtypes of NMDAR subunits discovered in 1995
and are of particular interest to this study (Ciabarra et al., 1995; Forcina et al., 1995;
Sevarino et al., 1996; Sucher et al., 1995). Rat GIuN3A is composed of 1115 amino
acids while GIuN3B is composed of 1002 amino acids (Pachernegg et al., 2012). Akin
to GluN1, GluN3 subunits provide a binding site for glycine but with a stronger affinity
compared to the former (Nilsson et al., 2007). On their own, GIuN3 subunits are not
functional and even when co-expressed with the GIuN1 subunit, the combination
have not been convincingly proven functional in mammalian neurons (Cull-Candy et
al., 2001). However, Chatterton et al. (2002) have reported that Xenopus oocytes co-
injected with both GIuN1 and GIuN3 may be stimulated by glycine. So far, receptor
assemblies containing GIuN3 subunits together with the original composition of
GIuN1/GIuN2A/B subunits have been found in specific areas of the CNS and also
expressed in Xenopus oocytes or cell lines such as the human embryonic kidney

(HEK)-293 cells (Sasaki et al., 2002).

GluN3A has a unique developmental expression pattern distributed across several
brain regions (Wong et al., 2002). It is initially expressed in the thalamus, entorhinal
cortex, subiculum and several layers of the neocortex. It is elevated during the first
postnatal weeks in the CA1 field of the hippocampus and in the thalamus. It has also
been detected in the spinal cord, medulla, pons, tegmentum and hypothalamus at
varying degrees (Ciabarra et al., 1995; Sucher et al., 1995; Sun et al., 1998). The
expression level will eventually decline but remain low in specific areas of the brain
throughout adulthood. Therefore it was suggested that GIUN3A could control
NMDAR function in a time-dependent manner during critical periods of development
(Kehoe et al., 2013). GIuN3B has a different spatial and temporal expression pattern
and can act independently of GIuN3A (Cavara et al., 2009; Chatterton et al., 2002;
Matsuda et al., 2002; McClymont et al., 2012). The expression of GIuUN3B mRNA levels
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rise throughout the development and is maintained into adulthood, with a

distribution in the pons, midbrain, medulla and spinal cord (Matsuda et al., 2002).

Although GIuN3 receptor subunit functions are yet to be clearly distinguished,
previous studies have demonstrated that they are responsible for: (i) reduced
susceptibility to be blocked by Mg?* and reduced Ca?* permeability (Matsuda et al.,
2002; McClymont et al.,, 2012; Sasaki et al., 2002); (ii) reduced single channel
conductance thus downregulating the channel current (Das et al., 1998; Sasaki et al.,
2002); and (iii) forming excitatory glycine-gated receptor complex with GIuN1
(Chatterton et al., 2002; Stephenson, 2006).

A study by McClymont et al. (2012) demonstrated that the incorporation on GIuN3
subunits in the original composition of NMDAR impaired the blocking efficacy of
several well-known antagonists. More interesting is that NMDAR complexes
containing GIuN3B generally confer higher resistance to antagonist block compared

to GIuN3A across different membrane potentials as presented in table 3.

Table 3: IC5o for several channel blockers tested on NMDA receptors containing GluN1-1a
and GIuN2A compared to NMDAR incorporated with GIuN3A or GIuN3B at three holding
potentials.

-50 mV -75 mV -100 mV

1/2A +3A 1/2A | +3A +3B 1/2A | +3A | +3B

Mg** 16.0 25.8 423 | 224 | 40.1 | 1.74 | 5.83 | 15.7

+3B
71.6

Memantine 394 | 159 | 18.2 | 248 | 7.54 | 17.5 | 0.80 | 2.55 | 17.8
5.56

MK-801 0.50 0.49 0.21 | 0.31 | 2.19 | 0.19 | 0.46 | 0.68

PhTX-343 17.2 173 | 62.8 | 295 | 464 | 574 | 030 | 1.40 | 0.93

ICsos are in uM. Values in bold are significantly different compared to 1/2A (GluN1-
1a/GIuN2A). Values underlined are significantly different between +3A (GIuN1-
1a/GIluN2A/GIuN3A) and +3B (GluN1-1a/GluN2A/GIuN3B). Adapted from McClymont et al.
(2012).
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The study by McClymont et al. (2012) provided evidence that NMDARs containing
GIuN3 subunits generally cause reduced Mg?* block resulting in significant increase
of 1Cso for Mg?* and several other open channel blockers tested. It was strongly
postulated that the amino acid residue, glycine (G) located at the selectivity filter in
the M2 pore region might be the reason for this phenomena since this site is known
to be responsible for ion permeation and Mg?* block. The site termed ‘Q/R/N’ is
further discussed in the next section. A summary of the NMDAR subunit diversity,

structure and expression is presented in figure 5.
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Figure 5: NMDAR subunit diversity, structure and expression.

(A) The seven NMDAR subunits that have been identified: GIuN1, GIuN2A-D and GIuN3A-B.
GluN1 and GIuN3A subunits undergo further alternative splicing. M1-M4 represent
membrane segments. (B) Modular architecture shared by all GIuN subunits consisting of the
N-terminal domain (NTD), the agonist-binding domain (ABD), the transmembrane domain
(TMD) containing the channel pore, and the intracellular C-terminal domain (CTD). (C)
Example of possible combinations of NMDAR subunit assemblies. (D) GIuN subunit
expression in the mouse brain at day of birth (postnatal day 0 (P0)), 14 days after birth (P14)
and at the adult stage. Adapted from Paoletti et al. (2013).
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1.2.4 The Q/R/N Site and mRNA Editing

The narrow selectivity filter region of NMDARs is formed at the M2 loop domain and
constitutes an important amino acid that controls single channel conductance, Ca?*
influx and voltage-dependent block by Mg?* as well as polyamines (Burnashev, 1998;
Burnashev et al., 1992; Traynelis et al., 2010). In GIuN1 and GIuN2A-D, this site is
occupied by asparagine (N), while in AMPAR (except GluA2) and KAR (except some
GluK1 and GluK2), the site is occupied by glutamine (Q). These sites promote Ca?*
permeability. In GIluA2 and some GluK1 and GluK2, mRNA editing replaces Q by the
positively charged arginine (R) that abolishes Ca?* permeability and prevents the
block by intracellular polyamines that causes inward rectification in GluA2-lacking
AMPARs. The site has thus been termed the ‘Q/R/N site’ (Burnashev, 1998; Wollmuth
et al., 1996; Wollmuth and Sakmann, 1998) and has been widely studied in terms of
its effect on permeation and channel conductance. An alignment of amino acid
sequences for NMDAR subunits in both rat and human in contrast to GluA1 and GluA2

at the homologous position in relation to the Q/R/N site is presented in figure 6.

M2 M3
hGlual ZE'GIFNS]’.;FSL RSLSGRIV TLIIIS A VCAFLTVERMVSP
rGluAl ZE'GIFNSL‘FSL RSLSGRIV TLIIIS A VFLTVERMVSP
hGlua2 :E'GI:E'NSI.EFSL R RSLSGRIV TLIIIS A VAFLTVERMVSPE
rGluA2 :E'GI:E‘NSL‘FSL F: RSLSGRIV a'I'LIIIS AU VAFLTVERMVSPE
hGluNl-1a LTI.SSAM.‘FSW A RSFSARIL wWIIV e A VAFLVLDRPEER
rGluNl-1a LTI.SSAM‘FSW B RSFSARTL WIIV AV FLVLDRPEER
hGluN2A FTIGKAI‘LI.WGL 1] TSKIMVS VI B A GFLIFMIQEEFVDQ
rGluN2a :E'TIGKA.IwLI.WGL SVEVQMN 2] TSKIMVS *A.E\AA VI A AN YAFMIQEEFVDQ
hGluN2B FTIGKA.I‘LI.WGL SVEVQN TSKIMVSVN VI 4 AU VAFMIQEEYVDQ
rGluN2B FTIGKA.I*LI.WGL SVEVQN) ':['SKIINIVS‘.J.‘HA.E\AFk VI f AU VAFMIQEEYVDQ
hGluN2C FTIGKSV!LI.WAL SVPIEN R TSKIMVI.V*A_EFA VI 4 AR LFMTIQEQYTIDT
rGluN2C FTIGKSV‘LI.WAL SVPIEN R TSKIMVI.V*A_E\JA VI 4 AR LFMIQEQYTIDT
hGluN2D FTIGKSIwLI.WAL SVE P13 TSKIMVI.V&A.;S:VI o AU VAFMIQEEYVDT
rGluN2D FTIGKSIJLLWAL SVP IZRGTTSKIMVLY, VI AU VAFMIQEEYVDT
hGluN3A FSFSSALHICYALL GR P) =] GRHWIHC!ECLS Y'TA VMVGEKIYEE
rGluN3A FSFSSAL YALLFC i TARTKP ] GRWIHCWCLS Y'T2 VIVMVGEKIYEE
hG1luN3B FSYSSALYLCYATLFI: SKTj:] PTGWII CLLVLS A Y IVMVGDKTFEE
rGluN3B FSYSSA.T.NLCYAILEETVSS IFHCPTGRFLMNLATIJCLLVLS B N VMVGDKTEFEE
: T - T\ *: F T* ooz o rrrkEEEEEE - T, .
-8 QfR/Nsite (0) +1

Figure 6: Amino acid sequences of NMDAR subunits alignhed with AMPAR subunits, GluAl
and GluAz2 at the major pore lining regions (M2-M3) in rat and human.

In relation to the Q/R/N amino acid, this site is considered as position 0 and highlighted in
blue. The adjacent amino acid to the right considered as position +1 (highlighted in green)
and amino acid at position -8 (highlighted in purple) are also of interest in this study.
Differences between GIuN3A and GIuN3B are highlighted in yellow. Fully conserved residues
are highlighted in red, also indicated with asterisks. Double dots represent groups of strongly
similar residues and single dots represent groups of weakly similar residues. r = rat, h =
human. Sequence alignment was generated via http://www.ebi.ac.uk/Tools/msa/clustalo/
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In the conventional heteromeric NMDAR composition, N occupying the Q/R/N site in
GIluN1/GIuN2 subunits confers the receptor’s property of high Ca?* permeability.
Analogous to the situation, GIuA2 in AMPARs with R at the Q/R/N site when co-
expressed with other AMPAR subunits, cause a reduction in Ca?* permeability and
blocking potency by AMPAR open channel blockers including polyamines, polyamine-
containing toxins and dicationic derivatives of adamantine (Bolshakov et al., 2005;
Cavara and Hollmann, 2008; Mellor and Usherwood, 2004; Stromgaard and Mellor,
2004). One study has shown that in GIuN1, amino acid replacement at the Q/R/N
position was found to strongly affect Ca?*permeability but not block by Mg?*. In
GluN2, however, the same study revealed an almost opposite effect; i.e. a mutation
at this site was demonstrated to heavily influence Mg?* block activity although having

only weak effects on Ca?* ion permeation (Burnashev et al., 1992).

In the less well characterised members, GIuUN3A-B, this site is occupied in most cases
by glycine (G) which might explain why NMDARs containing either of these subunits
are less permeable to Ca?* (Ciabarra et al.,, 1995; Sucher et al., 1995). Also of
significance to the role of GIuUN3 subunits is the next residue downstream which is R
at the +1 site as opposed to Q, S, or N in other members of iGIuR subunits. This R is
also very likely involved in ion permeation as previous studies have shown that it has
an impact on open channel block. Mg?*, memantine and MK-801 have been
demonstrated to have binding sites at N of the Q/R/N site in both GluN1 and GIuN2
subunits and the +1 residue adjacent to this in GIuN2 (Burnashev et al., 1992;
Kashiwagi et al., 2002; Mori et al., 1992; Sakurada et al., 1993). Interestingly, DNA
sequencing has revealed that human GIuN3B contains R, both at the Q/R/N and +1
sites in contrast to all other known GluN3 subunits which may confer even stronger
resistance to open channel block and Ca?* permeability (Andersson et al., 2001; Nishi
et al., 2001). Another important residue is Tryptophan (W) at the -8 site; when
mutated to N in GIuN2, blocking potencies of memantine and MK-801 are reduced
(Kashiwagi et al., 2002). The equivalent position in GIuN3A and GIuN3B is occupied
by N while all other subunits contain a W. These sites were further investigated in the

present study.
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1.3 NMDA RECEPTOR CHANNEL BLOCK

NMDA receptor antagonists can be classified into four categories as depicted in figure
7: (i) competitive antagonists which bind and block the NMDAR agonist binding site;
(i) glycine antagonists which bind and block the binding site of glycine as the co-
agonist; (iii) non-competitive antagonists which bind other sites on the NMDAR, for
example the allosteric sites, thus inhibiting the NMDAR; and (iv) uncompetitive
antagonists which bind to a site within the pore thus blocking the receptor channel

(Kim et al., 2002).

A: Activated Glutamate Allosteric binding site
NMDAR Glutamate I / Glycine
bmd.mg \\‘
site - Glycine hinding site

Cell membrane

Intracellular
space

Caz+ channel

B: Competitive C: Glycine
antagonist antagonist
Glycine site
Glutamate Competitive Glycine tagonist
antagonist \.
]
Glutamate
binding
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D: Noncompetitive E: Uncompetitive
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Noncompetitive Channel
antagonist Allosteric blocker
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"' ’ » * ]
|

Figure 7: A simplified schematic showing activated NMDAR and the mechanism of NMDAR
block by various types of antagonists. Adapted from Kim et al. (2002) and Delldot (2007).
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NMDA receptors can be antagonised by Zn?*, Mg?* and polyamines in a voltage-
dependent manner, a characteristic which is important for the regulation of neuronal
physiological function (Traynelis et al., 2010). While Mg?* was postulated to bind in
the channel pore (Nikolaev et al., 2012), Zn?* and polyamines may also bind at the

ATD site in both GIuN1 and GluN2 subunits (Blanke and VanDongen, 2009).

This present study assessed several known NMDA antagonists such as Mg?,
memantine, MK-801, philanthotoxin-343 (PhTX-343) and a variety of new
compounds derived from memantine, spermine and spermidine as discussed further

in this section.

1.3.1 Mg*

Numerous studies in the 1980s and 1990s have established that Mg?* blocks NMDARs
in a voltage-dependent manner (Ault et al., 1980; Mayer et al., 1984; Nowak et al.,
1984; Paoletti et al., 1995). Regulation of NMDAR by extracellular Mg?* block plays a
pivotal role in synaptic plasticity which mediates higher cognitive function such as
learning and memory (Traynelis et al., 2010). A mutagenesis study by Mori et al.
(1992) suggested that the N residue at the Q/R/N site of the M2 domain constitutes
the binding site for Mg?*. It was found that Mg?* block was void when the N was
substituted with Q at the Q/R/N site of either GIuN1 or GIuN2, or indeed both.
Consistent with previous studies, McClymont et al. (2012) demonstrated the voltage-
dependent block by Mg?* and substantiated the evidence that GIuN3 caused
reduction of Mg?* block when incorporated with GluN1-1a/GIuN2A subunits. Even
more interesting is that GIuN3B resulted in an even higher ICso value for Mg?*

compared to GIuN3A and observed at all three membrane potentials tested.
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1.3.2 Memantine

Memantine (chemical name: 1-amino-3,5-dimethyladamantane hydrochloride,
molecular formula: C12H21N HCI) is an un-competitive NMDAR blocker currently used
as a clinical drug to treat the symptoms of moderate to severe Alzheimer’s disease
(Atri et al., 2013). Memantine was first marketed in Germany in 1982 which was
originally intended for use in the treatment of organic brain syndrome — a term
representing any mental disorder associated with changes in brain tissue (Diamond,
2011; Forest Laboratories, 2003). The structure of memantine is presented in figure

8.
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Figure 8: Chemical structure of memantine.
Adapted from Molinuevo (2005).

As an open channel blocker, memantine requires pre-activation of the receptor
channel by an agonist before inhibition can take place (Frolund et al., 2010). It works
by preventing excitotoxicity without interfering with physiological activation of the
receptor essential for normal brain function. This may be the reason for its success in
treating Alzheimer’s disease compared to other inhibitors. Patients generally tolerate
memantine well due to its moderate blocking potency resulting in minimal side

effects often seen in treatments with other strong antagonists (Robinson, 2008).

Antagonism by memantine is reported to be highly voltage-dependent and shows
little selectivity on three combinations of NMDAR (GIuN1/GIuN2A, GIuN1/GIuN2B,
GIuN1/GIuN2D) expressed in HEK-293 cells (Bresink et al.,, 1996). However,
McClymont et al. (2012) reported that incorporation of GIUN3 subunits in a

GIuN1/GIuN2A receptor assembly does affect memantine block where ICsp of
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memantine was increased at all membrane potentials tested. Similar to Mg?* block,

GluN3B greatly reduces memantine inhibition compared to GIuN3A.

1.3.3 MK-801

MK-801 (chemical name: (+)-5-methyl-10, 1 1-dihydro-5H-dibenzo[a,d]cyclohepten-
5,10-imine maleate, molecular formula: CigH1sN) also known as dizocilpine was first
discovered by Merck in 1982. It is a potent and selective un-competitive antagonist
of the NMDA receptor (Foster and Wong, 1987; Wong et al., 1986). The chemical

structure of MK-801 is presented in figure 9.

SN2

CHy

Figure 9: Chemical structure of MK-801.
Adapted from and Wong et al. (1986).

MK-801 possesses secondary amine and benzenoid functions and displays a wide
array of biological properties including anticonvulsant and anaesthetic (Kovacic and
Somanathan, 2010). MK-801 is also known to affect the processing underlying
sensory (Al-Amin and Schwarzkopf, 1996) and locomotor activity (Liljequist et al.,

1991).

Wong et al. (1986) reported that MK-801 possesses high-affinity binding properties
to NMDA receptors in rat brain membranes especially in the hippocampus. Other
regions displaying high affinity were cerebral cortex, corpus striatum, and medulla-
pons, while no binding was detected in the cerebellum. In contrast to memantine, it
has a very slow onset with slow block recovery. In vitro neurophysiological studies
using a preparation of rat cortical-slice show a potent, selective, and un-competitive
blocking by MK-801 of depolarizing responses to NMDA, but not to other agonists

such as kainate or quisqualate. The compound however has been demonstrated to
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selectively bind to GIuN1/GIuN2A and GIuN1/GIuN2B subunit combinations
compared to receptor assemblies containing GIuN2C and GIuN2D in both HEK-293
cells as well as Xenopus oocytes (Laurie and Seeburg, 1994; Yamakura et al., 1993).
However, more recent findings have demonstrated that MK-801 has the ability to
also block NMDAR containing GIuN2C or GIuN2D but is dependent on the pH as well

as stereo-selectivity of the compound (Dravid et al., 2007).

Electrophysiology experiments have demonstrated that the potency of MK-801 to
inhibit NMDA responses is found to be use-dependent, where the extent of blockade
is accelerated by addition of NMDA agonists instead of the duration which the
receptor is exposed to MK-801 (Foster and Wong, 1987). Mutagenesis studies have
demonstrated that the binding site for MK-801 may overlap with or be the same as,
Mg?* and memantine at the Q/R/N, +1 and other sites of the channel pore (Kashiwagi
et al., 2002; Mori et al., 1992). This may explain the similarity of blocking pattern by
MK-801 with Mg?* and memantine, and that GIuN3 generally results in a reduction of
channel block by these compounds although less significantly by MK-801 (McClymont
et al.,, 2012).

MK-801, however, was shown to possess certain characteristics which compromised
its use in clinical settings. Unlike memantine, it is not well tolerated in human and is
more potent on receptor combinations containing subunits abundantly found in the
cortex. Early studies also showed that MK-801 exerts negative side-effects including
stereotypy, catalepsy, motor incoordination and psychomimetic-like side effects
(Bresink et al., 1996; Koek et al., 1988 ), acute cytopathological changes in neurons
(Olney et al., 1989), memory and learning impairments as well as cardiovascular

changes (Bischoff and Tiedtke, 1992; Danysz et al., 1995).
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1.3.4 Polyamines: Spermine and Spermidine

Spermine is a natural polyamine formed from spermidine and found in almost all
prokaryotic and eukaryotic cells (Seiler, 2005). Both spermine and spermidine are
involved in various metabolic functions necessary for cell growth and proliferation
(Zini et al., 2009). The chemical structures of spermine and spermidine are shown in

figure 10.

A. HZNWNHW\NH/V\NHZ

B. 2 W\NH NH,

Figure 10: Chemical structures of (A) spermine and (B) spermidine.
Adapted from Williams (1997a).

The original discovery that NMDAR may be regulated by polyamines was shown by
Ransom and Stec (1988) who demonstrated that spermine and spermidine at higher
concentrations enhanced the binding of MK-801 to NMDAR. Both spermine and
spermidine were also shown to directly block NMDAR, with the latter somewhat less
potent than the former (Williams, 1997b). The current study employed several
polyamines known to block NMDAR such as philanthotoxin-343 as well as novel

spermine-derived compounds.

1.3.5 Philanthotoxin Analogues

The philanthotoxin isolated from solitary digger wasp, Philanthus triangulum venom
was first discovered by T. Piek and colleagues noting that it exerted glutamate
receptor blocking properties (Piek et al., 1971; Piek et al., 1980; Piek and Njio, 1975).
The natural pure toxin, containing a butyryl/tyrosyl/polyamine structure was
eventually purified and termed PhTX-433. Subsequently two closely related
analogues, PhTX-334 and PhTX-343 (numerals denote the number of methylenes

between the amino group of the spermine moiety from left to right) were synthesized
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but still retaining the pharmacologically active properties (Eldefrawi et al., 1988).
Philanthotoxin compounds are typically 2.0 to 4.0 nm long, and contain a polyamine
chain with an amide-linked aromatic amino acid at the headgroup. Due to its length,
it was postulated that the molecule would interact with multiple amino acids within

the channel pore (Bdhring and Mayer, 1998).

Shown in figure 11 are the chemical structures of PhTX-433 which consists of a tyrosyl
headgroup and a butyryl side chain attached to a thermospermine moiety and PhTX-

343 with thermospermine exchanged for symmetrical spermine.
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Figure 11: Chemical structures of (A) PhTX-433 and (B) PhTX-343.
The structures of philanthotoxin compounds are composed of (i) an ammonium group, (ii) a
long polyamine (thermospermine) chain, (iii) an aliphatic butyryl group and (iv) an aromatic
tyrosyl group. Adapted from Frolund et al. (2010) and Kachel (2014).

PhTX-343 is an un-competitive antagonist for all three classes of glutamate receptors
including NMDAR (Bahring and Mayer, 1998; Brackley et al., 1993; Huang et al.,
1997). Antagonism by PhTX-343 is reported to be use- and voltage-dependent
suggesting the interaction of this compound with open channel conformations of the

receptor and exhibit slow dissociation from the binding site (Brackley et al., 1993).
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A previous study showed that at concentrations of 0.1 and 10 uM, PhTX-343 blocked
the glutamate response by 9% and 61% in Xenopus oocytes expressing GIuN1/GIuN2A
subunits at -60 mV (Frolund et al., 2010). In the study by McClymont et al. (2012),
PhTX-343 block was shown to be strongly dependent on membrane potential which
suggests a deep pore binding site for this compound. In relation to GIuN3, blocking
by this compound was only affected at a less negative membrane potentials. The ICso
of PhTX-343 was significantly higher in NMDAR co-expressed with GIuN3 subunits
compared to GIuN1/GIuN2A assembly without GIuN3A or GIuN3B.

A variety of synthetic philanthotoxin analogues have been developed as structural
modifications have been shown to improve potency and selectivity of the compound
(Stremgaard et al.,, 2005). The current study evaluated two novel philanthotoxin
analogues which were synthesized in collaboration with Dr. Henrik Franzyk and Prof.
Kristian Strgmgaard from the University of Copenhagen, Denmark. These compounds
were incorporated with a cyclohexyl- or benzyl-group. A previous study by Mellor et
al. (2003) showed enhanced blocking potencies on ionotropic glutamate receptors
for philanthotoxin analogues containing these two moieties. For one of the
analogues, the tyrosine group was replaced with a cyclohexylalanine and termed as
cyclohexylalanine-philanthotoxin-343 (Cha-PhTX-343). For the other analogue, two
modifications were introduced, the tyrosyl group was substituted with
cyclohexylalanine and a benzene was introduced at the butyryl group. The compound
was hence termed as benzyl-cyclohexylalanine-philanthotoxin-343 (Bn-Cha-PhTX-

343). Structures of the compounds are displayed in figure 12.
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Figure 12: Structure of philanthotoxin analogues. (A) Cyclohexylalanine-philanthotoxin-
343 (Cha-PhTX-343), (B) Benzyl-cyclohexylalanine-philanthotoxin-343 (Bz-Cha-PhTX-343).

1.4  ALZHEIMER’S DISEASE (AD) AND NMDA RECEPTORS

1.4.1 Epidemiology of Dementia and AD

Dementia is a global health problem which affects not only individuals suffering from
the disease and their society but it also has a profound effect on global productivity
and world economics (Murphy et al., 2014). Alzheimer’s Disease (AD) is the most
prevalent type of dementia which accounts for about 60-80% of all dementia cases
(Imtiaz et al., 2014). According to a comprehensive systematic review and meta-
analysis conducted by Prince et al. (2013), it was estimated that 35.6 million of the
world population suffered from dementia in 2010. Western Europe had the highest
number of population suffering from dementia with 7 million, followed by East Asia
(5.5 million), South Asia (4.5 million) and North America (4.4 million). Ranking the
countries with the highest number of people living with dementia, China came in first
with 5.4 million, followed by USA (3.9 million), India (3.7 million), Japan (2.5 million),
Germany (1.5 million), Russia (1.2 million), France (1.1 million), Italy (1.1 million) and
Brazil (1.0 million). It was estimated that there were 9.9 million new cases in 2015
bringing the total to 46 million people suffering from dementia today. This is larger

than the entire population of Spain (Prince et al., 2015).
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With the increase of worldwide population longevity, the prevalence was expected
to increase over the years and will almost quadruple in the next 30 years (Prince et
al., 2015; Reitz and Mayeux, 2014). 2010 to 2050 projections by Prince et al. (2013)
estimated a moderate increase for developed regions: 87% rise in Europe, 148% in
the developed Asia-Pacific countries, 151% in North America and 200% in South Latin
America (starting from a high point of the present incidence at the time the report
was produced). Starting from a low base, other parts of Latin America and North
Africa/Middle East were predicted to experience tremendous increases of more than
400% to 500%. Starting from a high base, other parts of Asia would also experience
rapid growth with 282% increase in South Asia and 311% in East Asia. Modest
increases were expected in Sub-Saharan Africa (100% to 300%) due to high
occurrence of child mortality and AIDS. Figure 13 depicts the global incidence of
worldwide population suffering from dementia and the projection for the next 35

years.

Americas Africa Europe ' World

Figure 13: Global incidence of people living with dementia.
Source: Prince et al. (2015)

Dementia has put an extreme burden on the world economy. According to the World
Alzheimer Report 2015, global costs for medical, social and informal care of dementia
patients have risen from USS 604 billion in 2010 to USS 818 billion in 2015. The cost

is estimated to increase to a trillion dollars by the year 2018. These alarming facts
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and figures emphasize the importance of research into the neuropathogenesis of
dementias and AD, the development of therapeutic strategies, as well as prevention

mechanism for this debilitating disease.

1.4.2 Pathogenesis of AD

Dementia is manifested by progressive deterioration of cognitive functions especially
memory impairments and inability to execute normal daily activities (O'Brien and
Wong, 2011; Riedel, 2014). AD was first described by a German psychiatrist, Dr. Alois
Alzheimer more than a century ago when he was presented with a female patient
(Auguste Deter, 51 years old) whom over the years, experienced memory loss,
paranoia, hallucinations and general cognitive decline before she died (Qiu et al.,
2009). Post-mortem histopathology investigations of her brain revealed abundant
cortical plagues and neurofibrillary tangles that were later confirmed to be the
primary features of the disease (Goedert and Ghetti, 2007; Miklossy, 2015). Since
then, extensive research has been conducted concerning the pathophysiology of AD
and until now definite answers remain ambiguous due to the multifactorial nature of
the disease. Unfortunately, a cure is still a long way off. The general consensus,
however, acknowledges the notion that progressive accumulation of B-amyloid (AB)
protein underlies the pathogenesis of AD (Crews and Masliah, 2010) and that such
plaques are normally surrounded by neurofibrillary tangles and accompanied by
intense microgliosis as well as loss of neurons, white matter and synapses (Reitz and
Mayeux, 2014). 20% to 30% of AD cases, however, also presented with
cerebrovascular pathologies mainly atherosclerosis (Dolan et al.,, 2010) and
aggregation of Lewy bodies (Schneider et al., 2007) mixed with neuritic plagues and
neurofibrillary tangles composed of hyperphosphorylated tau protein (O'Brien and
Wong, 2011). An example of a brain biopsy from an AD patient revealing senile

plaques and neurofibrillary tangles is presented in figure 14.
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Figure 14: Senile plaques and neurofibrillary tangles observed in the cortex of an
Alzheimer’s disease patient. Source: Blennow et al. (2006)

It is widely postulated that the neuropathological changes in AD are the results of
both environmental and genetic factors. Although the majority of AD cases remain
causally unknown, one to five percent of the cases are attributed to genetic
hereditary factor which result in presentation of an early onset type of AD (EOAD)

(Reitz and Mayeux, 2014).

Four major genetic predisposing factors underlying the pathogenesis of

predominantly early AD in relation to the AR phenotype are summarized in table 4.

Table 4: Genetic predisposition to Alzheimer’s disease in relation to AB expression.

Chromosome | Gene Defect AB Phenotype Onset
21 APP mutation Increased total AB or AP, Early
14 PSEN1 mutation Increased ABa Early
1 PSEN2 mutation Increased ABa; Early

19 APOg4 variant Increased AP plaques and vascular | Late and
deposits early

Adapted from Selkoe (2004).
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EOAD, also termed as familial Alzheimer's disease (FAD) is a rare autosomal dominant
form of AD commonly associated with mutations in three main genes: APP gene on
chromosome 21 which encodes the amyloid precursor protein; PSEN1 gene on
chromosome 14 encoding presenilin-1 (PS-1); and PSEN2 gene located on
chromosome 1 which codes for presenilin-2 (PS-2) (Crews and Masliah, 2010).
Mutations in all three genes involved in EOAD are thought to contribute towards AB
and tau pathologies (Igbal et al., 2014). APP is the precursor molecule which
undergoes proteolysis giving rise to the neurotoxic AB plaques, the key hallmark of
AD (O'Brien and Wong, 2011). PS-1 and PS-2 selectively elevate APa42, the most toxic
amyloidogenic form of the protein plague (Younkin, 2006). Studies have also shown
that PS-1 and PS-2 have roles in the activity of y-secretase, an enzyme that cleaves
APP forming AB peptide (De Strooper et al., 1998; Vassar, 1999). Approximately half
of all FAD patients are reported to possess damaging loss-of-function mutations in

the PSEN genes (Bi, 2010).

