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Abstract

N-methytD-aspartate receptors (NMDAR) amnotropic glutamate receptors which
can be blockedhy Mg*in a voltagedependent manneand are highly permeable to
Ca*, hence they represent a medically relevant target for rmegenerative
disorders caused by excitotoxiciffhe two main objectives of this study we, (i) to
determine the impact ofY R'N, +1 and-8 sitesmodificationin the M2 pore region

of GIUN2ANMDARsubunit onMg?* blockand other open channel blockerand (ii)

to evaluate novelmulti-targetRA NS OG SR f A3l yR&a dac¢5[ 0
therapy. TheXenopus laevigocyte expression system was employeldere NMDAR
subunitcRNAs were injected into the oocytes and responses to NMDA/glycine and
channel blockrs were recorded using twelectrode voltage clamp(TEVC)

electrophysiology

Pore region mutatios to investigatethe impact of Q/R/N and adjacent sites were
characterized using Mg memantine, MKBO01, philanthotoxin analogues arah
MTDL compoundCRB. NN at the Q/R/Nand +1 sites in GIUN2A subunugre
mutatedto GR andRR while W at the-8 position(in relation to the Q/R/N site)vas
mutated to N. Wild type and mutated GIuUN2A weree@ressed with GluNla in
Xenopu®ocytes andantagonistic regonses by channel blockensre recorded with
TEVCAt -75 mV,the RRmutation significantly increased i of Mg*, memantine
and Mk801by 27-, 42 and 325fold respectivelycompared to wildtype. As br the

GR mutationlGses werealsosignificanty increase for memantine and MK801by 5-

and 132fold respectivdy, compared to wild typeW to Nmutation at the-8 position

did not significantly affect blocking potencies for all channel blockers. Blocking
potency for PhT>843 was not significantly altered by any mutations This study
provided evidence that the psence of G and R at the Q/RéNd +1 sites are likely
responsible for the changes in blocking sensitivity and play fitapbroles in ion
permeability. The fact that PhT-843 remained potent dgste the mutations suggest
that this compound might have a different mode of action or different binding site

other than the M2 regiorand should be further characterized.
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In the MTDL studytwenty onenovel compoundsvere tested on GluN4la/GIuN2A
NMDARsubunits. Thirteen wergnemantinederivatives (MAB) incorporated with
antioxidant moieties, three were sperminderived polyaminesalso incorporated
with antioxidants, and five were combinatorial forms of donepezil and carvethel.
antagonisticproperties of the compoundsvere testedelectrophysiologicallyt -60
mV and compared with Mgandmemantine.The MAB series were found to be weak
NMDARchannelblockerssuggestingthe loss of memantine functionality due to
attachment of the antioxidant teucture to its amine group.Subsequently,
modification of the linker point to memantine moietiesto free its amne group
evertually resulted inrveaker NMDARhannelblockers with 165s of more than 100
UM. The sperminalerived polyamines(CR compoundsyvere potent NMDAR
blockers with 1€ss .69 to 2.35uM) comparable to memanting2.28 uM) and
significantly lower than Mg (10.1uM) andalso exhibited voltagelependence block

Our mutation study revealed that CR18, the most potent MTDL compoundessis

sensitve in NMDAR containing GR or RR mutation in GIuN2A subunits. Bhis is
favourable propertyof an NMDAR blocker forpotential ! £ T KSA YSNR& RA
treatment since GIuN3 subunits containing GR or RR at the Q/R/N and +1 sites are

less permeable to Cainfluxand has been shown texert neuroprotective effects.
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CHAPTER 1

INTRODUCTION

1.1 THEGLUTAMATE RECEPTARIEY

Gutamate receptors mediate »&itatory neurotransmissiom the vertebrae CNS
(Kumar and Mayer, 2013Jhey are known to havekayrole in memory andearning
and have beemssociated witta rolein neurodegenerative disordef3raynelis et al.,
2010) Ever sncethe first glutamate receptor subunwas cloned in raby Hollmann
and colleagueghere have been important discoveries leaditogthe identification

of different glutamate receptor subunit@ollmann et al., 1989

Glutamate receptorsare classified into metabotropic(mGIuR) or ionotropic
glutamate receptos (iGIUR) The former transmitsignalsvia intracellular G proteins
while the latter open ion channetiirectly after agonist bindingErreger et al., 2004
Niswender and Conn, 20100 date, 18 human iGIuR genes have beenedgiving
rise to four mainclasses of iGluRsharacterizedbased on theirpharmacological
properties, selectve agonists structural homologyand DNAsequences(Mayer,
2011a). The three majorfamilies are 2-amino-3-(3-hydroxy5-methytisoxazold-
yl)propanoic acidAMPA, kainate(KA and N-methylD-aspartate NMDA) receptors
whichall mediateexcitatory synaptic neurotransmissionbrain(Mayer, 2011h. The
remainingorphanclass GluDconsisting of GluD1 and GluB@es not form functional
ion channels although they shas@milar overallstructure with other types ofiGIuR
(Collingridge et al., 200%1ayer, 2011a Althoughabundantlyexpressedn the brain
cerebellum,and may also be found in numerous regions of the brhieir function

in neurotransmission is yet to be establishglmar and Mayer, 2033



Table 1 shows the classiftman and nomenclature of iGIuRs as establishedlhg
International Union of Pharmacology Committee on Receptor Nomenclature and

Drug Classification (NOPHAR).

Tablel: lonotropic glutamate receptor classification by NOPHAR

Receptor NCIUPHAR dunit | Human Gene | Human @romosomal

Family Nomenclature Name Location
GluAl GRIA1 5q031.1
GluA2 GRIA2 4932,q33

AMPA GIuA3 GRIA3 Xq25%,026
GluA4 GRIA4 11922
GluK1 GRIK1 21g22.11
Gluk2 GRIK2 6016.3021

Kainate Gluk3 GRIK3 1p34cp33
GluK4 GRIK4 11g22.3
GluK5 GRK5 19g13.2
GluN1 GRIN1 9q34.3
GIuN2A GRIN2A 16p13.2
GIuN2B GRIN2B 12p12

NMDA GIuN2C GRIN2C 17925
GIuN2D GRIN2D 19g13.1
GIuN3A GRIN3A 9g31.1
GIuN3B GRIN3B 19p13.3

_ GluD1 GRID1 10922
Wh NLK Yy Q GluD2 GRD2 4922

Table 1 presents the classification and nomenclature for lig@yaded ion channels for the
glutamate receptor family that are expressed in humahdapted fromCollingridge et al.
(2009.

Ead of the classeslemonstratesa common modular structure which c®nserved
throughout theiGIuR familyand differentiates them from other neurotransmitter
receptorsand ion channel§umar and Mayer, 20313uzuki et al., 20)3 They form
ligand-gated ion channels which alloeations to pass througithe channelpore
(Meldrum, 2000. Sequence homology sharégtweenthe iGluRs suggethat they
share a similar structure.llAGIuR shunits consists of four domair(§ extracelular
aminoterminal domain (ATD), (ii) extracellular ligabidding domain (LBD), (iii)
transmembrane domain (TMD), and (iv) intracellular cagtbterminal domain (CTD)
(Traynelis et al., 20)0Fgure 1shows thecommonmodular structureand domain

organizationof glutamate receptors.
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Figurel: Modular structure of glutamate recefors.

(A) linear representation of the subunit polgptide chain (B) Schematicillustration of the

subunit topologycomprising of(i) extracellular ATdgreen) (ii) extracellulai.BD (blue)
formed bytwo amino acidsegments S1 and SZjii) TMD (orange)omprised ofthree

membranespanning helices (M1, 8] and M4) and a membrane-antrant loop (M2)which

forms part of thechannel poreand(iv) intracellular CTDSourceTraynelis et al. (2030

Despite shang similarities, the different classes of receptors also displdiidual
developmental and ceBpecific expression profileyvaried cation permeability to
Ca&* and distinct roles in brain physiologyconferred by different subunit
combinationsand RNAediting (Meldrum, 2000 Traynelis et al., 2030

iGluRs are inducible Hyglutamateas the primary nerotransmitter that mediates
mammalian excitatory neurotransmission in the CN®aynelis et al., 2030 L-
aspartate (Patneau and Mayer, 199Gnd NMDA are agonists which specifically
stimulate NMDA receptor§NMDAR)Mayer and Westbrook, 1987The actvation
of NMDAR however, requires glycine or Dserine as the essential @gonist
(Kleckner and Dingledine, 198&lycinewvasreported tobe more potentwith three

to four timeslower EQyo than that of Dserine (Matsui et al., 199) although later



studies have shown that-Berine is also a potent eagonist (Chen et al., 200MPA
andKAreceptors (AMPAR and KAR, respectivedy) beactivated by theirespective
specific agonist of glutamate analogueslthough early reports have suggested that
certain assemblies of these receptor subunits may also be triggered byabutio
acids to a certain extentDingledine et al., 1999AMPAR are also stimulated by
quisqualateby which the receptor was previousiyamed until AMPA was found to
be more potent and selectiv@Vatkins and Jane, 20R&Some of the major agonists

and coeagonists of ionotropic glutamate receptors greesentedin table 2.

Table2: Major agonists and cagonists of ionotropic glutamate receptors.

Compound Chemical Structure
NH,
H.
L-Glutamate /'\/\
HO,C CO,H
H,C-
3 NH

H

NMDA :
o C>\/C02H

2

0
w0~
Quisqualate HOZC/k,N\[rNH

o)
Z/ SCOH
Kainate Q
CO,H

N 2
H
H,N
o OH
AMPA o )
HC™ o
Glycine H,N.__-COOH

NH,
D-Serine HO\/L
COOH

Adapted fromWatkins and Jane (20p&nd Urwyler et al. (2009




1.1.1 AMPA Recept®s

The AMPAR subtype which isfound abundantly in the brairthas pivotal roles in
excitatory neurotransmissioand synaptic plasticitfChang et al., 20)2AMPAR are

also important in maintaining dendritic spines to ensuradtional neural circuit
connectivity.Synaptic responsanaffect changes to AMPAR density whichurn
affect the synaptic structure and actin cytoskeleton conferring the spine shape
(Chang et al., 2032 Structurally, AMPAR<an form homomerdut are geneally
found to be hetertetramers assembled from the possible combinations of GluA1l,
GluA2 GIuA3 or GluA4 subunits that form ligagdted ion channel&Collingridge et

al., 2009 Geiger et al., 1999 raynelis et al., 20)0These AMPAR subunits are found
to be equally abundant budlifferentially distributed in specificparts of the brain

(Chang et al., 203 Mollmann and Heinemann, 1994

Heteromeric recptors,may beassembld fromtwo GluA2 subunitand two of either
the GIUA1GIuA3, or GluAl subunits (i.e., GIUALAKIUA2A3, GluA2A4) and are the
principal subtypes expressed excitatory neurongSans et al., 2003Venthold et
al., 1996. Subunit composition varies depending on the brain region, but at the
hippocampal CAZAL synapse most AMPARs are hetezs comprised of GIuA2
plus GluAl or GIUA3 subuniBerkach et al., 2007Homomeric receptors are more
dispersedthroughout the nervous system, with GluAeceptorsmainly found on
inhibitory neurons(Geiger et al., 1995 Subunitcompositiors of the receptor
distinguisted the characteristics and pharmacologl properties of AMPARS such as
channel conductance, ion permeabilitgating kinetics andrafficking (Jonas and
Burnashey1995 Washburn et al., 1997In the adult brain, majority ahe AMPARS
are ceassembled with amlternative form of the GluA2 subunit produced by RNA
editingwhich confersthe ion channel C&impermeablecharacteristic§Henley and

Wilkinson, 201k

More recently, the tansmembrane AMPAR regulatory proteins (TARPS) have been
characterizedwhich form associations with AMPARs as auxiliary subunits. TARPs

modulate trafficking and biophysit&unctions of the receptor plagg a key role in

5



synaptic plasticity especially in longerm potentiation (LTP) and lorgrm
depression (LTOBats et al., 201,3Payne, 2008. Further studies have shown that
TARPs bind directly to AMPARS, and target the receptors to synapses via binding to
the scaffolding protein postsynaptic detysb5 (PSD95) and dramatically alter the
gating and pharmacological properties of AMPARS et al., 2010

1.1.2 Kainate Recept®

There are five typesf KAR subunits GluK1 to GluK5 (previously termed GIuR5,
GluR6, GIuR7, KA1 and K&Bjchare approximately00 kDa (MWin size(Lerma et

al., 200). Similar to AMPAR subuniGluK1, GluK2 and GIuK3 subunits can assemble
into heteromers or homomersHowever, GluK4 and GIuK5 can only function as ion
channesif co-assembéd with GluK1 to GluK@raynelis et al., 2030The expression

of KAR are ubiquitous throughout the nervous system with each subunit
heterogeneouslyconcentrded in certain areas of the braifLerma et al., 2001
Studies concerning KARunction are relatively limited compared toMPAR and
NMDAR. dwever, research hashown that KAR are involvedioth excitatory and
inhibitory neurotransmissiofKoga et al., 2092nocicepton (Bhangoo and Swanson,
2013, and may underlie the neuropathophysiology réurospsychiatric disorders
(Knight et al., 2012Pickard et al., 2008and epilepsy(Bowie, 2008 In addition,
researches have identified two auxiliary subunits, termed as Netol and Neto2 which
co-assemble with KARs to modulate their functionids$ been indicatethat Neto@
affect how KAR respond when glutamate binds to th{&imeng et al., 203%Vyeth et

al., 2013.

1.1.3 NMDA Receptcs

NMDARSs are ionobpic glutamate receptoractivatedby glutamate or NMDA as the
agonist and glgine or D-serineas the ceagonist Two of themain characteristie
which distinguishNMDARs from other iGluRse their susceptibility to voltage
dependent block by Mg and high permeabilityfor C&*especially in GIuN2A and



GluN2Bcontaining receptorsas depicted infigure 2 (SanzClemente et al., 2013

Traynelis et al., 2030

“a (2)
(1) H (1)
+ +

GluN1
GluN2

Figure2: Diagram of NMDA receptashowingits main distinct characteristics.
NMDA receptorseaquire glutamate (Glu) which binds to GIuN2 and glycine (Glyjseribe

(Ser) as the cagonist binding to GIuN1 to be activatét). They are ighly pemeable to

C&*(2). They can beltcked by Md" which is dependent on the membrane potent{&).
Adapted fromSanzClemente et al. (2003

The opening of NMDAR channels occur with the binding of glutamate bound to the
receptor, and when the postsynaptic cell is depolarized which removes tAefim

blocking the channgDale et al., 2008They are distributed ubiquitously throughout

the CNSWollmuth et al., 199%where they are involved in synap plasticity and

long-term potentiation which underlie learning and memaflakatsuki et al., 2001

Zimmer et al., 1996 Theyalsoplay critical roles in spatial le@ng, synaptogenesis

and contextual fear memory acquisition (Lynch, 2004Traynelis et al., 2030Due

to their functionality, NMDARimpairment is implicated in multiple neurologicahd
psychiatricRA 8 S 4548 &4dzOK Ia ! ft1 KSAYSNNR& RA&SIH a
(Malinow, 2012 Suzuki et al., 2033



1.2 NMDARSTRUCTURES ASOBUNITS

Thefirst rat NMDARgene was cloned and characterizedNdgriyoshi and colleagues
in 1991. 1 is now known thatNMDARsare encodedby seven genes and form
obligatory heterotetramerdfigure 3 comprised fromthe combination of three
subunits; GluN1, GIuN2 and the most recently cloned Gl&ffey and Chazot,
2008. Numerous studies have established thtte majority of NMDARs are
comprised of two GluN1 and two GluN2 suburitsth of thesesubunits are essential
to form a functional NMDA/glutamatgated receptor channels in the mammalian

nervous systenfFurukawa et al., 2005

A.

Figure3: NMDA receptor hetertetrameric modular structure.
(A) Crystallographic spafiding homology model of two GIuN1 (green and blue) and two
GIuN2 (yellow and magenta) subunits forming a hetetrameric assemblyshowing the
major regiors (Nterminal domain, ligandbinding domain and transmembrane domain) of
the protein, (B) The corresponding backbone ribbon structukdapted fromMonaghan et
al. (2012.

Eachof the NMDARsubunit contain an Nerminal domain(NTD) an extracellular
agonist binding domainfor glutamate/NMDA or glycine bindin@igand binding
domain, LBD}onsisting of S1 (pr#1l) and S2 (between M3 and M4) regions, a
transmembranedomains(TMD) consising of three transmembrane helic@gll, M3,
and M4)and are-entrant loop (M2) which forms the selectivity filter regiomand an
intracellular Germinal domainasshownin figure 4 (Beck et al., 1999Traynelis et

al., 2010.



Figure4: Model structure of GIUN1/GIuN2/GIluN3 assembly

Only threesubunitsareshown for clarity. Each subumionsists of an extracellularfdrminal

region containing the aminterminal 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, Mé&nd a cytoplasmic rentrant loop (M2) and an
intracellular Germinal domain. Between M3 and M4 is a large extracellular loop that
contains the other part of the agonist binding site (S2). Also shown is the Q/R/N site which is
the amino acid residue thoing to regulate ion seldwity marked by N/GO (greegéllow

circle) as well as +geenired circle) and8 (white circle) sitesThese arall stes of interest

in this study.

1.2.1 GluN1

The Grinl gene whichencodes forthe GIuN1 subunit is subjected to altextive
splicing This givesise toeight variants of GIuN1 which are differentially distributed
and expressedvithin the CNSCullCandy et al., 20QKristiansen et al., 200.7The
eight GIuN1 variants are GluN®&, GIuNilb, GluN12a, GluN12b, GluN13a, GIuN1
3b, GluN*4a andGluNt4b. GluNZX1a is the most abundantform and the most
extensively charderized (Cavara et al., 20Q0%atil et al., 2012Stephenson, 200%
The GIuN1 subunitis fundamental for thefunctionality of NMDA receptar |t
contributes towards channel pore formation and prowdéebinding site for glycine,
the essentiako-agonist for glutamate or NMD@ raynelis et al., 2031/ rajova et al.,
2010. This corresponds with findings thdenopuwocytes expressingst GluNlare
9



only fantly stimulated by NMDAR agonigtdoriyoshi et al., 1991while there isno
response recorded in mammalian ceatsnsfectedwith GIuN1 alongTraynelis et l,
2010.

1.2.2 GluN2

Within a year after GIUN1 was cloned, GIuN2 subuwi¢gse identified as being
comprised of four subtypegncoded byfour different genes GIuN2A, GIuN2B,
GIuN2C and GluN2xeda et al., 199XKutsuwada et al., 199Meguro et al., 1992
Monyer et al., 1992 TheGIluN2 subungprovidethe site for agonist binding (NMDA
or glutamate)for activationto occur(Vrajova et al., 2010 Theexpression of GIuN2
subunits primarily GIUN2A and GluN2Bre found abundantly inthe forebrain
especially in theortex and hippocampu@raynelis et al., 2@). Although GIuUN2B is
prominent in the early postnatal brairthis isoformeventually decreaseduring
development while GluN2Aincreases until they become more abundant than
GIuN2B ThisGIuN2BGIuN2A switcloccurringduring developmentis postulatedto
underlie the functional changes in NMDA receptor properties et al., 2004
GIuN2C are found mainly in the cerebellum, and GIuN2D subunits are expressed in
basal ganglia andssociated brainstem nuclei, including the subthalamic nucleus
(STN), globus pallidus, striatum, and substantia r{igrathwell et al., 2008Swanger

et al., 2019.

GIuN2 subunits are critical for the functionality of NMDA recep#ord arebelieved

to distinguish the characteristics of theceptor assemblySaiki et al., 201,35anz
Clemente et al., 20)3 GIuN2 subunits have been demonstrated to control and
confer NMDAR pharmacologicahd kinetic properties(Chen and Wyllie, 2006
Gielen et al., 2009vuan et al., 2009 The combination oflifferent GIUN2 subunits
with GIuN1 renders the NMDARriablein its sensitivity towardslock byMg?* and
other antagonistsas well potency of agonists and-agonists(Ishii et al., 1993
Kutsuwada et al., 199®1onyer et al., 1992Wyllie et al., 201B. For example, a study
by Wrighton et al. (200Brevealed that the sensitivity to Mgblock wasmuch lessn
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GluN2D compared to in GIuN2A, by which the effects are mediatedamdy by the

channel pore regiobut also the ligand binding domain.

1.2.3 GIuN3

GIuN3A and GIuN3B wetlke final sultypes of NMDAR subunits discovered in 1995
andare ofparticularinterestto this study(Ciabarra et al., 199%orcina et al., 1995
Sevarino et al., 1996ucher et al., 1995Rat GIuN3Ais composed of 1115 amino
acids while GIUN3B composed of 1002 amino aci@@achernegg et al., 201 2Akin

to GluN1, GIuN3 subunipgovide abinding site for glycine but with a stronger affinity
compared to the fomer (Nilsson et al., 20070n theirown, GIuN3 subunits are not
functional and even when eexpressed witithe GIuN1 subunijtthe combination
have not beerconvincinglyproven functional in mammalian neurofGultCandy et
al., 200). HoweverChatterton et al. (200ghavereportedthat Xenopusocytes ce
injected with both GIUN1 and GIuN3 may be stimulated by gly@oefar, receptor
assemblies containingluN3 subunits together with the original composition of
GIuN1/GIuN2A/Bsubunits have been found in specific areas of the CNS and also
expressed inXenopusoocytes or cell lines such as thiman embyonic kidney
(HER-293 cell§Sasaki et al., 2002

GIuN3A has a unique developmental expression pattistributed acrosseveral
brain regiondWong et al., 200R It is initially expresseth the thalamus, entorhinal
cortex, subiculum and several layers of the neocartéis eévated during the first
postnatal weeks in the CA1 fiedf the hippocampus and in the thalamus. It has also
been detected in the spinal cord, medulla, pons, tegmentum and hypothalanus
varying degres (Ciabarra etal., 199% Sucher et al., 19955un et al., 1998 The
expression level will eventually decline but remain lovepecificareas of the brain
throughaut adulthood. Therefore it was suggestethat GIUN3A could control
NMDAR function in a timdependent manner during critical periods of development
(Kehoe et al., @13). GluN3Bhasa different spatialand temporal expression pattern
and can act idependently of GluN3ACavara et al., 200 hatterton et al., 2002
Matsuda et al., 2002McClymont et al., 201)2The expression dsluN3B mMRNA levels
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rise throughou the development andis maintained into adulthood, with a

distribution in the pons, midbrain, medulla and sgicard (Matsuda et al., 2002

Although GluN3 receptor subunitfunctions are yet to beclearly distinguished,
previous studieshave demonstratedthat they are responsible for(i) reduced
susceptibilityto be blocked by Mg and reduced Ca permeability(Matsuda et al.,
2002 McClymont et al., 2012Sasaki et al., 2002 (ii) reduced single channel
conductance thus downregulating the channel curréidas et al., 1998asaki et al.,
2002; and (ii) forming excitatory glycinegated receptorcomplex with GIuN1

(Chatterton et al., 2002Stephenson, 2006

A study byMcClymont et al. (200)2Zdlemonstrated that the incorporation on GIuN3
subunits in the original composition of NMDARpaired the blocking efficacy of
several welknown antagonists. More interesting is that NMDAR comgdex
containing GluNB generallyconfer higher resistancéo antagonist block compared

to GluN3Aacross different membrane potentiadéspresentedin table 3

Table3: 1G, for several channel blockers tested on NMDA receptooiaining GluN1la
and GluN2Acompared to NMDAR imarporated with GIUN3A or GIuN3Rt three holding
potentials.

-50 mV -75 mV -100 mV

12A | +3A | +3B | 1/2A | +3A | +3B | 1/2A | +3A | +3B
Mg?* 16.0 | 25.8 | 7.6 | 4.23 | 22.4 | 40.1 | 1.74 | 5.83 | 15.7
Memantine 394 | 159 | 182 | 248 | 754 | 175 | 0.80 | 255 | 17.8

MK-801 0.50 | 0.49 | 556 | 0.21 | 0.31 | 219 | 0.19 | 0.46 | 0.68

295 | 464 | 574 | 0.30 | 1.40 | 0.93

(o]
N
(o]

PhTX343 17.2 | 17.3

IGos are in pM.Values in bold are significantly different compared to 1/@3luNZt
la/GIuN2A) Values underlined are significantly different eiveen +3A (GluN1
1a/ GIUN2A/GIUNBA) and +3B (Glull-1a GIuN2A/GIUNBB). Adapted fromMcClymont et al.
(2012.
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The study byMcClymont et al. (2002provided evidence that NMDARsS containing

GIuN3 subunits generally cause reduced®Muock resulting in significant increase

of 1Go for Mg?* and several other open chaahblockers testedlt was strongly

postulated thatthe amino acid residuaglycine (G) located at the selectivity filter in

the M2 pore regiomrmight be the reaon for this phenomena since this site is known

to be responsible for ion permeation and Mfgblock. The site termed®/R/NQis

further discussed in the next sectioA summary of the NMDAR subunit diversity,

structure and exprssion is presented in figure 5
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Figure5: NMDAR subunit diversity, structure and expression.

(A) The £ven NMDAR subunits that hateen identified: GIuN1, GluNZAand GIuN3AB.

GIuN1 and GIuN3A subunits undergo further alternative spliciid-M4 represent
membrane segments. (B) Modularchitecture shared by all Gluuibunit consisting of the
N-terminal domain (NTD), the agonisinding domain (ABD), the transmembrane domain
(TMD) containing the channel pore, and the intracellulatei@inal domain (CTD). (C)
Example of possible combinations of NMDAR subunit assemblies. (D) GIuN subunit
expressionn the mouse brain at day of birth (postnatal day 0 (P0)), 14 days after birth (P14)
and at the adult stageAdapted fromPaoletti et al. (2018
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1.2.4 TheQ/R/N Siteand mRNA Editing

The narrow selectivityilfer region of NMDARis formed at the M2 loop domain and
constitutes an important amino acid that controls single channel conductanég, Ca
influx and voltagedependent block by Mg as well as polyaming8urnashev, 1998
Burnashev et al., 1992 raynelis et al., 2030In GIuN1 and GIuN2B, this sie is
occupied by asparagine (N), while in AMPAR (except GluA2) and KAR (except some
GluK1 and GluK2), the site is occupied by glutamineTi@pesites promote Ca*
permeability In GluA2 and some GluK1 and GluK2, mRNA editing repldneth€
positively charged arginine (R) that abolishes?Qaermeability and preventsthe

block byintracellular polyaminesthat causes inward rectification in GluAgking
AMPARsThea A 1S KI & § K dzaQ/RIN&S (B BiRSHe D&sValiiugh W

et al., 1996 Wollmuth and Sakmann, 1998nd hasbeen widely studdd in terms of

its effect on permeation and channel conductanée alignmentof amino acid
sequences for NMDAR subunits in both rat and human in contrast to GluA1 and GIuA2

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

M2 M3
hGlual FGII‘NS]’.;FSL RSLSGRIV TLIIIS A VCAFLTVERMVSP
rGluAl FGII‘NSL‘FSL RSLSGRIV TLIIIS A VFLTVERMVSP
hGlua2 :E'GI:E'NSI.EZE'SL R RSLSGRIV TLIIIS A VAFLTVERMVSPE
rGluA2 FGII‘NSL‘FSL F: RSLSGRIV aTLIIIS AU VAFLTVERMVSPE
hGluNl-1a LTI.SSAM.‘FSW A RSFSARIL GMV*AGﬂAMIIV e A VAFLVLDRPEER
rGluNl-1a LTI.SSAM.‘FSW B RSFSARTL ITIV. AV FLVLDRPEER
hGluN2A FTIGKAIULI.WGL 1] TSKIMVS MI B A GFLIFMIQEEFVDQ
rGluN2a :E'TIGKA.IwLI.WGL S 1] TSKIMVS wﬂj\ah VI A AN YAFMIQEEFVDQ
hGluN2B FTIGKA.I‘LI.WGL S P TSKIMVSVN VI 4 AU VAFMIQEEYVDQ
rGluN2B FTIGKA.I‘LI.WGL SVFP B ':['SKIINIVS‘.J."*}'—\.E\a}:k VI f AU VAFMIQEEYVDQ
hGluN2C FTIGKSV!LI.WAL SVPIEN R TSKINN’I.V*A_EFA VI 4 AR LFMTIQEQYTIDT
rGluN2C FTIGKSVULI.WAL SVPIEN R TSKIMVI.V*A_E\AA VI 4 AR LFMIQEQYTIDT
hGluN2D FTIGKS IwLI.WAI. SVE P13 TSKIMVI.V*A.E\AAVI L AR LEFMIQEEYVDT
rGluN2D FTIGKS I*LI.WAL SVP Pz TSKIMVI.V*A.\‘AAVI 4 AU VAFMIQEEYVDT
hGluN3A FSFSSALYICYALLF[c:: P) =] GRHWII CMFCLSTp 4 vw; B MVGEKIYEE
rGluN3A FSFSSAL YALL%AE P) -] GRWIHCWCLS YT MVGEKIYEE
hG1luN3B FSYSSALYLCYATLFI: P PTGWIHCMWS SVMVGDKTFEE
rGluN3B FSYSSALNLCYAILEETVS IFHCPTGRFLMNLATIJCLLVLS SVMVGDKTFEE
: T - T\ *: F T* ooz o rrrkEEEEEE - H .
-8 QfR/Nsite (0) +1

Figure6: Amino acid sequences of NMDAR subunits aligned with AMPAR subunits, GluAl
and GIuA2 at the major pore lining regions (M23) in rat and human

In relation to theQ/R/Namino acid, this site is considered position Oand highlighted in
blue. Theadjacent amino acidb the rightconsideredasposition +1 (highlighted ingreen
and amino acid atposition -8 (highlighted inpurple) are also of interest in this study.
Differences betweeGIUN3A and GIUN3B are highlightedsellow.Fully onserved residues
are highlighted in regalso indicated with asterisksolble dots represengroups of strongly
similar residues and single dots represent groups of weakly similar resideest, h =
human.Sequence alignment was genated viahttp://www.ebi.ac.uk/Tools/msa/clustalo/
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In the conventionaheteromeric NMDAR composition, N occupying @&/Nsite in
GIuN1/GIuN2 subunitsonferstit KS NB OS LJG 2 N A& ZgaRdalsliylie 2 F
Analogous to the situatignGIuA2 in AMPARwith R at the Q/R/N siterhen co
expressed with other AMPAR subunitsuse areduction inC&* permeability and
blocking potency by AMPAR open channel blockers including polyamines, polyamine
containing toxins and dicationic derivatives of adamantiiBelshakov et al., 2005
Cavara and Hollmann, 2008ellor and Usherwood, 20Q45trgmgaard and Mellor,
2004). One study hashown that n GluN1,amino acid replacemenat the Q/R/N
position was found to strongly affect&*permeability but notblock byMg?* In
GIuN2, however, the same study revealed an almost opposite effec metation

at this site was demonstrated to heavily influence@¥gock activity although having

only weak effects on CGaion permeation(Burnashev et al., 1992

In the less weltharacterisednembers, GIuN3/8, this site is occupied in most cases

by glycine () whichmight explain why NMDARSs containing either of these subunits
are less permeable to €a(Ciabarra et al., 1995Sucher et al., 1995 Also of
significance to the role of GIuUN3 subunits is the next residuendtn@am which is R

at the +1 siteas opposed to Q, S, or N in other members of iGIUR subunits. This R is
alsoverylikelyinvolved in ion permeatioas previous studielsave showrthat it has

an impact on open channel blockig®*, memantine and MKO01 have been
demonstrated to have binding sites at N of tQeR/ N site in both QIN1 and GIuN2
subunits and the+1 residue adjacent to this in GluNBurnashev et al.1992
Kashiwagi et al., 200Mori et al., 1992 Sakurada et al., 1993Interestingly, DNA
sequencing has revealed that human GIUN3B contains R, both at the Q/R/N and +1
sites in contrast to all other known GIuUN3 subunits whitdly confereven stronger
resistance to open channel block andGmermeability(Andersson et al., 200 Nishi

et al., 200). Another important residue isTryptophan V) at the -8 site; when
mutated to N in GluNZ2hlockingpotencies of memantine and MB01 are reduced
(Kashiwagi et al., 2002Theequivalent position in GIuUN3A and GIuN3B is occupied
by Nwhile all other subunits contain a VWWhese sites were further investigated in the

present study.
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1.3 NMDA RECQETOR CHANNEL BLOCK

NMDAreceptorantagonists can be classified into four categoassiepicted in figure
7: () competitive antagonistwhich bind and block the NMDAR agonist binding; site
(i) glycine antagonistwhich bind and block the bindingtsiof glycine as the co
agonist;(iii) noncompetitive antagonigwhich bind other sites on the NMDAfRr
example the allostericites, thus inhibiting the NMDARind {v) uncompetitive
antagoniss which bind to a site within the pore thus blocking the recaptbannel

(Kim et al., 200

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
site
D: Noncompetitive E: Uncompetitive
antagonist antagonist
Noncompetitive Channel
antagonist Allosteric blocker
site
"' L’ » * ]
|

Figure7: A simplified schematic showing activated NMDAR and the mechanism of NMDAR
block by variougypes of antagonists.Adapted fromKim et al. (200pand Delldot (2007.
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NMDA receptors can be antagonised by*ZiMg?* and polyamines in a voltage
dependent manner, a characteristic which is important for the regulation of neuronal
physiological functiorfTraynelis et al., 20)0While M@* was postulated to bind in
the channel porgNikolaev et al., 2002 Zr#* and polyaminesnay alsobind at the
ATDsite in both GIuN1 andI@\2 subunitgBlanke and VanDongen, 2009

This present study assessed several known NMDA antagonists such as?¥g
memantine, MK801, philanthotoxin343 (PhTX343) and a variety of new
compounds derived frormemantine,spermine and spermidinasdiscussedurther

in this section

1.3.1 Mg*

Numerous studies the 1980sand 1990s have establishetiat Mg?*blocks NMDRs
in a voltagedependent mannefAult et al., 1980Mayer et al., 984, Nowak et al.,
1984 Paoletti et al., 1995 Regulation of NMDAR by extracellular ¥iglockplays a
pivotal role in synaptic plasticity whiaghediates higher cognitive function such as
learning and memoryTraynelis et al., 2000A mutagenesis study bylori et al.
(1992 suggestedhat the N residue atthe Q/ R'N site of theM2 domainconstitutes
the binding site for Mé. It was found thatMg?* block was void whetthe N was
substitued with Q at the Q/R'N site of either GIuN1 or GIuN2, dndeed both.
Consistent with previous studigglcClymont et al. (20)2lemonstrated the voltage
dependent block by Mg and substantiated the evidence that GluN&used
reduction of Mg?* block when incorporatedwith GIuUN:1a/GIuN2A subunits. Even
more interesting is thatGIuN3Bresulted inan even higherlGyo value for Mg?*

compared to GluN3Andobserved at althree membrane potentiadtested.
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1.3.2 Memantine

Memantine (chemical name: -Bmino-3,5-dimethyladamantae hydrochloride,

molecular formula: GH1N HCOlis anun-competitive NMDAR blocker currently used

Fa + Of AYyAOFf RNHZA G2 OGNBIFG GKS adevyLiiz2vya
(Atri et al., 2013 Memantne was firstmarketed in Germanyn 1982 which was

originally intendedfor use inthe treatment of organic brairsyndromec¢ a term
representingany mental disorder associated with changes in brain tigBigemond,

201%; Forest Laboratories, 2003The structure of mmantine is presented in figure

8.

NH,HCl

Figure8: Chemical sucture of memantine.
Adaptad from Molinuevo (2005.

As an open channel blocker,emantine requires preactivation of the receptor

channel by an agonist before inhibition can take pl@®lund et al., 20101t works

by preventing excitotoxicity without interfering with physiological activation of the
receptor essential for normal brain functiomhismay be the reason for its success in
GNBFGAY3T 1 £t1T KSAYSNRE RA afutieatSger@lytolerdddS R 2
memantine well due to its moderate blocking potency resulting in minimal side

effects often seen in treatments with other simg antagonist¢Robinson, 2008

Antagonismby memantineis reported to be highly voltagdependentand shows
little selectivityon three combinatios of NMDAR (GIUN1/GIuN2A, GIuN1/GIuN2B,
GIuN1/GIIN2D) expressed in HER3 cells (Bresink et al.,, 1996 However,
McClymont et al. (201)2reported that nhcorporation of GIUN3 suburgtin a

GIuN1/GIuN2A receptomassemblydoes affect memantine block wherelGo of
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memantinewasincreased atll membrane potentiatested. Similar to Mg block,

GluN3Bgreatlyreducesmemantine inhibitioncompared to GIUN3A

1.3.3 MK-801

MK-801 chemical name(+)5-methyt10, 1 tdihydro-5H-dibenzop,dcyclohepten

5,10imine maleate molecular formulaCeHisN) also known aslizocilpinewas first
discovered by Merck in 1982.i# apotent and selectivain-competitive antagonist
of the NMDA receptofFoster and Wong, 198%ong et al., 1986 The chemical
structure ofMK-801 is presented in figur@.

XD

CHy

Figure9: Chemical sucture of MK-801.
Adapted from andVong et al. (1986

MK-801 possesses secondary amine and benzenoid functions and displays a wide
array of biological properties including anticonvulsant améesthetiqKovacic and
Somanathan, 2000 MK-801 is also known to affect the processing underlying
sensory(AFAmin and Schwarzkopf, 1996nd locomotor advity (Liljequist et al.,
1991).

Wong et al. (198preported that MK-801 possessesigh-affinity binding progrties

to NMDA receptors in rat brain membranes especiallyhe hippocampusOther
regions displaying high affinity weoerebral cortex, corpus striatum, and medulla
pons, while no bindingvas detected in the cerebellum. In contrast to memantine, it
hasa very slow onset with slow block recovehy.vitro neurophysiological studies
using gpreparation ofrat corticalsliceshowa potent, selective, andn-competitive
blockingby MK-801 of depolarizing responses to NMDBut not to other agonists

such asainate or quisqualateThe compound hoever has been demonstrated to
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selectivdy bind to GIuN1/GIuUN2A and GIuN1/GIuN2B subunit combinations
compared toreceptor assemblies containing GIUN2C and GIUN2D in botl2BIEK
cells as well aXenopusoocytes(Laurie and Seeburg, 28; Yamakura et al., 1993
However, more recent findings have demonstrated that-BfKL has the ability to
also block NMDAR containindgu@2C or GIuUN2D but is dependemt the pH as well

as stereeselectivity of the compoung@Dravid et al., 2007

Electrophysiology experiments have demonstrated that the potency of8MKto
inhibit NMDA respnses is found to be usdependent, where the extent of blockade

is accelerated by addition of NMDA agonists instead of the duration which the
receptor is exposed to MRBO1 (Foster and Wong, 198 /Mutagenesis studies have
demonstrated that the binding site for MB01 may overlapvith or be the sameas
Mg?*and memantineat the Q/ R'N, +1 and other sites of the channel po(Kashiwagi

et al., 2002Mori et al., 1992 This may explain the simrity of blocking pattern by
MK-801with Mg?*and memantineandthat GIuN3 generally resin areduction of
channel block by these compounds although less significantly B0V cClymont

et al., 2012.

MK-801, however, was shown t@ossess certain characteristishiich compromised

its use in clinical setting&lnlike memantine, it is not well tolerated in human and is
more potent on receptor combinationsontaining subunits abundantly found in the
cortex. Early studies also showed that 1881 exerts negative sideffectsincluding
stereotypy, catalepsymotor incoordinationand psychomimetidike side effects
(Bresink et al., 1996Koek et al., 1988 acute cytopathological changes in neurons
(Olney et al., 1989 memory and learning impairments as well as cardiovascular
changegBischoff and Tiedtke, 199Panysz 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 cellSeiler, 200 Both spermine and spermidinare
involved in various metabolic functions necessary for celWwgjn and proliferation
(Zini et al., 200P The chemical structas of spermine and spermidine asbown in

figure 10.

A. HZNWNHW\NH/V\NHZ

B. HZNV\/\NH/V\NHZ

Figurel0: Chemical suctures of (A) spermine and (B) spermidine.
Adapted fromWilliams (1973).

The original discovery that NMDAR may be regulated by polyamines was shown by
Ransom and Stec (1988ho demonstrated that spermine and spermidiaé higher
concentrationsenhanced the binding of MBO1 to NMDARBoth ermine and
spermidine werealso shown to directly bloddMDARwwith the latter somewhat less
potent than the former(Williams, 1997h The currentstudy emplogd several
polyamines known to block NMDAR suaé philanthotoxin-343 as well as novel

sperminederivedcompounds.