The majority of late onset Alzheimer’s disease (LOAD) cases are sporadic and
idiopathic (Igbal et al., 2014). Whereas EOAD is linked to the build-up of AB plaques
in the brain, sporadic Alzheimer’s disease (SAD) or LOAD has been associated with
the failure to remove excess AP in the brain resulting in imbalance of production and
clearance (Dong et al., 2012; Selkoe, 2004). LOAD is characteristically heterogeneous
and is attributed to the interaction of both genetic and environmental factors (Crews
and Masliah, 2010). Indeed more recently, it has been postulated that the interaction
between genetic and environment factors in neurological and neurodegenerative

diseases may occur through epigenetic mechanisms (Landgrave-Gomez et al., 2015).

APO¢g4 allele of the APOE gene located on chromosome 19q13 is one of the few
known large effect genetic risk factors for LOAD. Apolipoprotein E4 (ApoE4) encoded
by the APOE gene is thought to interact via two different pathways; one is amyloid-
dependent and the other is not. Spinney (2014) described the first pathway as
involving ApoE possibly acting as a molecular pathological chaperone in promoting

the deposition of AB protein in the brain whereas the second pathway involves the
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metabolism of ApoE into toxic fragments that have harmful effects on mitochondria

and the cell skeleton (Spinney, 2014).

Numerous studies have been conducted to elucidate the pathological role of AB in
EOAD and LOAD. Research findings have demonstrated that AP oligomer interferes
with calcium signalling, instigates oxidative damage and induces mitochondrial
dysfunction (Dong et al., 2012). AB dimers were shown to inhibit hippocampal
synaptic plasticity in vivo (Klyubin et al., 2008) whereas neurons exposed to APa
results in rapid loss of tau-dependent microtubule assembly. Walsh and Selkoe (2004)
provided evidence of a damaged synaptic morphology and decline in postsynaptic
receptor function caused by soluble AB oligomers. This synaptic deficits and
disruption of neuronal networks potentially caused by AP are postulated as
contributing to the etiopathogenesis of cognitive dysfunction in AD (Dong et al.,

2012).

In LOAD, the failure to degrade and remove AB have also been linked to many
enzymes such as neprilysin (NEP) and insulin-degrading enzyme (IDE). Studies have
shown that these enzymes are reduced in AD resulting in the failure of AB clearance

(Dong et al., 2012; Miners et al., 2008).

A schematic diagram representing potential mechanisms underlying AD development

in relation to AB formation (often termed the amyloid cascade hypothesis) is outlined

in figure 15.
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Figure 15: Schematic diagram of the amyloid cascade hypothesis underlying AD pathogenesis.

Cellular dysfunction will lead to the formation of AR plaques which in turn contribute to
neurogenesis defects and synaptic damage ultimately causing impairments of the cognitive
function seen in Alzheimer’s disease. It is, however, important to note that although the
direct association between AR and neuropathology is unquestioned, the exact mechanism by
which AB pathology impairs neuronal function and memory remains unclear. Adapted from
Blennow et al. (2015), Crews and Masliah (2010), Dong et al. (2012) and Selkoe (2004).
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Aside from the amyloid cascade, the cholinergic pathway is another model for AD
pathology and it is what most currently available AD therapeutics were based on
(Craig et al., 2011; Francis et al., 1999). Investigations undertaken in the late 60s to
mid-70s revealed marked decline of an enzyme involved in acetylcholine (ACh)
production - choline acetyltransferase (ChAT), decreased uptake of choline as well as
reduced ACh release in AD patients. These findings support the notion of a
‘cholinergic deficiency’ (Francis et al., 1999). The fact that ACh neurotransmission is
implicated in the role of learning and memory (Fibiger, 1991), cholinergic deficits
were suggested to significantly contribute to cognitive impairment observed in AD

patients (Araujo et al., 2005; Francis et al., 1999).

Another pathological characteristic strongly associated with AD is oxidative stress
(Moreira et al., 2005). In vitro models have demonstrated that cells exposed to AB
induce excess flux of Ca?* and oxidative damage contributing towards neurotoxicity
(Mattson, 2004; Tabner et al., 2005). AB was hypothesized to be involved in the
production of peptidyl radicals (Hensley et al., 1994) and the direct generation of
H,O, (Tabner et al., 2005). It is, however, unclear when exactly oxidative stress starts
to play a role in the AD pathogenesis. Drake et al. (2003) and Moreira et al. (2005)
suggested that oxidative stress precedes the event by which formation of senile
plaques and tangles took place, as well as prefibrillar deposition of AB demonstrated
by in vivo model. Tamagno et al. (2002) noted that oxidative stress stimulates
activation of B-secretase activity, an enzyme essential for the processing of APP to

AB-protein.

A model of the neurochemical changes observed in Alzheimer’s disease is illustrated

by Meltzer and Francis (2001) and as shown in figure 16.
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Figure 16: Proposed neurochemical alterations in AD cortical synaptic transmission.

(1) Decreased cholinergic activation; (2) Decreased glutamatergic neurotransmission due to
neuron or synapse loss; (3) tau hyperphosphorylation leading to formation of neurofibrillary
tangles; (4) decreased excretion of soluble APP; (5) elevation of AR production; (6) decreased
glutamate production. It is hypothesised that these alterations result in the development of
AD clinical symptoms and contribute to the spread of pathology. Adapted from Meltzer and
Francis (2001).

1.4.3 NMDAR-Implicated Pathogenesis

As it has long been established that NMDARs are involved in synaptic plasticity,
learning and memory (Takatsuki et al., 2001), they are thought to have important
roles in the underlying pathophysiology of AD (Malinow, 2012). Much evidence exists
linking the pathogenesis of AD with NMDARs and AP proteins particularly the
oligomeric soluble form. For example, increased levels of AP proteins have been
shown to interfere with synaptic excitatory glutamatergic neurotransmission in the
brain especially NMDAR (Hu et al., 2009; Lacor et al., 2007; Roselli et al., 2005) thus
disrupting synaptic plasticity (Crouch et al., 2008; Klyubin et al., 2008; Walsh et al.,
2002). A study by Snyder et al. (2005) discovered that exposure to AP promoted
endocytosis of NMDAR and prolonged depression of NMDA-evoked currents in
cortical neuronal cells. In addition, reduced expression of NMDARs have been

observed in neuron cells of AD mouse models (Snyder et al., 2005).
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Using hippocampal cell cultures, Lacor et al. (2007) demonstrated that the ability of
AB oligomers to specifically attach to excitatory pyramidal neurons cause reduction
of NMDAR expression, decrease in dendritic spine density and damage synaptic
morphology. These findings have been supported by a study conducted by Shankar
et al. (2007) who observed that AR oligomers stimulate hippocampal synaptic loss via
an NMDAR-dependent signalling pathway. Oligomeric AR was also shown to
stimulate Fyn kinase leading to GIuN2B phosphorylation of the NMDARs, which result
in dendritic spine loss and synaptic impairment (Um et al., 2012). Fyn is a tyrosine
kinase important in the normal physiological function of synaptic transmission, and
hence has an implicated role in AB signalling as well as tau phosphorylation (Nygaard
et al., 2014). Moreover, Tackenberg et al. (2013) provided evidence that dendritic
spine loss as a result of AR stimulation was mediated by GIuN2A-containing NMDA
receptors whereas GIuN2B was shown to be involved in Tau-dependent

neurodegeneration.

The distinct property of NMDAR being highly permeable to Ca%* is also key in linking
the receptor channel to the pathological state of AD. NMDAR-dependent synaptic
plasticity mechanisms correspond to Ca?* flow resulting in potentiation or
depression. High influx of Ca?* triggers the amplification of synaptic strength resulting
in long-term potentiation (LTP) (Sanz-Clemente et al., 2013). In contrast, defective
NMDAR resulting in low permeability of Ca%* for a long duration may induce long-
term depression (LTD) leading to reduced efficacy of the synaptic neurotransmission
(Holtmaat and Svoboda, 2009). Texido et al. (2011) demonstrated that AP oligomers
cause excess Ca?* influx leading to neuronal cell death. Electrophysiological analysis
on Xenopus laevis oocytes have shown that AB oligomers directly activate both
NMDAR subunit combinations - GIuN1/2A and GIuN1/2B with the former displaying

a larger response.
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In an experiment where hippocampal slice cultures were applied with AB oligomers
for 20 minutes, Tamburri et al. (2013) noted that the AP oligomers induced synaptic
depression and that this was independent of NMDAR ion-flux. Instead it appeared to
be mediated by NMDAR in a metabotropic manner. Findings by Kessels et al. (2013)
supported this model, and further suggested that NMDAR activation occurs via the
GIuN2B subunit. AR oligomers eventually result in the loss of synaptic responses
mediated by GIuN2B leading to a switch of subunit composition from GIuN2B to
GluN2A. It was therefore proposed that ion-flux is not required for AB-induced
synaptic depression but rather was mediated by conformational changes of the

NMDAR subunits.

Soluble oligomeric AB have been shown to impair LTP in hippocampal neurons
(Klyubin et al., 2004; Walsh et al., 2002) and the disruption of synaptic transmission
is suggested to be the result of LDP (Cheng et al., 2009; Kim et al., 2001). Rowan et
al. (2003) have described that oligomer AB in the sub-nanomolar range were able to
rapidly block prolonged LTP both in hippocampal slices as well as intact hippocampus
of in vivo models. Due to the role of LTP in hippocampus function, Rowan et al.
proposed that this disruption of LTP and synaptic plasticity which is highly dependent
on NMDAR-activity may cause cognitive impairments observed early in AD patients.

This model is depicted in the schematic diagram in figure 17.
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Figure 17: Proposed action of AP oligomers on hippocampal synaptic plasticity and
neurotransmission leading to the development of cognitive decline seen in dementia.

Soluble AP oligomers may interfere with intracellular signalling, NMDAR-mediated
transmission and cholinergic transmission leading to LTP inhibition and LTD stimulation of
the excitatory neurotransmission. A delayed reduction in basal AMPA -mediated
transmission might be caused by a shift from LTP-like to LTD-like synaptic plasticity and
increased vulnerability to excitotoxicity. The imbalance between rapid deterioration of
synaptic plasticity versus delayed reduction in basal transmission would contribute to the
mild cognitive dysfunction seen in preclinical AD (Rowan et al., 2003).

De Felice et al. (2007) has linked the disruption of LTP and synaptic plasticity to AB
oligomer-induced oxidative stress. This study observed elevated reactive oxygen
species (ROS) production, neuronal damage and mitochondrial dysfunction in
hippocampal neuronal cultures exposed with AB oligomers via NMDAR-dependent
calcium flux. Interestingly, memantine was found to completely protect the cells
against AB oligomer-induced oxidative damage and reduced intraneuronal calcium
which is necessary for ROS formation. Due to the fact that a small amounts of ROS
are essential for the normal physiological process of synaptic plasticity, the study
proposed that impairment of NMDAR activity coupled with oxidative stress are

implicated in the pathogenesis of AD.

35



The implication of NMDARs in the pathogenesis of AD is complex. Based on numerous
findings that AB has a direct effect on NMDAR, and the fact that memantine is well-
tolerated in AD patients, this forms the basis of the present study looking into
NMDAR inhibition. ABi-20 has been shown to induce inward current, cause increased
intracellular Ca?* levels and cause cell death by activating NMDAR (Alberdi et al.,

2010).

1.4.4 AD Treatments

There are two categories of drugs currently approved by the US Food and Drug
Administration (FDA) for the treatment of AD; (i) acetylcholinesterase inhibitors
(AChEI) and (ii) NMDAR antagonists. These drugs were designed not to ‘cure’ but to
suppress the symptoms associated with AD and their treatment effects are clinically

modest at best (Bi, 2010).

AChEls are the main treatment presently used in clinical settings for AD patients. The
action of this drug is to inhibit acetylcholinesterase which in turn will maintain and/or
increase acetylcholine (ACh) availability in the central nervous system without being
broken down by the enzyme (Nowotny et al., 2001). Cholinergic depletion has long
been associated with AD whereby ACh neurotransmitter, essential for learning and
memory, is markedly decreased in AD patients (Francis, 2005). The three currently
available AChEls approved by the FDA are donepezil (Aricept), rivastigmine (Exelon)
and galantamine (Riminyl). These drugs are prescribed for mild-to-moderate
symptoms of AD patients. Evidence from more than 30 randomised control trials
have shown improved cognitive function in individuals with mild-to-moderate AD
prescribed with these drugs although the effects were considered modest at best
(Birks and Harvey, 2006; Birks et al., 2015; Loy and Schneider, 2006). Tacrine (Cognex)
was actually the first clinically approved AChEl in 1993. However, it was poorly
tolerated by AD patients and was eventually discontinued by the FDA due to
incidence of associated liver toxicity (Mehta et al., 2012). Table 5 lists AChEls
currently used in AD treatment as well as several other compounds still under clinical
trial or pre-clinical investigation.
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Table 5: List of acetylcholinesterase inhibitors (AChEI).

Drug Chemical Structure
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Galantamine

(Riminyl)

Rivastigmine

(Exelon)

Tacrine

(Cognex)

|

Physostigmine ‘ﬁ
(Antilirium) Y =4

: Y g
Metrifonate O;f\o .
/
Huperzine A I@\
" —

. 7 e
. "II"- h I} "‘"4-\5:\
Phenserine \/jz 7 L)
- \N,—"“’\ ;.:I'.u' \\\ ~—
H o "
e

Doneperzil, rivastigmine and galantamine are presently used clinically to treat AD symptoms
(Nascimento and Martins, 2012). Tacrine was the first approved AChEI but was eventually
discontinued by FDA due to adverse effects (Mehta et al., 2012). Physostigmine also exerts
detrimental effects on hepatic and cardiovascular function which limit its use in clinical
settings (Francis et al., 1999). Metrifonate is a long acting irreversible AChEl but was
withdrawn from further development due to incidences of neuromuscular dysfunction and
respiratory paralysis in AD participants (Lopez-Arrieta and Schneider, 2006). Huperzine A is a
Chinese herb extract exhibiting potent, selective, and well tolerated AChEI properties. Early
studies have shown it improves cognitive function, daily living activity, and global clinical
assessment in AD patients (Yang et al., 2013). Phenserine is also being clinically studied as a
non-competitive AChEIl drug that has independent modulatory effects on AB generation as
well as improving cognitive activity (Winblad et al., 2010).
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The second class of drug treatment for AD are NMDAR antagonists with memantine
being the only glutamatergic-targeting drug currently approved in clinical use.
Memantine is prescribed for individuals with moderate-to-severe symptoms of AD
(Ballard et al., 2011). Treatment with memantine is well-tolerated and beneficial to
improve cognitive function and neuropsychiatric symptoms (McShane et al., 2006). A
number of characteristics are thought to contribute towards memantine’s well-
tolerated nature in patients, namely that memantine is non-competitive, possesses
moderate affinity, displays strong voltage-dependency and rapidly unblocks. These
factors together contribute to allowing normal physiological transmission whilst only
blocking pathological Ca?* influx as well as oxidative stress (Danysz and Parsons,

2012).

At present, most current research in drug developments has been leaning towards
the suppression and clearance of AP plaques. This is due to the popularity of the
amyloid cascade hypothesis to explain the cause of AD (Igbal et al., 2014). Inhibitors
for a- and y-secretase have been studied as potential therapeutics due to their
involvement in APP processing to generate AP protein (Blennow et al., 2006).
Immunotherapy has also been researched by which attachment of antibodies onto
AB plaques and oligomers might be able to induce clearance from the central nervous

system (Bard et al., 2000; Schenk et al., 2004).

Tau phosphorylation and aggregation have also been studied as potential targets
which lead to the development of several glycogen synthase kinase-3p (GSK3p)
inhibitors such as lithium and valproate. GSK3f has been described as the molecular
link connecting AR and tau protein as it is involved in APP processing and other
signalling pathways of AR formation (Llorens-Martin et al., 2014). Cumulative data
suggest a promising future for GSK3 inhibitors. The challenge faced by drug
developers is to produce a compound within the therapeutic level since there have
been reports of potential toxicity ranging from hypoglycemia to tumorigenesis and
neuron deregulation. GSK3 is essential for life, therefore complete inhibition would

prevent cells from operating normally (Eldar-Finkelman and Martinez, 2011).
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With mounting evidence that oxidative damage is a major player in AD (Nunomura et
al., 2006; Smith et al., 2000), numerous studies have conducted investigations on
antioxidants as potential therapeutic compounds. Antioxidants act to remove,
scavenge and inhibit ROS and their precursors. Exogenous antioxidants such as
vitamin C (ascorbic acid) and E (tocopherol/tocotrienol) are potent radical scavengers
and chain-breaking molecules which have been used in clinical trials for AD patients
(Mecocci and Polidori, 2012). Although antioxidant therapy does improve cognitive
function in some of these trials, there is no definite proof that antioxidants are
neuroprotective against AD. To address this issue, researchers have shown that
antioxidants in combination with other therapeutic drugs have demonstrated
positive synergistic effect (Gilgun-Sherki et al., 2003). One major issue that affects
their efficacy, however, is their limited permeability through the blood-brain barrier

(Gilgun-Sherki et al., 2001).

Another therapeutic strategy currently being investigated is the combination of drugs
to enhance treatment of AD. A comprehensive systematic review and meta-analysis
conducted by Matsunaga et al. (2015) concluded that combination therapy of
cholinesterase inhibitors and memantine provided benefits in terms of cognition,
behavioural disturbances, daily activities and overall impression in moderate-to-
severe AD patients. A second meta-analysis, however, showed combination therapy
has small but a significant impact on the improvement of cognitive and behavioural
measures but not on daily living activities (Farrimond et al., 2012). The combination
of two clinically approved AD drugs into a single dosage has also been tried and
tested. Namzaric - a new formulation containing memantine extended release (28
mg) and donepezil (10 mg) was synthesized and recently approved by the FDA in the
hope to enhance AD treatment. Clinical trials revealed that their bioavailability was
equivalent with the consumption of memantine and donepezil given separately

supporting their pharmacokinetic efficacy (Boinpally et al., 2015).
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1.4.5 Multi-Target-Directed Ligands (MTDL)

Despite the benefits, combination therapy does, however, present some drawbacks.
Increased side effects and possible drug-drug interaction might be expected due to
multiple drug use. A possible approach to overcome this problem is by designing a
single chemical entity with multiple targets and biological properties termed as multi-
target-directed ligands (MTDLs) (Bolognesi et al., 2009b). Several benefits have been
discussed regarding the use of MTDLs, such as their low affinity to bind to target sites.
Drugs with low affinity but possess selective binding are expected to have lower
prevalence and reduced side-effects compared to high affinity single-targeting drugs
(Korcsmaros et al., 2007). The MTDL strategy has led to the development of a drug
termed as memoquin, a combinatorial form of polyamineamide caproctamine, an
AChEI and idebenone, a potent antioxidant (Bolognesi et al., 2009b). Idebenone,
synthetically derived from co-enzyme Q was shown to alleviate cognitive dysfunction
in mild-to-moderate AD (Gutzmann and Hadler, 1998) and has a neuroprotective
effect against ABso-induced neurotoxicity in hippocampal neurons (Hirai et al., 1998).
In their experimental analysis, the in vitro profile showed that memoquin
demonstrated the ability to bind and inhibit AChE, as well as suppress ROS formation,
AP aggregation and B-secretase activity. The in vivo profile in an AD mouse model
showed that memoquin was able to prevent cholinergic loss, decrease AP formation
and tau hyperphosphorylation as well as restoring memory in object recognition

tests. Hence it shows promise as a potential AD treatment (Bolognesi et al., 2009b).

In light of this initial pre-clinical success, several other multi-target drugs have been
synthesized. They display a degree of potential where a few have undergone clinical
trials. Ladostigil (TV-3326), which is currently in a phase Il clinical trial (Bolognesi et
al., 2009c) was synthesized by combining rivastigmine with a monoamine oxidase
(MAO) antagonist, rasagiline which also possess antioxidant properties and is
involved in APP processing (Youdim, 2006). Ladostigil was found to be able to
enhance ACh stimulation, reduce AB level and protect neuronal cells from
neurotoxicity in an AD model. The ability of this compound to inhibit MAO, reduce

H,0, and subsequently oxidative stress are favourable characteristics for AD therapy
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(Weinreb et al., 2009). Also derived from rasagiline, another series of MTDLs, M30
HL-20 were similarly developed but they have the ability to chelate iron. This property
along with rasagiline’s capacity as an MAO inhibitor, are beneficial to address the
elevated levels of MAO and iron seen in AD, Parkinson’s disease and ageing (Youdim,

2006).

In this present study, several novel MTDLs were developed in collaboration with Dr.
Michela Rosini (University of Bologna) combining several functional moieties as well
as established drugs with known medical benefits to address pathological issues in
AD. 21 MTDL compounds were evaluated in this study; thirteen novel MTDLs were
derived from the combination of memantine and antioxidants, three were
synthesized by incorporating antioxidants with polyamine spermine, while five others

were donepezil-derived compounds combined with carvedilol.

Memantine was used in the MTDL design due to its well-tolerated effect in AD
patients and its versatility to address several issues related to AB pathology as
discussed in the previous section. Polyamine was also chosen to be incorporated with
antioxidants since it represent a universal template to be modified as a potential
NMDAR blocker. Incorporation of different pharmacophores into the polyamine
backbone can tune both affinity and selectivity for any given receptor (Melchiorre et
al., 2003). Polyamines such as spermine and spermidine are low affinity blockers of
the receptor, thus combining the polyamine chain to aromatic substituents such as

antioxidant moieties may enhance their blocking potency (Berger et al., 2006).

Since oxidative stress is a strong contributing factor to AD pathology, the
incorporation of antioxidant functional groups with a well-established NMDAR
blocker was hypothesized to improve the treatments of AD. The antioxidants used in
this study were a-tocopherol, lipoic acid, melatonin, methoxyphenol and catechol as

listed in table 6.
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Table 6: Antioxidants used in the multi-target-directed ligands study.

Antioxidant

Chemical Structure
compound

N
a-tocopherol r I[\
Ny 5

Lipoic acid OH

H,CO N
Melatonin AN

OH
Methoxyphenol ©:
o
OH
Catechol ©:
OH

Adapted from Fukuzawa et al. (2004), Huang et al. (2014), Raghava Raju et al. (2013), Shen
et al. (2016) and Shi et al. (2008).

On their own, some of these antioxidants have also shown to be beneficial in AD both
in pre-clinical experiments as well as in patients. a-tocopherol, which is a chemical
compound found in Vitamin E, is a lipid-soluble chain-breaking antioxidant found in
lipid membranes, circulating lipoproteins and low-density lipoprotein (LDL) particles
(Foy et al., 1999). In vivo studies have shown that vitamin E inhibited CNS lipid
peroxidation and protein aggregation of AP plaques in rats and improved cognitive
function in rodents. In a controlled trial by Sano et al. (1997), mild-to-moderate AD
patients under vitamin E (a-tocopherol, 2000 1U/day) regimen presented slower
deteriorative progression compared to those not taking the antioxidant. This was

reproduced by another clinical trial which observed delayed deterioration and
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progression of AD in patients receiving 2000 IU of vitamin E daily (Feng and Wang,
2012).

Lipoic acid is an essential cofactor for mitochondrial enzyme complexes which has
the potential to suppress the development of AD by enhancing the production of
acetylcholine. It is also able to supress oxidative stress by scavenging and inhibiting
generation of free radicals, increasing reduced glutathione as well as modulating
redox-sensitive inflammatory processes (Fava et al., 2013; Holmquist et al., 2007,
Maczurek et al., 2008). Clinically, lipoic acid has been shown beneficial in AD whereby
600 mg/day of alpha-lipoic acid (ALA) improved cognitive functions in patients (Fava
et al.,, 2013).

Melatonin is a naturally occurring hormone produced primarily in the pineal gland
(Dragicevic et al., 2011), and has been reported to be deficient in AD patients. Besides
being a powerful radical scavenger itself, melatonin also enhances the activity and
expression of other endogenous antioxidants such as superoxide dismutase,
glutathione peroxidase, catalase and nitric oxide synthase (Nishida, 2005). A double-
blind controlled trial with 3 mg/day of melatonin in AD patients improved their night
time sleep and cognitive performances (Asayama et al., 2003). The fact that reduction
of melatonin levels was previously associated with AD (Liu et al., 1999) made this

compound a potentially good therapeutic candidate.

The methoxyphenol which can be found naturally in curcumin (Masuda et al., 1999)
is a potent radical scavenger and has been shown to possess strong radical
scavenging activities and to protect neuronal cells against oxidative stress-induced
neurotoxicity in animal models (Fujisawa et al., 2004; Kadoma et al., 2007). It has also
been demonstrated to suppress AB plague formation via a multiple cascade reaction
(Cole et al., 2005). At present, curcumin is in a Phase Il clinical trial to investigate its

effect on cognitive function and AB quantity in AD patients (Small, 2011).

As for catechol, in vitro analysis has suggested that abietic acid-derived catechol

possess antioxidant properties and is able to interact with hypochlorous acid (HOCI),
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a powerful proinflammatory oxidant and has a protective effect against oxidation
(Justino et al., 2006). In vivo experiments have also demonstrated that catechol
derived from virgin olive oil exerts antioxidant effect in rat brain tissue induced with

lipid peroxidation (De La Cruz et al., 2015).

The current study also made use of currently available drugs for the design of MTDL
compounds where the functional moiety of donepezil was incorporated with
carvedilol. Donepezil, as described earlier is one of three available AChEI/ChEls in
clinical use aside from rivastigmine and galantamine (Molino et al., 2013). In contrast,
carvedilol is a beta-blocker used in the treatment of congestive heart failure (CHF)
and high blood pressure. However, researchers have shown that carvedilol has the
ability to form a complex with AB thus suppressing aggregation of AR into oligomeric

fibrils (Howlett et al., 1999). The structure of carvedilol is displayed figure 18.
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Figure 18: Structure of carvedilol.
Source: Chen and Hong (2016).

In addition to its antihypertensive property, carvedilol has also been shown to act as
a non-competitive NMDAR blocker, possess antioxidant capacity, protect against
neuronal excitotoxicity induced by glutamate and restores Na*/glutamate
transporter activity (Lysko et al., 1998; Lysko et al., 1994). These properties make this
drug a beneficial component for the MTDL drug design. An in vivo experiment
presented a positive outcome with AD mouse models administered orally with
carvedilol. The B-blocker was shown to disrupt biochemical and neuropathological
changes underlying cognitive decline in AD; AB oligomers were reduced and cognitive
performance was elevated (Wang et al., 2011). A phase 4 clinical trial is currently
underway to investigate the effectiveness and safety of carvedilol treatment in

Alzheimer’s disease patients (Rosenberg, 2011).
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1.5 XENOPUS LAEVIS OOCYTE EXPRESSION SYSTEM FOR STUDYING ION
CHANNELS

The unfertilised oocytes of the Xenopus laevis South African clawed frog, have long
been used as a model for expressing protein receptors, transporters and ion channels
to study drug response (Buckingham et al., 2006; Miledi, 1982; Sigel, 2001). First
described more than 40 years ago, Gurdon and colleagues successfully expressed
functional proteins in Xenopus oocytes injected with genetic materials. DNA injected
into the nuclei or RNA into the cytoplasm of the cell will be processed into functional
proteins expressed on the cell surface (Gurdon et al., 1971; Mertz and Gurdon, 1977).

The processing of genetic materials in Xenopus oocytes is presented in figure 19.
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Figure 19: Genetic processing of injected DNA/RNA in Xenopus laevis oocytes into ion
channels/receptors. Adapted from Kachel (2014).

The relatively large size of oocytes (1 to 1.2 mm in diameter) makes it conveniently
feasible to inject up to 50 nl of cRNA or cDNA into the cell to express the encoded
proteins and subsequently used for electrophysiology recordings (Buckingham et al.,
2006; Moeller and Fenton, 2010; Sigel, 2001). Changes in membrane currents as a

result of drug-receptor interaction may be easily measured and controlled by two-
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electrode voltage clamp (TEVC) electrophysiology (Sigel, 2001). When a compound
solution is applied to the oocyte, ion channels will open up affecting the flow of ions
through the membrane. By taking a reading of the changes in ion currents using TEVC,
it allow investigators to determine how cells are affected by specific compounds or

molecules (Bierwitz and Schwarz, 2014).

The oocyte expression system has been demonstrated to faithfully translate
neurotransmitter receptors (Parker et al., 1985; Sakai et al., 1986; Schofield et al.,
1987; Sumikawa et al., 1981) as well as ion channel and receptor proteins (Barnard
et al., 1982; Gundersen et al., 1984). NMDA receptors have been shown to express in
Xenopus oocytes when injected with genetic materials since the late 80s. In fact,
NMDARs were first cloned using expression cloning in Xenopus oocytes (Moriyoshi et

al., 1991).

Key characteristics of NMDA receptors were successfully reproduced with Xenopus
oocytes with responses potentiated by co-application of NMDA and glycine as its co-
agonist and blocked by Mg?* in a voltage-dependent manner (Kushner et al., 1988;
Lerma et al., 1989; Planells-Cases et al., 1993; Verdoorn et al., 1987; Yamazaki et al.,
1992). The lack of other excitatory protein receptors on Xenopus oocytes makes it a
versatile system to express and study NMDAR without interference from other

responses evoked by other receptors (Lerma et al., 1989).

In general, ion channels and receptors can interact with a number of molecules
resulting in reduced or altered permeation of ions. Such action is the basic principle
of drug development targeting ion channels and receptors applied in the
pharmaceutical industry. Using electrophysiology analysis, block of ion or receptor
channels expressed in Xenopus oocytes by an inhibitor molecule can be measured by
the changes of membrane current as a result of ion permeations. The movements of
ions between cytoplasm and extracellular space create electrical potential difference
which can be detected by electrodes (Bierwirtz and Schwarz, 2014). Two-electrode
voltage clamp (TEVC) electrophysiology employs two electrodes, one sensing the

voltage, and the second electrode injects current to maintain the voltage at the
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desired membrane potential. When a solution or compound is perfused onto the
oocyte, receptor channels will open resulting in flux of ions across the membrane.
This will then be detected by the voltage electrode and counteracted by current
injection via the current electrode. The latter is transferred to a recording software
in a computer. Figure 20 shows an oocyte impaled by two electrodes in the TEVC
electrophysiology setup while figure 21 displays a schematic diagram of the oocyte

expression system.