1.3.5 Philanthotoxin Analogues

The philanthotoxin isolated frorsolitary digger was@Philanthus triangulunvenom
was first discovered by T. Piek andlleagues noting that it exertedlutamate
receptor bbcking propertiegPiek et al., 1971Piek et al., 198WPiek and Njio, 197p
The natural pure toxin, containing a butyryl/tyrosyl/polyamine usture was
eventually purified and termed Ph#83 Subsequently two closely related
analogues, PhT334 and PhT=843 (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 propertigddefrawi et al., 1983
Philanthotoxincompounds are typically 2.0 to 4.0 nm long, and contain a polyamine
chain with an amiddinked aromatic amin@cidat the headgroup. Due to its length,

it was postulated that the molecule would interact with multiple amino acids within

the channel poréBahring and Mayer, 1998

Shown irfigure 11 arghe chemical structures of Ph#83 whichconsistof a tyrosyl
headgroup and a butyryl side chain attachedtthermospermine moietand PhTX

343 with thermospermine exchanged for symmetrical spermine

IV Tyrosine
HO
A N I
HN [jz/\\/\[j/\/\f‘“"a
| 5 2
f‘u II Thermospermine
IIT Butyryl
HO
BI
N N ® ®
HMN \/\/@,\/\/\H/\/\NHB
Lo z
r @]
P

Figurell: Chemical suctures of (A) PhTX433 and (B) PhT-343.
The structures of philanthotoxin compounds are composed of (i) an@mm group, (i) a
long polyamine (thermospermine) chain, (iii) an aliphatic butyryl group and (iv) an aromatic
tyrosyl group Adapted fromFrolund et al. (2010andKachel (2014

PhTX343 is an urcompetitive antagonist for all three classes of glutamate receptors
including NMDARB&hring and Mayer1998 Brackley et al., 1993uang et al.,
1997). Antagonism by Ph¥343 isreported to be use and voltagedependent
suggesting the interaction diiis compound with open channel conformations of the

receptorandexhibitslow dissociation from the binding si(Brackley et al., 1993
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A previous study showetthat at concentrations of 0.1 and 10 uM, Ph343 blocled

the glutamate responsby 9% and 61% iKenopu®ocytes expressing GIuUN1/GIuN2A
subunits at-60 mV(Fround et al., 2010 In the study byMcClymont et al. (2012
PhTX343 block was shown to be strongly dependent on membrane potential which
suggests a deepore binding site for this compound. In relation to GIuN3, blocking
by this compound was only affected a less negative membrane potential helGo

of PhTX343 was significantly higher in NMDARex@ressed with GIuN3 subunits
compared to GIuN1/GIuN2A asably without GIUN3A or GIuN3B.

A variety of synthetic philanthotoxin analogues have been devel@sesdtructural
modifications have been showin improve potency and selectivity of the compound
(Stremgaard et al., 2005The currentstudy evaluatal two novel philanthotoxin
analogues whickwvere synthesized in collaboration witbr. Henrik Franzyk and Prof.
Kristian Stremgaard from the University of Copenhad@nmarkThese compounds
were incaporated witha cyclohexy or benzytgroup. Aprevious study byellor et
al. (2003 showedenhanced blocking potencies on ionotrogjlutamate receptors
for philanthotoxin analoguescontaining these two moietiesFor one of the
analogus, the tyrosine group was replaced withcgclohexyhlanineand termed as
cyclohexylalaine-philanthotoxin343 (Cha-PhTX343) For the other analogue, two
modifications were introduced the tyrosyl group was substituted with
cyclohexylalaine and a benzenwas introduced at théutyryl group The compound
was hence termed asenzyicyclohexyalaninephilanthotoxin343 (Bn-Cha-PhTX
343) Structures of the compoundsedisplayed in figuré2.

23



5.

' H H
CHj\'(N\./\/N\./’\/\N/'\/\
H
H

N
MOO
HN

NH,

QLK

o

@)

H
j\H/N\/\/N\./’\/\N/\./\NH2
H

Figure 12: Structure of philanthotoxin analogueg(A) Cyclohexyhlanine-philanthotoxin-
343(ChaPhTX343),(B) Benzylcyclohexylalanine-philanthotoxin-343 (BzChaPhTX343)

1.4 ! [ %I 9L a9 wQ4AD)AND NKMDAREBCEPTOR

1.4.1 Epidemiologyof Dementia and AD

Dementiais aglobal health problem whichffectsnot onlyindividuals sufferingrom

the disease and thiesocietybut it alsohas a profound effect on global productivity
and worldeconomis (Murphy et al., 2014 ! f T K S Aide8&shI}is the most
prevalenttype of dementia which accounts fabout 6680% of all dementia cases
(Imtiaz et al.,2014). According to acomprehensivesystematic reviewand meta
analysisconductedby Prince et al. (2013 it was estimated that 3% million of the
world population sufferedfrom dementiain 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 byJSA(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
Brazi (1.0 million).It was estimated that there wer8.9 million new cases in 2015
bringing te total to 46 million people sufferinfrom dementiatoday. This idarger

than theentire population ofSpain(Prince et al., 2015
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With the increaseof worldwide populationlongevity, the prevalence waexpected

to increaseover the yearandwill almostquadruplein the next 30 year§Prince et

al., 2015 Reitz and Mayeux, 20142010 to 2050 projections biyrince et al. (2013
estimateda moderate increase foreeloped regiora 87% rise in Europe, 148% in
the developed AsiPacific countries, 151% in North America and 200% in South Latin
America(starting from a higlpoint of the present incidence at the time the report
was producedl Starting from a low base tleer parts of Latin Americand North
Africa/Middle Eastvere predicted to experience tremendous increasé more than
400%to 500 Starting from a high base, other parts of Asia would also experience
rapid growth with 282 increasein South Asia an®11% in East AsidVlodest
increases wee expected inSubSaharan AfricalQ0% to 30%) due to high
occurrence ofchild mortality andAIDS Figure 13depictsthe global incidenceof
worldwide population suffering from dementiand the projection for the next 3

years.

131.5mE2

74.7m E=

46.8m 55

World

Americas

Africa Europe

Figurel3: Global incidence of people living with dementia.
SourcePrince et al. (2015

Dementia haput anextreme burden on the world economy. According to the World
Alzheimer Report 201gJobal cost$or medical, social and informal caredgmentia
patientshave risen from US$ 604 billion in 2010 to US$ 818 billion in Abikbcost

is estimated to increase to a trillion dol&y the year 2018These alarming facts
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and figures emphasize the importance of researtto the neurgathogenesisof
dementias and ADthe development otherapeutic strategiesas well as prevention

mechanisnfor this debilitating disease.

1.4.2 Pathogenesis of B

Dementiaismanifested by progressive deterioration of cognitive functions especially
memory impairmens and inability to execute normal daily activiti€®'Brien and
Wong, 2011Riedel, 2011 AD wasifst describedby a German psychiatrisDr. Alois
Alzheimermore than a centuryagowhen he was presented with demale patient
(Auguse Deter, 51years ol whom over the years, experienced memdoss
paranoia, hallucinations and general cognitdecline before she died(Qiu et al.,
2009. Postmortem histopathology investigations dfer brain revealedabundant
cortical plagues and neurofibrillary tanglethat were later confirmed to be the
primary featuresof the diseasgGoedert and Ghetti, 20QMiklossy, 201k Since
then, extensiveesearch haveen conducteconcerninghe pathophysiology of AD
anduntil now definite answergemain ambiguouslue tothe multifactorial natureof

the disease Unfortunately, acure is stilla long way off The gneral consensys
however, acknowledges KS y2GA 2y (KIF G LINR-aWNBidoan @S
protein underlies the pathogenesis of ADrews and Masliah, 201and that such
plaques arenormally surrounded byneurofibrillary tanglesand accompanied by
intensemicrogliosisas well agoss of neurons, white medr and synapsefReitz and
Mayeux, 2014 20% to 30% of AD caseshowever, also presented with
cerebrovascular pathologies mainly atherosclerofidolan et al., 2010 and
aggregation of Lewy bodi¢Schneider et al., 200 mixed with neuritic plaques and
neurofibrillary tanglescomposed ofhyperphosphorylated tau proteifO'Brien and
Wong, 2011 An example of a brain biopsy from an AD patient revealing senile

plaques and neurofibrillary tanglés presented in figuredl
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Figure 14: Senile plaques and neurofibrillary tangles observed in the cortex of an
't I KSAYS NIient. Bauéc&Bieandw dtdl. (2006

It is widely postulated that the neuropathological change®\ih are the results of
both environmental and genetic factar8lthoughthe majority of AD cases remain
causallyunknown, one to five percentof the cases are attributed taenetic

heredtary factor whichresult in presentation of an earlgnsettype of AD(EOAD)

(Reitz and Mayeux, 2014

Four major

predominantly early 5

genetic predisposing factors underlying the thpgenesis of
Ay NBf I ghandtype are2suninfériedlinitable 4.

Table4: Genetic predisposition to Alzheim@BA & S+ &S Ay NBtFGA2Y
Chromosome| Gene Defect I t KSy2(@&L) Onset
21 APPmutation LYONBIl aSR g2al¢ Early
14 PSENmnutation |Ly ONBIl,a SR ! | Early
1 PSENPutation |L Yy ONBlpa SR ! | Early
19 I t h variant LYONBlFaSR I LJ | Late and
deposits early

Adapted fromSelkoe (2004
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EOAD, alsermedasfamilial Alzheimer's diseagEAD)s a rareautosomal dominant

form of ADcommonlyassociated withmutations inthree main genes APPgeneon
chromosome 21 which encodes the amyl@decursor protein PSENIgene on
chromosome 14 encoding presenilil (PSl), and PSEN2gene located on
chromosome 1which code for presenilin2 (PS2) (Crews and Masliah, 2010

Mutations in all three genes involved BHOADIF NB (0 K2 dz3Kd G2 O2y i NR
and tau pathologiegIgbal et al., 2014 APP is the precursomolecule which

dzy RSNH2Sa LINR{iS2feéara IAQAYy3I NrRaSotiz GKS
AD(O'Brien and Wong2011). PS1 and P2 selectivelyelevate! s, the mosttoxic
amyloidogenic form of the protein plagu®ounkin, 2006 Studies have also shown

that PS1 and P have roles in the activity efsecretase, an enzyme that cleaves

't t  F2N)YAY e Stioopdrl&t klij TOFRBssar, 1999 Approxinately half

of all FAD patientare reported topossessiamadng lossof-function mutations in

the PSENyenes(Bi, 210).

The majority of € F §S 2y asSa ! 1 KADAcasEsNareaspordicaedd a S 0
idiopathic(lgbal et al., 201¥} WhereasEAD s linked to the buildzLJ 2 ¥ ! | LI [ |
in the brain, sporadic Alzheim@rdisease (SADr LOADhas beenassociated with

the¥ I Af dzZNB G2 NBY 2 0 SesultirginSnibalancteiof prodlctidnfa® 6 NI A
clearancgDong et al., 201,25Selkoe, 2004 LOADs characteristicallpeterogeneous

andis attributed tothe interaction ofboth genetic and environmental facto(€rews

and Masliah, 2010Indeed more recently, thas beerpostulated that the interaction

between genetic and environment factors in neurological and neurodegenerative

diseases may oac through epigenetic mechanisnfisandgraveGomez et al., 2005

APO4 allele of the APOEgenelocated on chromosome 1913 one of the few
known lage effectgenetic risk factas for LAD. Apolipoprotein B (ApoE4gncoded

by the APOEgene is thought to interact via two different pathways; ds@amyloid
dependentand the otheris not. Spinney (2014 described the first pathways
involving ApoEpossiby acting as anolecularpathological chaperone in promoting
the deposiA 2y 2 F |1 LINE lefastfie skopnd path@aynyaNdsihg &
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metabolism of Apolinto toxicfragments that have harmful effects on mitochondria

and the cell skeletofSpinney, 2014

Numerousid (0 dzZRA S& KI @S 06SSy O2yRdzOGSR (G2 St dzO;
EQ\Dand LOADResearch findingsavedemonstratedii K I (bligbmerinterferes

with calcium signéihg, instigats oxidative damage and indusemitochondrial

dysfunction (Dong et al., 2012 ! i m&sdiwere shown to inhibit hippocampal

synaptic plasticityin vivo (Klyubin et al., 2008whereas neuroe SE L2 a Sk G2 ! |
results in rapid loss @du-dependent microtubule assemblyValsh and Selkoe (204

provided evidence o& damaged synaptic morphology and declinepwstsynaptic

receptor function Ol dza SR 06 & & 2 f dzoltiisSsyndpiic defits /a2 Y S N&
disruption of neuronal network potentially O dza SR o6& ! | I NB L2
contributing tothe etiopathogenesis of cognitive dysfunction in Aong et al.,

2012).

INLOAD G KS FlFAfdzZNBE (2 RSAINIRS IyR NBY2@S
enzymes such as neprilysin (NEP) and insldgrading enzyme (IDE). Studies have
aK2gy (KIFIG (KS&aS SyieavySa | NB NBRdAzZOSR Ay
(Dong et al., 20LMiners et al., 2008

A schematic diagram representing potential mechanisms underlying AD development

inreldi A2y G2 i F2NXIFGA2Y 06 2[Aypodesis)isdutie R (1 K S
in figure 15.
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Familial AD Sporadic AD

1 Amyloid precursor proteinAPP) 1 Major: aging, apotioprotein £
1 Presenilin 1 (R$) (ApoE4)
1 Presenilin 2 (R3) 1 Minor: other genes and

environmental riskactors
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Figurel5: Schematic diagram of the amyloid cascade hypothesis underlying AD pathesjs.

| St fdzZ  NJ ReaFdzyOlAazy @Attt fSIFIR G2 GKS T2NXI

neurogenesis defects and synaptic damage ultimately causing impairments of the cognitive

FTdzy OGAz2zy &aSSy Ay |hbveteSimpodaNtioindeRtatiafHougiStthe L G A &
RANBOG aa20AldA2y 06SG6SSy 1''i YR ySdzNBLI (K2
whichA LJ K2t 238 AYLI ANR ySdINRByYI| { Adagmt@omk 2y | Y F
Blennow et al. (2005Crews and Masliah (20),@ong et al. (2012and Selkoe (2004
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Aside from the amyloid cascade, the cholinergic pathway is anatigetel for AD
pathologyand it is whatmost currerly available AD therapeutics weased on
(Craig et al., 201 Frarcis et al., 199p Investigations undertakem the late 600
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 ADatents. These findings supporthe notion of a
Wholinergic deficiendy{Francis et al., 1999The fact that ACh neurotransmission is
implicated in the role of learning and memoflyibiger, 199}, cholinergic defic#

were suggested tasignificantlycontribute to cognitive impairment observed in AD

patients(Araujo et al., 2005-rancis et al., 1999

Another pathological characterististrongly associated with AD is oxidative stress
(Moreira et al., 200% In vitro models have demonstrated thatellsexposed to! i

induce excess flux of €and oxidative damage contributing t@rds neurotoxicity

(Mattson, 2004 Tabner et al., 2008 ! i gl a KelLRIiKSaAl SR G2
produdion of peptidyl radicalgfHensley et al., 1994and the direct generation of

H.O. (Tabner et al., 20051t is however, unclear wherexactlyoxidative stress starts

to play a role in the AD pathogenesBrake et al. (2003and Moreira et al. (200b

suggested that oxidative stress precedes the event by which formation of senile
plaques and tangles took place, aswell SBrA 6 NA f £ | NJ RSLI2AAGA2Y
by in vivo model. Tamagno et al. (2002noted that oxidative stress stimulates

I OG A @I {sdctdseadtivity, i enzyme essential for therocessing of APP to

I l-protein.

A model of they SdzNR OKSYA Ol f OKIy3aSa 20aSNIBSR Ay
by Meltzer and Francis (200&andas shown in figuré6.
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Figurel6: Proposed neurochemical alteratioria AD cortical synaptic transmission.

(1) Decreasedtholinergicactivation (2) Decreasedjlutamatergic neurotransmission due
neuron or synapse loss3)tau hyperphosphorylation leading to formation néurofibrillary
tangles; 4) decreased excretioof soluble APP5[S f S @ {i J@ddlcti@n6) dedreased
glutamate production. It is hypothesised that these alterations result in the development of
ADclinical symptoms and contribute to the spread of pathologglapted fromMeltzer and
Francis (2001

1.4.3 NMDARImplicated Pathogenesis

As it haslong been established that NMDARBee involved in synaptic plasticity,

learning and memoryTakatsuki et al., 20Q,lthey are thought to hawe important

roles in the underlying pathophysiologyAb(Malinow, 2012. Much evidencexists

linking the pathogenesis of A@ith NMDARsand ! | LINIpartisulagfyihe

oligomeric soluble formFor example f ONB I a SR f S@Sta 27F i L
shown to interfere with synaptiexcitatoryglutamatergic neurotransmission in the

brain especially NMDARHu et al., 2009Lacor et al., 20Q7Roselli et al., 2005hus

disrupting synaptic plasticitfCrouch et al., 200&Ilyubin et al., 2008Nalsh et al,

2002. A studyby Snyder et al. (2005RA 8 02 GSNBR (Kl G SELJ adzNX
endocytosis of NMDARNd prolonged depression of NMDB&voked currents in

cortical neuronalcells. In addition reduced expression of NMD#&Rave been

observed in neuron cells of AD mouse mod8isyder et al., 2005
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Using hippocamgecell cultures, Lacor et al. (2007@emonstratedthat the ability of

o 2 f AtdspetiBabllt attach to exteitory pyramidal neurons causeduction

of NMDAR expression, decrease in deémdrspine density and damaggynaptic
morphology. These findindsave been supported by study conducted byShankar

etal. (2006 K2 20aSNISR GKI { hippocathfalsgh@piicSNE & G A Y«
an NMDARJependent signallingpathway. Of A 3 2 Y S Ndis Calso! shown to
stimulateFyn kinase leading to @2B phosphorylation of the NMDARS, which result

in dendritic spine loss and synaptic impairm¢dim et al., 201p Fyn is a tyrsine

kinase important in the normal physiologidunction of synaptic transmissigrand

hence has animplicatedrofey’ ! i  &aA 3yttt Ay 3 | aNy&afdf I a
et al., 2014. Moreover, Tackenberg et al. (201provided evidence that dendritic
spinelosmasarest G 2F i adAYdz I (A 2-¢bntaningNMDS RA I G S
receptors whereas GIuN2B was shown to be involved in-dEpendent

neurodegeneration.

The distinct property of NMDAR being highly permeable t iSalsokey inlinking

the receptor channel tahe pathological state of ADNMDARdependent synaptic

plasticity mechaniss correspond to C&* flow resulting in potentiation or

depression. High influx of &driggers the amplification of synaptic strength resulting

in longterm potentiation (LTP§SanzClemente et al., 201)3In contrast defective

NMDAR resulting in low permeabylif C&* for a long durationmay induce long

term depression (LTD) leading to reduced efficacy of the synaptic neurotransmission
(Holtmaat and Svoboda, 20pJexido etal. 20MRSY 2y a4 NI G SR G KIF G ! ]
cause excess €anflux leading to neuronal cell death. Electrophysiological analysis

on Xenopus laevisoce 1 Sa KI @S akKz2gy GKFG i 2ftA32Y
NMDAR subunit combinatiorsGluN1/2A and GIuN1/2B with the former displaying

a larger response.
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Ly |y SELSNAYSY(d 6KSNB KALLROI Wigimes &t A OS
for 20 minutesTamburriet al. (2018/ 2 4§ SR G KI (G &iKd8ced synaptid A 32 Y S
depressiorand that thiswas independenbdf NMDAR io#lux. Instead it appeared to

be mediated by NMDAR in a metabotiepmanner. Findings byessels et al. (20]13

supported thismodel, and further suggestethat NMDAR activation occurs via the

Df dzb H. & dzo dzy A ( ®tuallyi resdt inAthig 2085SoNFynapficdrEsponses
mediated by GIuN2B leading to a switch of subunit composition from GIuN2B to
GIluN2A.1t was thereforeproposed that ioAflux is not required for! induced

synaptic depressiombut rather was mediated byonformational changes of the

NMDAR subunits.

RftdofS 2fA32YSNRO i KIF @S 06SSy aKz2sy iz
(Klyubin et al., 2004Valsh et al., 2002andthe disruption of synaptic transmission

is suggested to be the result of L@heng et al., 200Kim et al., 200L Rowan et

al. (2003KI &S RSaONAO SR (K Il-ianommblax ArdyervEiedadleito Ay
rapidlyblock prolonged LTP both hippocampaslices as well as intact hippocampus

of in vivomodels. Due to the role of TP inhippocampusfunction, Rowan etal.
proposedthat thisdisruption of LTP and synaptic plastiaitiyich is highly dependent

on NMDARactivity may causeognitive impairments observesarlyin AD patients

This model is depictenh the schematic diagrarm figure 17
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Figure17Y t NRLJ2aSR | OldAz2y 2F || 2t A32YSNR 2y K
neurotransmission leading to the development of cognitive decline seemnlé@mentia.
{2t dzof S | i magintéfare WidhNiktracellular signalling, NMDARediated

transmission and twlinergic transmission leading to LTP inhibition and LTD stimulation of
the excitatory neurotransmission. A delayed reduction in basal AMP&diated
transmissionmight be caused by shift from LTRike to LTElike synaptic plasticity and
increased vulnebility to excitotoxicity. The imbalance between rapid deterioration of
synaptic plasticity versus delayed reduction in basal transmission would contribute to the
mild cognitive dylinction seen in preclinical ARowan et al., 2003

De Felice et al. (200has linked thalisruption of LTPand synaptic plasticityd A
oligomerinduced oxidative stress. Thistudy observed elevated reactive oxygen

species (ROS) production, neuronal damage and mitochondrial dysfunction in
KALILR OF YLI £ ySdzNRyl t Odzf (dzZNBa -dSpendent SR 6 A
calcium flux. Interestigly, memantine was found to completely protect the cells

I 3 Ay ad lnducedfodidat®eydarhdge and reduced intraneuronal calcium

which is necessary for ROS formation. Due to the fact argahall amouns of ROS

are essential for the normal physiglizal process of synaptic plasticity, the study
proposed that impairment of NMDAR activity coupled with oxidative stress are

implicated in the pathogenesis of AD.
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The implication of NMDRsin the pathogenesis of AD is complex. Based on numerous
findingsK - 4 ! i KIF a I RA N&BdQhe fa& that Bié@niantideys wella 5 | w
tolerated in AD patientsthis forms the basis of the present study looking into
NMDAR inhibition! 140 has been showto induce inward current, cause increased
intracellular C&' levels and cause cell dth by activating NMDR (Alberdi et al.,

2010).

1.4.4 ADTreatments

There are two categories afrugs currently approvedby the US Food ahDrug
Administration (FDAJor the treatment of AD, (i) acetylcholinesterase inhibitors
(AChEI) andi) NMDARantagonistsThese drugs were designedt to WureQ  dodzii
suppresghe symptomsassociated with ARnd theirtreatment effects are clinically

modest at best(Bi, 2010).

AChEls are the main treatment presently used in clinical settings for AD patieats. T
actionof this drug is to inhibit acetylcholinesterase which in turn will maintain and/or
increase acetylcholinACh)availabilityin the central nervous system without being
broken downby the enzymgNowotny et al., 2001l Cholinergiadepletionhaslong
been associated witlhD whereby ACh neurotransmitter, essential for learning and
memory, is markedly decreased ADpatients (Francis, 2006 The three currently
availableAChEls approved liie FDAare donepezi(Aricept) rivastigmineg(Exelon)
and galantamine(Riminyl) These drugs are predsoed for mildto-moderate
symptoms ofAD patients. Evidence from more than 30 randomised control trials
have shown improved cognitive function in individuals with Adlemoderate AD
prescribed with these drugalthough the effect wereconsideredmodest atbest
(Birks and Harvey, 200Birks et al., 201,30y and Smeider, 2008. Tacrine (Cognex)
was actually the first clinically approved AChEI in 1993. Howeatewas poorly
tolerated by AD patients and was eventually discontinuedtiy FDA due to
incidence ofassociatedliver toxicity (Mehta et al., 2012 Table 5 lists AChEIs
currently used in AD treatment as well as severakottompounds still under clinical
trial or pre<clinical investigation
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Table5: List ofacetylcholinesterase inhibitors (AChEI).

Drug Chemical Structure
Donepezil &
(Aricept) % ™~
o
O.l’
F“}\\ D/
\"\’./A—_H\_)
Galantamine TN
(Riminyl) Q’
Rivastigmine B AN
(Exelon) SN TN
_—<\\\ //.-
. = M
Tacrine - | P
(Cognex)
|
Physostigmine /“{%
(Antilirium) = 4
- OoH
. '_'D'\ i
Metrifonate AN .
P 1
/
Huperzine A I@\
HgN —
=" r/\é‘"
Phenserine L] }l
\Hf,u\ _,/(ﬁ Ry ~—
© AN

Donepezil, rivastigmine and galtamine arepresentlyused clinically to treat ABymptoms
(Nascimento and Martins, 20)2Tacrinewas the first approved\ChEbut was eventually
discontinuel by FDA du&o adverse effectgMehta et al., 2012 Physostigmine also exerts
detrimental effects on hepatic and cardiovascular functiwhich limitits use in clinical
settings (Francis et al., 1999 Metrifonate is a long acting irreversiblaChEIl but was
withdrawn from further development due to incidences of neuromuscular dysfunction and
respiratory paralysis in AD participaritpezArrieta and Schneider, 20RéHuperzine As a
Chinese herb extra@xhibiting ptent, selective, and well tolerated ACheitbperties Early
studies have shown improves cognitive function, daily living activity, and global clinical
assessment in AD patienfgang et al., 20)3Phenserine islsobeing clinically studied as a
non-competitive AChEl drutpat K & A Y RSLISYRSYy (U Y2RdzZ F G2NE STTF
well as improving cognitive activifyVinblad et al., 201D

37



The secondlass of drug treatment for AD alMDAR antagonistwith memantine
being the only glutamatergitargeting drug currently approved in clinical use.
Memantine isprescribed forindividualswith moderateto-sevee symptoms ofAD
(Ballard et al., 2011 Treatment with memantine is wetblerated and beneficial to
improve cognitive function and neuropsychiatric symptgqisShane et al., ZIb). A
number of characteristicare thought toO2 Y G NA 6 dziS G261 NRA YSY
tolerated nature in patientsnamely that memantine ison-competitive,posseses
moderate affinity, displays strong voltagedependency andapidly unblocks These
factors together contribute to allowingormal physiologial transmission whilsbnly
blocking pathological C# influx as well as oxidative stre¢panysz and Parsons,
2012.

At present, nost current research in drug developmerthasbeenleaning towards

0KS &ddzLILINBaaAzy FyR Ot SINIYyOS 2F i L3} I |
amyloid cascade hypothesis to explain the cause ofl@al et al., 201} Inhibitors

T 2 Nand ’ -secretase have been studied as potential therapeutics due to their

Ay @2t @SYSyd Ay 1tt LINE OSHEendoy Bt alli 20069 Sy S NI

Immunotherapy haslso been researched by which attachment of antibodies onto

Il X FljdzSa yR 2t A32YSNAR YAIKG 6S ot S G2
system(Bard et al.200Q, 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 6 D{ Yol 0
inhibitorssWOK a fAGKAdZY YR @I f LINBthen®lecul®{ Yoi
fAYyl] O02yySOlGAy3a !'i yR {GFdz LINRPGSAY | & A
aAdylttAy3a LI (K glorsMagtiF et al.j 2018 £ Ndlatirehdatg

suggest a promising future for GSK3 inhibitors. The challenge faced by drug
developers is to produce a compoumdthin the therapeutic level since there have

been reports ofpotential toxicity ranging from hypoglycemia to tumorigerseand

neuron deregulation. GSKs essential for life, therefore complete inhibition would

prevent cells from operating normal(fldarFinkelman and Martinez, 2011
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With mounting evidence that oxidative damage is a majayer in AOINunomura et

al., 2006 Smith et al., 2000 numerous studies have conducted investigations on
antioxidants as potential therapeuticompounds Antioxidants act to remove,
scavenge and inhibit ROS and their precursors. Exogenous antioxidants such as
vitamin C (ascorbiccad) and E (tocopherol/tocotrienol) are potent radical scavengers
and chainbreaking moleculegvhich have been used in clinical trials for AD patients
(Mecocci and Polidori, 20)2Although antioxidant therapy does improve cognitive
function n some of these trials, there is no definite proof that antioxidants are
neuroprotective against ADTo address this issue, researchers have shown that
antioxidants in combination with other therapeutic drugs hademonstrated
positive synergistic effediGilgunSherki et al., 20030ne majo issue that affects
their efficacy however,is their limited permeability through the bloddrain barrier
(GilgunSherki et al., 2001

Another therapeuticstrategy currently being investigated is the combination of drugs
to enhance treatment oAD. A comprehensive systematic review and rratalysis
conducted byMatsunaga et al. (20)5concluded that combination therapy of
cholinesterase inhibitorand memantine provided benefits in terms of cognition,
behavioural disturbances, daily activities and overall impression in modé&rate
severe AD patients. decondmeta-analysishowever, showed combination therapy
has small bug significant impact on t& improvement of cognitive and behavioural
measures bunot on daily living activitie@arrimond et al.2012. The combination

of two clinically approved AD dragnto a single dosage hadso been tried and
tested. Namzarie a new formulation containing memantine extended release (28
mg) and donepezil (10 mg) was synthesized and recently approved Bpihén the
hope to enhance AD treatment. Clinical trials revealed that their bioavailability was
equivalent with the consumption of memantine andarekpezil given separately

suppoting their pharmacokinetic efficagidoinpally et al., 2015
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1.4.5 Multi-TargetDirected LigandMTDL)

Despitethe benefits, ombination therapy doeshowever, presentsome drawbacks.
Increased side effects and possible ddrgg interaction might be expected due to
multiple drug useA possibleapproachto overcome this problem is by designing a
singlechemical entitywith multiple targets and biological propertiesrmed as mult
target-directed ligands (MTDL&olognesi et al., 2009bSeveral benefits have been
discussed regarding the useMf DLs, such as their low affinity to bitatarget sites.
Drugs with ow affinity but possessselective bindingare expected to ave lower
prevalenceandreducel side-effectscompared to high affinity singi@argeting drugs
(Korcsmaros et al., 2007The MTDL strategyasled to the development of a drug
termed as memoquina combinatorial form opolyamineamide caproctaminean
AChEland idebenonga potent antioxidant(Bolognesi et al., 2009bldebenone,
synthetically derived from cenzyme Q was shown tdleviate cognitive dysfunction
in mildto-moderate AD(Gutzmann and Hadler, 1998nd has a auroprotective
STFSO0 JiriAduded/n@ulotokidity imippocampal neurongHirai et al., 1998
In their experimental analysisthe in vitro profile showed that memoquin
demonstratedthe abilty to bindand inhibitAChEas well as suppre$X0S formation

| iaggregationandi -secretaseactivity. Thein vivoprofile inan AD mouse model
showed that memoquin waable to preventcholinergidoss decreasd iformation
and tau hyperphosphorylationas well asrestoring memory in object recognition

tests Henceit showspromise asa potential AD treatmen{Bolognesi et al., 2009b

In light of this initial preclinical success, several other miiéirget drugs have been
synthesizedThey displap degee of potentialwhere a few have undergone clinical

trials. ladostigil (TW3326) which iscurrently ina phase Il clinical trigBolognesi et

al., 2009¢ was synthesized by combining rivastigmine with a monoamine oxidase

(MAOQ) antagonist, rasagiline which also possess antioxidant proper@es is

involved in APP processir@oudim, 200% Ladatigil was foundto be able to

enhance AChstimulation, NB RdzOS ! i f SOSt YR LINRGSO
neurotoxicity inan AD model.The alility of this compound to inhibiMAQ, reduce

H-O» and subsequentlgxidative stressre favourable characteristics for AD therapy
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(Weinreb et al., 2000 Also derived from rasdge, another series of MTDLs, M30
HL-20weresimilarlydeveloped buthey havethe ability to chelate iron. This property
along withNJ & I 3 dapakityaS & MAO inhibitor,are beneficial to address the
elevatedlevels of MAO and iroseenA Yy | 5 2 tdisdd3e/ant ageifxoadim,
2006).

In this present study, several nowdlTDLsvere developedn 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 compoundsere evaluated inhis study; thirteemovel MTDLs were
derived from the combination of memantine and antioxidgnthiree were
synthesized bynicorporating antioxidants with polyamine spermjméhile five others

were donepeziderived compounds combined wittarvedilol

Memantine wasused in the MTDL desigalue to its well-tolerated dfect in AD

patients andA 1 & @SNEIFIGAfAGe (2 | RRNBaa a@asSOSNI f
discussed in the previous sectidtolyamine was also chostmbe incorporated with
antioxidantssince it represent a universal template tie modified as a potential

NMDAR blockerIincorporation of different pharmacophores into the polyamine
backbone can tune both affinity and selectivity for any given recefdaichiorre et

al., 2003. Polyamine such as spermine and spermidine are low affinity blockers of

the receptor,thus combining the polyamine chain to aromatic substituestgeh as

antioxidant moietiesnay enhance their bloakg potency(Berger et al., 2006

Since oxidative stress ia strong contributing factor to AD pathologyhe
incorporation of antioxidant functional groupswith a well-established NMDAR
blockerwas hypothesized to improve the treatmesudf AD.The antioxidants useith
this studywereh -tocopherol,lipoic acidmelatonin, methoxyphenol and cateches

listed in table6.
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Table6: Antioxidantsused in the multitarget-directed ligands study.

Antioxidant

Chemical Structure
compound

h-tocopherol I 1\ /\[\ T I \I/

Lipoic acid OH

H,CO N

Melatonin AN

OH
Methoxyphenol ©:
o~
OH
Catechol ©:
OH

Adapted fromFukuzawa et al. (2004Huang et al. (20D4Raghava Raju et al. (201Shen
et al. (2016 andShi et al. (2008

On their own, some of these antioxidants have also shown to be beneficialbntAD

in preclinical experiments as well as patients.h -tocopherol which is a chemical
compound found in Vitamin, ks a lipidsoluble chairoreaking antioxidant found in
lipid membranes, circulating lipoproteins and lal@nsity lipoprotein (LDL) particles
(Foy et al., 1999 In vivostudies have shown that vitamin E inhibited CNS lipid
peroxidation and protein aggregation of Alaquesin rats andimproved cognitive
function in rodentsin a controlled trial bySano et al. (1997 mild-to-moderate AD
LI G ASy(a dzy R-®ddphedol, 2000 Wy) régiménpresented slower
deteriorative progression compared to those not tadithe antioxidant.This was

reproduced by another clinical trial which observeélayed deterioration and
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progression of AD in patients receiving 2000 IU of vitamin E @lyg and Wang,
2012.

Lipoic acid is an esseal cofactor for mitochondrial enzyme complexes which has
the potential to suppress the development of AD by enhantiregproduction of
acetylcholine. It is also able to supress oxidative stresschyenging and inhibiting
generation of free radicals, aneasing reduced glutathione as well as modulating
redoxsensitive inflammatory process€Bava et al., 2033Holmquist et al., 2007
Maczurek et al., 2008Clinically, lipoiacidhasbeen showrbeneficial inAD whereby
600 mg/day of alphdipoic acid ALA) improved cognitive functions in patieffava

et al., 2013.

Melatoninis a naturally occurring hormone produced primarily in the pineal gland
(Dragicevic et al., 20}]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 synti{asghida, 2005k A double

blind controlled trial with 3 mg/day of melatonin in AD patients imprdtieeir night

time sleep and cognitive performancéssayama et al., 2003The fact that reduction

of melatoninlevels was previously associated with Alu et al., 199Pmade this

compounda potentially good therapeutic candidate.

The methoxyphenol which can be found naturally in curcurfMasuda et al., 1999

is a potent radical scavenger arths been shown to possesdrong radical
scavenging activities aro protect neuronal cells against oxidative stresduced
neurotoxicity in animal model&ujisawa et al., 2004Kadoma et al., 2007It has ale

been demonstrated to suppressi LJtfdrmijatiiz® viaa multiple cascade reaction

(Cole et al., 2006 At present, curcumin ign aPhase Il clinical trial tmvestigateits
effectoncogniti® Fdzy Ol A2y FyR i Shai9iride Ay !5

As for catecholjn vitro analysis hasuggestedthat abietic acidderived catechol

possesantioxidant properties ands able to interact withhypochlorous acid (HOCI),
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a powerful proinflammatory oxidant and has a protective effectagainst oxidation
(Justino et al., 2006 In vivo experimentshave also demonstratedthat catechol
derived from virgirolive oil exertsantioxidant effect in rat brain tissue induced with

lipid peroxidation(De La Cruz et al., 2015

The arrent study also made usef currently available drugs fdahe design of MTDL
compounds wherethe functional moiety of donepezil was incorporated with
carvedilol.Donepezil, as describeghrlier is one of three available AChEI/Chigals

clinical useasidefrom rivastigmine and galantamir{dolino et al., 2013 In contrast,

carvedilol is a betdlocker used in the treatment of congestive heart failure (CHF)

and high blood pressure. However, researchers have shbatcarvedilol haghe

ability toformacompleg A G K ! i (Kdza &adzlNBaaAiAy3d | I33INB
fibrils (Howlett et al., 1999 The structure otarvedilol is displayefigure 18.

o0
N

H

Figurel8: Structure of carvedilol.
SourceChen and Hong (2016

In addition to its antihypertensive propertyacvedilol has also been shown &ot as

a noncompetitive NMDAR blockepossess antioxidant capacitprotect against

neuronal exdotoxicity induced by glutamateand restores Na'/glutamate

transporter activity(Lysko et al., 1998 ysko et al., 1994These properties makhis

drug a beneficial component for the MDLdrug design. An in vivo experiment

presented a positive outcome with AD mouse models administered orally with

Ol NIJS R A blacketpwasg $h&wvn to disrupt biochemical and neuropathological
OKIFy3Sa dzyRSNI eAy3a 0O23yA il hdE&edruBOdgiityeS Ay |
performance waslevated(Wang et al., 201)1 A phase 4 clinical trial is currently
underway to investigate the effectiveness and safety of carvedilol treatment in

I £ T K S AiseadgatientgRosenberg, 2011
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1.5 XENOPUS LAEVISOCYTE EXPRESSION SYSTEM FOR STUDYING
CHANNELS

Theunfertilised oocytes of the Xenopus laeviSouth African clawettog, have long
been used as a modfdr expressing prtein receptorstransporters andon channels

to study drug responséBuckingham et al., 20Q0®liledi, 18B2; Sigel, 200} First
described more than 40 years ago, Gurdon and colleagues successiulbssed
functional proteinsn Xenopusocytes injected with genetic materials. DNA injected
into the nuceki or RNA into the cytoplasm of the cell will be processed into functional
proteins expressed on the cell surfa€urdon et al., 197Mertz and Gurdon, 1977

The processing @enetic materials ilenopusocytes igpresented in figure 19

NUCLEUS

DNA
Microinjectio Transcription\L DNA
L=
- R
In vitro RNA splicing J/
Transcription ===
Capping
v
RNA

Translation % Modification
Membrane

Expressed ion U
channels / receptors

Figure 19: Genetic processing of injecteBDNA/RNA inXenopus laevioocytes into ion
channels/receptors.Adapted fromKachel (204).

Therelatively large sizef oocytes(1 to 1.2 mm in diametennakesit conveniently
feasible to mject up to 50nl of cRNA or cDNA into the cell to express the encoded
proteins and subsequently used for electrophysiology recordiBgskingham et al.,
2006 Moeller and Fenton, 201(5igel, 2001 Changes irmembranecurrentsas a

result of drugreceptor interaction may be easily measured and congalby two

45

ION



electrode voltage clamp (TEVC) electrophysiok&igel, 2001 When acompound
solution is applied to theocyte, ion channelsvill open upaffecting theflow of ions
through the membrane. By taking a reading of the changes in ion csruesimig TEVC
it allow investigatos to determine how cells are affected lypecific compounds or

moleculegBierwitz and Schwarz, 2014).

The oocyte expression system has been demonstrated to faithfully translate
neurotransmitter receptorgParker et al., 1985Sakai et al., 1986chofield et al.,
1987 Sumikawa et al., 198hs well as ion channel and receptor prote{Barnard

et al., 1982Gundersen et al., 198ANMDA receptors have been shown to express in
Xenopusoocytes when injected with genetic materials since the late &ddact,
NMDARs werérst cloned using expression cloningdenopuoocytes(Moriyoshi et

al., 199).