Figure 20: A microscopic visual of Xenopus oocyte in the bath chamber with two glass
electrodes impaling the cell.
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Figure 21: Schematic diagram of the oocyte expression system and utilisation of two-
electrode voltage clamp (TEVC). Adapted from Jansen (2016).

Using the data obtained from the TEVC protocol, receptor channel block is quantified

by the Hill equation (first described by Archibald Hill, 1910) which measures the ratio

47



of current evoked in the presence of an antagonist to the current without it. Data
from a range of concentration is used to produce a ligand-dose response curve from
which the ICso of antagonists are estimated (Bierwirtz and Schwarz, 2014; Pusch,

2006; Weiss, 1997). This will be further explained in Chapter 2, Methodology.

1.6 THESIS PROJECT OBJECTIVES

The first objective of this study was to characterize wild type GluN1-1a and GIuN2A
NMDAR subunits electrophysiologically using well-known open channel blockers;
Mg?*, memantine, MK-801 and philanthotoxin-343 as well as evaluating two novel

PhTX-343 derivatives; Cha-PhTX-343 and Bz-Cha-PhTX343.

The second objective was to determine the effects of Q/R/N, +1 and -8 sites
modification in the pore region (M2) of NMDAR on blocking potencies of the
antagonists. NN at the Q/R/N and +1 sites in GIUN2A subunits were double-mutated
to GR and RR, while W at -8 position relative to the Q/R/N site was mutated to N.
These mutated GIuN2A subunits were co-expressed with GIuN1-1a and characterised

with open channel blockers using TEVC electrophysiology.

The third objective was to evaluate novel compounds as part of the multi-target-
directed ligands (MTDL) therapeutic strategy for Alzheimer’s disease. Thirteen novel
compounds composed of memantine-derivatives incorporated with antioxidant
headgroups, three spermine-derived polyamines also incorporated with antioxidants
and five combinatorial forms of donepezil and carvedilol were tested on GIluN1-1a
and GIuN2A subunits as NMDAR antagonists. ICsos of these compounds were
compared to that of memantine as the established therapeutic and also to the
endogenous NMDAR blocker, Mg?*. The donepezil-derived compounds were also
tested on a4B2 and a7 nicotinic acetylcholine receptors (nAChR) to see whether they
would exert agonistic or antagonistic properties on nAChRs, as donepezil was

originally designed to target the cholinergic pathway.
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CHAPTER 2

METHODOLOGY

2.1 DNA CLONING AND mRNA PREPARATION

2.1.1 Preparation of Chemically Competent Cells

Prior to DNA cloning, competent cells were prepared using the standard calcium
chloride (CaClz) method. JM109 E. coli were seeded in 5 ml of lysogeny/luria broth
(LB) (1% tryptone, 0.5% yeast extract, 1% NaCl, adjusted to pH 7.5) and grown
overnight in a 50 ml falcon tube under vigorous shaking at 37 °C. 50 ml of LB were
then added to 5 ml of the overnight culture and incubated at 37 °C with shaking for
two hours until the optical density (OD) of the cell suspension reached approximately
0.60 in order for the cells to divide at an exponential rate. The suspension was put on
ice for 15 minutes then spun at 10,000 g for ten minutes at 20 °C. The supernatant
was removed and the cells resuspended in 10 ml of chilled and filtered 0.1 M CaCl,,
placed on ice for ten minutes and spun again at 10,000 g for ten minutes at 20 °C. The
supernatant was removed and the cells were resuspended in 2 ml chilled and filtered

0.1 M CaCly, ready for use in bacterial transformation.

2.1.2 Plasmid DNA

Rat DNA sequences for GluN1-1a and GIuN2A were inserted into pRK7 plasmids,
while GIuN3A and GIuN3B DNA sequences were inserted into pcDNA3.1(+) plasmids.
GluN1-1a was inserted between Hindlll and BamH]I sites, GIuN2A between EcoR1 and
Xbal sites, GIuN3A between BamHI and Notl sites, and GIuN3B was inserted between

EcoRl and Xbal sites as shown in figures 22 and 23.
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Figure 22: Vector maps for (A) GluN1-1a and (B) GIuN2A in pRK7.
The pRK7 plasmid was Sanger sequenced with SP6 primer confirming the presence of inserts.

Single cutter restriction enzyme sites (BamHI in GluN1-1a, EcoRl in GIuN2A) for linearization

are also shown.
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Figure 23: Vector maps for (A) GIuN3A and (B) GIuN3B in pcDNA3.1(+).
The pcDNA3.1(+) plasmid was Sanger sequenced with T7 primer confirming the presence of
inserts. Single cutter restriction enzyme sites (Notl in GIuN3A, Xbal in GIuN3B) for
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2.1.3 Bacterial Transformation

1 ul of the plasmid DNA (300-1500 ng) was added to 200 pl of the freshly prepared
chemically competent cell suspension in a sterile eppendorf tube, mixed and placed
on ice for 20 minutes. The mixture was heat-shocked in a 42 °C water bath for one
minute and subsequently put on ice for two minutes. 1 ml of super optimal broth
with catabolite repression (SOC) medium (1% tryptone, 0.5% yeast extract, 1% NaCl,
10 mM glucose, adjusted to pH 7.5) was then added to the tube and left in a 37 °C
water bath for another 30 minutes. Under sterile conditions, 250 pl of the plasmid-
containing bacteria were plated onto LB agar (1% tryptone, 0.5% yeast extract, 1%
NaCl, 1.5% agarose, adjusted to pH 7.5) containing 50 pg/ml ampicillin and grown
overnight in a 37 °C incubator. The following day, a single colony was picked and
inoculated in 5 ml of LB broth with 50 pg/ml ampicillin and left overnight at 37 °C

under vigorous shaking.

2.1.4 Plasmid Purification

The plasmid DNA (pDNA) was then purified using the QlAprep Spin Miniprep Kit
(Qiagen). 1.5 ml of the cell culture was transferred into a sterile eppendorf tube and
spun at 17,000 g in a microcentrifuge for three minutes at room temperature (15-25
°C) to harvest the bacterial cells. The supernatant was discarded and the process
above was repeated by adding another 1.5 ml of the overnight cell culture into the
eppendorf tube and centrifuged for another three minutes. The supernatant was
removed and the pellet of bacterial cells was resuspended in 250 ul Buffer P1
containing RNase A until it was completely dissolved. 250 ul of Buffer P2 was added
and mixed thoroughly by gently inverting the tube four to six times. 350 pl of Buffer
P3 was then added and immediately mixed thoroughly again by inverting the tube
four to six times. The mixture was centrifuged at 17,000 g for ten minutes at 15-25
°C. The supernatant was applied to the QlAprep spin column by decanting or
pipetting, and subsequently centrifuged at 17,000 g for one minute at 15-25 °C. 0.5
ml Buffer PB was added to wash the QlAprep spin column and spun again at 17,000

g for one minute. The QlAprep spin column was then washed again by adding 0.75
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ml Buffer PE and spun at 17,000 g for another one minute. The flow-through was
discarded and it was centrifuged for an additional one minute to remove residual
wash buffer. The QlAprep column was placed in a sterile 1.5 ml microcentrifuge
eppendorf tube and 50 ul Buffer EB (10 mM Tris-Cl, pH 8.5) or double distilled water
(ddH20) was added to the centre of the QlAprep column. To elute the DNA, the
column was left to stand for one minute and then spun for a further one minute at
17,000 g. Finally, the concentration of the pDNA was measured using the Nanodrop

spectrophotometer (Thermo Scientific).

2.1.5 DNA Restriction Digest

Restriction digests were carried out to linearize the plasmid for mRNA preparation
using suitable restriction enzymes (BamHI for GluN1-1a; EcoRl for GIuN2A; Notl for
GluN3A, and Xbal for GIuN3B). The digestion procedure was carried out by mixing the
following in a microcentrifuge tube: 5 ug pDNA, 5 ul restriction enzyme, 5 pl suitable
buffer based on the enzymes used, 5 pul Bovine Serum Albumin (BSA) (0.1 mg/ml) and
made up to a total volume of 50 pl with ddH,0. The mixtures were incubated for one
hour in a 37 °C bath to allow linearization of the DNA to take place. Termination of
the restriction enzyme digestion was carried out by adding 2.5 ul of 100 mM EDTA
solution, 5 pl of 3 M ammonium acetate and 100 pl of 100% ethanol to the mixture
and kept frozen at -20 °C for one hour to completely end the reaction. Afterwards,
the mixture was spun at 17,000 g at 4 °C for 15 minutes in a microcentrifuge. Most
of the supernatant was then removed, and spun again at 17,000 g at 4 °C for five
minutes. The rest of the supernatant was removed and the DNA pellet was left open
to air-dry for five minutes in a sterile laminar flow cabinet. The DNA was resuspended
in 5 pl of ddH,0 and its concentration was determined using the Nanodrop

spectrophotometer (Thermo Scientific).
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2.1.6 Agarose Gel Electrophoresis

Enzyme restriction digest was confirmed by visualising the DNA using agarose gel
electrophoresis to ensure the enzymes only cut once and linearization had taken
place. Stock solution of 50 X Tris-acetate-EDTA (TAE) was prepared with 24.2 g Tris
Base, 5.71 ml glacial acetic acid, 10 ml 0.5 M EDTA and made up to 100 ml. The stock
solution was diluted to 1 X for preparation of agarose gel. 50 ml of the diluted TAE
solution was added to 0.75 g agarose powder and dissolved by heating the mixture
in @ microwave for one minute. 1 ul of 1% ethidium bromide was added into the
mixture, gently swirled and poured into a gel tray with a suitable comb to produce
wells for DNA samples. Once the gel had solidified, it was placed into a gel
electrophoresis kit (Bio-Rad) and 1 X TAE was filled into the tank until the gel was fully
covered. 1 pl of DNA samples and 1 kb plus DNA ladder (Invitrogen) were mixed with
loading dye before loading into the wells. The gel was allowed to run at 70 V for one
hour and subsequently the DNA bands were visualised using Chemidoc XRS and
Quantity One image capture software (Bio-Rad). Examples of gel pictures of the uncut

and linearized pDNA are displayed in figure 24.
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Figure 24: Agarose gel electrophoresis of uncut and linearized pDNA of GluN1-1a, GIuN2A,
GIuN3A and GIuN3B NMDA receptor subunits.

(A) GluN1-1a and GIuN2A DNA single digest. Lanes show 1kb plus DNA ladder, Uncut GIuN1-
1a, GluN1-1a cut with BamHI, Uncut GIuN2A, and GIuN2A cut with EcoRlI, (B) GIuN3A and
GluN3B DNA single digest. Lanes show 1kb plus DNA ladder, GIUN3A cut with Notl, Uncut
Glu3A, GIuN3B cut with Xbal, Uncut GIuN3B and 1 kb plus DNA ladder.
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2.1.7 mRNA Transcription

Once the DNA was confirmed to be linearized, mRNA was transcribed using the SP6
(for GluN1-1a and GIuN2A) or T7 (for GIuUN3A and GIuN3B) mMMESSAGE mMACHINE
kit (Invitrogen). 0.1-1 pug of DNA was added to a reaction assembly containing
reagents provided with the kit: 10 pl of 2 X NTP/CAP, 2 ul of 10 X reaction buffer, 2 pl
of enzyme mix, and made up to 20 ul with nuclease free water. The reaction mixture
was incubated at 37 °C in a water bath for two hours. After incubation, the RNA was
recovered by ending the reaction with 30 pl of lithium chloride precipitation solution
and 30 pl nuclease-free water and frozen at -20 °C for a minimum of one hour to
ensure complete termination. The RNA was centrifuged at 17,000 g for 15 minutes at
4 °C and the supernatant was then removed. The pelleted RNA was washed with 1 ml
of 70% ethanol and spun again for 15 minutes. The supernatant was discarded and
the resulting pellet was resuspended in 15 pl nuclease-free ddH,0O water. The RNA
concentration was measured using a Nanodrop spectrophotometer and diluted to

the desired concentration for injection. The samples were stored at -80 °C before use.

2.2 SITE-DIRECTED MUTAGENESIS

To analyse the impact of the Q/R/N, +1 and -8 sites in the M2 region of the NMDA
receptor subunits, site-specific mutations to replace the desired amino acids were
created by employing the QuickChange Il XL Site-Directed Mutagenesis Kit

(Stratagene).

2.2.1 Primer Design

The oligonucleotide primers for Polymerase Chain Reaction (PCR) for use in site-
directed mutagenesis experiments were designed using an online software, PrimerX
(www.bioinformatics.org/primerx). The primer sequences were as displayed in table

7.
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Table 7: Primers used to produce mutations in NMDA receptor subunits using site-
directed mutagenesis protocol.

Mutation Primer Sequence

GIUN3A(e729n/R730N) | FW: 5' CTGCTATGCCCTTCTGTTTAACAACACAGCAGCCATCAAACCCCC 3'

RV: 5' GGGGGTTTGATGGCTGCTGTGTTGTTAAACAGAAGGGCATAGCAG 3'

GIluN3A(N721w) FW:5' CCTTCTCCTCAGCTTTGTGGGTCTGCTATGCCCTTCTG 3'
RV: 5' CAGAAGGGCATAGCAGACCCACAAAGCTGAGGAGAAGG 3'

GIUN3B(as2on/re30n) | FW: 5' GCTATGCCATTCTCTTTAACAACACTGTCTCCAGTAAGACGCCC 3!

RV: 5' GGGCGTCTTACTGGAGACAGTGTTGTTAAAGAGAATGGCATAGC 3'

GIuN3B(ns21w) FW:5' CTTACTCCTCCGCGCTCTGGCTGTGCTATGCCATTC 3'
RV: 5' GAATGGCATAGCACAGCCAGAGCGCGGAGGAGTAAG 3!

GluN2A(n6146/N615R) | FW: 5' CCTCTGGGGCCTGGTCTTCGGCAGATCTGTGCCTGTCCAGAATC 3

RV: 5' GATTCTGGACAGGCACAGATCTGCCGAAGACCAGGCCCCAGAGG 3!

GluN2A(n614r/N615R) | FW: 5' CTCTGGGGCCTGGTCTTCAGACGCTCTGTGCCTGTCCAGAATC 3!
RV: 5' GATTCTGGACAGGCACAGAGCGTCTGAAGACCAGGCCCCAGAG 3'

GIuN2A(we06N) FW:5' CTATTGGAAAAGCTATAAACCTCCTCTGGGGCCTGGTC 3!
RV: 5' GACCAGGCCCCAGAGGAGGTTTATAGCTTTTCCAATAG 3'

2.2.2 PCR Reaction

50 ng of double stranded DNA (dsDNA) template and 125 ng of purified forward and
reverse oligonucleotide primers (Eurofins Genomics) were added to a mixture
containing 5 ul of 10 X reaction buffer and 1 pl of dNTP mix provided with the kit.
Nuclease-free ddH,O was added to the mixture to a final volume of 50 ul and
subsequently mixed with 1 pl of PfuUltra high-fidelity (HF) DNA polymerase. Control
reactions were also assembled containing 2 pl (10 ng) of pWhitescript 4.5-kb control
template, 1.25 ul (125 ng) of forward and reverse oligonucleotide control primers, 5
pl of 10 X reaction buffer, 1 pl of dNTP mix, 3 ul of QuickSolution reagent and 35.5 pl
nuclease-fee ddH,0 making a final volume of 50 pl. All the reaction assemblies were
then placed in a thermal cycler and allowed to run according to the PCR cycling

parameters outlined in table 8.
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Table 8: PCR cycling parameters for site-directed mutagenesis experiments.

Segment Cycles Temperature Time
1 1 95 °C 30 seconds
95 °C (*) 30 seconds
55°C(§) 1 minute
2 18 1 minute / kb plasmid
68 °C (1) 9 minutes for GIuN3A
8.5 minutes for GIuN3B
9 minutes for GIuN2A
3 1 68 °C 7 minutes

The thermal cycling procedure involves denaturation of the dsDNA template (*), annealing
of the mutagenic primers which contains the desired mutations to the plasmid DNA template
(8), and extension of the primers by PfuUltra HF DNA polymerase to generate a mutated
plasmid ().

Once the temperature cycling had completed, the PCR products were subjected to
treatment with enzyme Dpn |. The endonuclease enzyme functions to digest parental
DNA template and to select for mutation-containing synthesized DNA. The nicked
vector DNAs containing the desired mutations were then transformed into XL10—
Gold Ultracompetent cells and subsequently purified using QlAprep Spin Miniprep Kit
as previously described in 2.1.4. The DNAs were then Sanger sequenced using a
3130xl ABI PRISM Genetic Analyser (Life Technologies) to examine whether the
mutation had been produced via the experiment. Primers for DNA sequencing were
designed using Pimer3 online software (Rozen and Skaletsky, 2000) to anneal around

200 bp upstream from the desired mutation and are displayed in table 9.

Table 9: Primers designed for DNA sequencing of NMDA receptor subunits
containing the mutations produced via site-directed mutagenesis.

Primer Sequence
GIuN3A_seq 5’ TCAATACCGCACGAAGCCAG 3’
GIuN3B_seq 5' TATGGTGCGCACGAGAGAC 3'

GIUN2A_seq(i) 5 GGTGAAGTGGTCTATCAACGAGCA 3’
GIUN2A_seq(ii) | 5 GTCTCCCCTTCTGCTTTCCT 3’
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2.3  XENOPUS OOCYTE EXPRESSION SYSTEM

2.3.1 Oocyte Preparation

Xenopus laevis oocytes used in this study were obtained from the European Xenopus
Resource Centre (EXRC), Portsmouth, United Kingdom. The oocytes were treated
with 1 mg/ml type 1A collagenase enzyme (Sigma-Aldrich) in Ca%'-free Barth’s
gentamicin theophylline pyruvate (GTP) solution which contains 96 mM NaCl, 2 mM
KCl, 1 mM MgCl;, 5 mM HEPES, 2.5 mM pyruvic acid, 0.5 mM theophylline and 0.05
mg gentamicin, adjusted to pH 7.5 with NaOH. The tube containing the oocytes was
placed on a Luckham RS500 recipro-shake major to facilitate separation for
approximately 40-60 minutes in an 18 °C incubator to remove connective tissues and
follicular cells. Treated oocytes were then rinsed with Ca%*-free GTP solution for three
to four times until a clear solution was obtained and kept incubated in normal Barth’s
GTP solution (with inclusion of 1.8 mM CacCl;) at 18 °C prior to microinjection. Figure

25 shows the Xenopus oocytes pre- and post-treatment with collagenase enzyme.

Figure 25: The Xenopus laevis frog and oocytes.

(A) The South African clawed frog, Xenopus laevis (Moine, 2008), (B) Undigested Xenopus
oocytes, (B) and (C) Xenopus oocytes digested with collagenase type 1A (1 mg/ml)in 1 X GTP
observed under the microscope at 16 X and 32 X maghnification respectively.
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The healthiest and undamaged oocytes were selected by observing the size, shape,
colour and resilience of the oocytes. Those selected were expected to be at stage IV
or V of their developmental phase (figure 26). At this stage, the oocytes are thought
to be optimal for cRNA expression (Allen et al., 2007; Mertz and Gurdon, 1977).

Developmental stages of Xenopus oocytes are shown in figure 26.

Figure 26: Developmental stages (I — VI) of Xenopus laevis oocytes.

Oocytes at stage IV and V were selected for cRNA injection as they are found to be optimal
for processing of genetic materials into functional proteins (Allen et al., 2007; Mertz and
Gurdon, 1977).

2.3.2 Oocyte Microinjection

A minimum of 250 ng cRNA encoding the NMDA receptor subunits were injected
using a nanolitre injector (World Precision Instruments) which injects 50.6 nl of

solution into each oocyte (as shown figure 27).

Figure 27: Nanoinjector used for injection of cRNAs into Xenopus laevis oocytes.
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Fine glass pipettes were pulled from 3.5 nanolitre glass bores (World Precision
Instruments) using the 700c vertical pipette puller (David Kopf Instruments). The end
tip of the glass pipettes were carefully broken with a pair of forceps and filled with
sterile paraffin oil before clamping on to the nanolitre injector needle. cRNA was
gently drawn into the pipette avoiding any accumulation of air bubbles. The cRNA
was then injected into healthy oocytes that had been selected and incubated at 18
°C in normal Barth’s GTP solution. The medium containing the oocytes was replaced
with fresh sterile solution after 24 hours and incubated for a further 48 hours to allow

expression of NMDA receptor subunits before assaying.

2.4 ELECTROPHYSIOLOGICAL MEASUREMENT

2.4.1 Two-Electrode Voltage-Clamp (TEVC)

Intracellular electrodes were prepared from borosilicate glass capillaries (TW150F-4,
World Precision Instruments) using a P-97 Flaming Brown micropipette puller (Sutter
Instrument Company). Pulled glass capillaries were filled with 3 M KCI which works
as a good conductor to minimize the resistance which should be in the range between
0.5 and 3 MQ; if otherwise, the electrodes were replaced. Injected oocytes expressing
the desired receptors were placed in a perfusion chamber and continuously perfused
with a Mg?*-free Xenopus ringer containing 96 mM NaCl, 2 mM KCI, 1.8 mM CaCl; and
10 mM HEPES, adjusted to pH 7.5 with NaOH. Two glass electrodes filled with 3 M
KClI (one to measure membrane potential and the other to inject current) were then

impaled through the cell membrane as depicted in figure 28.
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Figure 28: Diagram representation of two-electrode voltage clamp.

The figure shows an oocyte being placed in a chamber perfused with Mg?*-free Xenopus
ringer and two electrodes were impaled through the membrane. One electrode measures
the membrane potential while the other electrode passes current to clamp the oocyte at the
desired potential. Adapted from Goldin (2006).

The resting membrane potential was observed; both electrodes should be in
agreement between -20 and -50 mV for the cells to be accepted for electrophysiology
recordings. Voltage was clamped at the desired holding potentials using a voltage
clamp amplifier, Axoclamp-2A (Axon Instruments) and responses were elicited by
manually perfusing the drugs/test compounds using a Valvelink 8 gravity perfusion
system (Automatic Scientific). The output current responses were transferred by an
analog-to-digital (A/D) converter to a computer and recorded via the WiIinEDR
software (John Dempster, Strathclyde Electrophysiology Software). The output from
the Axoclamp was filtered at 100 Hz while the digitization rate was set at 100 samples
for every seconds. The data were transferred to GraphPad Prism software to yield
the respective ECsp or ICso values. The TEVC setup used in this study is displayed in

figure 29.
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Figure 29: Electrophysiology set-up to record drug/test compound responses on receptor
channels expressed on Xenopus laevis oocytes.

2.4.2 Determination of NMDA and Glycine ECso

NMDA (Ascent Scientific) was prepared as a stock solution of 1x102% M, diluted in
Mg**-free ringer and stored at -20 °C. To determine its half maximal effective
concentration (ECso), the stock solution was subsequently subjected to serial dilutions
in Mg?*-free ringer containing 10 uM glycine (Sigma) ranging from 0.1 to 1000 puM.
NMDA co-applied with glycine was tested on GluN1-1a/GluN2A NMDAR at -75 mV
holding potential. For optimization purposes, NMDA/glycine solution was applied
onto the oocytes and the duration for it to achieve steady-state was determined by
multiple trial and errors. One minute of application time was found to be sufficient
for NMDA in the presence of glycine to reach its steady-state. Mean activation
measurements (peak and steady-state) were determined at each concentration of
NMDA as the percentage of maximum response. The data were then plotted and
fitted by a four-parameter logistic equation (Hill equation) in GraphPad Prism
software to yield the ECso value of NMDA (refer to section 2.7, Data Analysis). Based
on the ECso obtained, the suitable concentration of NMDA was used in subsequent
recordings to assay antagonists. A similar protocol was used to determine the ECso

for glycine whereby increasing concentration of glycine (0.01 to 100 uM) were co-
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applied with 100 uM NMDA and electrophysiologically tested at -75 mV. Glycine was
prepared freshly on the day of testing as it was found that the compound does not

remain active when stored over a long period of time.

2.4.3 Determination of Antagonists ICso

NMDAR antagonists used in this study were Mg?*, memantine (Sigma), MK-801
(Merck) and philanthotoxin analogues (Dr. Henrik Franzyk and Prof. Dr. Kristian
Stregmgaard, University of Copenhagen). The antagonist compounds were diluted in
Mg?*-free Xenopus ringer containing NMDA (100 uM) and glycine (10 uM) in tenfold
serial dilutions ranging from 0.001 to 100 uM. The compounds were subsequently

tested electrophysiologically on NMDAR-expressing oocytes at -50, -75 and -100 mV.

Perfusion of NMDA/glycine onto the oocytes was applied for one minute allowing it
to reach steady-state, followed by 30 seconds of subsequent antagonist applications
in increasing concentration. Mg?*-free ringer solution was then applied for two
minutes to allow recovery to baseline current before the next applications of

NMDA/glycine and test compounds at a different holding potential.

Current changes when applied with antagonists were normalized to the control
current without antagonists. The concentration-inhibition curves were then plotted
and fitted with the Hill equation using GraphPad Prism software to calculate the half
maximal inhibitory concentration (ICs;) of antagonists (refer to section 2.7, Data
Analysis). Recordings were obtained from separate oocytes (at least two and typically

five) across at least two different batches of oocytes.
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2.5 MULTI-TARGET-DIRECTED LIGANDS

Novel multi-target-directed ligands (MTDL) were tested to evaluate their inhibitory
potency on GIluN1-1a and GIuN2A NMDA receptor subunits. These compounds were
synthesized in collaboration with Dr. Michela Rosini from the University of Bologna,
Italy. Solid compounds were dissolved in 100% DMSO to obtain a stock solution of
1x102 M and kept stored in -20 °C. For electrophysiology assay, the stock solutions
were diluted in Mg?*-free ringer solution containing 100 uM NMDA and 10 uM glycine
in tenfold serial dilutions ranging from 0.01 uM to 100 uM. The maximum final DMSO
concentration in the solution preparation was 1%; a previous study has shown that it
produced no inhibitory effect when applied to NMDAR expressing oocytes at that

concentration (Crofts, 2011).

Four series of novel compounds were evaluated in this study with memantine-
derivatives being the first and named as MAB compounds. Four of the compounds
(MAB23(2), MAB14, MAB22, MAB30) were attached with an antioxidant headgroup,
methoxyphenol by a polymethylene/amide backbone with different chain lengths.
The other four compounds (MAB7, MAB15, MAB21, MAB32) were incorporated with
a lipoic acid functional group which are light- and thermosensitive. Structures of the

compounds are displayed in table 10.
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Table 10: Novel memantine-derivative (MAB) MTDL compounds incorporated with a
methoxyphenol or lipoic acid moiety assessed in this study.

Compound Chemical Structure Molejcular
weight
M T
MAB23(2) p o— 412.57
N\/NH =
MAB14 o= 426.60
[ L =
MAB22 @\ o 440.63
TN _F
MAB30 p — 454.66
NH— o~
MAB7 @\ Sy 424,71
NH/\/\/”HJ\N\\/>
MAB15 @\ S—s 438.73
HN\/\\/\/NHJ\/\/\(}
MAB21 @\ g 452.76
”H\/\\/\\/\NH
MAB32 @\ ’L/\/ii} 466.79
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The second series of MTDLs were also derived from memantine. However instead of
attachment to the amine group of memantine, an additional amide group was
introduced to attach the antioxidant moiety to the memantine carbon skeleton. The
first three compounds named FC7, FC12 and FC17 were incorporated with
methoxyphenol while FC20 was attached with catechol. Finally, the GB compound is
similar to FC20 but with an amine replaced with a sulphide in the linker chain.
Structures of the second series of the memantine-derivative MTDLs are displayed in

table 11.

Table 11: Novel memantine-derivative (FC/GB) MTDL compounds incorporated with
methoxyphenol or catechol moiety assessed in this study.

Molecular

Compound Chemical Structure Weight

/\\/‘\
FC7
R
FC12 @ J\/\@\ 469.62

FC17 /@5 ] Jm@ 441.56
M
FC20 441.56

S~ /‘K/\@
GB13 @ 444.59

455.59
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The third series of MTDLs termed as CR compounds were composed of a spermine
polyamine backbone, each of them attached to a different antioxidant headgroup.
CR8 was incorporated with lipoic acid, CR18 attached with a-tocopherol while CR24

was attached with melatonin. Structures of the compounds are displayed in table 12.

Table 12: Novel spermine-derived polyamine MTDLs (CR) assessed in this study.

Compound Chemical Structure Mole.cular
weight
CRS i SN TSSO S ™ 733
OH [e]
CR18 " " 545
H/\/\NH/\/\/ TN
(0]
CR24 535
H H
/ N\/\/N\/\/\NH/\/\NH2
HN [¢]

The fourth and final series of MTDLs termed as MGM compounds evaluated in this
study were composed of 1-(2-methoxybenzyl)-piperazine linked via different lengths
of spacers (n=3-7) to a carbazole moiety. The former chemical structure was derived
from donepezil while the latter was derived from carvedilol. Combining the
pharmacophores of these two drugs was postulated to yield a compound with non-
competitive NMDAR-blocking property, exert anti-amyloidogenic effect, possess
antioxidant property and able to interact with the AChE gorge (Rosini et al., 2008).

Structures of the compounds are displayed in table 13.
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Table 13: Donepezil-derived MTDL compounds assessed in this study.

Molecular
weight

0
. (2
MGM10 @ﬂ Q\IW O\ﬁw 429.56
b ()
MGM12 @ﬂm/\/\/o NH 443,59
N
MGM3 @A Q\JW\/O " 457.62

)i &

MGM2 ©AUN\/\/ . NH 471.64
b :

MGM11 ©/\U\/\/\/\/O - 485.67

Compound Chemical Structure

2.5.1 Electrophysiology of MTDL Compounds

Different approaches were used to evaluate the inhibitory potencies of MTDLs to
maintain continuity with previous studies. For the first three series of MTDLs (MAB,
FC/GB and CR), a single holding potential (-60 mV) was used to clamp the oocytes.
NMDA/glycine solution was applied for one minute followed by 30 seconds co-
application of a test compound at the lowest concentration. This step was repeated
with the subsequent higher concentrations of test compounds with two minutes of

Mg?*-free ringer application in between to allow recovery to baseline. This protocol
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generated five different traces for a range of five different concentrations of test
compounds. The percentage of current inhibited was calculated for each

concentration and used to determine the ICso value via Graphpad Prism.