Key characteristics of NMD&ceptorswere successfullyeproducedwith Xenopus
oocyteswith responses potentiated by eapplication of NMIA and glycine as its €0
agonist andblocked by M§' in a voltagedependent mannefKushner et al., 1988
Lerma et al., 198%PlanellsCases et al., 199¥erdoorn et al., 1987Yamazaki et al.,
1992. The laclof other excitatory protein receptors c¥enopusocytes makes it a
versatile system to expss and study NMDAR withounterference from other

responses evoked by other receptdterma et al., 1989

In general, ionchannelsand receptos can interact with a number of molecules
resulting inreduced or altered permeation of ions. Such action is the basic principle
of drug development targeting ion channels and receptors applied in the
pharmaceutical industryUsing electrophysiology analysis, block of ion or receptor
channels expressdad Xengusoocytesby an inhibitor molecule can bmeasuredby

the changes of membrangurrentas a result of ion permeationhe movements of
ions between cytoplasm and extracellular space create electrical potential difference
which can be detected by electred (Bierwirtz and Schwa, 2014. Two-electrode
voltage clamp (TEV@Jectrophysiologyemploys two electrodes, oneensing the

voltage, and the secondlectrode injects currentto maintain the voltage athe
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desired membrane potentiaMhen a solution or compound is perfusedto the
oocyte, receptor channels will open resulting in flux of ions across the membrane
Thiswill then be detected by thevoltage electrode andcounteracted by current
injection via the current electrode. The lattertransferred to a recording softwar

in a computer Figure 20shows an oocyte impaled by two electrodes in the TEVC
electrophysiology setupvhile figure21 displaysa schematic diagram of the oocyte

expression system

Figure20: A microscopic visual oKenopusoocyte in the bath chamber with two glass
electrodesimpalingthe cell.

Amplifier f,fﬂ:'— Vcommand

Cu rrent\:l\ \\\J 'i:"' Voltage

Electrode Electrode
-
3 -5 days -
—
A

Xenopus oocyte
" lon / receptor

channel

Figure 21: Schematic diagram of the oocyte expression system and utilisatiortved-
electrode voltage clamp (TEVC)Adapted fromJansen (2016

Using the data obtained from the TEpi©tocol,receptor channel block guantified
by the Hill equation (first described by Archibald Hill, 1910) wingasureghe ratio
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of currentevokedin the presence of an antagonist to the current withoutData
from a range of concentratiois usedto producea liganddoseresponsecurvefrom
which the 1Go of antagonistsare estimated (Bierwirtz and Schwarz, 201Rusch,
2006 Weiss, 199Y. This will befurther explained in Chapter ®)ethodology.

1.6 THESIS PROJEGHIECTIVES

The firstobjectiveof this studywas to characterizavild type GluNila ard GIUN2A
NMDAR subunitelectrophysiologicallyusing wellknown open channeblockers
Mg?*, memantine, MkB01 and philanthotoxif843 as well asvaluatingtwo novel
PhTX343 derivatives; CRRhTX343 and BXhaPhTX343

The second objective was tdetermine the effects of Q/R/N, +1 and-8 sites
modification in the pore region (M2) of NMDABn blocking potencies of the
antagonistsNN at the Q/R/N and +1 sites in GIuUN2A subunits wiexgble-mutated
to GR and RRwhile W at-8 position relative to the Q/RM site was mutated to N.
These mutated GIuN2A subunits wereexpressed with GluNlaand characterised

with open channel blockenssingTEV@lectrophysiology

Thethird objective wasto evaluate novelcompounds as part of the multarget-
directedligands(MTDLYi K S NJ LIS dzi A O & ( NI G S Trhirte@npanél ! £ 1 K S
compounds composed ofmemantinederivatives incorporated with antioxidant
headgroupsthree sperminederived polyaminesalsoincorporated with antioxidarg

and five combinatorial forns of donepezil and carvedilolere tested onGIluNtla

and GIuN2A subunitéas NMDAR antagonist$Gos of these compounds were
compared to that of memantine as the established therapeutic and also to the
endogenous NMDAR blocker, MgThe donepezilderived compounds werealso

testedonh i1 H | YAiBotidicacetylcholinereceptors (NAChR) to see whether they

would exert agonistic or antagonistic properties on nACh&s donepezil was

originally designed to target the cholinergic pathway.
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CHAPTER 2

METHODOLOGY

2.1 DNACLONING AND mRNPREPARATION

2.1.1 Preparation of Chemically Competent Cells

Prior to DNA cloning, competent cells were prepared usirggstandard calcium
chloride (CaG) method. IM10%E. coliwere seeded in 5 ml of lysogeny/luria broth
(LB (1% tryptone, 0.5%yeast extact, 1% NaC| adjusted to pH 7)Y%and grown
overnight in a50 mlfalcon tube under vigorous shaking at 37 °C. 50 ml of LB were
then added to 5 ml of the overnight culture and inatéd at 37 °C with shaking for
two hours until the optical density (OD) dfe cell suspnsion reache@pproximately
0.60in order for thecells to divide at an exp@mtial rate. The suspension wpst on

ice for 15minutes then spun afLl0,000g for ten minutes at 20 °C. The supetaat
wasremoved and the cells resuspended inrh0of chilled and filtered 0.1 M Ca(l
placed on ice for teminutes and spun again &0,000g for ten minutesat 20 °C. The
supernatant wagsemoved and the cells were resuspended in 2 ml chilled and filtered

0.1 M CagG]J ready for use in bacterial trafrmation.

2.1.2 Plasmid DNA

Rat DNA sequences for GluNh and GluN2Awere inserted intopRK7 plasmids,
while GIuN3A and GIuN3B DNé&quences were inserted into P&A3.1(+) plasmids
GluNZXlawasinserted between Hindlll and BamHI sjt&luN2A betweend®R1 and
Xbal sitesGIuN3A between Bamiihd Notl sites, and GIuN3B wiaserted between

EcoRI and Xbal sitas shown in figure22 and 23
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Figure22: Vector mas for (A) GluNEt1la and(B) GIuN2An pRK?7.
The pRK7 plasmid was Sanger sequenced with SP6 primer confirming the presence of inserts.

dngle cutter restiction enzyme sitegBamHI in GluN1a, EcoRI in GIuN2A) for linearization

arealsoshown
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Figure23: Vector mays for (A) GIUN3A andB) GIuN3Bn pcDNA3.1(+).
The EDNA3.1(+plasmid was Sanger sequenced with T7 primer confirming the presence of
inserts. Single cutter restriction enzyme sitgdNotl in GIUN3A, Xbal inlU3B) for
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2.1.3 Bacterial Transformation

1 ul of theplasmid DNA300;1500 ngwasadded to 200 ubf the freshly prepared
chemically competent cell suspension in a sterile eppendorf tube, mixed and placed
on ice for 20 minwts. The mixture was heahocked in a 42 °C water bath for one
minute and subsequently put oice for twominutes. 1 ml ofsuper optimal looth
with catabolite repression (SOC) medi({tfo tryptone, 0.5% yeast extract, 1% NacCl,
10 mM glucose, adjusted to pH5) wasthen added to the tube and left in 37 °C
water bath for another 30 minutes. Under sterilermlitions, 250 pl of the plasmid
containing bacteria were plated onto LB ad&®bo tryptone, 0.5% yeast extract, 1%
NaCl, 1.5% agarose, adjusted to pH ¢d)taining 50 pg/ml ampicilliand grown
overnight in a 37 °C incubator. The following daingle olony waspicked and
inoculatedin 5 ml of LBbroth with 50 pg/ml ampicillin and left overnight at 37 °C

under vigorous shaking.

2.1.4 Plasmid Purificabn

The pasmid DNA (pDNA)was then purified usingthe QIAprep SpinMiniprep Kit
(Qiagen)1.5 ml ofthe cell culturewastransferred into a sterile eppendorf tube and
spun at17,000g in a micocentrifuge for threeminutes at room temperature (125

°C) b 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 ather three minutes. The supernatantwas
removed and he pdlet of bacterial cells wasesuspended in 250 pl Buffer P1
containing RNase A uniilwascompletely dissolved. 250 ul of Buffer P2 was added
and mixed thoroughlyy gently iverting the tube fourto sixtimes. 350 pl of Buffer

P3 was then added and immi&ately mixed thorouglyl again by inverting the tube
four to sixtimes. The mixture wasentrifuged at17,000g for ten minutes at 1525

°C. The supernatant was applied to the QIAprep spin column by decanting or
pipetting, ard subsequently centrifugedt 17,0009 for one minute at 15-25 °C. 0.5

ml Buffer PB was added to wash the QIAprep spin colundnsaon again at 17,000

g for one minute. The QIAprep spin column was then washed again by adding 0.75
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ml Buffer PE and spuat 17000 g for another oneminute. The flowthrough was
discarded andt was centrifuged for an additional oneninute to remove residual
wash buffer. The QIAprep column was placed in a sterile 1.5 ml microcentrifuge
eppendorf tube and 50 pl Buffer EB (10 mM -TlispH 8.5) odouble distiled water
(ddHO) was added to the centre of the QlAprep colunio elute the DNA,he
column was left to stand for onminute and thenspunfor a further oneminute at
17,000q. Finally, the concentration ahe pDNA was measured usitige Nanodrop

spectophotometer (Thermo Scientific).

2.1.5 DNA Restriction Digest

Restriction digests were carried out to linearize thlasmid for mRNAreparation
using slitable restrictionenzymes (BamHI for GluNA; EcoRI for GIuN2A; Notl for
GIuN3A, and Xbal for ®IBB).The digestiomprocedurewas carried ouby mixing the
followingin a microcentrifuge tube5 pgpDNA, 5 ul restrictionrezyme, 5 pl suitable
buffer based on the enzynsised 5 pl Bovine Serum AlbumiBSA)0.1 mg/ml)and
made up toa total volume 650 pl with ddHO. The mixtures were incubated fone
hour ina 37 °Cbath to allow linearization of the DN#& take place Termination of
the restriction enzyme digestion was carriedt by addng 2.5 pl of 100mM EDTA
solution, 5l of 3 M ammonium actate and 100ul of 100% ethandio the mixture
and kept frozen at-20 °C forone hourto completelyend the reaction Afterwards,
the mixture wasspun atl17,000g at 4 °C for 15 minutem a microcentrifugeMost
of the supernatant was then removednd spn again atl7,000g at 4 °C for five
minutes. The rest of the supernatant was removed #relDNApellet was left open
to air-dry for fiveminutes in a sterile laminar flow cabinet. The DNA wessispended
in 5 ul of ddBO and its concentration was determined usingthe Nanodrop

spectrophotometer (Thermo Scientific)

53



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 linearizatiorntaiamh
place.Stock solution 060 X TrisacetateEDTATAE)wvas prepared with 24.2 g Tris
Basep.71 ml glacial acetic acitid ml 0.5 M EDTA and made up to 100 ml. The stock
solution was diluted to Xfor preparation of agarose geb0 mlof the diluted TAE
solutionwasadded to 0.75 g agarose powder adigsolved by heating theixture

in a microwave for oneninute. 1 pl 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 hasblidified, it was placed into a gel
electrophoresis kit (BiRad) and X TAE was filled into the tank until the gel was fully
covered. 1 pl of DNA samples and 1 kb ptsAladder (Invitrogen) were mixed with
loading dyebefore loading into the wells. The gel was allowed to run at 70 \drier
hour and subsequently the DNA bands were visualigsidg Chemidoc XRS and
Quantity One image capture software (BiRad) Examples of gel pictures thfe uncut

and linearizegpDNAare displayed in figur4.

/\ 1-la 1-1a 2A 2A 3A 3A 3B 3B
Uncut Cut Uncut Cut i Cut Uncut Cut Uncut

12000 -H -

12000

1kb ladder 1kb ladder

Figure24: Agarose gel electrophoresis ahcut and lineaized pDNA of GluNda, GIuN2A,
GIuN3A and GIUN3BRIMDA receptor subunits.

(A) GluN11la and GIuN2A DNA single digest. Lanes show 1kb plus Ddéf ldcut GIuNL
la, GluN1la cut with BamHI, Uncut GIuN2And GluN2Acut with EcoRlI, (BBIUN3A and
GIuN3B DNA single digest. Lanes show 1kb plus DNA ladder, GluiN@# Notl, Uncut
Glu3A,GIuN3Bcut with Xbal, Uncut GIuN3B and 1 kb plus DNA ladder.
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2.1.7 mRNA Transcriptin

Once the DNA was confirmed to be linearized, mRNAtmascribedusing the SP6
(for GluNX1a and GIuN2A) or7 (for GIuN3A and GIuUN3BMESSAGEMACHINE
kit (Invitrogen).0.1-1 pg of DNA was added to a reaction assembly containing
reagents provided with the kittO pl of 2X NTP/CAP, |8 of 10X reaction buffer, 21l

of enzyme mix, and made up to pOwith nuclease free water. The reaction mixture
was incubated at 37C in a water bath for two hours. After incubatidhe RNA was
recovered byendingthe reaction with30 pl of lithium chloride precipitation solution
and 30 pl nucleasefree waterand frozenat -20 Tfor a minimum ofone hourto
ensure complete termination. THRNAwas centrifugedat 17,000g for 15 minutesat

4 Candthe supernatant was then removedhe pelleted RNA wasshed withl ml

of 70% ethanoknd spunagain for 15 minutesthe supernatantwas discardednd
the resulting pelletwas resuspended it5 J nucleasefree ddHO water. The RNA
concentrationwas measuredusinga Nanodrop spectrphotometer and diluted to

the desired concentration for injectio he samples were stored-80¢ before use

22 SITEDIRECTED MUTAGENESIS

To analyse the impact of th@/ R'N, +1 and-8 sites in the M2 region of thMDA
receptor subunits, sitespecific mutationdo replace the desired amino acidgere
created by employing the QuickChange XL SiteDirected Mutagenesis Kit
(Stratagene).

2.2.1 Primer Design

The oligonucleotide primers for Polymerase Chain Reaction (lBCR¥e in site
directed mutagenesis experimentgere designed usingn online software, PrimerX
(www.bioinformatics.org/primerx The primer sequences weas displayed itable

7.
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Table7: Primers used to produce mutations NMDA receptor subunits usingite-
directed mutagenesigrotocol.

Mutation Primer Sequence

GluN3Ac72onr730N) | FW: 5 CTGCTATGCCCTTCTGTTTAACAACACAGCAGCCATCAAA
RV: 5 GGGGGTTTGATGGCTGCTGTGTTGTTAAACAGAAGGGCA

GIuN3AN721w) FW: 5" CCTTCTCCTCAGCTTTGTGGGTCTGCTATGCCCTTCTG 3'
RV: 5' CAGAAGGGCATAGCAGACCCACAAAGCTGAGGAGAAGG

GluN3Rss2onRez0n)| FW: 5' GCTATGCCATTCTCTTTAACAACACTGTCTCCAGTAAGAC
RV: 5 GGGCGTCTTACTGGAGACAGTGTTGEMVIBE/CATAGC 3'

GIluN3Bne21w) FW: 5 CTTACTCCTCCGCGCTCTGGCTGTGCTATGCCATTC 3'
RV: 5 GAATGGCATAGCACAGCCAGAGCGCGGAGGAGTAAG 3'

GluN2Ane14c/Ne15R)| FW: 5" CCTCTGGGGCCTGGTCTTCGGCAGATCTGTGCRTGICCA
RV: 5 GATTCTGGACAGGCACAGATCTGCCGAAGACCAGGCCC

GluN2Ane14rN615R)| FW: 5" CTCTGGGGCCTGGTCTTCAGACGCTCTGTGCCTGTCCAG
RV: 5 GATTCTGGACAGGCACAGAGCGTCTGAAGACCAGGCCC

GIUN2Awe06N) FW:5' CTAIGGAAAAGCTATAAACCTCCTCTGGGGCCTGGTC 3
RV: 5' GACCAGGCCCCAGAGGAGGTTTATAGCTTTTCCAATAG 3

2.22 PCR Baction

50 ng ofdouble stranded DNAJ6DNA template and125 ng ofpurified forward and

reverse oligonucleotide primers (Eurofins Genomics) were added d@omixture

O2y il AyAyad NBBPOIGRFY MaidzZFFSNI YR m >f 27F R
Nucleasefree ddHOwasl RRSR (G2 GKS YAEGdzZNB G2 F  FA
adzo aSljdzSy it & YA Rghidality P BNApdlymerdseControl

rek OlGA2ya 6SNBE |ta2 |aasSyof SR Oxlyddrdtrdl y Ay 3
GSYLX I GST mMmdup >f OomMHp y3I0 2F F2NHF NR |y
>t 2F NIt OliA2y o0dzF TSN dm Off 22 HziRR¢t NBrBSY
nucleasefee ddHROY I {1 Ay 3 | T Ay I Al th&rdattidryaSsergblfes were > f @©
then placed in a thermal cycleand allowed to run according to thBCRcycling

parametersoutlined in table 8.
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Table8: PCR cycling parametersrfsite-directed mutagenesigxperiments.

Segment Cycles Temperature Time
1 1 95°C 30 seonds
95 °q*) 30 seonds
55 °C8) 1 minute
2 18 1 minute / kb plasmid

8.5 minutes for GIuN3B
9 minutes for GIUN2A

3 1 68 C 7 minutes

68 °CO M U [ 9 minutes for GIUN3A ]

The thermal cycling procedure invob/denaturation of the dsDNA templafg), annealing
of themutagenic primers which contains the desired mutations toglteesmidDNA template
(8), and extension of the primers WBfuUltraHFDNA polymeras¢o generate a mutated
plasmido 4 0

Once the temperatureeycling hadcompleted, the PCR prodwsctveresubjected to
treatment with enzymeDpnl. The endonuclease enzyme functions to digest parental
DNA template and to select for mutatie@ontaining synthegzed DNA. The nicked
vector DNA containing the desired mutationgere then transformed into XL%0
Gold Ultracompetent celland subsequently purified usir@lAprep Spin Miniprep Kit
as previouslydescribed in 2.1.4The DNA were then Sangersequenced usin@
3130xI ABI PRISM Genefimalyser(Life Technologies) texaminewhether the
mutation had been produced via the experiment. Primers for DNA sequenuerg
designed using Pimer3 online softwdRozen and Skaletsky, 20@0 anneal around

200 bp upstream from the desired mutati@md aredisplayed irtable 9.

Table9: Primers designed for DNA sequencing of NMDA receptor subunits
containing the mutations produced via sitdirected mutagenesis.

Primer Sequence
GIuN3A_seq pQ ¢/ tvetr /[ D/ 1V /D

GIuN3B_seq 5' TATGGTGCGCACGAGABA

GIuN2A seq(dl |[pQ DD¢D! ! D¢DD¢/ ¢
GIuN2A seq(ii) [pQ D¢/ ¢/ /// ¢¢/ ¢D
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2.3 XENOPUSBOCYTEXPRESSION SYSTEM

2.31 OocytePreparation

Xenopus laevigocytesused in this studyere obtainedfrom the EuropeanXenopus
Resource Centr¢EXRC)Portsmouth United KingdomThe oocytes werdgreated

with 1 mg/ml type 1A collagenasenzyme (SigmaAldrich in Ca&*free . | NI K Q&
gentamicin theophylline pyruvate (GT$lutionwhich contain®6 mM NaCl, 2nM

KCI, ImM MgCt, 5mM HEPES, 2BM pyruvic acid 0.5 mM theophyllineand 0.05

mg gentamicinadjusted to pH 7.5 with NaOHhetube containing the oocytes was
placed on a Luckham RS500 reciphake major to facilitate separatioffor
approximately 4660 minutesin an 18 °C incubatdo remove onnective tissusand
follicular cellsTreated oocytes werthenrinsed with Cé&*-free GTP solutiofor three

to fourtimes until a clear solution was obtainadd kept incubated inormal. | NI K Q &
GTP solutiorwith inclusion of 1.8nM CaG)) at 18°C pror to microinjection.Figure

25 shows theXenopusocytes pre and posttreatment with collagenase enzyme.

Figure25: TheXenopus laevisrog andoocytes
(A) The South African clawed frogenopus laeviéMoine, 2008, (B) UndigestedXenopus

oocytes, (Band (C)Xenopusocytes digested withallagenasaype 1A(1 mg/ml) in XX GTP
observed under the microscop 16 X and 32X magnification respectively.
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The healthiest andindamaged oocytes were selecteg observingthe size shape,
colour and resilience of the oocyteBhoseselected wereexpectedto be at stage IV
or V of theirdevelopmentaphase(figure 26). At this stage, the oocytes are thought
to be optimal for cRNA expressiofAllen et al., 2007; Mertz and Gurdon, 197

Developmental stages ofenopuocytes are shown in figure 26

Figure26: Developmental stages ( VI) of Xenopus laevi®ocytes

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 prote{Adlen et al., 2007Mertz and
Gurdon, 1977.

2.3.2 Oocyte Microinjection

A minimum of 250 ngcRNAencoding the NMDA receptor subunigere injected
using a nanolitre injector (World Precision Instrumentg)ich injeds 50.6 nl of

solutioninto each oocyteds showrfigure 27).

Figure27: Nanoinjector used for injection of cRNAs inenopus laevisocytes.
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Fine glass pipettes were pulled from 3.5 nanolitre glass boMrld Precision
Instruments) using th&00cvertical pipette pulleDavid Kopf InstrumenjsThe 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
°Cinnormal. I NI KQ& D¢t az2fdziizyd ¢KS YSRAddzY
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 ELECTROPHYSIOLOGMBASUREMENT

2.4.1 Two-Electrode VoltageClamp (TEVC)

Intracellular electrodes were prepared from borosilicate glass capillaries (T\WHL.50F
World Precision Instruments) using ®P Flaming Brown micropipette puller (Sutter
Instrument Company). Pulled glass capillariesenfdled with 3 M KQlvhich works

as a good conductor to minimize thesistance whiclshould be in the range between

0.5 and 3 My, if otherwise, the electrodes were replacddjected oocytes expressing
the desired receptors were placed in a perfusion chamber and continuously perfused
with a Mg*-free Xenopusinger containing 96 mM NacCl, 2 mM KCI, 1.8 mM Gadl

10 mM HEPES, adfed to pH 7.5 with NaOH. Two glass electrodes filled with 3 M
KCI (one to measure membrane potential and the other to inject current) were then

impaledthroughthe cell membranes depicted in figure 28
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Perfusion
Electrode to measure
membrane potential Electrode toinject current

Ground electrode

\d
Suction

Xenopus oocyte

Mg2+-free Xenopus
ringer bath

Figure28: Diagram repreentation of two-electrode voltage clamp.

The figure shows an oocyte being placecaichamber perfused with Mtfree Xenopus
ringer and two electrodes werinpaledthrough the membrane. One electrode measures
the membrane potential while the other electrode passes current to clamp the oocyte at the
desired potential. Adapted fror@oldin (2008

The resting membrane potential was obserydabth electrodesshould be in
agreementetween-20 and-50 m\for the cells to be accepted for electrophysiology
recordings Voltage was clamped at the desired holding potentials using a voltage
clamp amplifier, AxoclamBA (Axon Instruments) and responsesre 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
analogto-digital (A/D) converter to a computer and recorded via the VIDRE
software (John Dempster, Strathclyde Electrophysiology Softwahe)output from

the Axoclamp was filtered at 100 Hz while the digitization rate was set at 100 samples
for every secondsThe data werdransferred to GraphPad Prism software to yield
the respective E£ or IGo values.The TEVC setup used in this study isldysgd in
figure 29
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Figure29: Electrophysiology setip to record drug/test compound responses on receptor
channels expressed oXenopus lagisoocytes.

2.4.2 Determinationof NMDAand GlycineEGo

NMDA Ascent Scientificjvas preparedasa stock solution ofilx10? M, diluted in
Mg?*-free ringer and storedat -20 °C To determine itshalf maximal effective
concentration(EG,), the stock soltion was subsequently subjected to serial dilutions
in Mg?*-free ringer containind0 pM glycine (Sigmanging from OL to 1000uM.
NMDA ceapplied with glycine was testeon GluN11a/GIuN2A NMDAR at -75 mV
holding potential For optimization purposed\\MDA/glycine solutiorwas applied
onto the oocytes andthe duration for it to achieve steadstate was determinedby
multiple trial and errorsOne minute of application time was found to be sufficient
for NMDA in the presence of glycine to reach its stesidye. Mean activation
measurementgpeak and steadgtate) were determinedat each concentration of
NMDA as the percentage of maximum respansbe datawere then plotted and
fitted by a fourparameter logistic equation (Hill equation) GraphRd Prism
software to yield the Ecvalueof NMDA(refer to section2.7, Data AnalysisBased
on the EEp obtained, the suitable concentration of NMDA wased in subsequent
recordings to assay antagonisgs.smilar protocol was used to determinthe EGo

for glycine wherebyincreasing cona#ration of glycine (0.01 to XM uM) were cc
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applied with 100 uM NMDA and electrophysiologically tested/ &tmV.Glycine was
prepared fresily on the day of testing as it was found that the compound does not

remain active wherstoredovera long period of time.

2.4.3 Determination of AntagonistdGso

NMDAR antagonists used in this study were®Mgnemantine (Sigma), M801
(Merck) and philanthotoxiranalogues r. Henrik Franzyland Prof. Dr.Kristian
Stremgaard University ofCopenhageh The antagonistcompounds were diluted in
Mg?*-free Xenopusinger containing NMDA (T0uM) and ¢ycine (10uM) in tenfold
serial dilutions ranging fror.001 to 100 uM The compounds wersubsequently

tested electrophysiologically on NMB&xpressingoocytes at-50,-75 and-100 mV

Perfusion oNMDA/glycineonto the oocytes wasappliedfor one minute allowing it
to reach steadystate, followed by30 seconds adubsequentaintagonistapplicatiors
in increasing concentrationMg?*-free ringer stution was then applied for two
minutes to allow recovery to baseline current befotiee next applications of

NMDA/glycine and test compounds a different holding potential.

Current changes when applied witmtagonistswere normalized to the control
current without antagonists The oncentrationinhibition curves werghen plotted
and fitted with the Hill equationusing GraphPad Prism softwargecalculate he half
maximal inhibitory concentratior{lGg) of antagonistgrefer to section 2.7 Data
Analysis) Recordings were obtained froseparate oocytes (at least two and typically

five) across at least two different batches of oocytes.
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25 MULTHTARGEDIRECTED LIGANDS

Novel multi-target-directed ligands(MTDL)were tested toevaluatetheir inhibitory
potencyon GluN1laand GIuN2A NMDA receptor subunithiese compounds were
synthesized in collaboration with Dr. Michela Rosini from the University of Bologna,
Italy. Sold compounds were dissolved in 100% DM& obtain a stock solution of
1x102 M and kept stored in20 °C For electrophysiology assayet stock solutions
were diluted inMg?*free ringer solution containin0OuM NMDA and 1@M glycine

in tenfold serial dilutions ranging from 0.01 pM to 100 pMemaximumfinal DMSO
concentration i the solution preparationvas 1%; a previous study hsfsown that it
produced no inhibitory effectwhen applied toNMDARexpressingoocytesat that

concentration(Crofts, 201).

Four series of novel compounds were evaluated in this ystwith memantine
derivativesbeing the firstand named as MAB compoundsar of the compounds
(MAB23(2)MAB14, MAB22, MAB30) were attached withantioxidantheadgroup
methoxyphenolby a polynethylene/amidebackbonewith different chainlengths.

The oherfour compounds (MAB7, MAB15, MAB21, MAB32) were incorporated with
alipoic acid functional group which are liglaind thermosensitive. Structures of the

compounds are displayed table 10.
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Table 10: Novel mematine-derivative (MAB) MTDL compoundmcorporated with a
methoxyphenolor lipoic acidmoiety assessed in this study.

Compound Chemical Structure Mole_cular
weight
P
MAB23(2) p o— 412.57
=

MAB14 i o 426.60

(N
MAB22 @\ o 440.63

TN _F
MAB30 p - 454.66

N~
MAB7 X%\L L 424.71

MAB15 @\ S—s 43873

HN\/\\/\/NH
MAB21 p\ J\/m 452.76

N T
MAB32 @\ -y 466.79
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The second series MTDLs weralso derived from memantine. Howeviaistead of
attachment to theamine group of memanting an additional amide group was
introduced to attach theantioxidant moietyto the memantinecarbon skeleton The

first three compounds named FC7, FC12 and FC17 were incorporated with
methoxyphenolwhile FC20 was attached witatechol Finally, the GB compound is
similar to FC20 but with an angrreplaced with a sulphide in thénker chain.
Structues of the second series of the memantiderivative MTDLare displayed in
table 11.

Table 11: Novel memantinederivative (FC/GB) MTDL compods incorporated with
methoxyphenol or catechol moietassessed in this study.

Molecular
Weight

i =
FC7 ) 455.59
NH =
FC12 S J\/\@ 469.62

Compound Chemical Structure

FC17 v~ 441.56
N = oH
FC20 : 441.56
LGN = o
GB13 - 444.59
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Thethird series ofMTDLs termed as GR®mpoundswere composd of a spermine
polyamine backbone, eaabf them attachedto a different antioxidant headgroup
CR8 waincorporated withlipoic acid CR1&ttachedwith " -tocopherolwhile CR24

was attachedvith melatonin. Structures of the compoundsedisplayed irtable 12.

Tablel2: Novelsperminederived polyamineMTDLs (CRjssessed in this study.

Compound Chemical Structure Molepular
weight

CRS i W TN TS SISO 733

CR18 " " 545

N/\/\NH/\/\/ TN
O
CR24 535
/ N S N N N

Thefourth andfinal series oMTDIs termed as MGMompoundsevaluated in this
studywere composed of -[2-methoxybenzyhpiperazine linked via different lengths
of spacerqn=37)to a carbazole moiety. The formehemical structure was derived
from donepezil while the latter was derived from carvedilolCombining the
pharmacophores of these two druggspostulatedto yielda compound withnon-
competitive NMDAPRIocking property,exert anti-amyloidogeniceffect, possess
antioxidant propertyand able to interact withthe AChE gorgéRosiniet al., 2008.
Structures of the compoundare displayed irtable 13.
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Table13: Donepeziderived MTDL compoundassessed in this study.

Molecular
weight

! (2

MGM10 @AUW O\ﬁw 429.56
b ()

MGM12 @ﬂm/\/\/o NH 443.59

Compound Chemical Structure

N

MGM3 @A QWO NH 457.62
i )

MGM2 @UWO " 471.64

b (2
MGM11 @AN/\ - 485.67
K/N\/\/\/\/O O

2.5.1 Electrophysiology of MTDCompounds

Different appro@hes were used to evaluate thehibitory potenciesof MTDLg0
maintain contnuity with previousstudies. For the first three series of MTDLs (MAB,
FC/GB and CR) singleholding potential {60 mV) was used to clamp the oocytes.
NMDA/glycine solution was applied for one minute followed by 30 secaues
application of a test compoud at the lowest concentration. This step was repeated
with the subsequent higher concentratiom$ test compounds with two minutes of

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

concentration and used to determine thesf@alue via Graphpad Prism.

To assess voltag#ependent blockdilutionsof the MTDLcompourds were prepared
based ortheir respective 1€ concentratiorsmade up in NMDA (100 pM) and glycine
(10 uM) solution. Each compound was tested against oocytes expressing-GIuN1
1a/GIuN2A subunits clamped a0 mV,-60 m\, -80 mVand-100 mV Using the same
protocol asabove, NMDA/glycine solution was applied for one minute followed by
co-application of test compounds for 30 seconds. 2Mgee ringer solution was
applied for two minutes allowing recovery to baseline current befadgistingto a
higher holdng potential and subsequent application of NMDA/glycine and test
compounds. The blocking percentage at each voltage was calculated and fittexd to
Woodhull equation. A replicate of at ledabiree oocytes across two different batches

were carried out foeach compound.

A different strategy was employed for MGM compounds wher#i®y IGes of the
compounds wereobtained at three different holding potentials:50, -80 and-100

mV. As the controlNMDA (100 uM) and glycine (10 puMijthout 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 compoundstémfold
increasingconcentrationgenerating a set of five traceSteadystateresponses were
measuredand nomalizedas a percentage dhe control responseThe data were
fitted with the Hill equation to generate the 46 obtained from the concentration
inhibition curve.To assess voltagdependency, the ligs obtained forall three

holding potentials were thefitted with the Woodhull model to yieldhet @I f dzS & ®

Aside from responses on NMDARGM compounds werdurther it SAG SR 2y h n|
YR h 71  &dzo dzy Jacefylchdirik recgpio® \MACHhK) A ivious binding
studies have shown that donepediérived compoundswvere able to bindwith
NAChRs but whethe they act as agonists or antagonisted not yet been

determined Therefore, these compounds were first dilutedX¥enopuginger to 10
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and 100 uM concentrations and testedonewith ni H I nAGhRS &80 mV.
The percentage ofthe evoked inward curmets by MGM compounds against the
control response (10 and 100 pMChrespectively) were calculated to measure their
agonistic properties. To measure antagonigpioperties, the compounds were
diluted in constant concentratiorof 10> aACh¥ 2 NJ h n jand 10038 a&Akhdor
testing onh T This wasdased on thesensitivityof ACh to therespectivesubunits
(Kachel, 2014 The oocytes wereclamped atthree holding potentias (50, -80
and -100 mV)and the recording protocol was conducted similarly ttte NMDAR
assay butwith ten minute intervals (instead of two minutes)between each
applicationto allow complete recoveryThe IGo values br antagonism ofpeak
response were calculéed from concentrationrresponsecurves(Hill equation)and
also fitted withthe Woodhull equation to assess voltage dependei®ak responses
were measured rather than steaehtate level due to their fast recovery rate

particularlyd mAChR¢Kachel, 2014)

2.6 DATA ANALYSIS

EGo and IGo valuesfor testcompoundswere obtained by using nonlinear regression
by fitting a fourparametric logistic equation (Hill equation) # concentration
response and concentratiemhibition plots respectively in GraphPad Pristh
(GraphPad Software Inc). The Hill equasiased to determine theEGo (Eq. 1)and
IGo (Eq. 2)are presented below.

pTT

PawmonQaioai r‘]é‘epi '%n (Eq. 1)
T v owe i s a s r T
P weédi E Qi neep: %n P (Eq. 2)

Where X is log[agonist] (Eq. 1) or lagantagonist] (Eg. 2).
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To determine if the Bfgor IGp values of the compounds were significantly different
to each otler, they were compared pairwise using the extra soirsquares Rest to
a null hypothesis of E&ICso being the same for each pair (GraphPad Software Inc).

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

To determine voltagelependeneX G KS + @I f dzSusingde&BNdhe O f O dz
test compounds¢ KS + @I f dzS NBLINBaSyidia (G§KS FTNI O
acting at the site, where 0 represents the electric field at the external entrance to the
channel and 1 represents the interraitrance to the channel. This value is useful to
predict binding sites of the channel blockers.
For this purposeil KS 2 22 RKdzZf f Y2RSt ¢l a dzaSR (2 Ol
the following equationWoodhull, 1973

06 ® 06 maw SE L%%) (Eq. 3)
z is the valence of the blocker¥} is the membrane potential (mVR is the gas

constant,Tis absolute temperature (K)afth & CI NI Rl 28 Qa O2yadl yi

Voltagedependence can also bmeasured by theblocking percentage, taking
activation before thechannel blockeapplication as 0% and the baseline current as
100%. The data was fitted tbe following Woodhulequation(FerrerMontiel et al.,
1998 Woodhull, 1973

@ z ' (Eq. 4)

Y is the percentage ofcontrol response,B] is the blockerconcentration Ko is the
dissociation constant at®V,zis thecharge(valence)f the moleculeFA & CI NI Rl & C
constant mol), Eis the membrane potentialR is the gas constant and is the

absolute temperture (K).
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CHAPTER

NMDA RECEPTOR CHARACTERIZATION

3.1 SUMMARY

This chapter describes thecharacterization of GluN11a/GIuN2A subunit
combinations expressed enopudaevisoocytes Concentration response curves
were produced via electrophysiologgcordings to generate thEGesfor NMDA and
glycine as the agonist and -egonist, as well as the 34 for well-known NMDAR
inhibitors namely Mg*, memantine, MkB01, PhT»343 and some derivatives
Woodhull analysis were also performed to determine tagé-dependency and
estimate binding siteslhis study has established a working oocyte expression system
for drug evaluationwhich retains the pharmacological characteristics of the
conventional NMDAR subunitsargely, theesultsobtained forNMDA and lycine
EGos as well aMg?*, memantine, MKBO1 and PhT-843 IGgs wee in agreement
with many otherpublished literaturegmployingXenopuoocytes expressing GluN1
1la/GIuN2A NMDAR subunitall of the antagonist compounds testedso blocked

NMDA/glycinaesponses in a voltaggependent manner.
3.2 NMDARECEPTORGONISM

3.21 NMDA and Glycine Activation

Separate applications of NMDA (100 pdiaglycine (10 uM) alone did naigger any
response orGIluNt1a/GluN2A-containing NMDA receptortested at-75 m\V. When
NMDA and glycine were applied togethera large inward currentvas evokeds

expectedanddemonstrated in figure30.
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Figure30: TEVC recordings of NMDA and glycine activation mediated by GL&{GIUN2A-
containing NMDA receptors af7/5 mV.

NMDA (100 pM) or glycine (10 pM) alone did not elicit any response. A large inward currents
were elicited with ceappliation of NMDA (100 puM) and glycine (10 pM).

3.2.2 EGoof NMDA

Concentratiorresponse data for NMD@®.1 to 1000 uMyo-applied with glycine (10
MM) were usedto determine the EGp value of the NNDAR agonist mediated by
GluNtlaand GIUN2ANMDARsubunitsat -75 mV/(figure 31). The E&obtained from
this study was 53.@05% CB88.8to 74.0) uM for the peak responsand 11.7(95% CI
6.82 to 20.) uM for the steadystate level A concentrationof 100 uM NMDAwas
confirmed efficient to evoke a response on NRI® andwas used in subsequent

recordings to assay antagonistdéth co-application of 10 uM glycine
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Figure 31: Concentrationresponse relationship for NMDA eapplied with glycine
mediated byGluNX1a/GluN2A-containing receptors.

(A) TEVC recordings of NMByokedcurrents at tenfold increasing concentration (§1D00
UM) tested at-75 mV, (B) Percentage control response (me&&M, n=5) plotted and fitted
with the Hill equation, (C) BE€(95% CI) values for NMDA at peak and stestdte level
obtained via the cocentration-inhibition curves
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3.23 EGoof Glycine

Concentratiorresponse data for glycine (L to 100uM) coapplied with NMDA
(100 uM) were usedo determine the E& value of glycine mediated by GluN&
and GIuRRANMDARsubunits at75 mV(figure 32. The E€obtained from this study
was3.52(95% CR.78 to 4.46) uM for the peak response anal69 (95% CD.58to
0.84) uM for the steadystatelevel A concentration of 10 uM glycine was confirmed
efficient to evoke a response on NMDMRen ccapplied with100 phMNMDA and

was used in subsequent recordings to assay antagonists.

A. 0.01 uM 0.1 uM 1 M

- ~___—

10 pM 100 pM

Glycine
(+ 100 pM NMDA)

50 nAl

205

-~ Plateau

o GlycineEG, (95% CI) uM
352
§ Peakcurrent 2 TB1o 4.46
2

0.69
€
> Steadystate | .51 084
= =&~ Peak
s

T L] T T
-8 -7 -6 -5 -4 -3 -2
Log[Glycine] (M)

Figure 32. oncentrationrespanse relationship for glycine capplied with NMDA
mediated byGIluN11a/GluN2A-containing receptors.

(A) TEVC recordings of NMDA/glyciexoked currents at tenfold increasing concentration
(0.01¢100 pM) tested at75 mV, (B) Percentage control responseédmeSEMn=11) plotted
and fitted withthe Hill equation, (C) E6(95% CI) values fglycineat peak and steadgtate
levelobtained via the concentratiocinhibition curves
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3.3 NMDARECEPTORNTAGONI® BY OPEN CHANNEIOBKKERS

331 Mg?

The antagonisnof responses tdNMDA and glycine btenfold increment ofMg?*
concentration (001 to 100 pM) mediated by GluN1a/GIuN2A wereused to
determine IGo values at three different holding potentialsThe 1@s obtained were
15.0(95% C5.64 to 40.0, 3.98(95% CPR.56 to 6.1 and 2.91 (95% Cl 51to 3.18)
UM at-50,-75 and-100 mV respectivelyGos of M@*increased akolding potentids
werealso increaseduggesting that Mgy potency is affected by membrane potential
Significant differences (p<0.05) meeobserved between Kgs across all holding
potentials confirming the voltagaelependenceof block of NMDA/glycineesponses

by Mg?*. The esults are shown in figure33

A NMDA/glycine B
) -50 mV )
“J,
°
[=1
o
200 nA 14
°
NMDA/glycine §
X
50 nA — C
0.01 0.1
Mg?* 1Gso (95% CI) uM
NMDA/glycine 15.0
-50 mvV
-100 mV 5.64t0 40.0
100 M 75 mV 3.98
2.56t0 6.16
2.19
S \_ -100 mV
50s 1.51to0 3.18

Figure33: Mg?* block of NMDA/glycine responses in GIuNBGIluN2A-containing NMDA
receptors.