To assess voltage-dependent block, dilutions of the MTDL compounds were prepared
based on their respective ICso concentrations made up in NMDA (100 uM) and glycine
(10 uM) solution. Each compound was tested against oocytes expressing GluN1-
1a/GIuN2A subunits clamped at -40 mV, -60 mV, -80 mV and -100 mV. Using the same
protocol as above, NMDA/glycine solution was applied for one minute followed by
co-application of test compounds for 30 seconds. Mg?*-free ringer solution was
applied for two minutes allowing recovery to baseline current before adjusting to a
higher holding potential and subsequent application of NMDA/glycine and test
compounds. The blocking percentage at each voltage was calculated and fitted to the
Woodhull equation. A replicate of at least three oocytes across two different batches

were carried out for each compound.

A different strategy was employed for MGM compounds whereby the ICsos of the
compounds were obtained at three different holding potentials; -50, -80 and -100
mV. As the control, NMDA (100 uM) and glycine (10 uM) without test compounds
were perfused for 1 minute followed by 2 minutes of recovery interval. This step was
repeated with co-application of NMDA/glycine and MGM compounds in tenfold
increasing concentration generating a set of five traces. Steady-state responses were
measured and normalized as a percentage of the control response. The data were
fitted with the Hill equation to generate the ICsos obtained from the concentration-
inhibition curve. To assess voltage-dependency, the ICsos obtained for all three

holding potentials were then fitted with the Woodhull model to yield the & values.

Aside from responses on NMDAR, MGM compounds were further tested on a4p2
and a7 subunits of nicotinic acetylcholine receptors (nAChR). Previous binding
studies have shown that donepezil-derived compounds were able to bind with
nAChRs, but whether they act as agonists or antagonists had not yet been

determined. Therefore, these compounds were first diluted in Xenopus ringer to 10
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and 100 uM concentrations and tested alone with a4Bf2 and a7 nAChRs at -80 mV.
The percentage of the evoked inward currents by MGM compounds against the
control response (10 and 100 uM ACh respectively) were calculated to measure their
agonistic properties. To measure antagonistic properties, the compounds were
diluted in constant concentration of 10 uM ACh for a4f32 assay and 100 uM ACh for
testing on a7. This was based on the sensitivity of ACh to the respective subunits
(Kachel, 2014). The oocytes were clamped at three holding potentials (-50, -80
and -100 mV) and the recording protocol was conducted similarly to the NMDAR
assay but with ten minute intervals (instead of two minutes) between each
application to allow complete recovery. The ICso values for antagonism of peak
responses were calculated from concentration-response curves (Hill equation) and
also fitted with the Woodhull equation to assess voltage dependency. Peak responses
were measured rather than steady-state level due to their fast recovery rate

particularly a7 nAChRs (Kachel, 2014).

2.6 DATA ANALYSIS

ECso and ICsp values for test compounds were obtained by using nonlinear regression
by fitting a four-parametric logistic equation (Hill equation) to a concentration-
response and concentration-inhibition plots respectively in GraphPad Prism 6
(GraphPad Software Inc). The Hill equations used to determine the ECso (Eq. 1) and

ICso (Eq. 2) are presented below.

100
1 + 10000810 ECso— X) x HillSlope) (Eqg. 1)

% maximum response =

100
1 + 10(00g10Cso— X) X HillSlope) (Ea. 2)

% control response =

Where X is logio[agonist] (Eq. 1) or logio[antagonist] (Eq. 2).
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To determine if the ECsp or ICso values of the compounds were significantly different
to each other, they were compared pairwise using the extra sum-of-squares F-test to
a null hypothesis of ECso/ICso being the same for each pair (GraphPad Software Inc).

The p value to determine statistical significance was set at 0.05.

To determine voltage-dependence, the 6 values were calculated using ICses of the
test compounds. The 6 value represents the fraction of the membrane potential
acting at the site, where 0 represents the electric field at the external entrance to the
channel and 1 represents the internal entrance to the channel. This value is useful to

predict binding sites of the channel blockers.

For this purpose, the Woodhull model was used to calculate the parameter & from

the following equation (Woodhull, 1973).

z6V, F
) (Eq.3)

ICso (Vi) = ICso(0mV) X exp (
RT
z is the valence of the blockers, Vi is the membrane potential (mV), R is the gas

constant, T is absolute temperature (K) and F is Faraday’s constant (C/mol).

Voltage-dependence can also be measured by the blocking percentage, taking
activation before the channel blocker application as 0% and the baseline current as
100%. The data was fitted to the following Woodhull equation (Ferrer-Montiel et al.,
1998; Woodhull, 1973).

Y = Ymax - Ymin (Eq. 4)
(1 + [B]/K )625(FE/RT) &

D

Y is the percentage of control response, [B] is the blocker concentration, Kp is the
dissociation constant at 0 mV, z is the charge (valence) of the molecule, Fis Faraday’s
constant (C/mol), E is the membrane potential, R is the gas constant and T is the

absolute temperature (K).
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CHAPTER 3

NMDA RECEPTOR CHARACTERIZATION

3.1 SUMMARY

This chapter describes the characterization of GIuN1-1a/GIuN2A subunit
combinations expressed in Xenopus laevis oocytes. Concentration response curves
were produced via electrophysiology recordings to generate the ECsos for NMDA and
glycine as the agonist and co-agonist, as well as the ICsos for well-known NMDAR
inhibitors namely Mg?*, memantine, MK-801, PhTX-343 and some derivatives.
Woodhull analysis were also performed to determine voltage-dependency and
estimate binding sites. This study has established a working oocyte expression system
for drug evaluation which retains the pharmacological characteristics of the
conventional NMDAR subunits. Largely, the results obtained for NMDA and glycine
ECsos as well as Mg?*, memantine, MK-801 and PhTX-343 ICsos were in agreement
with many other published literatures employing Xenopus oocytes expressing GluN1-
1a/GIuN2A NMDAR subunits. All of the antagonist compounds tested also blocked

NMDA/glycine responses in a voltage-dependent manner.
3.2 NMDA RECEPTOR AGONISM

3.2.1 NMDA and Glycine Activation

Separate applications of NMDA (100 uM) or glycine (10 uM) alone did not trigger any
response on GluN1-1a/GluN2A-containing NMDA receptors tested at -75 mV. When
NMDA and glycine were co-applied together, a large inward current was evoked as

expected and demonstrated in figure 30.
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Figure 30: TEVC recordings of NMDA and glycine activation mediated by GluN1-1a/GluN2A-
containing NMDA receptors at -75 mV.

NMDA (100 uM) or glycine (10 uM) alone did not elicit any response. A large inward currents
were elicited with co-application of NMDA (100 uM) and glycine (10 uM).

3.2.2 ECso of NMDA

Concentration-response data for NMDA (0.1 to 1000 uM) co-applied with glycine (10
puM) were used to determine the ECso value of the NMDAR agonist mediated by
GluN1-1a and GIuN2A NMDAR subunits at -75 mV (figure 31). The ECso obtained from
this study was 53.6 (95% Cl 38.8 to 74.0) uM for the peak response and 11.7 (95% Cl
6.82 to 20.1) uM for the steady-state level. A concentration of 100 UM NMDA was
confirmed efficient to evoke a response on NMDAR and was used in subsequent

recordings to assay antagonists with co-application of 10 uM glycine.
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Figure 31: Concentration-response relationship for NMDA co-applied with glycine
mediated by GluN1-1a/GluN2A-containing receptors.

(A) TEVC recordings of NMDA-evoked currents at tenfold increasing concentration (0.1-1000
uUM) tested at -75 mV, (B) Percentage control response (mean * SEM, n=5) plotted and fitted
with the Hill equation, (C) ECso (95% Cl) values for NMDA at peak and steady-state level
obtained via the concentration-inhibition curves.
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3.2.3 ECs of Glycine

Concentration-response data for glycine (0.01 to 100 uM) co-applied with NMDA
(100 uM) were used to determine the ECso value of glycine mediated by GIuN1-1a
and GIuN2A NMDAR subunits at -75 mV (figure 32). The ECso obtained from this study
was 3.52 (95% Cl 2.78 to 4.46) uM for the peak response and 0.69 (95% Cl 0.58 to
0.84) uM for the steady-state level. A concentration of 10 uM glycine was confirmed
efficient to evoke a response on NMDAR when co-applied with 100 uM NMDA and

was used in subsequent recordings to assay antagonists.
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Figure 32: Concentration-response relationship for glycine co-applied with NMDA
mediated by GluN1-1a/GluN2A-containing receptors.

(A) TEVC recordings of NMDA/glycine-evoked currents at tenfold increasing concentration
(0.01-100 uM) tested at -75 mV, (B) Percentage control response (mean + SEM, n=11) plotted
and fitted with the Hill equation, (C) ECso (95% Cl) values for glycine at peak and steady-state
level obtained via the concentration-inhibition curves.
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3.3 NMDA RECEPTOR ANTAGONISM BY OPEN CHANNEL BLOCKERS

3.3.1 Mg*

The antagonism of responses to NMDA and glycine by tenfold increment of Mg?*
concentration (0.01 to 100 pM) mediated by GIluN1-1a/GIuN2A were used to
determine ICso values at three different holding potentials. The 1Csos obtained were
15.0 (95% Cl 5.64 to 40.0), 3.98 (95% Cl 2.56 to 6.16) and 2.91 (95% Cl 1.51 to 3.18)
UM at -50, -75 and -100 mV respectively. ICsos of Mg?* increased as holding potentials
were also increased suggesting that Mg?* potency is affected by membrane potential.
Significant differences (p<0.05) were observed between ICsos across all holding
potentials confirming the voltage-dependence of block of NMDA/glycine responses

by Mg?*. The results are shown in figure 33.
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Figure 33: Mg?* block of NMDA/glycine responses in GluN1-1a/GluN2A-containing NMDA
receptors.

(A) TEVC recordings for Mg?* (0.01-100 puM) block at three holding potentials, -50, -75
and -100 mV, (B) Concentration-inhibition curves for Mg block. Percentage control
response (mean + SEM, n=5-6) values were plotted and fitted with the Hill equation, (C) ICso
(95% Cl) values for Mg?* generated from the concentration-inhibition curves. Significant
differences were observed between ICsgs across all voltages (p<0.05).
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3.3.2 Memantine

Block of NMDA/glycine responses by a range of memantine concentrations (0.01 to
100 puM) on GluN1-1a/GluN2A were measured electrophysiologically and used to
determine ICso values at three different holding potentials. The 1Csos obtained were
2.07 (95% Cl 1.51 to 2.83), 1.01 (95% Cl 0.6 to 1.71) and 0.75 (95% Cl 0.52 to 1.09)
MM recorded at -50, -75 and -100 mV respectively. ICsos of memantine were increased
as holding potentials were also increased. Significant differences were observed
between [Csos at -50 mV compared to both at -75 mV (p=0.018) and at -100 mV
(p<0.0001) suggesting the voltage-dependence of block of NMDA/glycine responses
by memantine. The results are shown in figure 34.
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Figure 34: Memantine block of NMDA/glycine responses in GluN1-1a/GluN2A-containing
NMDA receptors.

(A) TEVC recordings for memantine (0.01-100 uM) block at three holding potentials, -50, -75
and -100 mV, (B) Concentration-inhibition curves for memantine block. Percentage control
response (mean + SEM, n=5) values were plotted and fitted with the Hill equation, (C) ICso
(95% Cl) values for memantine generated via the concentration-inhibition curves. Significant
differences were observed between ICsgs at -50 mV compared to both at -75 mV (p=0.018)
and at -100 mV (p<0.0001).
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3.3.3 MK-801

Antagonism of NMDA/glycine responses by MK-801 was determined by using tenfold
increment of compound concentrations (0.01 to 100 pM) and tested
electrophysiologically on GIluN1-1a/GIuN2A NMDA receptors at three different
holding potentials. ICso values obtained from the concentration-inhibition curves
were 0.25 (95% Cl 0.13 to 0.49), 0.033 (95% CI 0.019 to 0.058) and 0.034 (95% ClI
0.022 to 0.051) uM recorded at -50, -75 and -100 mV respectively. Significant
differences were observed between ICsps at -50 mV compared to both at -75 and
-100 mV (p<0.0001) suggesting that MK-801 blocks NMDA in a voltage-dependent

manner. The results are presented in figure 35.
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Figure 35: MK-801 block of NMDA/glycine responses in GluN1-1a/GluN2A-containing
NMDA receptors.

(A) TEVC recordings for MK-801 (0.01-100 uM) block at three holding potentials, -50, -75
and -100 mV, (B) Concentration-inhibition curves for MK-801 block. Percentage control
response (mean + SEM, n=5) values were plotted and fitted with the Hill equation, (C) ICso
(95% CI) values for MK-801 generated via the concentration-inhibition curves. Significant
differences were observed between ICsos at -50 mV compared to both at -75 and -100 mV
(p<0.0001).
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3.3.4 Philanthotoxin-343

Inhibition of NMDA/glycine responses by tenfold increment of PhTX-343
concentrations (0.001 to 10 uM) mediated by GluN1-1a/GIuN2A were measured to
generate the concentration-inhibition curve fitted with the Hill equation. The ICsos
obtained were 11.9 (95% Cl 4.43 to 32.2), 2.08 (95% Cl 1.14 to 3.78) and 0.97 (95% ClI
0.39 to 2.41) uM recorded at -50, -75 and -100 mV respectively. I1Csos of PhTX-343
increased as holding potentials were adjusted up. Significant differences were
observed between ICsos at -50 mV compared to both at -75 mV (p=0.0007) and at -
100 mV (p=0.0003) suggesting the voltage-dependence of block of NMDA/glycine
responses by PhTX-343. The results are presented in figure 36.
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Figure 36: PhTX-343 block of NMDA/glycine responses in GluN1-1a/GluN2A-containing
NMDA receptors.

(A) TEVC recordings for PhTX-343 (0.001-10 uM) block at three holding potentials, -50, -75
and -100 mV, (B) Concentration-inhibition curves for PhTX-343 block. Percentage control
response (mean + SEM, n=4-7) values were plotted and fitted with the Hill equation, (C) ICso
(95% Cl) values for PhTX-343 generated via the concentration-inhibition curves. Significant
differences were observed between ICsgs at -50 mV compared to both at -75 mV (p=0.0007)
and at -100 mV (p=0.0003).
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3.3.5 Cha-PhTX-343

Cha-PhTX-343, a philanthotoxin analogue, was investigated to assess its inhibitory
effect on GluN1-1a/GIuN2A NMDA receptors. Block of NMDA and glycine responses
by tenfold increment of compound concentrations (0.01 to 100 uM) yielded ICsos of
77.1(95% Cl1 46.0 to 129.3), 12.4 (95% Cl 6.38 to 24.1) and 4.17 (95% Cl 1.65 to 10.6)
MM at -50, -75 and -100 mV respectively. ICsos of this compound increased as holding
potentials were also increased. Significant differences (p<0.05) were observed
between ICsos across all holding potentials suggesting the voltage-dependence block

of NMDA/glycine by Cha-PhTX-343. The results are shown in figure 37.
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Figure 37: Cha-PhTX-343 block of NMDA/glycine responses in GluN1-1a/GluN2A-containing
NMDA receptors.

(A) TEVC recordings for Cha-PhTX-343 (0.001-10 pM) block at three holding
potentials, -50, -75 and -100 mV, (B) Concentration-inhibition curves for Cha-PhTX-343.
Percentage control response (mean + SEM, n=4-5) values were plotted and fitted with the
Hill equation, (C) 1Cso (95% Cl) values for Cha-PhTX-343 generated via the concentration-
inhibition curves. Significant differences were observed between ICsos across all holding
potentials (p<0.05).
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3.3.6 Bn-Cha-PhTX-343

Another philanthotoxin analogue, Bn-Cha-PhTX-343, was also investigated to
examine its antagonism potency on GIluN1-1a/GluN2A NMDA receptors. Block of
NMDA and glycine responses by this compound in tenfold increasing concentration
(0.01 to 100 uM) yielded ICsos of 16.6 (95% Cl 5.24 to0 52.6), 4.42 (95% ClI 1.1 to 17.8)
and 4.78 (95% Cl 1.16 to 19.7) uM at -50, -75 and -100 mV respectively. The
compound was more potent at more negative holding potentials as ICses at -75 and -
100 mV were similar and much lower than that at -50 mV although the differences

were not statistically significant (p>0.05). The results are shown in figure 38.
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Figure 38: Bn-Cha-PhTX-343 block of NMDA/glycine responses in GluN1-1a/GIluN2A-
containing NMDA receptors.

(A) TEVC recordings for Bn-Cha-PhTX-343 (0.001-10 pM) block at three holding
potentials, -50, -75 and -100 mV, (B) Concentration-inhibition curves for Bn-Cha-PhTX-343.
Percentage control response (mean + SEM, n=6) values were plotted and fitted with the Hill
equation, (C) I1Cso (95% Cl) values for Bn-Cha-PhTX-343 generated via the concentration-
inhibition curves. No significant differences were observed across all voltages.
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3.3.7 CR18

CR18 was the most potent MTDL compound (results presented in chapter 3.3) and
therefore was characterized with wild type and mutated NMDAR subunits. Inhibition
of NMDA/glycine responses by increasing concentrations of CR18 (0.01 to 100 uM)
mediated by GluN1-1a/GIluN2A were measured to determine its ICso value at three
holding potentials. The ICsos obtained were 12.4 (95% Cl 6.44 to 24.0), 2.04 (95% ClI
0.56 to 7.43) and 0.62 (95% Cl 0.12 to 3.35) uM at -50, -75 and -100 mV respectively.
ICsos of CR18 increased as holding potentials were also increased suggesting a
voltage-dependent block. Significant differences were observed between 1Csos at -50
mV compared to both at -75 mV (p=0.0183) and at -100 mV (p=0.0031). The results

are presented in figure 39.
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Figure 39: CR18 block of NMDA/glycine responses in GluN1-1a/GluN2A-containing NMDA
receptors.

(A) TEVC recordings for CR18 (0.01-100 uM) block at three holding potentials, -50, -75
and -100 mV, (B) Concentration-inhibition curves for CR18 block. Percentage control
response (mean + SEM, n=3-4) values were plotted and fitted with the Hill equation, (C) ICso
(95% Cl) values for CR18 generated via the concentration-inhibition curves. Significant
differences were observed between ICsos at -50 mV compared to both at -75 mV (p=0.0183)
and at -100 mV (p=0.0031).
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3.3.8 6 Value

ICso values for each compound at all holding potentials were fitted to the Woodhull
model to obtain the & value which is useful to predict binding sites of the channel
blockers. All of the compounds (except MK-801 and Bn-Cha-PhTX-343) yielded very
similar & values which may suggest that they bind at the same binding site or close to
each other. The & values obtained from the voltage-dependence curves were 0.62,
0.59, 0.56, 0.61 and 0.60 for Mg?*, memantine, philanthotoxin-343, Cha-PhTX-343
and CR18 respectively. MK-801 had the highest 6 value with 1.84 which may suggest
a deeper binding block for the compound while Bn-Cha-PhTX-343 had the lowest
(0.33) suggesting a shallower binding site. The voltage-dependent curves and 6 values

are presented in figure 40.
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Figure 40: Voltage-dependence of inhibition for all compounds mediated by GIluN1-
1a/GluN2A-containing NMDA receptors.

(A) Voltage-dependence curves, 1Cso (95% ClI) uM for all compounds fitted with the Woodhull
equation, (B) & values for all compounds obtained from the voltage-dependence curves.
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34 DISCUSSION

In the first part of this study, characterization of NMDA receptors using well-
established agonists and antagonists as well as several new compounds were
conducted electrophysiologically in Xenopus laevis oocytes expressing GIuN1-
1a/GIuN2A NMDAR subunits. GIluN1-1a was chosen as it is the most predominant
GluN1 isoform in the brain (Bresink et al., 1996) while GIuN2A is the most abundantly
expressed GluN2 subunit (along with GIuN2B) in adult forebrain (Wyllie et al., 2013).

3.4.1 NMDA Receptor Agonism

The present study showed that NMDA or glycine alone does not evoke any (or very
minute) response on NMDAR expressed in Xenopus oocytes. When the two
compounds were co-applied together, as expected the receptors elicited inward
currents. It is widely established that glycine is fundamentally required as a co-
agonist for the induction of NMDA receptors in oocytes either by NMDA or
glutamate. This corresponds with an early voltage-clamp analysis on RNA-injected
oocytes by Kleckner and Dingledine (1988) whereby no response was elicited when
NMDA was applied without glycine. A large inward current was evoked when NMDA
was then co-applied with glycine. In a study on Ca%* entry into locust muscle, it was
demonstrated that glycine enhanced the response of glutamate and NMDA but not
that of quisqualate (Khan, 1994). Other amino acids can, however, replace glycine as
the co-agonist for glutamate or NMDA, with D-serine and D-alanine being the most

potent (Kleckner and Dingledine, 1988).

The ECsps for NMDA obtained from this study were 53.6 uM for the peak response
and 11.7 uM at the steady-state level. These values were comparable with previous
studies which obtained ECsp of NMDA mediated by GIuN1/GIuN2A NMDAR ranging
between 1 to 100 uM; 8.42 uM by McClymont (2010), 57 uM by Ishii et al. (1993) and
75 uM by Risgaard et al. (2010). As for glycine, the ECsos obtained were 3.52 uM for
the peak response and 0.69 uM for the steady-state level. Previous studies have

demonstrated similar findings, e.g. an ECso value of 0.67 uM was obtained by Kleckner
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and Dingledine (1988), 1.27 uM by McClymont (2010) and 1.31 puM by Chen et al.
(2008).

Based on these ECsp values, a concentration of 100 uM NMDA co-applied with 10 uM
glycine was used in subsequent antagonist assays. These concentrations were
considered optimal and sufficient to saturate all NMDA receptor assemblies (Li,
1999). Previous studies have exhibited reduced responses when the glycine
concentration used was higher than this but the same was not reported with NMDA

(de Carvalho et al., 1996; Mirshahi and Woodward, 1995).

3.4.2 NMDA Receptor Antagonism

3.42.1 Mg

NMDAR block by Mg?* is an important characteristic of the receptor to regulate Ca?*
permeability. Mg?* block reduces Ca®* influx at resting potential but dissociates from
the receptor during depolarization (Dingledine et al., 1999). The findings that Mg?*
selectively antagonizes responses to NMDA but not other iGIuR agonists like kainate
or quisqualate was discovered more than 30 years ago (Davies and Watkins, 1977
Evans et al., 1977). The critical site by which Mg?* blocks the NMDAR is at the N (of
the Q/R/N site) in GIuN1 and GIluN2 and +1 (GIuN2) sites within the pore of the M2
region (Burnashev et al., 1992; Sakurada et al., 1993; Wollmuth et al., 1998a; b).

ICsos for Mg?* block of NMDA/glycine responses in GluN1-1a/GluN2A obtained from
this study were 15.0 uM (-50 mV), 3.98 uM (-75 mV) and 2.19 uM (-100 mV). These
findings were consistent with previous studies employing GIluN1/GIuN2A NMDAR
with slight variations depending on the membrane potential tested and the
concentration of agonists used. For example, Kuner and Schoepfer (1996) reported
an ICsp value of approximately 20 uM tested at -60 to -70 mV, Qian et al. (2005)
obtained an ICso of 11.8 uM at -85 mV, Gilling et al. (2009) reported an ICso of 19.5
UM tested at -70 mV, while McClymont et al. (2012) obtained ICso values of 16.0, 4.23
and 1.74 uM recorded at -50, -75 and -100 mV respectively. Liu et al. (2001) reported

85



ICsos of 15.0 uM when Mg?* was applied with 500 uM NMDA and 100 uM glycine, 7.6
KM with 10 uM NMDA and 100 uM glycine and 8.8 uM with 500 uM NMDA and 3 uM

glycine, all tested at -80 mV.

Early studies showed that the activation by excitatory amino acids of NMDARs is
highly sensitive to the membrane potential and it has been suggested that the
NMDAR is coupled to a voltage-sensitive conductance (Mayer et al., 1984). Voltage-
dependent ion channels conduct ions at high rates and regulated by the voltage
across the membrane (Bezanilla, 2005). This study demonstrated that Mg?* block
increased as the holding potentials were more negative. Significant differences were
observed between ICsos across all voltages which clearly suggest that Mg?* block
followed a voltage-dependent manner. Patch-clamp experiments have also exhibited
voltage-dependent block of current flow through ion channels by Mg?* activated by
L-glutamate (Mayer et al., 1984). The block of Mg?* in a voltage-dependent manner
is said to be paramount for changing synaptic efficacy involved in the glutamate-
mediated neuronal plasticity (Collingridge and Bliss, 1987). The & value obtained via
the voltage-dependent curve fitted with the Woodhull model confirmed that the
Mg?* binding site is located approximately 0.62 through the electric field from the
extracellular surface. This value was similar to that reported by Zhua and Auerbacha
(2001) - 0.6 and McClymont (2010) - 0.65, where the location corresponds with the

proposed location of the Q/R/N site.

3.4.2.2 Memantine

Antagonism of NMDAR channels by memantine occurs in a use-dependent manner
where it can only bind in the channel pore in the presence of agonist. Clinical findings
have shown that memantine is well-tolerated and largely credited to its moderate
affinity, fast blocking and dissociation rate and strong voltage dependency (Rammes
et al., 2008). Several of these characteristics were assessed in this study using two-
electrode voltage-clamp electrophysiology. The present data demonstrated that the
block of NMDA/glycine responses by memantine in GluN1-1a/GIuN2A expressed in

Xenopus oocytes displayed a similar inhibition trend to Mg?* albeit with much more
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potency. This is expected due to their overlapping binding site in the M2 region of
the NMDAR channel pore. This was evident by the kinetics of unblock in the presence

of both (Chen et al., 1992; Sobolevsky et al., 1998).

ICsos for memantine obtained in this study were 2.07, 1.01 and 0.75 uM recorded
at -50, -75 and -100 mV respectively. The values obtained in this research were well
within the range reported by previous studies. In patch-clamp experiments using
HEK-293 cells, Bresink et al. (1996) recorded a memantine ICsp of 0.93 uM on L-
glutamate-evoked responses in GIuN1/GluN2A NMDAR at -70 mV while Kotermanski
et al. (2009) reported an ICsp of 1.25 uM at -66 mV. Gilling et al. (2009) and Parsons
and Gilling (2007) obtained ICsos of 0.79 and 1.87 uM respectively both recorded
at -70 mV also using HEK-293 cells. Studies employing Xenopus oocytes expressing
GIuN1/GIuN2A NMDAR reported ICsos in the micromolar range. For instance,
McClymont et al. (2012) reported ICsos of 3.94, 2.48 and 0.80 uM at -50, -75 and -100
mV respectively while Ferrer-Montiel et al. (1998) reported an I1Cso of 0.3 uM at -80
mV. Wrighton et al. (2008) obtained memantine ICsos of 3.2, 1.7 and 0.86 uM
recorded at -40, -60 and -80 mV respectively in GIuN1/GIuN2A NMDAR induced by
glutamate while Dravid et al. (2007) recorded ICsos of 4.36 and 2.25 uM at pH 7.6 and
6.9 respectively . This range of memantine concentration is at a therapeutically

relevant level used in the treatment of AD (Gilling et al., 2009).

This study confirmed that memantine blocks NMDA/glycine responses in a voltage-
dependent manner with the 6 value of 0.59. The 6 value describes the fraction of the
transmembrane field the drug experiences when blocking the NMDA receptor
channel. Close or similar § values were reported by previous studies which showed
strong voltage-dependent inhibition by memantine; i.e. 0.9 (Gilling et al., 2009), 0.83
(Parsons and Gilling, 2007), 0.8 (Parsons et al., 1995) and 0.77 (Ferrer-Montiel et al.,
1998). More importantly, the 6 value obtained in this study corresponds with the
structural predictions of the Q/R/N and +1 binding sites. It confirmed that the binding
site of memantine overlaps or close to that of Mg?* (Cull-Candy, 2007), as the value

obtained for both compounds were nearly identical.
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Within memantine’s therapeutic window, its fast kinetic property to block and
unblock NMDAR, which contrasts to high-affinity channel blockers such as MK-801
and phencyclidine (PCP), allows suppression of excitotoxicity whilst maintaining
physiological transmission of the receptor (Kornhuber and Quack, 1995). The fast
kinetic property also reduces memantine’s proneness to be trapped inside the

NMDAR compared to MK-801 and PCP (Gilling et al., 2009).

3.4.2.3 MK-801

MK-801 is a selective, un-competitive NMDAR inhibitor which blocks NMDA/glycine
responses in a use-dependent manner. The magnitude of block by MK-801 is greatly
enhanced as agonist concentration is increased (Foster and Wong, 1987). Huettner
and Bean (1988) early on concluded that MK-801 cannot block or unblock the channel
unless it has been opened by the agonist and that the drug binds within the channel

pore itself.

This study evaluated concentration-inhibition and voltage-dependency of MK-801 in
GluN1-1a/GIuN2A NMDA receptors using two-electrode voltage clamp. The ICsgs for
MK-801 block of NMDA/glycine responses obtained in this study were 34 nM (-100
mV), 33 nM (-75 mV) and 254 nM (-50 mV). Other studies have also shown that MK-
801 is a potent NMDAR inhibitor with ICsos in the nanomolar range. Mediated by
GIuN1/GIuN2A NMDAR subunits, Frankiewicz et al. (1996) obtained an ICso of 140 nM
tested at -70 mV, McClymont et al. (2012) reported ICsos of 190, 210 and 500 nM
recorded at -100, -75 and -50 mV respectively, while at -40 mV, Dravid et al. (2007)

reported ICsos of 15 and 6 nM at pH7.6 and 6.9 respectively.

Huettner and Bean (1988) suggested that the binding sites for MK-801 and Mg?* are
close to one another (or overlapped) due to the ability of Mg?* to inhibit MK-801
block of the NMDAR channel in a voltage-dependent manner. It was, however,
reported that block of L-glutamate induced-responses by MK-801 in GIuN1/GIuN2A

was less voltage-dependent compared to memantine (Bresink et al., 1996). The
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present study supported this finding where 1Csgs at -75 and -100 mV were identical.
A significant difference was only observed when ICsps at those two holding potentials

were compared to that recorded at -50 mV.