(A) TEVC recordings for Md0.01¢100 uM) block at three holding potentials;0, -75
and -100 mV, (B) Concemtion-inhibition curves for M¢ block. Rrcentage control
response (meas SEM, n=5) values were plotted and fitted wittine Hill equation, (C) ¥
(95% CI) values for Mfggenerated from the concentraticimhibition curves.Significant
differences wee observed between k& across all voltages (p<0.05).
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3.3.2 Memantine

Block ofNMDA/glycineresponses by range of memantineoncentrations0.01to
100 pM)on GIuNE1a/GIuUN2A weremeasured electrophysiologically anged to
determine IGo values at three different holding potentialsThe IGs obtained were
2.07(95% CL.51to 2.83), 1.01 (95% CO0.6to 1.71) and 075 (95% C0.52to 1.00)
MM recordedat-50,-75 and-100 mV respectivelyGosof memantinewere increased
as holding potentials wer@lso increased Significant differences were observed
between IGgs at -50 mV compared tdoth at-75 mV (p=0.018) and aft00 mV
(p<0.0001) suggesting the voltagependenceof block of NMDA/glycineesponses

by memantine The esults are shown in figure43
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Figure34: Memantine block of NMDA/glycine responses in GIUW1&GluN2A-containing
NMDA receptors.

(A) TEVC recdings formemantine (0.0£100 uM) block at three holding potential®0,-75
and-100 mV, (B) Concentratienhibition curves for rmantine block. Ercentage control
response (mearx SEM, n=5) values were plotted and fitted witte Hill equation, (C) K
(95% CI) values foremantinegenerated via the concentratieimhibition curvesSignificant
differences were observed betweensi€at-50 mV compared to both a5 mV (p=0.018)
and at-100 mV (p<0.0001)
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3.3.3 MK-801

Antagonisnof NMDA/glycinegesporsesby Mk801wasdetermined by using tenfold
increment of compound concentratiors (0.01 to 100 pM) and tested
electrophysiologically onGIuNt1a/GIuN2A NMDA receptors atthree different
holding potentials.|Go values obtained from the concentratiemhibition curves
were 0.25 (95% CI @3to 049), 0.083 (95% CI 0.(to 0.068) and 0.03 (95% CI
0.022 to 0.051) uM recorded at -50, -75 and-100 mV respectivelySignificant
differences were observed betweensé€ at-50 mV compared to both af75 and
-100 mV (p<0.00013uggesting that Mi801 blocks NMDA in a voltagiependent

manner.The esults arepresentedin figure 3.
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Figure 35 MK-801 block of NMDA/glycine responses in GIUWl&GluN2A-containing
NMDA receptors.

(A) TEVC recordings for N3R1 (0.0%100 pM) block at three holding potential§0, -75
and -100 mV, (B) Concentratiegnhibition curves fo MK-801 block. Brcentage control
response (mear SEM, n=5) values were plotted and fitted witte Hill equation, (C) K&
(95% CI) values for MBO1 generated via the concentratianhibition curves.Significant
differences were observed betweensi€at -50 mV compared to both a5 and-100 mV
(p<0.0001).
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3.3.4 Philanthotoxin-343

Inhibition of NMDA/glycine responses byenfold increment of PhTX343
concentrations(0.001to 10 uM) mediated by GluN1a/GluN2A weremeasured to
generate the concentratioinhibition curve fitted withthe Hill equation.The 1Ges
obtained were 11.995% CI 4.4® 32.2), 2.08(95% CI 1.14 to 3.78nd 0.97 (95% CI
0.39 to 2.4) uM recordedat -50, -75 and-100 mV respectivelyGos of PhT>343
increased as holding potentga were adjusted up Significant differences were
observed between Kgs at-50 mV compared to both a75 mV (p=0.0007) and at
100 mV (p=0.0003) suggesting the voltatppendenceof block of NMDA/glycine
responsedy PhTX343.The esults arepresentedin figure 3.
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Figure36: PhTX343 block of NMDA/glycine responses in GIuWl&GIluN2A-containing
NMDA recepors.

(A) TEVC recordings for PH323 (0.00£10 uM) block at three holding potential&0, -75
and -100 mV, (B) Concentratienhibition curves for PhT343 block. Brcentage control
response (meas SBM, n=47) values were plotted and fitted wittihe Hill equation, (C) I
(95% ClI) values for PhBAX3 generated via the concentratiemhibition curvesSignificant
differences were observed betweensi€at-50 mV compared to both a5 mV (p=0.0007)
and at-100 mV (p=0.0003).
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335 (ha-PhTX343

(ha-PhTX-343, a philanthotoxin analoguewas investigated to assess inhibitory
effect on GluN1la/GIuN2A NMDA receptors. Block of NMDA and gly@sponses
by tenfold increment of compounaoncentratiors (0.01 to 100 uM) yielded $6 of
77.1 (95% CI 4610 129.3, 12.4(95% CI 6.3® 24.1) and4.17(95% C1.65to 106)

UM at-50,-75 and-100 mV respectivelyGsos of this compound increased as holding
potentials were also increased Significant differences (p<0.05) were observed
between 1Gos across alholding potentials suggesting the voltagependence block
of NMDA/glycine by I&xPhTX343.The esults are shown in figurer3
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Figure37: Cha-PhTX343 block of NMDA/glycine responses in Glulild/GluN2Acontaining
NMDA receptors.

(A) TEVC recordings forh&PhTX343 (0.00£10 pM) block at three holding
potentials, -50, -75 and-100 mV, (B) Concentratignhibition curves for 8a-PhTX343.
Percentage controtesponse (meart SEM, n=%&) values were plotted and fitted witthe
Hill equation, (C) K (95% CI) values foh&PhTX343 generated via the concentration
inhibition curves.Significant differences were obsed between l6s across all holding
potentials (p<0.05).
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3.3.6 Bn-Cha-PhTX343

Another philanthotoxin analogyeBn-Cha-PhTX343, was also investigated to
examineits antagonism potency on GluNa/GIluN2A NMDA receptors. Block of
NMDA and glycineesponsea by this compound in tenfold increasing concentration
(0.01 to 100 pM) yielded 65 0f16.6(95% C5.24t0 52.6), 4.42(95% C1.1 to 17.8
and 4.78 (95% CI1.16 to 19.7 uM at -50, -75 and-100 mV respectivelyThe
compound was more potent at more negee holding potentials akZes at-75 and-
100 mV were similar and much lower than that-80 mV althoughthe differences

were notstatistically significant (p>0.05)he esults are shown in figure83
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Figure 38 Bn-Cha-PhTX343 block of NMDA/glycine responses in GIUNB/GIUN2A
containing NMDA receptors.

(A) TEVC recordings fdBn-Cha-PhTX343 (0.00110 pM) block at three holding
potentials,-50, -75 and-100 mV, (B) Concentratienhibition curves foBn-Cha-PhTX343.
Percentage control response (mearSEM, n=6) values were plotted and fitted wite Hill
equation, (C) & (95% CI) values f@n-Cha-PhTX343 generated via the concentratien
inhibition curvesNo significant differences were observed across all voltages.
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33.7 CR18

CR18 was the most potent MTDL compound (results presented in chapter 3.3) and
thereforewascharacterized with wild type and nated NMDAR subuniténhibition

of NMDA/glycine responses by increasing concentrations of CR18t¢010D puM)
mediated by GIuNLa/GluN2A weremeasuredto determine its 16 value at three
holding potentialsThe 1Ges obtained werel2.4(95% C6.44 t024.0), 204 (95% CI

0.56 to 7.43and 0.62(95% C0.12 to 3.3% uM at-50,-75 and-100 mV respectively

IGos of CR18 increased as holding potentials walso increasedsuggesting a
voltagedependent blockSignificant differences were observed betwd&kpsat -50

mV compared to bth at-75 mV (p=0.0183) and at00 mV (p=0.0031)he esults

are presented in figure 39
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Figure39: CR18 block of NMDA/glycine responses in GleDNIGIuN2A-containing NMDA
receptors.

(A) TEVC recordings for CR18 (Q10D pM) block at three holding potentialsh0, -75
and -100 mV, (B) Concentratianhibition curves for CR1®lock. Rrcentage control
response (meatt SEMn=34) values were plotted and fitted wittine Hill equation, (C) ¥
(95% CI) values for CR18 generated via the concentratiobition curves Significant
differences were observed betweensi€at -50 mVcompared to both at75 mV (p=0.0183)
and at-100 mV (p=0.0031)
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3.3.8 1 Value

IGo values for each compound at all holding potentials were fittedhi\Woodhull

model(i 2 20 (I A y whicKiSuseful t&predidz8inding sites of the channel

blockers All of the compounds (except MB01and Bn-ChaPhTX343) yieldedvery

similart @ swhidSnay suggest that they bind at the same binding site or close to

each otherThet @I f dzSa 20 (I A y-dependénhRciveweied.6202 € 0 | 3
0.59, 0.560.61 and 0.60 for Mg?*, memantine, philanthotoxi¥843, ChaPhTX343

and CR18 respectively. Mi01 h&R G KS KA 3K S & (iwhich nay duglyést 6 A G K
a deeper binding block for the compoundhile BnrChaPhTX343 had the lowest

(0.33 suggesting a shallavbinding site The voltageR S LISY RSy & OdzNI3S & |y

are presented in figure 40
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Figure 40: Voltagedependenceof inhibition for all compounds mediated by GluN1
1la/GluN2Acontaining NMDA receptors.

(A) Voltagedependence cung 1Go (95% CI) uM for all compounds fitted with the Woodhull
Sldzt iA2y > 6.0 + @I fdzSa ¥F2N ldedendéhgeXwiggdzy R4 20
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34 DISCUSSION

In the first part of this study,characterization of NMDA receptors using well
established agonis and antagonists as well as several new compounds were
conducted electrophysiologically iXenopus laevisoocytes expressingsluNE
1la/GIuN2A NMDR subunis. GluNX1la was chosen as it tke most prelominant
GluNlisoform in the brair(Bresink et al., 1996vhile GIuN2As the most abundantly
expressed GIuN2 subunit (along with GIuN2B) in adult forelgvsirlie et al., 2018

3.41 NMDA Receptor Agonism

The present study showetiat NMDA or glycine alone does not evoke any (or very
minute) response on NMDAR expressed Xenopusoocytes. When the two
compounds wee coapplied together,as expectedthe receptors elicited inward
currents. Itis widely established that glycine fsndamentallyrequired as a co-
agonist for the induction of NMDA receptors in oocytes either by NMDA or
glutamate. This corresponds witm @arly voltageclamp analysis on RNAjected
oocytes byKleckner and Dingledine (1988hereby no response was elicited when
NMDA was applied without glycinA.large invard current was evoked when NMDA
was then ceapplied with glycineln a study on Céaentry into locust muscle, it was
demonstrated that glycine enhanced the response of glutamate and NMDA but not
that of quisqualatgKhan, 1993 Other amino acids caowever, replace glycine as
the coagonist for gutamate or NMDA, with Berine and Ealanine being the most

potent (Kleckner and Dingledine, 1988

TheEGos for NMDA ofained from this study were 53.8M for the peak response
and11.7uM at the steadystate level. These values were comparable with previous
studies which obtained E€of NMDA mediated by GIuN1/GluN2A NMDAR ranging
between 1 to 100 uM; 8.42 py McClymont (201§ 57 puMby Ishii et al. (199B8and

75 uMby Risgaard et al. (20)0As for glycinethe EGos obtained were3.52uM for

the peak response an@.69 uM for the steadystate level Previous studies have

demonstrated similar findings, e.gnEGovalue of 0.67 uM was obtained Byeckner
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and Dingledine (19981.27 uM byMcClymont (201Ppand 1.31 uM byChen et al.
(2008.

Based on these EB§alues, a concentration of 100 uM NMDAaaplied with 10 pM
glycine was used in subsequentantagonist assag. These concentrations were
considered optimal and sufficient to saturate all NMDA receptor assemlfilies
1999. Previous studies have exhibited reduceesponseswhen the glycine
conentration used was higher than this but the same was not reported with NMDA
(de Carvalhet al., 1996 Mirshahi and Woodward, 1995

3.4.2 NMDA Receptor Antagonism

3.42.1 Mg

NMDAR block by Mgis an important characteristic of the receptor to regulateCa
permeability. M@* blockreduces C# influx at resting potentiabut dissociates from
the receptor during depolarizatio(Dingledine et al., 1999 The findings that Mg
selectively antagonizegsponses titNMDA but not otheliGluRagonists like kainate
or quisqualate was discovered more than 30 years @pvies and Watkins, 1977
Evans et al., 1977 Thecritical site by which Mg blocks the NMDAR is at the (i
the Q/R/N site) in GIuN1 and GIuN2 antl (GIuN2) sites within the pore of the M2
region(Burnashe\et al., 1992 Sakurada et al., 1998Volimuth et al., 1998zh).

IGsos for Mg?* blockof NMDA/glycine responses in GIull&GIluN2Aobtained from
this studywere 15.0uM (-50 mV), 3.98M (-75 mV) and 2.19 uM100 mV). These
findings were consistent with previoustudiesemploying GIuN1/GIluN2A NMDAR
with slight variations depending on the ambrane potential tested andhe
concentration of agonistased For exampleKuner and Schoepfer (199&ported
an 1Go value ofapproximately 20uM tested at-60 to -70 mV, Qian et al. (200b
obtainedan IGp of 11.8 uMat -85 m\, Gilling et al. (200@reported an 16 of 19.5
UM tested at-70 mV while McClymont et al. (20)2btainedIGovaluesof 16.0 4.23
and 1.74uM recordedat -50,-75and-100mV respectivelyliu et al. (200)lreported
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IGsos 0f 15.0uM when Md@*was applied wittb00uM NMDA and 10QuM glycine, 7.6
UM with 20uM NMDA and 10@M glycine and 8.8M with 500uM NMDA and 3I1M
glycine alltested at-80 m\.

Early studiesshowedthat the activation by excitatory amino acidef NMDARSSs
highly sensitive to the membrane potential and it has been suggested that the
NMDARIs coupled to a voltagsensitive onductance (Mayer et al., 1984 Voltage
dependent ion channels conduct ions at high rates and regulated by the voltage
across the membranéBezanilla, 2006 Thisstudy demonstrated that Mg block
increasedas the holding potentials wenmore negative Sgnificant differences were
observedbetween 1Ges across allvoltageswhich ckarly suggestthat Mg?* block
followed a voltagedependent mannerPatchclamp experiments have also exhibited
voltagedependent block of current flow through ion channéls Mg* activated by
L-glutamate(Mayer et al., 198% The block of M§ in a voltagedependent manner

is said to be paramount for changing synaptic efficacy involved in the glutamate
mediated neuronal plasticitgCollingridge and Bliss, 198Thet @ € dzS 206 G Ay
the voltagedependent curve fitted with the Woodhull modebnfirmed that the
Mg?* binding sie is located approximately 0.8Rrough the electric field from the
extracellular surfaceThis value was similar to that reported Biiua and Auerbacha
(200) - 0.6 and McClymon{2010)- 0.65,where thelocation corresponds with the
proposed location of th€/R/N site

3.42.2 Memantine

Antagonism of NMDAR chansély memantine occurgh a usedependent manner
whereit can only bind in the channel pore in the presence of ago@igtical findings
have shown that memantine is weiblerated and largely credited to its moderate
affinity, fast blocking and dissociation rate astdong voltage dependendRammes
et al., 2008. Several of these characteristics were assessed in this study twsing
electrodevoltageclamp electrophysiologylhe present data demonstrated that the
block of NMDA/glycineresponsedy memantinein GluNt1a/GIuN2A expressed in

Xenopusocytes displayea similar inhibition trendto 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 por&@his was edentby the kinetics of unblock in the presence

of both (Chen et al., 199Z5o0bolevsky et al1998).

IGsos for memantineobtained in this study were 2.07, 1.01 and 018l recorded

at -50, -75 and-100 mVrespectively Thevaluesobtained in thisresearchwere well
within the range reported by previous studids. patchclamp experimentsising
HEK293 cells,Bresink et al. (1996recorded a memantine kof 0.93 uM onlL-
glutamateevokedresponses in GIUN1/GIUN2A NMD&R70 mV whileKotermanski

et al. (2009 reported an 16 of 1.25 uM at-66 mV, Gilling et al. (2008and Parsons
and Gilling (200obtained IGosof 0.79and 1.87uM respectively both recorded
at -70 mValso using HER93 cells Sudies employing Xenopusocytesexpressing
GIuN1/GluN2A NMDAReported IGos in the micromolar rangeFor instance,
McClymont et al. (20)Zeported IGos of 3.94, 2.48 and 0.80 uM &0, -75 and-100
mV respectivelyhile Ferrer-Montiel et al. (1998reported an 1Go of 0.3 uM at-80
mV. Wrighton et al. (2008 obtained memantinelGoa 2 ¥ O0®PHE MODT
recordedat -40, -60 and -80 mV respectivelyn GIuN1/GIuN2A NMDAR induced by
glutamatewhile Dravid et al. (2007) recordedsé€of 4.36 and 2.25 aat pH 7.6 and
6.9 respectively This range of memantine concentration as a therapeutically

relevant levelusedin the treament of AD(Gilling et al., 2000

Thisstudy confirmed that memantine blocks NMDA/glycine respange a voltage

by E

dependentY  YYSNJ gAGK (§KXS O zSzBadRdbroddeNg 6 Sa

transmembrane field the drug experiences when blocking the NMDA receptor

channelClose or5 YA f | NJ + &pbrieddb previguS tilsliesNwhich showed
strong voltagedependert inhibition by memantinei.e. 0.9 (Gilling et al., 20090.83
(Parsons and Gilling, 200D.8 (Parsons et al., 199and0.77 (FerrerMontiel et al.,

1999.a2 NB AYLRNIIyGftezr OGKS + O f deihtteodG !l Ay S

structural predictions of the Q/R/N and +1 binding sitéconfirmed that the binding
site of memantine overlaps or close tivat of Mg?* (CulkCandy, 200y as the value

obtained for both compounds weneearly identical
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2 A0KAY YSYI yiAySQaits tagt ZinkicLpfogeiitys tO blazkh ahdR 2 & >
unblockNMDAR whichcontrass to highaffinity channel blockersuch as MK01

and phencyclidine (PCPallows suppression of excitotoxicity whilst maimiaig
physiological transmission of the recept@ornhuber andQuack, 199p The fast
1TAYSGAO LINRPLISNI & Ffaz2 NBRdAzZOSA YSYIFYylAyS:
NMDAR compared to MB01 and PCEGilling et al., 2000

3.42.3 MK-801

MK-801 is a selectivain-competitive NMDAR inhibitor which blocks NMDA/glycine
responsea in ausedependent manner. The magnitude of block by-BIKL is greatly
enhanced as agast concentration is increasefroster and Wong, 198.MHuettner
and Bean (198&arly on concluded that MBO1 cannot block or unblock the channel
unless it has been opened by the agonist and that the drudsowithin the channel

pore itself.

This study evaluated concentrationhibition and voltagedependencyof MK-801 in
GluNZ1a/GluN2A NMDA receptors using tvetectrode voltage clamp. TH&s for

MK-801 block of NMDA/glycine responses obtained in thiglgtwere34 nv (-100
mV), 33 M (-75 mV) and54 M (-50 mV) Other studies have also shawhat MK-

801 is a potenNMDAR inhibitor with 1Ges in the nanomolar rangeMediated by
GIuN1/GluN2A NMDAR subuni&ankiewicz et al. (1996btained an 1€ of 140 nM
tested at-70 mV,McClymont et al (2013 reported 1Ggs of 190,210 and500 nM

recordedat -100,-75 and-50 mV respectivelywhile at-40 m\, Dravid et al. (2007
reported IGes of 15 and 6 nM at pH7.6 and &.8spectively.

Huettner and Bean (1988uggested thathe binding sites for MKB01and Mg?* are
close to one anothefor overlapped)due to the ability of Mé' to inhibit MK-801
block of the NMDAR channel in a voltadgpendent mannerlt was however,
reported that block of kglutamate inducedesponses by MI80O1 in GIUN1/GIuN2A

was less voltagdependent compared to memantin@Bresink et al., 1996 The
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present study supported ik finding where Igs at-75 and-100 mV were identical.
A sgnificant difference was only observedhen|Gos at those two holding potentials

were compared to that recorded ab0 mV.