The high potency of MK-801 coupled with its slow dissociation from the NMDAR
channel and less pronounced functional voltage-dependency leads to the trapping of
the compound in the channel pore. As a result, the compound is unable to leave the
channel within the normal excitatory synaptic potential time course, thus not only
blocking pathological activation, but also physiological function of NMDA receptors

(Rammes et al., 2008) making it unsuitable for clinical use.

Due to the potency and neuroprotective effect of MK-801, analogues of the drug
have been developed to attenuate or abolish its unwanted psychomimetic effects.
Bachurin and colleagues synthesized three series of novel compounds;
monobenzylamino, benzhydrylamino, and dibenzylamino (DBA) analogues of MK-
801 with the latter being a potent NMDAR and Ca?* uptake blocker without producing
psychomimetic effects within the therapeutic dose interval. The study also elucidated
the pivotal role of the hydrogen bond formed between these analogues and amino
acid N at the Mg?* binding site within the NMDAR channel pore. It was suggested that
the irreversibility of MK-801 binding to NMDAR compared to Mg?* and DBA
compounds was due to the strong hydrophobic interaction between MK-801 and the
hydrophobic pocket in the NMDAR channel complex contributing to the PCP-like side
effects (Bachurin et al., 2001).

3.4.2.4 Philanthotoxin Analogues

In the present study, PhTX-343 alongside two novel analogues were tested on GluN1-
1a/GIuN2A NMDA receptors. The analogues were modified by introducing
cyclohexylalanine and benzene into the compound. The extra headgroups were
expected to enhance potency of the compounds by increasing hydrophobicity and

size. The modification would allow stronger interactions in the hydrophobic vicinity
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of the NMDAR pore due to a larger headgroup. Proposed interaction of PhTX-343 and
its analogues with AMPA and NMDA receptors are displayed in figure 41.

PhTX
headgroup

Polyamine
tail

.

Figure 41: A model of philanthotoxin docking in the GluA1l receptor channel.

The M2 helices are represented by the yellow ribbons, the green ribbons represent M3. The
Q/R/N site is also indicated. Adapted from (Andersen et al., 2006).

The philanthotoxin analogues will most likely interact with the NMDAR pore similar
to PhTX-343 and other polyamine toxins. The distal aromatic headgroup interacts in
the hydrophobic vestibule above the Q/R/N site located just above the narrowest
region of the channel pore while the linear polyamine tail will penetrate beyond the
Q/R/N site and bind deep in the pore (Bdhring and Mayer, 1998). It was previously
reported that the narrowest portion within the NMDAR channel pore is only 0.55 nm
wide thus making the compound unlikely to permeate through the channel (Villarroel

et al.,, 1995).

ICsos for PhTX-343 block of NMDA/glycine responses in GluN1-1a/GluN2A NMDA
receptor recorded in the present study were 11.9 uM (-50 mV), 2.08 uM (-75 mV) and
0.97 (-100 mV). These results are comparable with previous studies; Brackley et al.
(1993) reported PhTX-343 ICso of 2.5 uM tested on cells clamped at -80 mV, Mellor
et al. (2003) reported ICsos of 13.2, 2.01 and 0.98 uM recorded at -60, -80 and -100
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mV respectively, while McClymont et al. (2012) obtained PhTX-343 ICsgs of 17.2 uM
(-50 mV), 2.95 uM (-75 mV) and 0.30 uM (-100 mV).

This study, however, does not show that the new analogues, Cha-PhTX-343 and Bn-
Cha-PhTX-343 are more potent than PhTX-343 in blocking NMDA/glycine responses
in GluN1-1a/GIuN2A subunits. ICses for Cha-PhTX-343 were 77.1 uM (-50 mV), 12.4
MM (-75 mV) and 4.17 uM (-100 mV) while Bn-Cha-PhTX-343 generated ICsos of 16.7
UM (-50 mV), 4.42 uM (-75 mV) and 4.78 uM (-100 mV). Blocking potency for Bn-Cha-
PhTX-343, an analogue containing a benzyl and cyclohexylalanine moiety, was
comparable with PhTX-343 as no significant differences were observed between ICsos
of both compounds at all voltages tested. Cha-PhTX-343 was less potent where Csps
at all voltages were higher to that of PhTX-343; significant differences were observed

at -50 and -75 mV.

The 6 values for the three compounds obtained in the present study were 0.56 (PhTX-
343), 0.61 (Cha-PhTX-343) and 0.33 (Bz-Cha-PhTX-343). This study showed that PhTX-
343 and both novel analogues demonstrated strong voltage-dependence of
inhibition. This is consistent with other findings by McClymont et al. (2012) and
Mellor et al. (2003) suggesting the compounds bind deep inside the channel pore.
The headgroup of Cha-PhTX-343 is predicted to bind near the Q/R/N site similar to
PhTX-343, as well as Mg?* and memantine based on their identical 6 values (0.62 for
Mg?* and 0.59 for memantine). Bn-Cha-PhTX-343 may have the shallowest binding
site due to its larger headgroup size resulting in less penetration of the molecule

inside the NMDAR channel pore.

3.4.2.5 CR18

Out of all the multi-target-directed ligands tested in this thesis project, CR18 was
found to be the most potent NMDAR antagonist (further discussed in Chapter 5).
CR18 was synthesized by incorporating an a-tocopherol moiety into a polyamine
spermine backbone. This compound was developed to simultaneously block NMDAR-

induced excitotoxicity and suppress oxidative stress occurring in Alzheimer’s disease.
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ICs0s for CR18 block of NMDA/glycine responses mediated by GluN1-1a and GIuN2A
subunits obtained in this study were 12.42 uM (-50 mV), 2.041 uM (-75 mV) and 0.622
UM (-100 mV). At -75 and -100 mV, ICsos for CR18 were comparable to that of
memantine (p>0.05) indicating their high potency to block NMDA/glycine responses.
Only at -50 mV was the ICso significantly higher than memantine. This is, however,
possibly due to the limited availability of the compound, where only three sets of
recordings were conducted at -50 mV. Increasing the number of replicates might
provide a more reliable ICso value as the confidence interval was quite large. CR18
was also found to act in a voltage-dependent manner. Characterization of CR18 is

further discussed in Chapter 5, Multi-Target-Directed Ligands study.
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CHAPTER 4

PORE REGION (M2) MUTATION STUDY

4.1 SUMMARY

The initial aim of this chapter was to investigate the effects of the Q/R/N, +1 and -8
sites in the M2 region of GIUN3 subunits on channel block of NMDARs when
compared to GluN1-1a/GIuN2A alone. It was hypothesized that the variations at
these sites in GIUN3 contributed to the reason as to why when these subunits are
incorporated into the GIuN1-1a/GIuN2A, channel properties of NMDARs were
altered. The project was also set out to determine whether R at the Q/R/N site in
human GIuN3B provides a higher level of resistance to channel block and Ca?*
permeability than its rat counterpart. Unfortunately, this study could not find
evidence of GIUN3 expression. A change of strategy was employed to introduce
mutations in the GIuN2A subunit to resemble GIuN3 at three residues — the N, N+1
and N-8 sites in the M2 region. The double mutations N614G/N615R and
N614R/N615R did result in significant changes in potency of the blockers, with the
latter (RR mutation) resulted in greater reduction of channel block compared to the
former (GR mutation). The point mutation W606N, had no significant effects on the

blocking properties of the channel blockers studied.

4.2 GLUNS3 SITE-DIRECTED MUTAGENESIS

Site-directed mutagenesis was employed to study the impact of the Q/R/N, +1 and
-8 sites in the M2 region of GIUN3 subunits on channel block. A previous study
reported that there is a reduction in blocking potency by GIuUN3A inclusion in an
NMDAR which can be reversed by mutations of either G729 (Q/R/N site) or R730 (+1
site) to N but that this reversal is frequently incomplete (McClymont et al., 2012).

Thus, the first part of this section attempted to analyse the combined impact of the
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G and R residues at these sites by constructing a double mutation in GIuN3 subunits;
G729N/R730N in GIuUN3A and G629N/R630N in GIuN3B. Their susceptibility to block
by Mg?* and other channel blockers were then be observed to see if this is restored
to, or close to, that seen in GIuN3-lacking NMDARs. The -8 position (N721 in GIuN3A,
N621 in GIuN3B) were also investigated by mutating N to W as found in all other
NMDAR subunits.

First, to determine the effectiveness of the Site-Directed QuickChange Il XL kit to
produce mutations in NMDAR subunits, control experiments were conducted
alongside the mutation samples. pWhitescript 4.5-kb control plasmid (Agilent
Technologies) provided in the mutagenesis kit was used to demonstrate the mutation
efficiency of plasmids. The control plasmid contains a stop codon (TAA) at the site
where a glutamine codon (CAA) would normally exist in the B-galactosidase gene of
the pBluescript Il SK(-) phagemid. XL-10 Gold ultracompetant cells transformed with
this control plasmid would appear white on LB-ampicillin agar plates containing
isopropyl B-D-1-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-indolyl-B-D-
galactopyranoside (X-gal) because B-galactosidase activity has been suppressed. The
oligonucleotide control primers created a point mutation that reverted the T base of
the stop codon (TAA) in the B-galactosidase gene encoded on the pWhitescript 4.5kb
control template to a C base to produce a glutamine codon (CAA). Following
transformation, colonies appeared as blue colony phenotype suggesting the
production of B-galactosidase (B-gal+) confirming the success of the mutagenesis

experiment (figure 42B).
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Figure 42: Site-Directed QuickChange Il XL Mutagenesis control and sample plates.
(A) Sample mutagenesis plate, (B) Mutagenesis control plate.

PCR products which were successfully generated via the site-directed mutagenesis
protocol were then Sanger sequenced to confirm that the mutations were correct.
The resulting Sanger sequencing chromatographs are displayed in figure 43 (GIuN3A

mutations) and 44 (GIuN3B mutations).
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GluN3A Wild Type
ACAAAGTCTTCTCCTTCTCCTCAGC TTTGAATGTCTGCTATGCCCTTCTBTTTBGCAGA CAGCAGCCATCAAACCCCCAAAATGC TEGAC TGGAAGGTTTCTGATGAATCTTT
A ACAAAGTCTTCTCCT TCTCCTCAGC TTTGAATGTCTGC TATGCCC T TC TG T TTRATAATRCAGCAGCCATCAAACCCCCAAAATGCTGGACTGGAAGGTTTCTGATGAATCTTT

GR to NN Mutation

nmmmmmmmMMMMMmmmmmmmmMMM@mMMM

GluN3A Wild Type

B CCCCTAAGGGGAGGAACAGAAACAAAGTCTTCTCCTTCTCCTCAGC TTTGAATIGTCTGC TATGCCCTTCTGTTTGGCAGAACAGCAGCCATCAAACCCCCAAAATG
" CCCCTAAGGGGAGGAACAGAAACAAAGTCTTCTCCTTCTCCTCAGC TTTGTGG|GTCTGC TATGCCCTTCTGTTTGGCAGAACAGCAGC CATCAAACCCCCAAAATG

N to W Mutation

o o o

Figure 43: Chromatograms of nucleotide sequence from the site-directed mutagenesis PCR products showing the mutations generated in GIuN3A subunits.
(A) GIuN3A(G720n/R730N) Mutation; GR [GGCAGA] at the Q/R/N and +1 positions in GIUN3A wild type was double-mutated to NN [AATAAT] to resemble the
GIuN2A subunit. (B) GIuN3A(n721w) mutation; N [AAT] at -8 position with regards to the Q/R/N site in GIUN3A wild type was mutated to W [TGG] as found in
GluN1-1a and GIuN2A subunits.
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GluN3B Wild Type
A TGGCACTGTCTTCTCTTACTCCTCCBCGBE TCAACC TG TGCTATGCCATTCTCTTTGGACGCRCTGTC TCCAGTAAGACGC CCAABTBCCCTACTGBACGCTTCCTCATGAACCT
" TGGCACTGTCTTCTCTTACTCCTCCGCGC TCAACCTGTGCTATGCCATTCTCT TTRAATAATIRCTGTC TCCAGTAAGACGC CCAAGTGCCCTACTGGACGCTTCCTCATGAACCT

GR to NN Mutation

muuumumumunnummnummunun_umlmuummmhmmlummummm

GluN3B Wild Type

ACGGGCTCACGCCGCGCGGCCGLAACCGTGGLAC TGTCTTCTCTTACTECTCCGEGC T ACk TGTGCTATGCCATTC TCTTTGGAC GCAC TG TCTCCAGTAAGAC GCCCAAGTGECCT
B' ACGGGCTCACGCCGLCGCGGCCOLCAACCGTGGLCACTGTCTTCTCTTACTCCTCCGCGCTOTGGIE TGTGCTATGCCATTCTCTTTGGACGCAC TG TCTCCAGTAAGACGCCCAAGTGCCCT

N te W Mutation

x.mmum‘mmmummmmmmmmnmmﬂmhlmmmmlmhlnmﬂnuuuMmhuulm

Figure 44: Chromatograms of nucleotide sequence from the site-directed mutagenesis PCR products showing the mutations generated in GIuN3B subunits.
(A) GluN3B(Ge29n/R630N) Mutation; GR [GGACGC] at the Q/R/N and +1 positions in GIuUN3B wild type was double-mutated to NN [AATAAT] to resemble GIuN2A

subunit. (B) GIuN3B(ne21w) mutation; N [AAC] at -8 position with regards to the Q/R/N site in GIuN3B wild type was mutated to W [TGG] as found in GluN1-1a
and GIuN2A subunits.
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4.2.1 Validation of GIuN3 Expression by Glycine Sensitivity Testing

Before GIuN3 mutations were co-expressed with GIluN1-1a/2A and tested
electrophysiologically with open channel blockers, it was important that the wild type
GluN3A and GIuN3B subunits were tested for expression in oocytes for comparisons
to be made. Expression of GIuN3 subunits were validated by glycine sensitivity
testing based on prior information that GIuN3 provides stronger affinity to glycine
compared to GluN1 subunits (McClymont, 2010; McClymont et al., 2012; Nilsson et
al., 2007). Therefore, the existence of GIuN3 when co-expressed with GluN1-1a/2A
subunits would be expected to evoke smaller inward currents but more sensitive to
glycine thus generating lower ECsp compared to GluN1-1a/2A when tested with
NMDA and glycine. The findings of this study however revealed similar patterns of
responses towards tenfold increment of glycine concentrations (0.1 to 100 uM co-
applied with 100 uM NMDA) with all combination of NMDAR subunits tested as

shown by trace recordings in figure 45.

GluN1-1a/2A GluN1-1a/2A/['3A" GluN1-1a/2A/'3B'

NMDA +0.01 pM Glycine NMDA + 0.01 pM Glycine NMDA +0.01 pM Glycine

NMDA + 0.1 pM Glycine

NMDA + 0.1 pM Glycine NMDA + 0.1 pM Glycine
— [
NMDA + 1 pM Glycine NMDA + 1 pM Glycine NMDA + 1 pM Glycine
NMDA + 10 pM Glycine NMDA + 10 pM Glycine NMDA + 10 uM Glycine
——
NMDA + 100 pM Glycine NMDA + 100 pM Glycine NMDA + 100 pM Glycine

T 9

50

Figure 45: TEVC recordings of 100 uM NMDA-evoked currents co-applied with tenfold
increasing concentration of glycine (0.1-100 uM) tested at -75 mV on GluN1-1a/2A,
GluN1-1a/2A/‘3A’ and GluN1-1a/2A/‘3B’.
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Percentage control response (mean + SEM, n=10-14) values obtained from the traces

were plotted and fitted with the Hill equation to generate concentration-response

curves. ECsos (95% Cl) generated from the curves did not reveal any significant

differences (p>0.05) between all combination of subunits tested which suggested

that both GIuN3 subunits were not expressed (figure 46).
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NMDAR Subunit Peak Response
Combination ECso (UM, 95% Cl)
0.69
GluN1-1a/2A 0.58 t0 0.84
{ ’ 1.2
GluN1-1a /2A/‘3A
0.73t0 1.98
GluN1-1a /2A/'3B’ 1.12
0.71to 1.77

- GluN1-1a/2A/'3A"

-~ GIuN1-1a/2A/'3B"'

NMDAR Subunit Steady-State
Combination ECso (UM, 95% Cl)
GluN1-1a /2A 3.52

2.78 t0 4.46
’ ’ 5-3
GluN1-1a /2A/‘3A
3.65t07.7
GIuN1-1a /2A/'3B’ 3.43
2.27t05.18

Figure 46: Concentration-response relationship for glycine co-applied with NMDA tested
against GluN1-1a/2A, GluN1-1a/2A/‘3A’ and GluN1-1a/2A/‘3B’.
(A) Percentage control response (mean + SEM, n=10-14) plotted and fitted with the Hill
equation, (B) ECso (95% CI) values for glycine at peak and steady-state level. No significant
differences were observed between all subunit combinations.
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4.3 GLUN2A SITE-DIRECTED MUTAGENESIS

Due to the uncertainty of expressing and incorporating GIuN3 subunits into
functional NMDARs, a different strategy was implemented to study the Q/R/N and
adjacent sites. Instead of mutating GIuN3, the GIuN2A subunit was instead reverse
mutated to resemble the former. Mutated GIuN2A subunits were then co-expressed
with GIluN1-la and assessed whether blocking potency of antagonists were
suppressed when compared to wild type. NN at the Q/R/N and +1 sites in GIuN2A
were double-mutated to GR (N614G/N615R) to resemble rat GIuN3A and GluN3B.
The same sites were also mutated to RR (N614R/N615R) to resemble human GluN3B
subunits. Finally, W at the -8 position with regards to the Q/R/N site in GIuUN2A was
mutated to N (W606N) as found in both rat and human GIluN3 subunits. PCR products
generated via site-directed mutagenesis method were Sanger sequenced to confirm
that the mutations were successful. The following figure 47 indicated that the

mutations were correct as shown by the Sanger sequencing chromatograms.
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GluN2A Wild Type
TTCTGTGCC TG TCCAGAATCCTALAAGGLCACAACCAGCAAGATCATGGTGTCAGTG
TCTGTOCCTOTCCABAATCCTAAAGGBCACAAGCABCAABATCATAGOBTGTCABTA

A TCTTTTACTAT TGGAAAAGC TATATGGLCTCCTCTGGGGCCTGGTCTTCRACAA
" TCTTTTACTATTGGAAAABCTATATGBCTCCTCTBGEGEGCCTEGBTCTTCjGGCAGA
NN to GR Mutation

GluN2A Wild Type
TITCTGTGCCTGTCCAGAATCCTAAAGGCACAACCAGCAAGATCATGGTGTCAGTGTGGGE

B GCCTTCTTTTACTATT GG AAAAGCTATATGGBCTCCTCTGGGGCCTBGTCTTCRACAA
" GCCTTCTTTTACTATT GG AAAAGCTATATGGCTCCTCTGGGGCCTGGTCTTORGACGE
NN to RR Mutation

p ml il “ ! ‘,l dlh A‘

GluN2A Wild Type

TL TGETGLL TGTCLCAGAATLL TAAAGGLACAACCAGLCAAGATLCATGGTGTLAGTGTGGGE

I Lﬂul l_‘nl.u s lll ul. .

c CALAGGGAAAGC TCCCCACGEGGCCTTCT T TTAC TAT T GOALAAAGCTATAITGGIC TCCTCTGEGGGEGGCCTOGGEGTCTTCAACAATTCTGTGCCTGEGTCCAGAATCCTAAAGGC
* CAAACOCOCAAAGCCTCCCCACCOOCCCTTCTTTTAC TATTOCOAAAAGCCTATAAACICTCCTCTOCCCOCCTOOTCTTCAACAATTCTOTOCCTOTCCASAATCCTAAAGGCGE

W to N Mutation

st .Lluﬂﬂmmlhhhﬂhu.u. il

Figure 47: Chromatograms of nucleotide sequence from the site-directed mutagenesis PCR products showing the mutations generated in GIuN2A subunits.
(A) GIUN2A(N6s146/N615R) Mutation; NN [AACAAT] at 614/615 positions in GIUN2A were mutated to GR [GGCAGA] to resemble the Q/R/N and +1 sites in rat
GIuN3 subunits. (B) GIUN2A(ne14r/N615R) Mutation; NN [AACAAT] at 614/615 positions in GIUN2A were mutated to RR [AGACGC] to resemble the Q/R/N and +1
sites in human GIUN3B subunits. (C) GIuN2Awsosn) mutation; W [TGG] occupying the 606 position in GIUN2A was mutated to N [AAC] to resemble the -8
position in relative to the Q/R/N site in both rat and human GIluN3 subunits.
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4.4 NMDAR ANTAGONISM ON MUTATED GLUN2A
4.4.1 Mg

Electrophysiological recordings of NMDA/glycine inhibition by increasing
concentrations of Mg?* (0.01 to 100 uM) on NMDAR containing GIuN2A mutations
were used to determine their ICso values at three holding potentials. The data were
then compared to responses on wild type GluN1-1a/2A subunits. At all voltages, block
by Mg?* on NMDAR containing the RR mutation in GIUN2A (2Ane14r/Ne15R) resulted in
the highest ICso, and were all significantly higher than 1-1a/2A (44-, 27- and 43-fold
higher at -50, -75 and -100 respectively) and 1-1A/2Awsosn. In contrast, GR mutation
in GIUN2A (2Ans146/N615r) Only resulted in a significant increase at -50 mV compared
to wild type (16-fold) and 1-1A/2Aweosn. GIUN2Awesosn mutation did not appear to
significantly affect NMDA antagonism by Mg?* as no significant differences were
observed between inhibition at 1-1a/2Awsoen and wild type at all holding potentials.

The results are presented in table 14 and figure 48.

Table 14: ICso values for Mg?* on NMDARs containing GIuN2A mutations and compared with
ICs0 on wild type GluN1-1a/GIuN2A.

Mg?* I1Cso (95% CI) uM
Voltage

(mV) 1-1a/2A 1-1a/2Aweo6n 1-1a/2Ane614G/N615R | 1-1a/2AN614R/N615R

15.0 (n=6) 22.2 (n=7) 236.8 (n=3) 658.4 (n=6)

50 5.64 t0 40.0 13.9t035.5 42.9 to 1308 77.6 to 5587

* p=0.0019 * p=0.0001

§ p<0.0001 § p<0.0001

3.97 (n=5) 4.39 (n=7) 3.22 (n=5) 108.7 (n=5)

2.56t06.16 2.71t07.11 2.24t04.64 43.4 to 272

75 * p<0.0001

§ p<0.0001

+ p<0.0001

2.19 (n=5) 2.36 (n=8) 1.42 (n=4) 94.0 (n=4)

1.51t03.18 1.62t03.44 0.59t0 3.43 47.8 to 185

-100 * p<0.0001

§ p<0.0001

+ p<0.0001

* denotes statistical significance against 1-1a/2A
§ denotes statistical significance against 1-1a/2Awsosn
t denotes statistical significance against 1-1a/2Ane146/n615R
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Figure 48: Concentration-inhibition relationship for Mg* block of NMDA/glycine on
NMDARs containing GIuN2A mutations compared with block on wild type GluN1-

1a/GIuN2A subunits.

(A) TEVC recordings of Mg?* (0.01 -100 pM) block at -75 mV, (B) Concentration-inhibition
curves for Mg?* block. Percentage control response (mean + SEM, n=3-8) values plotted and
fitted with the Hill equation to estimate ICso values, (C) Bars represent ICso (95% Cl) uM. (¥*)
denotes statistical significance against 1-1a/2A, (§) against 1-1a/2Aweoen and (T) against

1-1a/2 Ans1ac/N615R-
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4.4.2 Memantine

GIuN2A mutations resulted in an obvious trend of NMDAR inhibition when tested
with memantine at all holding potentials. The RR mutation in GIUN2A (2Ane14r/N615R)
caused the most reduced antagonistic property of memantine resulting in the highest
ICso values, followed by 1-1a/2Ans146/n615r and 1-1a/2Aweoen respectively. Significant
increase of ICsos were observed at 1-1a/2Ane14r/Ne15R COMpared to both wild type
(126-, 42- and 22-fold at -50, -75 and -100 mV respectively) and 1-1a/2Awsosn (also at
all voltages). GR mutation in GIuN2A also resulted in significant increase of ICsps
compared to wild type (96-, 5-, and 9-fold at -50, -75 and -100 mV respectively) and
1-1a/2Awsoen although less significant at -75 and -100 mV for the latter mutation.
GluN2Aweosn reduced inhibition slightly but only yielded a significant difference in ICso
(2-fold higher) compared to wild type at -50 mV. In general, these data gave
memantine 1Cso subunit order as 1-1a/2A < 1-1a/2Awsosn < 1-1a/2Ans1a6/N615R <

1-1a/2Ane14r/N615R at all voltages. The results are presented in table 15 and figure 49.

Table 15: ICso values for memantine on NMDARs containing GIuN2A mutations and
compared with 1Cs on wild type GluN1-1a/GIuN2A.

Memantine ICso (95% Cl) uM
Voltage
(mv) 1-1a/2A 1-1a/2Awso6N 1-1a/2Ane146/N615R | 1-1a/2An614r/N615R
2.07 (n=5) 4.09 (n=7) 198.8 (n=4) 259.9 (n=4)
50 1.51t02.83 2.79t05.8 11.0 to 3594 49.6 to 1363
* =0.0112 * $<0.0001 * <0.0001
§ p<0.0001 § p<0.0001
1.01 (n=5) 2.13 (n=8) 4.64 (n=4) 42.2 (n=5)
0.6to1.71 1.21to03.75 1.53to 14.1 13.2to0 135
-75 * p=0.0075 * p<0.0001
§ p<0.0001
+ p=0.0101
0.76 (n=5) 1.65 (n=7) 6.51 (n=4) 16.2 (n=5)
0.52to 1.09 0.79 to 3.46 1.48 to 28.7 4.65 to 56.5
-100
* p=0.0008 * <0.0001
§ p=0.0013

* denotes statistical significance against 1-1a/2A
§ denotes statistical significance against 1-1a/2Awsosn
t denotes statistical significance against 1-1a/2Ane146/n615R
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Figure 49: Concentration-inhibition relationship for memantine block of NMDA/glycine on
NMDARs containing GIuUN2A mutations compared with block on wild type GIluN1-

1a/GluN2A subunits.

(A) TEVC recordings of memantine (0.01-100 uM) block at -75 mV, (B) Concentration-
inhibition curves for memantine block. Percentage control response (mean = SEM, n=4-8)
values plotted and fitted with the Hill equation to estimate ICso values, (C) Bars represent I1Cso
(95% Cl) uM; (*) denotes statistical significance against 1-1a/2A, (§) against 1-1a/2Awsoen and

(1') against 1'13/2AN614G/N615R-
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4.4.3 MK-801

ICsos for MK-801 were significantly altered when tested in NMDAR containing both

double mutations at all holding potentials. 1Csos for GIuUN2Ans14r/n615R iNCreased 67-,

325- and 181-fold at -50, -75 and -100 mV respectively, while GluN2Ans146/N615R

resulted in increased ICsos of 33-, 132- and 64-fold at -50, -75 and -100 mV

respectively compared to wild type. The RR mutation also resulted in even higher

ICsos when compared to the GR mutation with a significant difference observed at

-50 mV (2-fold difference). The W606N mutation in GIuN2A did not appear to alter

the 1Cso of MK-801 as no significant differences were observed at all voltages. The

results are presented in table 16 and figure 50.

Table 16: ICso values for MK-801 on NMDARs containing GIuN2A mutations and compared
with ICso on wild type GluN1-1a/GluN2A.

MK-801 ICso (95% Cl) uM

Voltage
(mV) 1-1a/2A 1-1a/2Aweo06N 1-1a/2Ane14G/N615R | 1-1a/2ANe14r/N615R
0.25 (n=5) 0.2 (n=4) 8.21 (n=5) 17.4 (n=2)
0.13t0 0.49 0.02to 1.71 0.95to0 71.2 2.48x10° to 1.21x108
-0 * p=0.0005 * p<0.0001
§ p=0.0108 § p<0.05
T p<0.05
0.033 (n=5) 0.038 (n=5) 4.34 (n=5) 10.8 (n=5)
0.019 to 0.058 0.022 to 0.066 1.06to 17.7 1.03to 112
-75
* p<0.0001 * p<0.0001
§ p<0.0001 § p<0.0001
0.034 (n=5) 0.029 (n=5) 2.17 (n=6) 6.18 (n=3)
0.022 to 0.051 0.018 t0 0.048 0.15to 30.8 0.59 to 64.2
-100
* p=0.0030 * p<0.0001
§ p=0.0029 § p<0.0001

* denotes statistical significance against 1-1a/2A

§ denotes statistical significance against 1-1a/2Awsosn
t denotes statistical significance against 1-1a/2Ang14c/ns15R
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Figure 50: Concentration-inhibition relationship for MK-801 block of NMDA/glycine on
NMDARs containing GIuUN2A mutations compared with block on wild type GluN1-
1a/GluN2A subunits.

(A) TEVC recordings of MK-801 (0.01 -100 uM) block at -75 mV, (B) Concentration-inhibition
curves for MK-801 block. Percentage control response (mean + SEM, n=2-6) values plotted
and fitted with the Hill equation to estimate ICso values, (C) Bars represent ICso (95% Cl) uM;
(*) denotes statistical significance against 1-1a/2A, (§) against 1-1a/2Aweosn and (1) against
1-1a/2Anes146/N615R-
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4.4.4 Philanthotoxin-343

Philanthotoxin-343 ICsos generated for all receptor combinations did not reveal any
significant differences at all three holding potentials. Results are presented in table
17 and figure 51.

Table 17: ICso values for philanthotoxin-343 on NMDARs containing GluN2A mutations and
compared with 1Cs on wild type GluN1-1a/GIuN2A.

Philanthotoxin-343 I1Cso (95% ClI) uM
Voltage

(mv) 1-1a/2A 1-1a/2Aweo6N 1-1a/2Ane14G/N615R | 1-1a/2ANe14r/N615R

50 11.9 (n=7) 14.2 (n=5) 15.2 (n=5) 12.0 (n=4)

4.43t0 32.2 2.82to71.4 5.95to 38.9 3.98to 36.3

5 2.08 (n=5) 1.96 (n=4) 2.9 (n=4) 1.81 (n=4)

1.14t0 3.78 1.07to 3.6 1.83t0 4.62 0.23to0 14.0

100 0.97 (n=4) 0.56 (n=4) 0.80 (n=5) 1.39 (n=5)

0.39t02.41 0.31to1.01 0.26 to0 2.48 0.52t03.71
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Figure 51: Concentration-inhibition relationship for Philanthotoxin-343 block of
NMDA/glycine on NMDARs containing GIuN2A mutations compared with block on wild
type GluN1-1a/GIluN2A subunits.

(A) TEVC recordings of PhTX-343 (0.01-100 uM) block at -75 mV, (B) Concentration-inhibition
curves for PhTX-343 block. Percentage control response (mean + SEM, n=4-7) values plotted
and fitted with the Hill equation to estimate ICso values, (C) Bars represent I1Cso (95% Cl) uM;
no significant difference was observed between all subunit combinations.
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4.4.5 CR18

Due to limited availability, it was not possible to test CR18 in all subunit combinations
at all the desired holding potentials (refer to table 10, NA denotes not tested). The
GluN2Ane14r/N615R Mutation did appear to affect blocking potencies of CR18 as ICsos
were higher (2-, 7- and 15-fold at -50, -75 and -100 mV respectively) compared to
wild type. The GIuN2Ans146/n615R Mutation only resulted in a significant increase of
ICs0 (24-fold) at -100 mV but not at -75 mV. ICso of CR18 at GIuN2Awsoen increased 2-
fold compared to wild type tested at -100 mV although the differences were not
significant. No differences were observed between ICsgs tested on 1-1a/2Ans14r/N615R
and 1-1a/2Anes146/N615R Subunits recorded at -75 and -100 mV. The results are

presented in table 18 and figure 52.

Table 18: ICsp values for CR18 compound on NMDARs containing GIuN2A mutations and
compared with 1Cs on wild type GluN1-1a/GIuN2A.

CR18 ICso (95% Cl) M
Voltage
(mv) 1-1a/2A 1-1a/2Awso6N 1-1a/2Ane14G/N615R | 1-1a/2ANe14r/N615R
50 12.4 (n=3) NA NA 22.3 (n=4)
6.44 t0 23.0 10.6t0 47.0
13.4 (n=4)
75 2.04 (n=3) NA 3.88 (n=3) 6.28 to 28.5
0.56to0 7.43 1.52t09.94
* p=0.0081
14.6 (n=3) 9.4 (n=4)
100 0.62 (n=4) 1.29 (n=2) 4.41to048.1 497t017.8
0.12to0 3.35 0.22to 7.55 * p=0.0041 * p=0.0023
§ p=0.0196 § p=0.0196

* denotes statistical significance against 1-1a/2A
§ denotes statistical significance against 1-1a/2Awsosn
t denotes statistical significance against 1-1a/2Ang14c/ns15R
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Figure 52: Concentration-inhibition relationship for CR18 block of NMDA/glycine on
NMDARs containing GIuUN2A mutations compared with block on wild type GIuN1-
1a/GluN2A subunits.

(A) TEVC recordings of CR18 (0.01-100 uM) block at -75 mV, (B) Concentration-inhibition
curves for CR18 block. Percentage control response (mean £ SEM, n=2-4) values plotted and
fitted with the Hill equation to estimate ICso values, (C) Bars represent 1Cso (95% ClI) uM; (*)
denotes statistical significance against 1-1a/2A, (§) against 1-1a/2Awsoen and (T) against
1-1a/2Ans146/N6158.
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4.5 VOLTAGE-DEPENDENCE OF INHIBITION

Concentration-inhibition values fitted with the Hill equation were compared between
each holding potential and assessed whether the GIuN2A mutations resulted in
altered behaviour compared to wild type. The ICsos were then fitted with the

Woodhull equation to generate their § values.

4.5.1 GIluN2Aweoen) Mutation

Voltage-dependence of block of channel blockers in NMDAR containing the
GluN2Awsoen) mutation demonstrated similar patterns as compared to responses in
wild type NMDAR. In general, ICsos were reduced as membrane voltages became
more negative. Block at -100 mV was significantly higher than that at -50 mV for all
channel blockers. Block by Mg?* and philanthotoxin-343 were particularly affected by
membrane potentials where 1Csos generated were significantly different across all
voltages. Results are presented in table 19 and figure 53.

Table 19: Comparison of ICs, values for channel blockers on NMDARs containing
GluN2Awsosn mutation across three different holding potentials.

1Cs0 (95% Cl) uM on GluN1-1a/2Aweo6N
Voltage (mV)
\ -50 mV -75mV -100 mV
Compounds
22.2 (n=7) 4.39 (n=7) 2.36 (n=8)
13.9t035.5 2.71t07.11 1.62t03.44
Mg2+
1 p=0.0462
4.09 (n=7) 2.13 (n=8) 1.65 (n=7)
Memantine 2.79t05.8 1.21t03.75 0.79to 3.46
* p=0.0262
0.2 (n=4) 0.038 (n=5) 0.029 (n=5)
MK-801 0.02t01.71 0.022 to 0.066 0.018 t0 0.048
* p=0.0288
14.2 (n=5) 1.96 (n=4) 0.56 (n=4)
2.82to71.4 1.07t0 3.6 0.31t01.01
PhTX-343
t p=0.0037

* denotes statistical significance against -50 mV
T denotes statistical significance against -75 mV
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Figure 53: Concentration-inhibition curves showing voltage-dependent block of
NMDA/glycine responses by open channel blockers mediated by GluN1-1a/GIuN2Aweosn)

receptor combination at -50, -75 and -100 mV.

Percentage control response (mean + SEM) values were plotted and fitted with the Hill
equation to generate the ICsos for (A) Mg#, (B) memantine, (C) MK-801 and (D) PhTX-343.
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4.5.2 GIuN2A(n614G/N615R) Mutation

Mg?*, memantine and philanthotoxin-343 demonstrated similar patterns of voltage-
dependence of block on NMDAR containing GIuN2AN614G/N615R) Mutation as
compared to responses in wild type NMDAR as well as NMDAR containing the
GluN2Awsoen) mutation. ICses for these channel blockers were reduced as membrane
voltages became more negative; block at -100 mV was significantly higher compared
to that at -50 mV. Block for philanthotoxin-343 was particularly affected by
membrane potentials where ICsos generated were significantly different across all
voltages. MK-801 exhibited a similar trend of reduced ICso as membrane potential is
more negative although this was found statistically not significant. Results are

presented in table 20 and figure 54.

Table 20: Comparison of ICs, values for channel blockers on NMDARs containing

GluN2Ane116/n6158 Mutation across three different holding potentials.

ICs0 (95% Cl) UM on GluN1-1a/2AN614G/N615R
Voltage (mV)
—— " somv 75 mV -100 mv
Compounds
236.8 (n=3) 3.22 (n=5) 1.42 (n=4)
Meg2* 42.9to 1308 2.24t0 4.64 0.59t03.43
8

* p<0.0001 * p<0.0001
198.8 (n=4) 4.64 (n=4) 6.51 (n=4)
Memantine 11.0to 3594 1.53t014.1 1.48 to 28.7

* p<0.005 * p<0.05
8.21 (n=5) 4.34 (n=5) 2.16 (n=6)

MK-801

0.95to0 71.2 1.06 to 17.7 0.15to0 30.8

15.2 (n=5) 2.9 (n=4) 0.8 (n=5)
5.95t0 38.9 1.83t0 4.62 0.26t0 2.48

PhTX-343

* p<0.05 * p<0.05

t p<0.05
3.88 (n=3) 14.6 (n=3)
CR18 NA 1.52t09.94 441t048.1

* denotes statistical significance against -50 mV
t denotes statistical significance against -75 mV
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Figure 54: Concentration-inhibition curves showing voltage-dependent block of
NMDA/glycine responses by open channel blockers mediated by
GluN1-1a/GluN2Ane146/n615R) Feceptor combination at -50, -75 and -100 mV.

Percentage control response (mean + SEM) values were plotted and fitted with the Hill
equation to generate the ICsos for (A) Mg?*, (B) memantine, (C) MK-801, (D) PhTX-343 and (E)

CR18.
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4.5.3 GIuN2A(n614r/N615R) Mutation

Similar to the other two mutations, GIuN2Ane14r/N615R) did not seem to affect voltage-
dependence of inhibition for the channel blockers. ICso rank order were the same for
all compounds where ICsos generated at -100 mV were the lowest followed by -75
mV and -50 mV. Significant differences were observed between ICsos at -100 mV
and -50 mV for all compounds (except CR18) although less significance was observed
between ICsos at -75 mV and -100 mV. The results are presented in table 21 and figure

55.

Table 21: Comparison of ICs, values for channel blockers on NMDARs containing

GluN2Ane14r/n615R MUtation across three different holding potentials.

ICs0 (95% Cl) uM on GluN1-1a/2AN614R/N615R
Voltage (mV)
\ -50 mV -75mV -100 mV
Compounds
658.4 (n=6) 108.7 (n=5) 94.0 (n=4)
Mg2+ 77.6 to 5587 43.4t0 272 47.8t0184.8
* p<0.05
259.9 (n=4) 42.2 (n=5) 16.2 (n=5)
. 49.6 to 1363 13.2t0135.1 4.65to0 56.5
Memantine
* p<0.05
17.4 (n=2) 10.8 (n=5) 6.18 (n=3)
MK-801 (very wide) 1.03to 112 0.59t0 64.2
* p<0.05
12.0 (n=4) 1.81 (n=4) 1.39 (n=5)
PhTX-343 3.98t0 36.3 0.23to 14.0 0.52t03.71
* p<0.005
CR18 22.3 (n=4) 13.4 (n=4) 9.4 (n=4)
10.6 to 47 6.28 to 28.5 4.97t017.8

* denotes statistical significance against -50 mV
t denotes statistical significance against -75 mV
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Figure 55: Concentration-inhibition curves showing voltage-dependent block of
NMDA/glycine responses by open channel blockers mediated by
GluN1-1a/GluN2Ane1ar/n615R) FEceptor combination at -50, -75 and -100 mV.

Percentage control response (mean * SEM) values were plotted and fitted with the Hill
equation to generate the ICsos for (A) Mg?*, (B) memantine, (C) MK-801, (D) PhTX-343 and (E)
CR18.
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ICsos for channel blockers tested on all subunit combinations were fitted with the
Woodhull model equation to determine the 6 value which estimates the position of
binding sites within the electric field. The GIluN2Awsosn mutation does not appear to
impact the 6 values for all compounds as the numbers were relatively similar to wild
type with only slight alterations found. Interestingly, both double mutations show the
same effect, 6 values were increased for Mg?* and memantine and reduced for MK-
801 and CR18, suggesting that binding sites were altered by the double mutations.
All mutations however, did not appear to alter the 6 value of philanthotoxin-343, as
the numbers were similar with all subunit combinations. Calculated 6 values are
presented in table 22 and the corresponding Woodhull-fitted graphs are shown in
figure 56. The 6 value for Mg?* on 1-1a/2Ans146/N615r Was considered ambiguous due

to the poorly fitted Woodhull curve and wide confidence interval.

Table 22: Calculated 6 values from the Woodhull equation for channel blockers tested on
GluN1-1a/2A, GluN1-1a/2Awsosn), GluN1-1a/2A(n6146/N615R) and GIUN1-1a/2A(N614R/N615R)
subunit combinations.

)
(95% Cl)
Compound 1-1a/2A 1-1a/2Aweoen | 1-1a/2Ane14G/N615R | 1-1a/2AN614r/N615R
2 0.62 0.77 ~2.19 0.81
Mg
-0.67to 1.9 -0.93t0 2.46 (Very wide) -2.41t04.02
. 0.59 0.53 3.78 1.79
Memantine
-0.95t0 2.13 -0.95t0 2.0 -12.0t0 20.5 -0.67 t0 4.25
1.84 1.5 0.67 0.52
MK-801
-6.54 t0 10.2 -3.69 10 6.68 0.46 to 0.88 0.24t0 0.79
0.56 0.66 0.56 0.58
PhTX-343
-0.47to 1.6 0.09to0 1.24 0.24 to0 0.87 -1.44t02.61
0.6 0.16
CR18 NA NA
0.07to0 1.13 -0.04 t0 0.35
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Figure 56: Voltage-dependence of ICso for channel block of NMDA/glycine responses on all
NMDA receptor combinations fitted with the Woodhull equation.

ICso (95% Cl) uM for (A) Mg¥, (B) memantine, (C) MK-801, (D) philanthotoxin-343 and (E)
CR18 tested on GluN1-1a/2A, GIluN1-1a/2Aweo06N), GIluN1-1a/2A(N614G/N615R) and
GluN1-1a/2A(N614R/N615R) Subunit combinations (note altered y-axis).
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4.6 DISCUSSION

Despite being discovered and cloned some 20 years ago, the physiological role of
GIluN3 subunits remains unclear. Although GIuN2 subunit variability has been shown
to confer the sensitivity of NMDAR block by Mg?* and other channel blockers, more
recent studies have implicated the role of GIuN3 subunits in reduced NMDAR channel
block (McClymont et al., 2012; Paoletti and Neyton, 2007; Petrenko et al., 2003; Tong
et al., 2008). Reports have shown that the incorporation of GIuN3 into the
conventional subunit combination of GIuN1 and GIuN2 dramatically changes
pharmacological properties. Among the alterations associated with GIuN3 are the
reduction of single channel conductance leading to a downregulating effect on
channel current (Das et al., 1998; Sasaki et al., 2002), resistance of Mg?* block
(McClymont et al., 2012), and decreased permeability of Ca?* (Matsuda et al., 2002;
Sasaki et al., 2002). One important question relating to GluN3’s ability to reduce Ca?*
permeability is whether this is a favourable property, or if this is negated by the fact
that Mg?* block allows activity at more hyperpolarized membrane potentials. This
issue is important to address for two main reasons: (i) NMDAR antagonists are being
investigated extensively as potential therapeutics for neurodegenerative disorders
and the GIuN3 subunits could be promising new targets in neuropathological
conditions including excitotoxicity and cognitive dysfunction (Kvist et al., 2013; Stys
and Lipton, 2007), and (ii) GIuN3 subunits have been proposed to possess in vivo
neuroprotective effects (Karadottir et al.,, 2005; Martinez-Turrillas et al., 2012;

Nakanishi et al., 2009).

Here, we attempted to further investigate the impact of the Q/R/N and adjacent sites
in the M2 pore region of the GIuN3 subunits on the reduced inhibitory potency of
Mg?* and other open channel blockers. Previous findings have shown that the
reduced potency of channel blockers in GIUN3A can only be partially restored by
reverse mutation of G at the Q/R/N site or R at the +1 site to N (McClymont et al.,
2012). Thus, the initial aim of this study was to investigate whether a double reverse
mutation at the Q/R/N and +1 sites (GR mutated to NS and NN resembling GluN1 and

GluN2A respectively) can completely or still partially restore blocking potency. cRNAs
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of mutated GluN3 subunits were co-injected with GIuN1-1a and GIuN2A into Xenopus
oocytes and their susceptibility to block by Mg?* and memantine were assessed

through voltage-clamp recording.

The findings of this study however revealed no differences between Mg?* and
memantine block of NMDA/glycine responses between NMDAR assemblies
containing mutated GIUN3A or GIuN3B at -75 mV versus wild type (data not shown).
We then compared Mg?* and memantine block of NMDA/glycine responses in the
conventional assembly of GIluN1-1a/GIuN2A alone verses GluN1-1a/GIuN2A co-
injected with GIUN3A or GIuN3B. Again, no significant differences were observed
between the three NMDA receptor assemblies (data not shown). These results
suggested that both wild type and mutated GIuN3 subunits might not be expressed
in our Xenopus oocyte expression system. In order to validate GIUN3 expression,
glycine sensitivity testing was conducted to test GIuN1-1a/GIuN2A expression alone
verses GluN1-1a/GIuN2A incorporated with GIuN3 subunits. Xenopus oocytes
injected with NMDAR cRNAs were tested with NMDA co-applied with glycine in
tenfold increasing concentration (0.01 to 100 uM) at -50, -75 and -100 mV. ECsp
values obtained via the concentration-inhibition curves fitted with the Hill equation
did not reveal any significant differences between all subunit combinations at all
voltages tested. Considering that glycine’s affinity at the GIuN3 binding site is 650
times higher compared to GluN1, in theory the incorporation of GIuN3 into NMDA
receptor assembly is expected to yield a lower ECso (Yao and Mayer, 2006). This has
been demonstrated by McClymont (2010) where glycine’s ECso showed a significant
reduction in receptor assemblies containing GIuN3 than those containing GIuN1-1a
and GIuN2A only. However, we could not confidently conclude that GIuN3 were

expressed in our oocyte expression system.

Due to the failed attempt at expressing GIUN3 subunit, a different strategy was
employed. GIuUN2A was mutated to resemble rat GIUN3A and GIuN3B as well as
human GIuN3B. Via site-directed mutagenesis on GIuN2A subunit, double-amino acid
substitutions (GR and RR) were introduced in place of the polar residues at 614 and

615 positions (replacing NN) which are expected to interact with cations. The single-
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substitution, N was also introduced to replace W (at 606; -8 position relative to the
Q/R/N site), an amino acid conserved in all other ionotropic glutamate receptors
(Sakurada et al., 1993). Mutated GIuN2A subunits co-expressed with GluN1-1a were
characterised with Mg?*, memantine, MK-801, PhTX-343 and CR18.

Current data revealed that the presence of double R at the Q/R/N and +1 sites greatly
reduced open channel block by Mg?*, memantine, MK-801 and CR18. GR substitution
also affected channel block although statistically found not as significant. At all
voltages tested, ICsos for Mg?* increased 27- to 44-fold in GluN1-1a/2A(Ns145R/N615R)
compared to wild type. GIuN1-1a/2Anes1456/n615R) Only resulted in a significant
increase at -50 mV with 14-fold compared to wild type. These findings were
consistent with previous reports indicating that GIuN3A-containing NMDAR (which
has GR at the Q/R/N and +1 sites), although affecting blocking potency, the size of
effects were relatively small. In a study on hippocampal neurones of transgenic mice
overexpressing Glu3A, Tong et al. (2008) also demonstrated a 14-fold increase of
Mg?* ICso compared to wild type. McClymont et al. (2012) also reported only a slight
increase of Mg?* ICso, between 2- to 10-fold when GIuN3 subunits were incorporated

into GluN1-1a/GIuN2A subunits.

In wild type GIuN2A, the Q/R/N and +1 sites are occupied by NN. The mutated
subunits contain a G or R at the Q/R/N site, followed by the positively charged R at
the +1 position. Thus it was speculated that the loss of the polar partial negative
charge of N, as well as the addition of the positive R, reduced Mg?* affinity resulting
in increased ICsps. Interestingly, the RR mutation in GIuN2A produced even higher
ICsos then the subunit combinations containing GR mutation in GIUN2A. The
increased positive charge caused by double R must have contributed to this

phenomenon.

The memantine block demonstrated a similar inhibition pattern with Mg?* but with
more significant increases in the I1Csgs. This is expected as previous studies have noted
the similar/or close binding sites of memantine and Mg?* (Chen and Lipton, 2005;

Kashiwagi et al., 2002). The presence of RR mutation in GIUN2A resulted in 125-, 40-

122



and 20-fold increase of ICsq at -50, -75 and -100 mV respectively. The GR mutation
also significantly reduced memantine block but at a smaller magnitude compared to

RR.

MK-801 was the most potent NMDAR blocker tested in all subunit combinations at
all voltages in this study. The RR mutation in GIuN2A had a profound effect on MK-
801 inhibition as the ICses increased 67- to 325-fold compared to wild type. The
presence of GR mutation also significantly increased the ICso of MK-801 but much less
so where ICsos rose 33- to 133-fold across the three voltages tested. MK-801 was
postulated to bind strongly to the Q/R/N site in such a way that agonist can dissociate
and the channel can close while it is still trapped in the channel pore. McClymont et
al. (2012) demonstrated that a reverse mutation at the Q/R/N site in GIUN3A (G729N)
restored activity of channel block in the NMDAR channel thus supporting the claim

that binding occurs at this region (Kashiwagi et al., 2002).

In the current study, small but significant increases for CR18 ICsos were observed in
subunit combinations containing the RR mutation in GIuN2A. ICses increased 2-, 7-
and 15-fold at -50, -75 and -100 mV respectively compared to wild type. GR also
affected CR18 block where ICsos increased 2- and 25-fold at -75 and -100 mV

respectively. CR18 was not tested at -50 mV due to limited availability.

ICsos were similar for PhTX-343 tested against all subunit combinations across all
holding potentials. In a study by Kashiwagi et al. (2007) using anthraquinone toxins
containing spermine, a mutation at the Q/R/N site in GluN1(ns16q) reduced blocking
potencies (>15%) of AQ343 and AQ444 analogues (the chemical structure of the
compounds are presented in figure 57 and show similarity with the PhTX-343
polyamine backbone but with differences in the headgroup) . In contrast, single
mutations substituting N with G at the homologous Q/R/N and +1 sites in GIuN2B
enhanced block by AQ343 (Kashiwagi et al., 2007). It is not surprising, therefore, that
all mutations constructed in GIuN2A subunits in this study did not alter blocking

potencies of PhTX-343. This finding did not correspond with a study of AMPA
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receptors where an R at the Q/R/N site in GIuA2 results in receptors that are not

blocked by polyamines (Isaac et al., 2007).
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Figure 57: Chemical structures of (A) AQ343 and (B) AQ444.

These anthraquinone analogues were derived from anthraquinone-2-carboxyl chloride. Note
that AQ343 consists of similar polyamine backbone to PhTX-343 (Kashiwagi et al., 2004;
Kashiwagi et al., 2007).

Numerous studies have demonstrated that the Q/R/N modification altered Ca?*
permeability and blocking sensitivity of antagonists. Most early studies, however,
were focused on GIuN1 subunits and only single substitutions were constructed.
Many studies have shown that replacing N with either Q or R at the homologous
Q/R/N position in GluN1 resulted in marked decline of Ca?* flux as well as reduced
blocking potencies of Mg?*, MK-801 and PCP. In addition to that, blocking by Zn?* and
desipramine (an antidepressant) were also found reduced (Burnashev et al., 1992;
Mori et al., 1992; Sakurada et al., 1993; Yamakura et al., 1993). More specifically,
Sakurada et al. (1993) revealed that N616Q mutation in GIuN1 resulted in reduced
Ca®* permeability while N616R substitution almost completely diminished ionic
currents. Mg?* and MK-801 block were also altered in both mutations, where N616R
resulted in more reduced blockade compared to N616Q. Similarly, Ferrer-Montiel et
al. (1995) demonstrated that N to Q replacement reduced MK-801 blocking potency
by 800-fold as well as PCP by 300-fold. In reverse, replacement of Q to N in the
homologous GluA1 AMPA receptor resulted in enhanced sensitivity to MK-801 and
PCP block, an increase of 70- and 13-fold respectively (Ferrer-Montiel et al., 1995).
The N residue is conserved in GluN1 and all isoforms of GIuN2 subunits in the

homologous Q/R/N position. It is therefore postulated early on by Sakurada et al.
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(1993) that an asparagine ring forms a central part of the receptor channel pore and
regulates the constriction and selectivity of ion flux particularly Ca?* as well as

channel block by Mg?* and other blockers.

Channel block may also be altered by changes in the size of the channel pore.
Modification of the Q/R/N and +1 sites in GIluN1 and GIuN2 subunits were shown to
alter NMDAR channel diameter. As previously noted, the diameter of the NMDAR
channel is estimated to be approximately 0.55 nm (Villarroel et al., 1995). Wollmuth
et al. (1996) discovered that the GluN1 mutation of N to G at the Q/R/N site (in
combination with wild type GIuN2A) increased the diameter of the channel pore to
0.75 nm, while GIuUN2A mutation at the corresponding site does not. In contrast, N to
G mutation at the +1 site in GIuN2A increased the channel pore to 0.67 nm, while the
substitution of S to G at the homologous GluN1 site does not. As expected, double
mutations (N to G) at these non-homologues sites had the most pronounced effect
as it enlarged the channel pore to approximately 0.87 nm. They concluded that the
major determinants of the narrow constriction of the NMDAR channel pore are the

N residues at the Q/R/N site of GIuN1 and at the +1 site of the GIuN2A.

Modification of W to N at -8 position in GIUN2A only resulted in small changes in
blocking potencies of all NMDAR blockers tested in this study when compared to wild
type. For Mg?*, the ICsos in GluN1-1a/GluN2Awsoen) increased slightly at all voltages
although these were not statistically significant. Williams et al. (1998) previously
reported that the W residue at -8 position in the M2 region of GIuN2 subunits controls
Mg?* block. In GIuN2B, substitution of Weo7 to N, L (leucine) and A (alanine) greatly
reduced Mg?* block and permeability of Ba%*. Substitution with Y (tyrosine) or F
(phenylalanine), both containing aromatic rings has no or little effect on Mg?* block,
suggesting that the loss of activity only occur if there was a loss of the aromatic ring.
This also indicates that the W residue may be involved in the binding of divalent
cations, in particular Mg?* through a cation-m interaction with the electron-rich
aromatic ring of the tryptophan. Based on these findings, they proposed a model in
which the M2 loop of GIuN2B is folded in such a way that Weo7 is positioned at the

narrow constriction, at a level similar to the Q/R/N site in GIluN1ne16) and +1 position
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in GIuN2Bnes16). These three residues form the binding site for Mg?*. This amino acid
at -8 position located on the supporting alpha helix of the pore loop might also
contribute to the constraining of the loop. Therefore, modification at this site is
postulated to influence the position of the narrow part of the pore lined by the beta
strand part of M2. The study, however, only constructed one mutation in GIuN2A
where W was substituted with L resulting in abolished Mg?* block. This may indicate

that the W residue in GIuN2Awesos) may behave in a similar manner with GIuN2B.

Similar to Mg?*, GIluN2Aweosn) mutation had a slight effect on memantine and CR18
block as ICsps were found to increase 2-fold at all holding potentials with a significant
difference observed at -50 mV with memantine. The mutation does not alter
inhibition of MK-801 and PhTX-343 as ICses across all voltages were similar and no
significant differences were observed. Although previous studies have shown that the
bulky W residue at the -8 position has a profound effect on sensitivity of channel
block (Kashiwagi et al., 2002; Williams et al., 1998), the present study only noted a
very small effect with Mg?*, memantine and CR18 block of NMDA-induced current.
Indeed, substitution of the residue does not alter block of MK-801 and PhTX-343
suggesting that the N residue in GIuN3 has only a small or negligible effect on reduced
sensitivity of channel block in GIuN3-containing NMDARS as demonstrated in several

studies.

In order to test voltage-dependency of the compounds, the Woodhull model was
utilised. This model was originally developed to measure depth of block by H* through
the Na* channel, but more recently it is thought to represent voltage-dependence or
electrical interaction, rather than an actual position in space (Chen and Lipton, 2005;
Woodhull, 1973). The electrical field of the NMDA receptor has also been shown to
be concentrated around the Q/R/N-site and is weaker in the outer region, meaning
depth cannot be accurately described by the model (Antonov et al.,, 1998).
Furthermore, at voltages greater than -60 mV intracellular and extracellular
monovalent permeant ions bind to the channel and influence the kinetics of open
channel blockers (Antonov et al., 1998; Chen and Lipton, 1997). The findings of this

study revealed that all compounds were voltage-dependent in all subunit
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combinations tested despite the presence of mutant subunits. The compounds were

more potent as the holding potentials became more negative.

Despite reports suggesting that the Woodhull model does not provide reliable
predictions for binding sites, our control data in wild type NMDAR provided quite
accurate estimation of the blocking site for the channel blockers (except for MK-801).
The & values for Mg?*, memantine, PhTX-343 and CR18 were in the range between
0.56 to 0.62, fitting with the Q/R/N blocking position in the channel pore. Premkumar
and Auerbach (1996) have shown that the Mg?* blocks the NMDAR channel pore at
the Q/R/N site that is approximately 0.64 through the electric field of the membrane.
The present study demonstrated changes of the & values in NMDAR assembly
containing either the GR or RR mutations compared to wild type. The higher 6 values
calculated for Mg?* and memantine in mutated subunits suggest that smaller NMDAR
blockers moved to a deeper site within the channel pore beyond the Q/R/N site.
Larger molecules such as PhTX-343 and CR18 might not be able to penetrate the
narrow constriction site reflected by their smaller & values. It is speculated that the
double mutations might alter the size of the channel pore particularly at the narrow

constriction site in the M2 region.
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CHAPTER 5

MULTI-TARGET-DIRECTED LIGANDS STUDY

5.1 SUMMARY

This chapter describes the evaluation of novel compounds as potential therapeutics
for AD. All compounds were designed as multi-target-directed ligands possessing
multiple targets and biological properties to address the multifactorial nature of the
disease. To remain consistent with previous studies, different approaches were
employed to assess the MTDL compounds. Block of NMDA/glycine responses by
memantine-derivatives and spermine-derived polyamines were tested at -60 mV in
GluN1-1a and GIuN2A NMDA receptors. Based on the ICso obtained from the
concentration-inhibition curves, the concentration was used to determine voltage-
dependency recorded at -40, -60, -80 and -100 mV. For donepezil-derived
compounds, they were co-applied with NMDA/glycine and recorded at -50, -80
and -100 mV to obtain their concentration-inhibition curves. Since donepezil was
designed to target the cholinergic pathway and binding studies have shown that their
derivatives possess affinity towards nicotinic receptors, the compounds were also
tested on a7 and a4f2 nAChRs to see whether they exhibit any agonistic or
antagonistic properties. The ICsos obtained were then fitted with the Woodhull
equation to generate their 6 values in order to determine voltage-dependency and
estimate binding sites in the channel pore. All memantine derivatives were weak
NMDAR blockers with the most potent being MAB22 (possessing methoxyphenol
moiety) which recorded an ICso of 26.9 uM. The spermine-derived polyamines (CR
compounds) were potent NMDAR channel blockers with 1Csos (0.69 to 2.35 uM)
comparable to memantine (2.28 uM). All compounds were found to act through a
voltage-dependent manner as assessed via the Woodhull model. As for the

donepezil-derived (MGM) compounds, they were found to be weak NMDAR blockers

128



but appear to be partially agonistic towards a4f2 nAChRs while selectively

antagonize ACh responses in a7 subtypes.

5.2 CONTROL CHANNEL BLOCKERS

To aid comparison with MTDLs, block by Mg?* and memantine was reassessed using

the above protocols that differ from those described previously.

52.1 Mg?

The antagonism of responses to NMDA and glycine by tenfold increment
concentrations (0.01 to 100 pM) of Mg?* mediated by GluN1-1a/GIuN2A were
employed to determine its ICso value at -60 mV. The ICso of Mg?* generated via the
concentration-inhibition curve obtained from five set of recordings was 10.1 (95% ClI

4.74 to 21.4) uM (figure 58).

A.
NMDA/glycine NMDA/glycine NMDA/glycine
0.01 uM
M o 1pm
B.
NMDA/glycine NMDA/glycine 100
[
sl 3
=]
o
o 604
12
£ 401
=
=]
O 204
50 nA 10 pm 100 pM E
20 s 0

s 8 7 £ 5 4
Log[Mg®"1(M)

Figure 58: Concentration-dependent Mg* block of NMDA/glycine responses in
GluN1-1a/GluN2A NMDA receptors.

(A) TEVC recordings for Mg?* (0.01-100 puM) block of NMDA/glycine responses at -60 mV on
a single oocyte, (B) Concentration-inhibition curve for Mg?* block. Percentage control
response (mean = SEM, n=5) values were plotted and fitted with the Hill equation to yield an
ICso0f 10.1 (95% CI 4.74 to 21.4) pM.
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Based on the ICso obtained, a concentration of 10 uM was used to determine voltage-
dependent inhibition of Mg?*. NMDA/glycine responses antagonised by Mg?* on
GIluN1-1a/GIuN2A were assessed at four different holding potentials; -40, -60, -80
and -100 mV. The & value for Mg?* obtained from the voltage-dependent curve fitted
with the Woodhull equation was 1.48 (95% Cl -0.48 to 3.44). The results are

presented in figure 59.

A. NMDA/glycine NMDA/glycine NMDA/glycine

-

Mg2* 10 pM

Mg?* 10 pM Mg2* 10 pM
-100 mV -80 mV -60 mV

B.

100 -
o

NMDA/glycine 2 80
&

o 60
r

2 40,
‘ c

50 nA Mg 10 pM 8 2
20s e
-40 mvV 2
0 T 1

-120 -100 80 60 -40 -20
Vi (mV)

Figure 59: Voltage-dependent Mg** (10 uM) block of NMDA/glycine in GluN1-1a/GIuN2A-
containing NMDA receptors.

(A) TEVC recordings of Mg?* block tested at -100, -80, -60 and -40 mV on a single oocyte, (B)
Voltage-dependent inhibition curve for Mg?* block. Percentage control response (mean #
SEM, n=3) values were plotted and fitted with the Woodhull equation to yield the & value.
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5.2.2 Memantine

The antagonism of responses to NMDA and glycine by tenfold increment
concentrations (0.01 to 100 uM) of memantine mediated by GluN1-1a/GIuN2A were
employed to determine the ICso value of memantine at -60 mV. The ICso of
memantine obtained via the concentration-inhibition curve was 2.28 (95% Cl 1.73 to

3.01) uM (n=6) (figure 60).
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Figure 60: Concentration-dependent memantine block of NMDA/glycine responses in
GluN1-1a/GluN2A-containing NMDA receptors.
(A) TEVC recordings for memantine (0.01-100 uM) block of NMDA/glycine responses at -60

mV on a single oocyte, (B) Concentration-inhibition curve for memantine block. Percentage
control response (mean + SEM, n=6) values were plotted and fitted with the Hill equation to
yield an ICspof 2.28 (95% Cl 1.73 to 3.01) uM.
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Based on its ICso value of 2.28 uM, a memantine concentration of 3 uM was used to
determine the voltage-dependent inhibition. Responses of NMDA antagonism by
memantine on GluN1-1a/GIuN2A was assessed at four different holding
potentials, -40,-60, -80 and -100 mV. The & value for memantine obtained from the
voltage-dependent curve fitted with the Woodhull equation was 0.4 (95% Cl 0.23 to

0.56). The results are presented in figure 61.
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Figure 61: Voltage-dependent memantine (3 uM) block of NMDA/glycine in
GluN1-1a/GluN2A-containing NMDA receptors.
(A) TEVC recordings of memantine block tested at -100, -80, -60 and -40 mV on a single

oocyte, (B) Voltage-dependent inhibition curve for memantine block. Percentage control
response (mean * SEM, n=5) values were plotted and fitted with the Woodhull equation to

yield the & value.
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5.3

MEMANTINE-DERIVATIVE (MAB) COMPOUNDS (i)

5.3.1 Concentration-Inhibition of Methoxyphenol-Containing MAB Compounds

The antagonism of responses to NMDA and glycine by memantine derivatives

containing methoxyphenol moiety (MAB23(2), MAB14, MAB22 and MAB30) were

examined. The compounds in tenfold increment of compound concentrations (0.01

to 100 uM) were tested on GluN1-1a/GluN2A at -60 mV to determine their ICso values

via the Hill equation. Examples of trace recordings of the compounds are presented

in figure 62 below. Data were then fitted with the Hill equation to generate their

concentration-inhibition curves and estimate the ICsps.
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Figure 62: TEVC recordings for MAB23(2), MAB14, MAB22 and MAB30 (0.01—100 uM) block of
NMDA/glycine responses at -60 mV on single oocytes.
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All memantine-derivatives containing the methoxyphenol moiety exhibited low
potency in blocking NMDA/glycine responses in GluN1-1a/GIuN2A-containing NMDA
receptors at -60 mV. This contrasts with Mg?* and memantine which recorded an ICso
of 10.1 and 2.28 uM respectively; significantly lower than all of the compounds. At
26.9 uM, MAB22 recorded the lowest ICso. MAB23(2) yielded a very wide 95%
confidence interval and had an ICsop of more than 100 uM, thus suggesting its
inefficacy. Concentration-inhibition curves for all compounds and their ICsos are

presented in figure 63.
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Figure 63: Comparison of concentration-inhibition for MAB compounds (containing
methoxyphenol moiety), Mg* and memantine block of NMDA/glycine responses in
GluN1-1a/GluN2A NMDA receptors at -60 mV.

(A) Concentration-inhibition curves for the MAB compounds, Mg? and memantine block.
Percentage control response (mean + SEM) values were plotted and fitted with the Hill
equation to estimate their ICses, (B) ICso values for all compounds (n=6 for memantine, n=5
for all other compounds). 95% confidence intervals are also noted.
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5.3.2 Concentration-Inhibition of Lipoic Acid-Containing MAB Compounds

Memantine derivatives containing lipoic acid moiety (MAB7, MAB15, MAB21 and
MAB32) were diluted in NMDA/glycine solution in a range between 0.01 uM to 100
UM. Blocking potencies of the compounds at GluN1-1a/GIuN2A were measured by
electrophysiological recordings at -60 mV. Examples of the TEVC trace recordings are
presented in figure 64. Data were then fitted with the Hill equation to generate their

concentration-inhibition curves and estimate the ICsps.
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Figure 64: TEVC recordings for MAB7, MAB15, MAB21 and MAB32 (0.01-100 M) block of
NMDA/glycine responses at -60 mV on single oocytes.
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Memantine-derivatives containing lipoic acid moiety demonstrated even lower

antagonistic property to block NMDA/glycine responses in GIluN1-1a/GIuN2A-

containing NMDA receptors at -60 mV. At 55.9 (95% Cl 34.4 to 77.5) uM, MAB7 was

the most potent compound, while the others recorded ICsos of more than 100 puM.

Concentration-inhibition curves for all compounds are presented in figure 65.
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Figure 65: Comparison of concentration-inhibition curves for MAB compounds (containing
lipoic acid moiety), Mg and memantine block of NMDA/glycine responses in GluN1-

1a/GluN2A NMDA receptors at -60 mV.

Percentage control response (mean = SEM) values were plotted and fitted with the Hill
equation (n=6 for memantine, n=>5 for all other compounds).
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5.3.3 Voltage-Dependence of MAB Compounds

The MAB compounds with considerable blocking properties were assessed for
voltage-dependency. The compounds were diluted to their ICso concentrations and
block of NMDA/glycine responses mediated by GluN1-1a/GIuN2A was measured at
four different holding potentials (-40, -60, -80 and -100 mV) across several batches of
oocytes. Examples of the TEVC trace recordings are presented in figure 66. Data were

fitted with the Woodhull equation to determine their 6 values.
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Figure 66: TEVC recordings of MAB compounds (MAB14, MAB22, MAB30 and MAB?7)
voltage-dependent block of NMDA/glycine responses in GluN1-1a/GluN2 NMDA receptors
tested at -100, -80, -60 and -40 mV on single oocytes.
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Voltage-dependent block was assessed to calculate an approximate distance across
the electric field that the binding site is located. Figure 67 A displays the voltage-
dependent inhibition curves fitted according to the Woodhull model. The results of
this study showed that three of the memantine-derivative compounds yielded &
values comparable to memantine. MAB14, MAB22, MAB30 and MAB7 each had &
values of 0.46 (95% CI 0.32 to 0.6), 0.43 (95% Cl 0.19 to 0.67), 0.51 (95% CI 0.15 to
0.87) and 0.4 (0.09 — 0.78) respectively, which are just slightly higher to that of
memantine, 0.4 (95% Cl 0.23 to 0.56). These compounds may have a shallow binding

block due to their relatively small 6 values, but deeper than memantine.
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Figure 67: Comparison of voltage-dependent inhibition of MAB compounds (containing
methoxyphenol moiety), Mg* and memantine block of NMDA/glycine responses in
GluN1-1a/GluN2A NMDA receptors.

(A) Voltage-dependent curves for MAB compounds, Mg?* and memantine at four holding
potentials, -100, -80, -60 and -40 mV. Percentage control response (mean + SEM) values were
plotted and fitted with the Woodhull model to yield the 6 values, (B) 6 (95% Cl) values of the
compounds obtained from the voltage-dependent curves (n=3 for Mg%, n=5 for memantine,
n=6 for MAB14, MAB22 and MAB30, n=5 for MAB7). § is the estimated position of the binding
site within the electric field.
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54 MEMANTINE-DERIVATIVE (FC/GB) COMPOUNDS (ii)

5.4.1 Concentration-Inhibition of Methoxyphenol-Containing FC Compounds

FC compounds, derived from memantine containing methoxyphenol moiety (FC7,
FC12 and FC17) were diluted in NMDA/glycine solution in a range between 0.01 uM
to 100 uM. Blocking potency of the compounds at GluN1-1a/GIuN2A were measured
by electrophysiological recordings at -60 mV. Examples of the TEVC trace recordings
are presented in figure 68. Data were then fitted with the Hill equation to generate

their concentration-inhibition curves and estimate the I1Csgs.
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Figure 68: TEVC recordings of FC7, FC12 and FC17 (0.01-100 uM) block of NMDA/glycine
responses at -60 mV on single oocytes.
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5.4.2 Concentration-Inhibition of Catechol-Containing FC/GB Compounds

The antagonism of responses to NMDA and glycine by memantine derivatives

containing a catechol moiety (FC20 and GB13) were examined. The compounds in

tenfold increasing concentration (0.01 to 100 uM) were tested on GluN1-1a/GIuN2A

at -60 mV to determine their ICso values via the Hill equation. Examples of trace

recordings of the compounds are presented in figure 69 below. Data were fitted with

the Hill equation to generate their concentration-inhibition curves and estimate the

ICsos.
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Figure 69: TEVC recordings of FC20 and GB13 (0.01-100 puM) block of NMDA/glycine

responses at -60 mV on single oocytes.
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All compounds in this series exhibited low potency (or none at all) to block
NMDA/glycine responses in GluN1-1a/GluN2-containing NMDA receptors at -60 mV.
When extrapolated in the concentration-inhibition curves (figure 70), the FC
compounds will yield extremely high ICsos (more than 100 uM). GB13 was the most
potent with an ICso of 68.7 (95% Cl 37.7 to 99.6) uM. Due to their ineffectiveness in
blocking the NMDA receptor channel, voltage-dependent analysis was not further
investigated for this series of memantine-derivative compounds. Concentration-

inhibition curves for the compounds are presented in figure 70.
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Figure 70: Comparison of concentration-inhibition relationship for FC/GB compounds, Mg?*
and memantine block of NMDA/glycine responses in GluN1-1a/GluN2A NMDA receptors
at -60 mV.

Percentage control response (mean + SEM) values were plotted and fitted with the Hill
equation to estimate their ICsos (n=5 for Mg*, n=6 for memantine, FC7 and FC12, n=7 for
FC17, n=8 for FC20 and n=10 for GB13).
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5.5 SPERMINE-DERIVED POLYAMINE (CR) COMPOUNDS

5.5.1 Concentration-Inhibition of CR Compounds

The antagonism of responses to NMDA and glycine by spermine-derived polyamine
compounds (CR8, CR18 and CR24) were examined. The compounds in tenfold
increment of compound concentrations (0.01 to 100 uM) were tested on GIluN1-
1a/GIuN2A at -60 mV to determine their ICso values via the Hill equation. Examples
of trace recordings of the compounds are presented in figure 71 below. Data were
then fitted with the Hill equation to generate their concentration-inhibition curves

and estimate the ICsps.
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Figure 71: TEVC recordings of CR8, CR18 and CR24 (0.01-100 uM) block of NMDA/glycine
responses at -60 mV on single oocytes.
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All of the spermine-derived CR compounds were found to be highly effective in
blocking NMDA/glycine responses in GIuN1/GluN2-containing NMDA receptors
at -60 mV. While all CR compounds displayed significantly lower ICsos compared to
Mg?*, CR18 was the most potent with ICso of 0.69 (95% CI -0.001 to 1.39) uM. At the
highest concentration of 100 uM, CR18 completely blocked NMDA/glycine responses
in four out of six oocytes tested, with an average of 100.6% inhibition. At the lowest
concentration of 0.01 pM, CR18 averaged 21.0% inhibition. CR8 and CR24 were
slightly less potent displaying similar potencies with ICso of 2.21 (95% CI 0.95 to 3.48)
and 2.35 (95% Cl 0.73 to 3.98) uM respectively. The results are displayed in figure 72

below.
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Figure 72: Comparison of concentration-inhibition for CR compounds, Mg* and
memantine block of NMDA/glycine responses in GluN1-1a/GluN2A NMDA receptors at -60
mV.

(A) Concentration-inhibition curves for CR compounds, Mg?* and memantine block.
Percentage control response (mean = SEM) values were plotted and fitted with the Hill
equation to estimate their ICsos, (B) ICso values for all compounds (n=5 for Mg?, CR8 and
CR24, n=6 for memantine and CR18). 95% confidence intervals are also noted.
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5.5.2 Voltage-Dependence of CR Compounds

CR compounds were diluted to their ICsp concentrations and used to examine the
voltage-dependent inhibition. Antagonism of NMDA/glycine responses by the CR
compounds were assessed at four voltages, -40, -60, -80 and -100 mV on Xenopus
oocytes expressing GluN1-1a/GluN2A NMDAR subunits. Examples of trace recordings
of the compounds are presented in figure 73 below. 6 values for the compounds were

then obtained from voltage-dependent curves fitted with the Woodhull equation.
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Figure 73: TEVC recordings of CR compounds (CR8, CR18 and CR24) voltage-dependent
block of NMDA/glycine responses in GluN1-1a/GIluN2 NMDA receptors tested
at -100, -80, -60 and -40 mV on single oocytes.
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Voltage-dependent block was assessed to calculate an approximate distance across
the electric field where the binding site is located. Figure 74 A displays the voltage-
dependent inhibition curves fitted according to the Woodhull model. The results of
this study revealed that CR8 and CR24 may have a shallower binding block compared
to memantine due to their smaller § values; 0.33 (95% Cl -2.37 to 3.04) for CR8 and
0.21(95% CI-0.18 t0 0.6) for CR24. CR18’s calculated 6 was 0.82 (95% C1 0.43 to 1.21),

higher than memantine suggesting a deeper binding site (figure 74 B).
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Figure 74: Comparison of voltage-dependent inhibition for CR compounds block of
NMDA/glycine in GluN1-1a/GluN2A-containing NMDA receptors.

(A) Concentration-inhibition curves for CR compounds at four holding potentials, -100, -
80, -60 and -40 mV. Only CR8 and CR18 display a significant difference between them
(p=0.0032), (B) 6 (95% ClI) values of the compounds obtained from the voltage-dependent
curves (n=3 for Mg*, n=5 for all other compounds). & is the estimated position of the binding
site within the electric field.
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5.6 DONEPEZIL-DERIVED (MGM) COMPOUNDS

5.6.1 Antagonistic Responses on NMDA Receptor

The antagonism of NMDA and glycine responses by donepezil-derived compounds in
tenfold increment of the compound concentrations (0.01 to 100 uM) mediated by
GluN1-1a/GIuN2A were employed to determine their ICso values at three holding
potentials; -50, -80 and -100 mV. MGM2, MGM3 and MGM11 compounds were
found to be weak NMDAR blockers. MGM2 and MGM11 were the weakest NMDAR
blockers as at all concentrations, only 10% NMDA inhibition at all voltages were found
with slight potentiation at higher concentration for MGM11. MGM3 showed a
backward concentration-inhibition trend; i.e. the highest NMDA block was at the
lowest concentration (0.01 uM) with about 15% inhibition at all voltages tested.
Examples of their traces showing their weak antagonistic properties are presented in
figures 75-77 where the concentration-inhibition curves were not able to be fitted

into the Hill equation and thus unable to calculate their ICsps.
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Figure 75: Concentration-inhibition relationship of MGM2 block on GluN1-1a/GIluN2A-
containing NMDA receptors.

(A) Example of TEVC recordings for MGM2 (0.01-100 uM) block of NMDA/glycine at -50 mV
on a single oocyte, (B) Concentration-inhibition relationship for MGM2 block. Percentage
control response (mean + SEM, n=3-4) values were plotted.
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Figure 76: Concentration-inhibition relationship of MGM3 block on GluN1-1a/GIluN2A-
containing NMDA receptors.

(A) Example of TEVC recordings for MGM3 (0.01-100 uM) block of NMDA/glycine at -80 mV
on a single oocyte, (B) Concentration-inhibition relationship for MGM3 block. Percentage
control response (mean + SEM, n=2-3) values were plotted.
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Figure 77: Concentration-inhibition relationship of MGM11 block on GluN1-1a/GIluN2A-
containing NMDA receptors.

(A) Example of TEVC recordings for MGM11 (0.01-100 uM) block of NMDA/glycine at -100
mV on a single oocyte, (B) Concentration-inhibition relationship for MGM11 block.
Percentage control response (mean + SEM, n=2) values were plotted.
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MGM10 exhibited some potency to inhibit NMDA and glycine although very weakly
with ICsos obtained from the concentration-inhibition curves were more than 200 uM
at all three holding potentials. Blocking potencies tended to reduce with a more
negative holding potential. The results were considered ambiguous as the number of
oocytes tested were also small. The trace recordings and concentration inhibition

curves are presented in figure 78.
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Figure 78: MGM10 block of NMDA/glycine responses in GluN1-1a/GluN2A-containing
NMDA receptors.

(A) Example of TEVC recordings for MGM10 (0.01-10 uM) block at -80 mV, (B) Concentration-
inhibition curves for MGM10. Percentage control response (mean = SEM, n=2) values plotted
and fitted with Hill equation.
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MGM12 was the most potent NMDAR blocker of all donepezil-derived compounds
tested. ICsos obtained from the concentration-inhibition curves were 204.9, 12.6 and
7.02 uM recorded at -50, -75 and -100 mV respectively. ICso at -50 mV was
significantly lower compared to both at -80 mV (p=0.0291) and at -100 mV (p=0.0012)
suggesting the voltage-dependence block of NMDA/glycine by MGM12. & value
obtained from the voltage-dependent curve fitted with Woodhull equation was 2.79

(95% Cl -3.2 to 8.8). The results are shown in figure 79.
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Figure 79: MGM12 block of NMDA/glycine responses in GluN1-1a/GluN2A-containing
NMDA receptors.

(A) Example of TEVC recordings for MGM12 (0.01-10 uM) block at -80 mV, (B) ICso (95% Cl)
values for MGM12, (C) Concentration-inhibition curves for MGM12. Percentage control
response (mean * SEM, n=3) values plotted and fitted with Hill equation, (D) Voltage-
dependent inhibition curve for MGM12 block, ICso (95% CI) values plotted and fitted with
Woodhull equation to yield the & value.
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5.6.2 Responses on Nicotinic Receptors

Due to the low blocking potencies on NMDAR, this study subsequently examined
what kind of effect the MGM compounds would exert on nicotinic receptors when
applied alone and also when co-applied with ACh. Previous ligand-binding studies
have shown that donepezil-derived compounds could bind to the ACh binding site
thus could be agonists or competitive antagonists. Two functional subunit

combinations of nicotinic receptors were tested in this study; a4B2 and a7.

5.6.2.1 Agonistic Responses on Nicotinic Receptors

To assess whether the donepezil-derived MGM compounds would exert any agonistic
properties in nicotinic receptors, they were diluted to 10 uM concentration in
Xenopus ringer and were applied onto a4B2 and a7. Electrophysiology recordings
were conducted at -80 mV with TEVC and the percentage of evoked currents in

comparison to the control agonist (10 uM ACh) were determined.

The compounds did not elicit any responses with a7 nAChRs. In a4B2, all the

compounds evoked small inward currents suggesting weak agonistic behaviour as

presented in figure 80.
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Figure 80: Agonistic responses of MGM compounds (10 uM) on a4p2 nicotinic receptor.

(A) Example of recordings of ACh and MGM compound (10 uM) evoked responses on a4f32
nicotinic receptor on a single oocyte, (B) Mean percentage control response (n=9) of MGM
compounds against ACh, and (C) the corresponding bar graph of MGM responses.

The compounds were subsequently dissolved in Xenopus ringer to a higher
concentration of 100 uM (except MGM11 due to limited availability) and compared
with 100 uM ACh to assess whether this would increase agonistic properties. As
expected, the evoked inward currents in a4B2 were larger and the percentage
control responses were between 15 to 22% as presented in figure 81. No responses

were evoked in a7. This data suggest that the MGM compounds may be partial

agonists for a4p2 but not a7 nAChRs.
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Figure 81: Agonistic responses of MGM compounds (100 uM) on a4p2 nicotinic receptor

(A) Example of recordings of ACh and MGM compound (100 uM) evoked responses on a4f32
nicotinic receptor recorded at -80 mV on a single oocyte, (B) Mean percentage control
response (n=6) of MGM compounds against ACh, and (C) the corresponding bar graph of
MGM responses.

5.6.2.2 Antagonistic Responses on a4f2 Nicotinic Receptors

All donepezil-derived compounds except MGM12 exhibited low blocking potency of
ACh responses on a4f2 nicotinic receptors. Interestingly, MGM2, MGM3 and
MGM10 appeared to potentiate responses suggesting they may exhibit, to a certain
extent, positive allosteric modulatory property. MGM11 was less consistent with a
much weaker inhibitory effect. Traces and concentration-inhibition relationship of

these four compounds are displayed in figures 82-85.
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Figure 82: MGM2 block of ACh responses on a4p2 nicotinic receptor.
(A) Example of TEVC recordings for MGM2 (0.01-100 uM) block of ACh responses at -80 mV
on a single oocyte, (B) Concentration-inhibition relationship for MGM2 block recorded at
three holding potentials (-50, -80 and -100 mV). Percentage control response (mean + SEM,
n=2-5) values were plotted.
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Figure 83: MGMS3 block of ACh responses on a4p2 nicotinic receptor.
(A) Example of TEVC recordings for MGM3 (0.01-100 uM) block of ACh responses at -80 mV
on a single oocyte, (B) Concentration-inhibition relationship for MGM3 block recorded at
three holding potentials (-50, -80 and -100 mV). Percentage control response (mean + SEM,
n=3-4) values were plotted.
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Figure 84: MGM10 block of ACh responses on a4f2 nicotinic receptor.

(A) Example of TEVC recordings for MGM10 (0.01-100 puM) block of ACh responses at -80 mV
on a single oocyte, (B) Concentration-inhibition relationship for MGM10 block recorded at
three holding potentials (-50, -80 and -100 mV). Percentage control response (mean + SEM,
n=3-4) values were plotted.
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Figure 85: MGM11 block of ACh responses on a42 nicotinic receptor.

(A) Example of TEVC recordings for MGM11 (0.01-100 uM) block of ACh responses at -80 mV
on a single oocyte, (B) Concentration-inhibition relationship for MGM11 block recorded at
three holding potentials (-50, -80 and -100 mV). Percentage control response (mean + SEM,
n=4-5) values were plotted.
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MGM12 exhibited some potency to inhibit ACh in a4B2 nicotinic receptors although
very weakly. 1Csos obtained from the concentration-inhibition curves were 99.2, 78.2
and 97.8 uM recorded at -50, -80 and -100 mV respectively. The 1Csos did not show
voltage-dependency as differences across all voltages were not significant (p>0.05).
The & value obtained from the voltage-dependent curve fitted with the Woodhull

equation was 0.024 (95% Cl -1.6 to 1.65). The results are presented in figure 86.
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Figure 86: MGM12 block of ACh responses on a42 nicotinic receptor.

(A) Example of TEVC recordings for MGM12 (0.01-100 uM) block of ACh responses at -80 mV
on asingle oocyte, (B) ICso values for MGM12, (C) Concentration-inhibition curves for MGM12
block recorded at three holding potentials (-50, -80 and -100 mV). Percentage control
response (mean + SEM, n=3-4) values were plotted and fitted with Hill equation, (D) Voltage-
dependent inhibition curve for MGM12 block. 1Cso values plotted and fitted with the
Woodhull equation to yield the & value. Note that 95% Cl were not stated as they were very
wide and unable to be generated via Graphpad Prism.
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5.6.2.3 Antagonistic Responses on a7 Nicotinic Receptors

MGM2 was found to be a potent inhibitor of a7 nicotinic receptor at more negative
holding potentials. At -100 mV, the ICso obtained from the concentration-inhibition
curve was 1.03 uM, while at -50 and -80 mV, the ICsos obtained were both more than
100 uM. These ICso values were considered ambiguous due to the poorly fitted
concentration-inhibition curves (figure 87 B). Although the 1Csos showed a trend in
voltage-dependency, it was statistically insignificant across all holding potentials due
to wide confidence intervals, and were not able to fit into the Woodhull model

equation to generate a 6 value.
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Figure 87: MGM2 block of ACh responses on a7 nicotinic receptor.

(A) Example of TEVC recordings for MGM2 (0.01-100 uM) block of ACh responses at -80 mV
on a single oocyte, (B) Concentration-inhibition curves for MGM2 block of ACh responses.
Percentage control response (mean + SEM, n=2-4) values were plotted.
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MGM3 was found to be a somewhat potent ACh inhibitor in a7 nicotinic receptor.
ICsos obtained from the concentration-inhibition curves were 23.6 (95% Cl 1.13 to
494.2), 25.3 (95% Cl 0.33 to 1926) and 2.02 (95% CI 0.13 to 32.6) uM recorded
at -50, -80 and -100 mV respectively. The ICsps does not show a trend of voltage-
dependency as the differences were statistically insignificant across all holding
potentials. The ICsos fitted with the Woodhull model equation yielded a 6 value of

0.46. Results are presented in figure 88.
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Figure 88: MGM3 block of ACh responses on a7 nicotinic receptor.

(A) Example of TEVC recordings for MGM3 (0.01-100 uM) block of ACh responses at -80 mV
on a single oocyte, (B) ICso (95% Cl) values for MGM3 recorded at three holding potentials
(-50, -80 and -100 mV), (C) Concentration-inhibition curves for MGM3 block of ACh
responses. Percentage control response (mean + SEM, n=2-4) values were plotted and fitted
with the Hill equation. (D) Voltage-dependent inhibition curve for MGM3 block. ICso (95% Cl)
values were plotted and fitted with the Woodhull equation to yield the 6 value.
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ICsos obtained from the concentration-inhibition curves for MGM10 were 65.0 (95%
Cl 0.24 to 17290), 19.8 (95% ClI 0.41 to 952.8) and 7.53 (95% CI 0.01 to 4503) uM
recorded at -50, -80 and -100 mV respectively. The fit however was ambiguous due
to the broad confidence intervals. I1Csos fitted with the Woodhull equation display
voltage-dependency curve although the differences were not statistically significant
across all voltages. The & value obtained from the curve was 1.05. Results are

presented in figure 89.
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Figure 89: MGM10 block of ACh responses on a7 nicotinic receptor.

(A) Example of TEVC recordings for MGM10 (0.01-100 uM) block of ACh responses at -80 mV
on a single oocyte, (B) ICso (95% Cl) values for MGM10 recorded at three holding potentials
(-50, -80 and -100 mV), (C) Concentration-inhibition curves for MGM10 block. Percentage
control response (mean + SEM, n=3-6) values were plotted, (D) Voltage-dependent inhibition
curve for MGM10 block. ICso (95% Cl) values plotted and fitted with the Woodhull equation
to yield the 6 value.
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MGM11 was found to be a potent ACh inhibitor in a7 nicotinic receptor. ICsos
obtained from the concentration-inhibition curves were 2.261x103 (95% ClI
1.815x10® to 2.186), 3.595x103 (95% Cl 6.839x107 to 18.9) and 5.167x1073 (95% Cl
5.219x10° to 5.116) uM recorded at -50, -80 and -100 mV respectively. The 1Csos do
not show a trend of voltage-dependency and the differences were statistically not
significant across all holding potentials. The & value obtained from the voltage-
dependent curve fitted with the Woodhull equation was -0.41 (95% Cl -0.94 to 0.13).

The results are presented in figure 90.
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Figure 90: MGM11 block of ACh responses on a7 nicotinic receptor.

(A) Example of TEVC recordings for MGM11 (0.01-100 uM) block of ACh responses at -80 mV
on a single oocyte, (B) ICso (95% Cl) values for MGM11 recorded at three holding potentials
(-50, -80 and -100 mV), (C) Concentration-inhibition curves for MGM11 block of ACh.
Percentage control response (mean + SEM, n=4) values were plotted and fitted with the Hill
equation. (D) Voltage-dependent inhibition curve for MGM12 block. ICso (95% Cl) values
plotted and fitted with the Woodhull equation to yield the 6 value.
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ICsos obtained from the concentration-inhibition curves for MGM12 were 30.2 (95%
Cl 7.55 to 121.0), 44.3 (95% Cl 0.82 to 2404) and 5.12 (95% Cl 1.04 to 25.1) uM
recorded at -50, -80 and -100 mV respectively. ICso at -100 mV were particularly low
compared to at -75 and -50 mV suggesting voltage-dependency although not
statistically significant. The 6 value obtained from the voltage-dependent curve fitted
with the Woodhull equation was 0.3 (95% CI -8.22 to 8.82). The results are presented

in figure 91.
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Figure 91: MGM12 block of ACh responses on a7 nicotinic receptor.

(A) Example of TEVC recordings for MGM12 (0.01-100 uM) block of ACh responses at -100
mV on a single oocyte, (B) ICso (95% Cl) values for MGM12 recorded at three holding
potentials (-50, -80 and -100 mV), (C) Concentration-inhibition curves for MGM12 block.
Percentage control response (mean + SEM, n=3-4) values were plotted and fitted with the
Hill equation, (D) Voltage-dependent inhibition curve for MGM12 block. ICso (95% CI) values
plotted and fitted with the Woodhull equation to yield the 6 value.
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5.7 DISCUSSION

Alzheimer is a multifactorial disease with no effective cure. Current available
treatments serve only to alleviate the symptoms and suppress neurodegenerative
progression and hence improve the quality of life of individuals with AD. Researchers
have studied numerous targets and therapeutic strategies in the race to find
successful treatments although this goal remains extremely challenging due to the
multifactorial nature of dementias. In collaboration with University of Bologna, Italy,
this work attempted to develop a new strategy for drug design by creating molecules
intended to have multiple functions and targets. In 2012, Rosini and colleagues
synthesized a novel dual-target compound by chemically joining memantine and
galantamine through different spacers. Each moiety of memantine and galantamine
is responsible for activity against NMDAR and AChE respectively. This new chemical
entity was able to simultaneously contact both sites of AChE and NMDAR thus

retaining their specific pharmacological properties (Rosini et al., 2014).

Due to the promising nature of the compound, this work attempted to further
evaluate novel compounds synthesized primarily to act as NMDA blockers but also
possessing antioxidant properties to suppress oxidative stress and ability to inhibit
AB plaque aggregation. The first series of MTDLs consisted of eight MAB compounds
derived from memantine, each attached to an antioxidant headgroup. Four of the
compounds were linked to methoxyphenol (MAB(23)2, MAB14, MAB2222, MAB30)
with varied chain lengths and the other four were incorporated with a derivative of
lipoic acid (MAB7, MAB15, MAB21, MAB32). It was predicted that the incorporation
of antioxidant pharmacophores would increase the therapeutic potential of this
compound in the treatment of Alzheimer’s disease (AD) by specifically reducing AB-

induced oxidative stress.

ICsos for these compounds recorded at -60 mV were in the range between 26.9 to
162.3 pM, much less potent when compared to NMDAR endogenous blocker, Mg?*
(ICsp = 10.1 uM) and memantine (ICsp = 2.28 uM). It was postulated that memantine

may have lost its function due to the chain attachment to its amine group which is
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likely to be important for memantine function. Consequently, four new compounds
were synthesized which had an amide group to the linking chain connecting
memantine to antioxidant headgroup hoping that it will increase functionality by
freeing the amine group. FC7 and FC12 were incorporated with methoxyphenol while
FC17 and FC20 were linked with catechol. One more novel compound, termed GB13
was created similarly to FC20 but with an amine replaced by a sulphide in a shortened
chain length. Unfortunately, the findings of this study revealed that this group of
MTDLs did not improve potencies of the compounds and instead yielded even higher
ICsos compared to the first group of memantine derivatives. GB13 was somewhat
potent with an ICsp of 68.65 uM, while the FC compounds generated a nearly linear
horizontal curve of the concentration-inhibition curves yielding 1Csos of more than

100 uM.

The third series of MTDLs investigated in the current study were derived from
polyamine spermine, an endogenous modulator of NMDAR responses, with
headgroups of varying antioxidant compositions. Spermine is known to antagonize
and modulate several ion channels (Williams, 1997a), block in a voltage-dependent
manner and possess a rapid binding capacity to the channels (Kashiwagi et al., 1997).
CR8 was incorporated with lipoic acid, CR18 with a-tocopherol and melatonin was
attached to spermine in CR24. These spermine-derived polyamine compounds
proved to be potent NMDA blockers. 1Csos obtained from the concentration-
inhibition curves were comparable with memantine, with significantly lower ICso for
CR18. ICs0 of CR18 was 0.69 uM, while CR8 and CR24 displayed similar potencies with
ICsos of 2.21 and 2.35 uM respectively tested at -60 mV. The results showed that they
were more potent than Mg?* (ICsp 10.1 pM at -60 mV).

These CR compounds also retained the characteristics of voltage-dependent block
similar to Mg?* and memantine which make them ideal candidates for further drug
testing. 6 values obtained from the Woodhull model (Woodhull, 1973) were for 0.33
(CR8),0.82 (CR18) and 0.21 (CR24). CR18 probably has the closest binding site to Mg?*
(6 = 1.48) which may suggest its relatively higher potency compared to the other two

compounds. It is, however, difficult to pinpoint the location of the binding site in the
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pore channel due to the varying & values obtained in this study. However their
binding sites are thought to be quite deep within the electric field due to the strong
voltage-dependence characteristics. All the CR compounds had 6 values of less than
1, as with memantine, suggesting that they may bind to the same or close to the

binding site of memantine.

The results of the experiments using CR compounds indicate that this series of
compounds should be further investigated as potential AD treatments. Although
several clinical investigations have shown that antioxidants provide benefits to
attenuate AD-related symptoms or pathogenesis, the results of clinical trials have
been disappointing suggesting that single antioxidants may not be adequate for the
treatment of neurodegenerative diseases (Liu, 2008). This study suggests an
alternative for AD therapy by combining antioxidants and polyamine in a single entity
that is able to combat oxidative stress and suppress excitotoxicity at the same time
and which therefore might provide a more effective treatment. Furthermore, these
antioxidant-containing molecules are proposed to exhibit neuroprotective effects
and hence are able to act at different steps in the neurodegenerative process
(Bolognesi et al., 2009a). These compounds, however, should also be tested on other
receptor channels such as AMPARs and nAChRs to see whether they would exert

selectivity and other pharmacological properties against other receptors.

The MTDL concept has thus far led to the development of several potential molecules
such as memoquin and lipocrine. Memoquin was formed by incorporating
benzoquinone moiety of CoQ into a polyamine chain demonstrating the ability to
modulate in vitro and in vivo molecular targets such as AChE, B-secretase, AB, and
oxidative processes (Cavalli et al., 2007). Lipocrine was synthesized by coupling the
9-amino-6-chloro-1,2,3,4-tetrahydroacridine moiety with lipoic acid and was shown
to exert AChE inhibitory activity and act as a radical scavenger (Rosini et al., 2005).

The structures of these two MTDL compounds are shown in figure 92 A and 92 B.
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Most recently, the MTDL strategy led to the synthesis of carbacrine, a series of
molecules derived from the vasodilating B-blocker, carvedilol and tacrine, an AChEI
(as shown in figure 92 C). Despite being developed as a cardiovascular drug, carvedilol
was found to possess neuroprotective capacity and exhibit low affinity non-

competitive antagonist property on NMDA receptor (Lysko et al., 1998).
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Figure 92: Chemical structures of (A) memoquin, (B) lipocrine and (C) carbacrine.

Memoquin consists of the benzoquinone moiety of CoQ incorporated into a polyamine chain
while a 9-amino-6-chloro-1,2,3,4-tetrahydroacridine moiety coupled with lipoic acid led to
the formation of lipocrine (Bolognesi et al., 2009a). Carbacrine is derived from carvedilol and
tacrine, and designed with increasing chain size (n=3-6) between the two pharmacophores
(Rosini et al., 2014).

Evaluation of the carbacrine molecules showed that this MTDL is a potential lead
compound endowed with a multifunctional profile as AChEls and NMDAR antagonist.
Carbacrine molecules were found to be effective AChEls in the nanomolar range, and
are able to counteract the formation of ROS in human neuronal-like cells, reduce
AB1-a; self-aggregation and act as non-competitive NMDAR blockers with more

efficacy than memantine (Rosini et al., 2014).
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Due to the potency of carbacrine, a similar group of molecules termed as MGM
compounds were synthesized by integrating AChEIl, donepezil with carbazole
fragments from carvedilol and evaluated in the present study. Each of these MGM
compounds was designed with different methylene chain lengths (n=3-7) between
the two pharmacophores. It was hypothesized that these compounds would exhibit
NMDAR antagonistic property as well as having the ability to modulate the

cholinergic tone.

In contrast to the carbacrine series, these MGM compounds were unfortunately
found to be weak NMDAR blockers, particularly MGM11, MGM2 and MGM3 which
had the three longest methylene chain lengths existing in that order. At all
concentration across all voltages, they managed to only inhibit NMDA responses
between 2 to 15%. Even at the highest concentrations tested, the inhibition of control
response was minimal. The data obtained were not able to fit or poorly fitted into the
Hill equation thus we were unable to generate their ICsos. MGM10 was slightly more
potent with ICsps between 230 to 420 uM. MGM12 was the most potent with strong
voltage-dependency. However, the ICsos obtained (7.02, 12.6 and 204.9 uM at -100,

-75 and -50 mV respectively) were still considered high for use as therapeutics.

Due to the fact that carbacrine molecules were potent NMDAR blockers while MGM
compounds were not, it was postulated that the tacrine headgroup may actually be
the responsible moiety for the high affinity interaction with NMDAR channel pore
rather than carbazole. Results of the present study indicate that the donepezil does
not possess affinity towards NMDA receptor. Further work should be aimed at

elucidating the structure-activity relationship of these compounds.

Published binding studies that have shown donepezil-derived compounds are able to
bind with nAChRs. As nAChR subunits are proposed to have a role in regulating CNS
functions (Rammes et al., 2008), activation or inhibition of these receptors may
potentially be a relevant target to modulate pathological changes associated with

nAChRs. For this reason, MGM compounds were also tested against two nicotinic
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receptor subunits, ad4Bf2 and a7 to assess whether they possess agonistic or

antagonistic properties.

The agonistic assay revealed that the MGM compounds exert a partial agonistic
property on a4p2 nAChR. At 100 uM, MGM compounds diluted in Xenopus ringer
evoked inward currents of between 15% and 22% compared to the control response
induced by 100 uM ACh. The compounds, however, did not exhibit agonistic
behaviour when tested against a7 nAChR. The selectivity of this compounds towards
a4B2 (although relatively small) but not on a7 subtype might also be a favourable
property. a7 nAChR is highly permeable to Ca?* ions, hence activation of this subtype
will induce direct Ca?* influx into the channel (Shen and Yakel, 2009) which may

contribute to excitotoxicity.

Results of antagonistic assay with MGM compounds revealed that they were weak
a4B2 nAChR blockers. This might be explained by the partial agonistic behaviour
exerted by the compounds on a4B2 nAChRs. In fact, at maximum concentrations,
some of these compounds further potentiated the ACh-induced responses. Inhibition
percentages were poorly fitted with the Hill equation and thus ICsos were unable to
be calculated. Only MGM12 exhibited slight antagonistic property against a4f2
nAChR with ICsos between 78 to 99 uM at holding potentials between -50 to -100 mV.

Antagonistic assay on a7 nAChRs demonstrated that the MGM compounds were
more selective on this nAChR subtype. MGM10 was the most potent with ICsgs in the
nanomolar range but barely concentration-dependent. Three of the compounds
(MGM3, MGM10 and MGM12) recorded ICsgs in the range between 2 to 65 uM.
MGM?2 displayed strong voltage-dependency with huge variation at the three
voltages tested. The ICso was extremely high at -50 mV suggesting that this compound
is completely inactive at this holding potential. The values however were considered

ambiguous due to the poorly fitted data with the Hill equation.
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This study provided evidence that the MGM compounds were partially agonistic
towards a42 nAChRs while selectively antagonize ACh responses in a7 subtypes.
The contradicting effects on both nAChR subtypes indicate a non-favourable property
of these compounds. Furthermore, this series of compounds also exhibited weak
blocking properties on NMDA receptors thus signifying that they are not ideal

candidates for development of MTDLs for neurodegenerative disorders.
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CHAPTER 6

GENERAL DISCUSSION

6.1 PORE-REGION (M2) MUTATION STUDIES

GluN3 subunits have been frequently reported to exert a negative effect on NMDA-
mediated current especially on channel block. This study provided evidence that the
modification at the Q/R/N and +1 sites in GIuN2A to resemble GIuN3 subunits greatly
influenced channel block. Double mutations at these sites increased ICsos of open
channel blockers in NMDARs and more significantly, the RR mutation (resembling
human GIuN3B) resulted in greater reduction of channel block compared to GR
mutation. This is hypothesized to be the result of increased positive charge at these

sites, thus reducing the affinity for Mg?* and other channel blockers.

The present data supported findings by McClymont et al. (2012) that indicated that
block by Mg?* and other channel blockers in NMDARs were affected by the
incorporation of GIuN3 subunits. Furthermore, McClymont and colleagues
demonstrated that the sensitivity to channel block was generally further reduced by
co-expression of GIuN3B than by GIuN3A. Since the amino acid occupying the Q/R/N
site is identical in the two subunits, the difference might be explained by other
differences in their sequences. Numerous studies examining variants outside the
selectivity filter region of M2 have been demonstrated to affect block of NMDARs
containing GIuN1 and GIuN2 subunits (Jin et al. 2008; Kashiwagi et al., 2002; Siegler
Retchless et al., 2012). Some of these residues are different between GIuN3A and
GIuN3B (highlighted in figure 6) which might explain the differences between
receptors containing GIuN3A and GIuN3B subunits. A study conducted by Wada et al.
(2006) demonstrated that a part of the M3 region in both GIuN1 and GIuN3A forms
a narrow constriction in the outer vestibule of the channel thus restricting flux of

certain compounds into the pore. The amino acid that was thought to be responsible

168



for this was identified as the threonine (T) located in the conserved SYTANLAAF motif
in the M3 region (shown in figure 93 below). A second amino acid residue located at
position +18 (in relation to Q/R/N) in the M3 region is also thought to be responsible
for variations in channel properties (Siegler Retchless et al.,, 2012; Wyllie and
Traynelis, 2012). This site is occupied by S in GIuN2A and GIuN2B, while L occupies
the position in GIuUN2C and GIuN2D (figure 93). Combining macroscopic and single
channel recordings, this single residue was found to control the three hallmark
properties of the NMDA receptor channel; Mg?* block, Ca?* permeability and single-
channel conductance (Siegler Retchless et al., 2012). In GIuN3, this site is occupied by
N, different from all other NMDAR subunits as well as GluA1 and GIuA2. It would be
interesting to investigate the effects of an amino acid modification at this site on

channel properties of GIuN3-containing NMDARs.

m2 M3

GluNl-1la LTLSSAMWESWGVLLYSGIGEGAPRSFSARILGMVWAGFAMI I VESYEBNLMFLVLDRPEER
GluN2A FTIGKAIWLLWGLV SVEVQNPKGTTSKIMVSVWAFFAVI FLASYHANLMFMI QEEFVDQ
GluN2B FTIGKAIWLLWGLV SVEVONPKGTTSKIMVSVWAFFAVI FLASYHAN LAAFMIQEEYVDQ
GluN2C FTIGKSVWLLWALV, SVPIENPRGTTSKIMVIVWAFFAVI FLBSYHBNLMEMI QEQYIDT
GluN2D FTIGKSIWLLWALV SVPVENPRGTTSKIMTEVW'AI' FAVI FLASYHANLMEHI QEEYVDT
GluN3Aa FEFSSALNICYALL TVAIKPPKCWTGRFLMNLWAIL E‘C.MFCLSTYHBN LAAVMVGEKIYEE
GluN3B FSYSSALNLCYAILFRTVS SKTPKCPTGRLLMNLWAIFCLLVLS SY :ANLARVMVGDKTFEE

A A A

Q/R/N site (0) +18 +32

Figure 93: Amino acid sequence alignment for human NMDAR subtypes.

The threonine (T) of GIuN1 and GluN3 is in the highly conserved SYTANLAAF motif at position
+32 in relation to the Q/R/N site (highlighted in red). It is thought the amino acid forms a
narrow constriction in the outer vestibule of the channel thus restricting flux of certain
compounds into the pore (Wada et al., 2006). The amino acids serine (S, in GIuUN2A and
GIluN2B, highlighted in yellow) and leucine (L, in GIuN2C and GIuN2D, highlighted in green)
were hypothesized to be responsible for NMDAR’s important channel properties; Mg?* block,
Ca?* permeability and single channel conductance (Siegler Retchless et al., 2012).

The physiological function and effects of GIuN3 on the NMDA receptor has not yet
been fully elucidated although amino acid changes in the M2 pore region
demonstrate that it has a role in Mg?* sensitivity and Ca%* permeability (Paoletti and
Neyton, 2007). With these alterations coupled with the fact that GIuUN3 expression

peaks during development, this has led to the hypothesis that the subunit has a
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neuroprotective role against excitotoxicity or helps the maturation process at

synapses (Henson et al., 2010).

6.2 MTDL AS POTENTIAL THERAPEUTICS FOR AD

NMDAR is considered a potential therapeutic target for AD as its antagonists have
been shown not only to be able to block excitotoxicity, but also to suppress synaptic
depression induced by AB. The deposition of AB plaques in the brain has been widely
recognized as a primary feature of the disease and NMDARs have been implicated in
several roles mediating the AB-related mechanism in the pathophysiology of AD

(Malinow, 2012) as depicted in figure 94.
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Figure 94: Potential roles of NMDA receptors in AB-related mechanism.
Source: Malinow (2012).

AP senile plaques have been reported to induce oxidative stress leading to neuronal
injury (Varadarajan et al.,, 2001) while more recent findings have suggested that
oxidative stress occurs early in the development of AD prior to cytopathology events
(Su et al., 2008). This has been supported by work performed by De Felice and
colleagues who postulated that oxidative stress disrupts the molecular mechanisms
of plasticity in the early stages of AD, while at a later stage it causes neuronal

deterioration and death. Their findings also indicated that over-activity and
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excitotoxicity of NMDAR leading to oxidative damage is caused by AP oligomers and
suggest that this condition could be attenuated by memantine therapy (De Felice et
al., 2007). Furthermore, AB-induced NMDAR excitotoxicity leading to excess Ca?*
influx may also result in neuronal injury contributing to the development of AD
(Lipton, 2006). Texido et al. (2011) have shown that NMDA receptors may be
activated directly by AB oligomers, particularly the GIuN1/2A subunit combination.
They further demonstrated that drugs possessing NMDAR antagonistic properties
such as memantine, MK-801 and AP5 (DL-2-amino-5-phosphonovaleric acid) were
able to block high influx of Ca?* and attenuate AB-induced damage on neurons in AD.
Subsequently, NMDAR antagonists were shown to block the morphological effects of
AB in pyramidal neurons in rat organotypic slices (Hsieh et al., 2006; Shankar et al.,

2007).

The fact that there might be a strong relationship between excitotoxicity, oxidative
stress and AP formation in the pathogenesis of AD, means that the development of
drugs that target all of these components could be of great potential. The MTDL
strategy was aimed to design and characterise novel compounds with great potential
and ability to (i) block AChE activity in the nanomolar range, (ii) suppress in vitro
formation of AB-plaques, (iii) inhibit NMDA receptors, and (iv) decrease oxidative
stress. The present study demonstrated the potency of the CR spermine-derived
polyamine compounds which were incorporated with antioxidant moieties. Hence,
this body of work should be further investigated and the compounds further

characterized for therapeutic impact.

Although NMDARs are traditionally associated with synaptic plasticity in neurons,
recent investigations have reported the presence of NMDAR in glial cells and on the
myelin sheath of axons (Karadéttir et al., 2005; Micu et al., 2006; Salter and Fern,
2005; Verkhratsky and Kirchhoff, 2007) possibly involved in neuron-to-glia signalling
(Lalo et al., 2006). This discovery has increased the potential role of NMDARs in brain
disease because NMDAR is now thought to be involved in the pathogeneses of myelin
degeneration in multiple sclerosis (MS), cerebral palsy, spinal cord injury and stroke

(Bakiri et al., 2008; Karadottir et al., 2005; Paoletti and Neyton, 2007; Stys and Lipton,
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2007). Furthermore, the demonstration that NMDAR are involved in central
sensitization to noxious stimuli has opened up the possibility of controlling certain

types of pain through antagonism of NMDARs.

Other neurological conditions that have been studied and which may benefit from
NMDAR antagonism include epilepsy, psychosis, anxiety, amnesia, hyperalgesia and
stroke (Meldrum, 2000; Saiki et al., 2013). NMDAR antagonists when administered
intracerebroventricularly in mice have been found to be potent anticonvulsants
(Meldrum, 1985) and have shown to possess a remarkable neuroprotective role in
animal models of cerebral ischemia and hypoglycaemia (Simon et al., 1984). Hence,
NMDARs represent a medically relevant target for therapy and therefore it is
important to understand the properties of the numerous subtypes that exist for this

receptor.

6.3 FUTURE WORKS AND RECOMMENDATIONS

The original objective of this study was to provide a molecular basis as to how GluN3
subunits impart their unique properties to NMDARs that reduce their ability to be
blocked and alter their permeability and conductance. The present study
demonstrated that the amino acids occupying the Q/R/N and +1 sites play important
roles influencing the sensitivity of the NMDA receptors to channel block. GR and more
specifically RR as found in human GIuN3B at these sites significantly reduced channel
block of Mg?*, memantine, MK-801 and CR18. Future works should continue to
specifically investigate how these amino acids affect Ca?* permeability and single

channel conductance, two other key characteristics of NMDARSs.

It is known that GIuN3 subunits lower the single channel conductance and reduce
Ca®* permeability of an NMDAR (Das et al., 1998; Sasaki et al., 2002). Voltage-clamp
and single channel studies using cells expressing NMDAR incorporated with mutant
subunits could be employed to see how this affects Ca?* permeability and channel
conductance compared to wild type. If the amino acids GR or RR at the Q/R/N and +1

sites do not explain the reduced conductance and Ca%* permeability, a residue in the
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cytoplasmic end of the M3 region should be investigated. A previous study by Siegler
Retchless et al. (2012) have reported that changes in Mg?* sensitivity, Ca®*
permeability and single channel conductance between GIuN2A/B versus GluN2C/D

are caused by a substitution of this residue.

Another aspect that should be further explored is the difference in properties exerted
by GIuN3B versus GIuN3A. In a study using rat GIuN3 RNAs, McClymont et al. (2012)
showed that GIUN3B consistently provided greater resistance to channel block than
GIuN3A. Since the amino acids at the Q/R/N and +1 sites are identical in the two
subunits in rat, other residues could be responsible for the differences. Therefore, it
is recommended that future studies determine which other regions of the GIuN3
subunits influence sensitivity to Mg?* and other open channel blockers in order to
explain why GIuUN3B is more resistant than GIuN3A. A study by Kashiwagi et al. (2002)
demonstrated that channel block by MK-801, memantine and N1,N4,N8-tri-benzyl-
spermidine (TB-3-4) in GIluN1/2B NMDAR are not only affected by amino acids in the
M2 region but also by residues toward the extracellular ends of M1, M3, and M4.
Generating chimeric GIuUN3A/B subunits similar to the strategy used by Wrighton et
al. (2008) would be useful to determine the region responsible for changes in Mg?*
sensitivity and other channel blockers. Essentially, this would provide important

structural and functional information for NMDARs.

Future studies should also examine the neuroprotective role of GIuN3 subunits
following reports by Nakanishi et al. (2009) that GIuN3 may be neuroprotective in
vivo. The hypothesis to test is whether the neuroprotective effect is mediated by
differences in GIuN3 at the Q/R/N and adjacent sites. Experiments with cells
transfected with GIuN1 and GIuN2A either without or with GIuN3A or GIuN3B would
be useful to study the excitotoxic insult which could reveal whether the GluN3

subunits provide protection.

The fact that GIuN3 subunits containing GR or RR at the Q/R/N and +1 sites render
NMDAR less sensitive to open channel block, reduce calcium permeability and exhibit

neuroprotective properties, mean that the design of MTDLs should also consider
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evaluation on GluN3-containing NMDARs. The molecules designed as NMDAR
blockers should display selectivity towards NMDAR subunits that are more
permeable to Ca?* while sparing the other subtypes such as GIuN3 subunits for

normal function.

6.4  CONCLUSION

Characterization of GIluN1-1a/GluN2A-containing NMDARs was consistent with
previous findings that NMDAR are sensitive to block by Mg?* and other channel

blockers in a voltage-dependent manner.

The M2 region of the NMDAR forming the channel pore is responsible for antagonist
binding. This study provided further evidence that the Q/R/N and +1 sites in GIuN2A
and GIuN3 subunits located in this region are partly responsible for their specific
channel block properties. In humans, the sequence at this locus is NS in GIuN1, NN in
GIuN2A-D, GR in GIuN3A and RR in GIuN3B. N occupying the Q/R/N site in GIUN2A is
responsible for providing the binding site for Mg?* and other open channel blockers,
and G or R occupying the homologous site in rat GIuN3 is partly responsible for the
reduced block of Mg?* and other antagonists. The adjacent site (+1) is also postulated
to play a role in the binding affinity of open channel blockers. The fact that the double
R occupying the Q/R/N and +1 sites significantly increased ICsos for Mg?*, memantine,
MK-801 and CR18 compared to wild type suggest that the presence of positively
charged amino acids are likely responsible for the specific properties of GIuN3-
containing NMDARs (Matsuda et al., 2002). The RR mutation also resulted in
generally higher ICsos compared to NMDAR assembly containing GR mutation in
GluN2A suggesting that sensitivity to block by NMDAR antagonists in human receptor

assembly containing GIuN3B may be further affected which remain to be tested.
The MTDL study suggested that the spermine-derived polyamine compounds are

potent inhibitors of the NMDA receptors particularly CR18. Development of a

compound which not only has the ability to block NMDAR excitotoxicity, but also
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suppress oxidative stress and formation of AB might be the future direction of AD

therapeutic strategy.

As shown in this study, CR18 was proven highly potent as a blocker in wild type
NMDAR, but less sensitive in recombinant NMDAR containing GR or RR mutation in
GIuN2A subunits. This characteristic is a favourable property of the compound as an
NMDAR blocker since GIuN3 subunits containing GR or RR at the Q/R/N and +1 sites
are less permeable to Ca?* influx and has been shown to exert neuroprotective
effects. Further characterization should be conducted as these compounds showed

potential for clinical use in Alzheimer’s disease treatment.
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Appendix

Abstract presented at the 10™" FENS Forum of Neuroscience 2016, Copenhagen,
Denmark, 2" — 6" July 2016.

RR Mutation at the “Q/R/N” and +1 Sites of the NMDA Receptor Channel Reduced

the Potencies of Open Channel Blockers

N-methyl-D-aspartate receptors (NMDAR) are ionotropic glutamate receptors which
are susceptible to block by Mg?* and are highly permeable to Ca* hence representing
a medically relevant target for neurodegenerative disorders caused by excitotoxicity.
Our study focused on the M2 region of the NMDAR which is important in ion
selectivity. Previous findings have shown that rat GIuUN3A and GIuN3B subunits
containing GR at the “Q/R/N” and +1 position in the M2 region results in reduced
potency of channel blockers on NMDAR. In human GIuN3B, these sites are occupied
by RR which could render even higher resistance to channel block. We tested this
hypothesis by mutating NN at the “Q/R/N” and +1 sites in GIuN2A subunits to RR and
characterised this with several open channel blockers namely Mg?* (endogenous
NMDAR blocker), memantine, MK-801 and philanthotoxin-343. Also of significant
interest is the -8 position, where W in GIuN2A subunits were mutated to N as found
in both rat GIuN3 and human GIuN3B subunits. Wild type and mutated GIuN2A were
co-expressed with GluN1-1a in Xenopus oocytes and responses to NMDA/glycine
were recorded using two-electrode voltage clamp. At -75mV, ICsos for Mg,
memantine and MK-801 were 3.97uM, 1.01uM, 0.033uM, respectively, on wild type
NMDAR but increased 27-, 42- and 325-fold for NMDAR containing the RR mutation.
W to N mutation at the -8 position resulted in a slight increase (2-fold) of memantine
ICso while the blocking potencies of Mg?*, MK-801 and philanthotoxin-343 were not
significantly affected. Blocking potency for PhTX-343, however, does not appear to
be altered by all mutations as no significant differences were observed across all

subunit combinations.
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Abstract presented at the 12th International Conference on Alzheimer's and
Parkinson's Diseases, AD/PD™ 2015, Nice, France, 18t — 22" March, 2015.

Evaluation of Novel Polyamine & Memantine-Derivative Compounds Targeting

NMDA Receptors for Alzheimer’s Disease Treatment.

Objectives: To evaluate novel compounds as potential treatment for Alzheimer’s
disease targeting N-methyl-D-aspartate receptor (NMDAR). These ionotropic
glutamate receptors are highly permeable to Ca?*, thus are implicated with
excitotoxicity in neurodegenerative disorders.

Methods: The Xenopus laevis oocyte expression system was employed in this study
where cRNAs for NMDAR subunits were injected into the oocytes and responses to
NMDA/glycine and channel blockers were recorded using two-electrode voltage
clamp. Three novel polyamine compounds (CR) and eight memantine-derivatives
(MAB) incorporated with antioxidant groups (alpha-tocopherol, lipoic acid, melatonin
and methoxyphenol) were tested on GIuN1/2A NMDAR subunits at -60 mV and
compared with Mg?* and memantine.

Results: All spermine-derived CR compounds proved to be highly effective in blocking
the NMDAR channel; CR18, CR8 and CR24 recorded ICsps of 0.692, 2.214 and 2.352
UM respectively, all significantly lower than Mg?* (ICso = 10.08 uM). MAB compounds
were much less potent; MAB22, MAB30, MAB14 and MAB7 recorded the lowest ICsos
(26.90, 38.19, 43.09 and 55.92 uM respectively) versus memantine (ICsp = 3.178 uM)
while the rest were all higher than 100 uM. This suggests the loss of memantine
functionality due to attachment of the antioxidant structure to its amine group. All
compounds were also found to act through a voltage-dependent manner assessed
via the Woodhull model.

Conclusions: Our data suggests that the CR compounds particularly CR18 (spermine
polyamine incorporated with alpha-tocopherol) has the potential for development of
Alzheimer’s disease treatment which not only can inhibit excitotoxicity, but also

suppresses oxidative stress and B-amyloid plaques.
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