The high potency of MBO1 coupled withits slow dissociation from th&IMDAR
channel and less pronounced functional voltatgpendency leads to the trapping of
the compound in the channel pore. As a result, the compound is unable to tleave
channel within he normal excitatory synaptic poteia time course, thus not only
blocking pathologicalactivation, but alsghysiologicafunction of NMDA receptors

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

Due to the potency and neuroprotective effect of NR1, analogues of the drug
have beendevelopedto attenuate or abolish its unwanted psychomimetic effects.
Bachurin and colleagues synthesized three series of novel compounds;
monobenzylamino, benzhydrylamino, amibenzylamino (DBAanalogues of MK
801 with the latter being potent NMDAR and €aiptake blockewithout producing
psychomimetieffects within the therapeutic dose inteal. The study also elucidated
the pivotal role of the hydrogen bond formed betwe#mreseanalogues and amino
acid N at the Mg binding site within the NMDAR channel polewas suggested that
the irreversibility of MKBO1 binding to NMDAR compared to Mgand DBA
compounds was due to thetrong hydrophobic interaction between MB01 and the
hydrophobic pocket in the NMDAR channel complex contributing to theliREBide
effects(Bachurin et al., 2001

3.4.2.4 Philanthotoxin Analogues

In the present stdy, PhT>343 alongside two novel analogues were tested on GluN1
la/GIuN2A NMDA receptors. The analogues were modified by introducing
cyclohexylalanineand benzene into the compoundThe extraheadyroups were
expected toenhance potency of the compounds mcreasinghydrophobicityand

size.The modificationwvould allow strongerinteractions in the hydrophobic vicinity
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of the NMDAR pore due to a larger headgroBmposed interaction of Ph1343 and
its analoguesvith AMPA andNMDAreceptorsare displayedn figure 41

PhTX
headgroup

Polyamine
tail

. 4

Figure41: A model of philanthotoxin docking in th&luAlreceptor channel.

The M2 helies are represented by thgellowribbons, thegreenribbons represenM3. The
Q/RIN site is also indicateddapted from(Andersen et al., 2006

The philanthotoxin analogues will most likely interact with the NMDAR pore similar
to PhTX343 and other polyamine toxinghedistalaromatc headgroup interacts in

the hydrophobic vestibul@bovethe Q/R/N sitelocated just above the narrowest
region of the channel pore whikke linear polyamine tail will penetrate beyond the
Q/RIN siteand bind deep in the poréBahring and Mayer, 1998t was previously
reported that the narrowst portion within the NMDAR channel pore is only 0.55 nm
wide thus making the compound unlikely to permeate through the chaf\figarroel

et al., 1995.

IGos for PhTX343 block of NMDA/glycine responses in GikidIGIuN2A NMDA
receptorrecorded in the present studyere 11.9uM (-50 nV), 2.08 uM+/5 mV) and
0.97(-100 mV).These results are comparable with previous studigsickley et al.
(1993 reported PhTX3431Go of 2.5 pM tested on cells clamped a80 mV, Mellor
et al. (2003) reported Kgs of 13.2, 2.01 and 0.98M recorded at-60, -80 and-100
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mV respectively, whilécClymont etal. (2012 obtained PhT>843 1Ges of 7.2 uM
(-50 mV), 2.95 pM-75 mV) and 0.30 pMZ100 mV).

This studyhowever, does not show that the new analogueshaPhTX343 and Bn
ChaPhTX343 are more potent thanPhTX343in blocking NMDA/glycine responses
in GluN11a/GIuN2A subunitdGses for ChaPhTX343 were 77.JuM (-50 mV), 12.4
UM (75 mV) ad 4.17 uM {100 mV) while BiIChaPhTX343 generated I§s of 16.7
UM (-50 mV), 4.421M (-75 mV) and 4.78M (-100mV). Blocking potency for Bbha
PhTX343, an amlogue containing a benzyl and ofuxylalanine moietywas
comparable with PhF843 as no significant differences were observed betweess IC
of both compunds at all voltages tested. GRaTX343 was less poterwhere 1Ges

at all voltages were higheotthat of PhT>343; significant differences were observed

at-50 and-75 mV.

Thet @I fdzSa F2NJ 6KS GKNBS 02 Yuwiednf@RBhTR O U A Y
343), 0.61 (Ch&hTX343) and 0.33BzChaPhTX343).This study showed that PhTX

343 and both novel analogues demonstrated strong voltagependence of

inhibition. This is consistent with other findings bycClymont et al. (200)2and

Mellor et al. (2003 suggesting the compounds bind deep inside the channel pore.

The headgroup of CHAhTX343 is predictedd bind near the Q/R/N sitgimilar to

PhTX343, as well as Mgand memantine baed on their identical @ I (0.62%&

Mg?* and 0.59 for memantine)Bn-ChaPhTX343 may have the shallowest binding

site due to its larger headgrougizeresulting in less penetration of the molecule

inside the NMDAR channel pore

3.42.5 CRI18

Out of allthe multi-target-directed ligands tested in this thesis project, CR18 was

found to be the most potenNMDAR antagonistfurther discussed in Chapter 5).

I wmy 61 & adydkKSaAil StBecopbetol moist) itblhJgoaming y 3 |y
spermine backbone. This compound was devetbjpesimultaneously block NMDAR
AYRdAzZOSR SEOAG202EAOAGE | yR adzZJLINS&a 2EARI
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IGsos for CR18 block of NMDA/glycine responses mediated by GlaNdnd GIuN2A
subunits obtained in this study were 12.42 dq mV), 2041 uM (75 mV) and 0.622

MM (-100 mV).At -75 and-100 mV, Ies for CR18 were comparable to that of
memantine (p>0.05) indicating their high potency to block NMDA/glycine responses.
Only at-50 mVwasthe 1Go significantly higher than memantine. Ths however,
possiblydue to the limited availability of the compound, where only three sets of
recordings were conductedt -50 mV. Increasing the number of replicates might
provide a more reliabléGs value asthe confidence interval was quite largERB

was also found to act ia voltagedependent manner. Characterization of CR18 is

further discussed in Chapter Blulti-TargetDirected Ligandstsdy.
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CHAPTER 4

PORE REGION (M2) MUTATION STUDY

4.1 SUMMARY

Theinitial aim of this chapter was to invegtte the effects of the Q/R/N, +1 an8

sites in the M2 region of GIuN3 subunits on channel block of NMDARs when
compared to GluN1la/GIuN2A alonelt was hypothesized that the variatisrat
these sites in GIUN3 contributed to the reason as to why whesehsubunits are
incorporated into the GluN4la/GIuN2A, channel propertiesof NMDARs were
altered. The project was also set out thetermine whether R at the Q/R/N site in
human GIuUN3B provides a higher level of resistance to channel block &hd Ca
permeablity 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 residubs N, N+1

and N8 sites in the M2 egion. The double mutations N614G/N615R and
N614R/N615R did result in significant changes in potency of the blgakihsthe

latter (RR mutation) resulted in greater reduction of channel block compared to the
former (GR mutation)The point mutation W608, had no significant effects on the

blocking properties of the channel blockers studied.

4.2 GLUNS3 SITEIRECTED MUTAGENESIS

Sitedirected mutagenesis was employed to study the impact of the Q/R/N, +1 and
-8 sites in the M2 region of GIuN3 subunits dmannel block. A previous study
reported that there is aeduction in blocking potency by GIUN3A inclusion in an
NMDARwhichcan be reversed by mutations of either G729 (Q/R/N site) or R730 (+1
site) to N but that this reversal is frequently incomplédcClymont 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 constructingublg mutation in GIuN3 subunits;
G729N/R730N in GIUN3A and G629N/R630N in GIuN3B. Their susceptibility to block
by Mg+ and other channel blockersexe then be observed to see if this is restored

to, or close to, that seen in GluN&cking NMDARs. Th&position (N721 in GIUN3A,
N621 in GIuN3B) were also investigated by mutating N to W as found in all other

NMDAR subunits.

First, b determine the effectiveness othe SiteDirected QuickChange Il Xit to
produce mutations in NMDAR subunitsontrol expeiments were conducted
alongside the mutation samples pWhitescript 4.5b control plasmid (Agilent
Technologies) provideid the mutagenesis kit was used to demonstrate the mutation
efficiency of plasmids. The ol plasmidcontainsa stop codon (TAA) dhe site
where a glutamine codon (CAA) would normaliystA y  dg&l&tosidase gene of
the pBluescript 1l SK(phagemid X110 Gold ultracompetant cells transformed with
this control plasmidwould appear white on LBmpicillin agar plates containing

A a 2 LINB-LdbidgalactopyranosidgIPTG and 5-bromo-4-chloro-3-indolykH -D-
galactopyranosideXgal)o S O dgalétosidase activity has been suppressed. The
oligonucleotide control primers created a point mutation that reverted tHea$eof

the sopcodonT ! 0 A -galadtdéiBase gene encoded on the pWhitescript 4.5kb
control template to a Chaseto produce a glutamine codonC@A). Following
transformation, colonies appeared as blue colony phenotype suggesting the
LINE R dzO (i-gamagfosidhde idal+) confirming the success of the mutagenesis
experiment(figure 42B).
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Figure42: SiteDirected QuickChange Il XL Mutagenesisnirol and sample fates.
(A) Sample mutagenesis pla{B) Mutagenesisontrol plate.

PCR productwhich were successfully generated W site-directed mutagenesis
protocol were then Sangersequenced to confirm that the mutations weo®rrect
The resultingsanger sequencing chromatogragare displayed in figure 3(GIUN3A

mutations)and 4 (GluN3B mutations)
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GluN3A Wild Type
ACAAAGTCTTCTCCTTCTCCTCAGC TTTBAATGTCTGC TATGCCCTTCTGT TTBGCAGAI CAGCAGCCATCAAACCCCCAAAATBC TEGGAC TGGAAGBTTTCTGATGAATCTTT
A ACAAAGTCTTCTCC T TC TCC TCAGC TTTGAATGTCTGC TATGCCC TTC TG T TTRATAATRCAGCAGCCATCAAACCCCCAAAATGC TGGACTGGAAGGTTTCTGATGAATCTTT
4 .
GR to NN Mutation

hmmmmmmm@MmmmmmmmmmmmMMMAmmMm

GluN3A Wild Type

B CCCCTAAGGGGAGGAACAGAAACAAAGTCTTCTCCTTCTCCTCAGC TTTGAATIGTCTGC TATGCCCTTCTGTTTGGCAGAACAGCAGCCATCAAACCCCCAAAATG
" CCCCTAAGGGGAGGAACAGAAACAAAGTCTTCTCCTTCTCCTCAGC TTTGTGG|GTCTGC TATGCCCTTCTGTTTGGCAGAACAGCAGC CATCAAACCCCCAAAATG

N to W Mutation

o o o

Figure43: Chromatograms of nucleotide sequence from the sii#gected mutagenesis PCR products showthg mutations generated in GIUN3A subunits.
(A) GluN3gs729n/rR730NMUtation; GR[GGCAGA] at the Q/R/N ard positiors in GIUN3A wild type was doubtautated to NN [AATAATo resemblethe
GIuN2A subunit{B) GIuN3An721wymutation; N [AAT] at8 position with regards to the Q/R/N site in GIuUN3A wild type was mutated to W [TG&]rakin
GluNZXla and GIUN2A subunits.
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GluN3B Wild Type
TG A CGC \CTGTCTCCAGTAAGACGCCCAAGTGCCCTACTGGACGCTTCCTCATGAACCT
L CTGTCTCCAGTAAGACGC CCAAGTGCCCTACTGGACGCTTCCTCATGAACCT

A TGGCACTGTCTTCTCTTACTCCTCCGCGLC TCAACCTGTGCTATGLCCATTCT
GGCACTGTCTTCTCTTACTCCTCCGCGC TCAACCTGTGCTATGCCATTCT

r!r:

|~ AT AA

GR to NN Mutation

muuumumumunnummnummunun_umlmuummmhmmlummummm

GluN3B Wild Typ

AR ACTCC TOA A CA

A AC A
B' ACGGGCTCACGCCGCGCOGCCGLCAACCGTGGCAC TG TCTTCTCTTACTCCTCCGCGC TOTGGE TGTGCTATGCCATTCTCT
N to W Mutatio

m%mgummMMMMMMmMmmmmmMMMMMMMMMI

Figure44: Chromatograms of nucleotide sequence from the siizgected mutagenesis PCR products showthg mutations generated in GIuN3B subunits.
(A) GluN3Bss29n/re30nMUtation; GHGGACGC] at the Q/R/N anrd positiorsin GIUN3B wild type was doubieutated to NN [AATAAT) resemble GIuN2A

subunit.(B) GluN3Ris21wymutation; N [AAC] a8 position with regards to the Q/R/N site in GIuN3B wild type was mutated to W [TGG] as fduiudNkla
and GIuN2A subunits.

TGGAC GCAC TG TCTCCAG TAAGAC GCCCAAGTGCCCT
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4.2.1 Validation of GIluNZExpressiorby Glycine Sensitivity Testing

Before GIUN3 mutations were @xpressed with GluNla/2A and tested
electrophysiologically with opechannel blockers, it wamportant thatthe wild type
GluN3A and GluN3Bubunitswere tested forexpressionn oocytes for comparisons
to be made. Expression of GIuN3 subunits were validated by glycine sensitivity
testing based on prior information that GIuN3 provedsronger affinityto glycine
compared toGluN1subunits(McClymont, 2010McClymont et al., 2013, 2Nilsson et
al., 2007. Therefore, the existencef GIuN3 when c@xpressedvith GluN1la/2A
subunitswould be expected teevokesmallerinward currentsbut more sensitive to
glycine thus generating lower Bg@ompared to GluNdla/2A when tested with
NMDA and glycineThe fndings of this studyioweverrevealed similar patterns of
responses towardsenfold increment of glycine concentration®.1 to 100 1M co-
applied with 100 pM NMDAWith all combination of NMDAR subunitssted as

shownby trace reordings in figureds.

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 M Glycine NMDA + 0.1 uM Glycine NMDA + 0.1 uM Glycine

——'_ - -
NMDA + 1 pM Glycine NMDA + 1 pM Glycine NMDA + 1 pM Glycine
NMDA + 10 pM Glycine NMDA + 10 pM Glycine NMDA + 10 pM Glycine

——
NMDA + 100 pM Glycine NMDA + 100 pM Glycine NMDA + 100 uM Glycine

i

Figure45: TEVC recordings df00 pM NMDA-evoked currents ceapplied with tenfold
increasing concentration of glycine (0;100 puM) tested at-75 mV on GluN1la/2A,
GluN+1la/2A/W | Q | Yy Ra/ZBfBdzbm

50
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Percentagecontrol responsémeant SEM, n=144) valuesobtained from the traces

were plotted and fitted withthe Hill equationto generate concentratiomesponse

curves. EGss (95% Clgeneratedfrom the curves did not reveal any significant

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

that both GIuN3 subunits were not expressé@dure 4).
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NMDAR Subunit | Peak Response
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0.69
GluNT1a/2A 0.58 t0 0.84
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GIUNIM T K H ! 0.731t0 1.98
1.12
-Mm | |
GIUNL-M K H ! 0.71to0 1.77
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Combination EGo (UM, 95% CI)
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S 2.78 10 4.46
5.3
: |
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3.43
. |
GluNtm K | 2.27105.18

Figure46: Concentrationresponse relationship for glycine capplied with NMDA tested
againstGluNEt1a/2A, GIuNIM I K H! K Wo ! @ I kyHR . KD odzbQw

(A) Percentage control response (mearsEM, n=144) plotted and fitted withthe Hill
equation, (B) B£(95% CI) values for glycinemak and steadgtate level. No significant
differences were observed between all subunit combinations.
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4.3  GLUNZ2A SITBIRECTED MUTAGENESI

Due to the uncertainty of expressingand incorporating GIuN3 subunitsinto
functional NMDARsa different stategy was implemented to stly the Q/R/N and
adjacent sitesinstead of mutating GluN3he GIuN2Asubunitwas insteadeverse
mutated to resemblehe former. Mutated GIuN2A subunits were then-eppressed
with GluNXla and assessed whether blocking potgnof antagonists were
suppressedvhen compared to wild typeNN at the Q/R/N and +1 sites in GIUN2A
were doublemutated to GR (N61&/N615R) to resemble rat GluN3And GIuN3B.
The same sitewerealso mutated to RRN614R/N615R) to resemble human GIuN3B
subunits. Finallyw atthe -8 positionwith regards to the Q/R/N siten GIuN2Awvas
mutatedto N (W606N)as found in both rat and human GIuN3 suburf®€R products
generatedvia sitedirected mutagenesis method wefangeisequenced to confirm
that the mutaions were successful. The following figur@ #hdicated 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

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

p ml il “ ! ‘,l dlh A‘

GluN2A Wild Type

GluN2A Wild Type
TITCTGTGCCTGTCCAGAATCCTAAAGGCACAACCAGCAAGATCATGGTGTCAGTGTGGGE
TCTGTGCCTGTCCAGAATCG TAAAGGCACAAGCGAGCAAGATCATGGTGTCAGTGTGGGE

I Lﬂul l_‘nl.u il lll i

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

W to N Mutation

D .Lluﬂﬂumﬂhhhnhu.u. il

Figure47: Chromatograms of nucleotide sequence from the sd&ected mutagenesis PCR mhocts showinghe mutations generated in GIUN2A subunits.
(A) GluN2Awes14c/ine1srRMUtation; NN [AACAATH 614/615 positions in GIUN2A wenautated to GR [GGCAGA] to resemble tH&®Q and+1 sites in rat
GIuN3 subunitgB) GIuN2As14r/N6s15RMNUtation; NN [AACAAT] at 614/615 positiongGiuN2Avere mutated to RR [AGACGC] to resemble thB/Q and+1
sites in human GluNBsubunits.(C) GluN24vsosnymutation; W [TGG] occupying the 606 positionGluN2A was mutated to N [AAC] to resemble {8e
positionin relative to the Q/R/N sitein both rat and humarGIuN3 subunits.

=
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44  NMDARANTAGONISM ON MUTADIGLUNZ2A

441 Mg

Electrophysiological recordings of NMDA/glycine inhibition by increasing

concentrations of Mg (0.01to 100 uM)on NMDAR containingl@N2A mutations

were used to determine their I£§g values at three holding potential3he data were

thencomparedo responses on wild type GluN/2A subunitsAt all voltages, block
by Mg?* on NMDAR containing the RR mutation in GIUN2Ad2évs1sr) resulted in
the highest I6, and wereall significantlyhigherthan 1-1a/2A (44-, 27- and 43fold
higher at-50,-75 and-100 respectivelyand :1A/2Awves0sn IN contrast,GR mutation

in GIUN2A(2Avs1an615R) ONly resulted ina significant increasat -50 mV compared

to wild type (16-fold) and 1-1A/2Awsoen GlUN2Awesosn mutation did not appearto

significantlyaffect NMDA antagonism by Mgas no significantdifferences were

observed betweemnhibition at 1-1a/2Awsosnand wild type at all holding potentials.

The esults are presented in table 14 and figuig 4

Tablel4: IGovalues for Mg*on NMDARS containing GIUN2A mutations and compared with
IGo on wild type GluN1la/GIuN2A.

Mg#1Go06 ppils / L O
Voltage
(mV) 1-1a/2A 1-1a/2Aweoevy | 1-1a/2Ane14G/N615R| 1-1a/2AN614IN615R
15.0(n=6) 222 (n=7) 236.8 (n=3) 658.4 (n=6)
50 5.64t0 40.0 13.9t0 355 42.9t0 1308 77.6to 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)
2.56t0 6.16 2.71to 7.11 2.24t04.64 43.4t0 272
-75 * p<0.0001
§ p<0.0001
W LIF nodn/
2.19(n=5) 2.36 (n=8) 1.42 (n=4) 94.0 (n=4)
1.51t0 3.18 1.62t0 3.44 0.59t0 3.43 47.8to 185
-100 * p<0.0001
§ p<0.0001
W LIF nodnJ

* denotes statistical significance againsta/2A

8 denotes statistical significance agaifsta/2Awsosn

W RSy2i0Sa

adl 0A & aRdPAEeidirIY A TFAOI YOS
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A' GluN1-1a/2A GluN1-1a/2A(w606N) GluN1-1a/2A(N614G/N615R) GluN1-1a/2A(N614R/N615R)
NMDA/Glycine NMDA/Glycine NMDA/Glycine NMDA/Glycine
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Figure 48. Concentrationinhibition relationship for Mg* block of NMDA/glycine on
NMDARs containing GIUN2A mutations compared with block on wild type GHIN1
1a/GIuN2A subunits.
(A) TEVC recordings of Mg0.01-100 uM) block at75 mV, (B) Concentratieinhibition
curves for Mg" block. Rrcentage control response (mearSEM, n=38) values plotted and
fitted with the Hill equation to estimate Kgvalues, (C) Bars representd(®5% CI) uM*)
denotes statistical significance againstld/2A, (8) against-1a/2Aweosn Y R 0 M0 I Ay
1-1a/2Avs14G/N615R
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44.2 Memantine

GIuN2A mutations resulted in an obviotiend of NMDAR inhibition when tested

with memantine at all holding potential§heRR mutation in GIUN2& Avs14/N615R)

causedhe most reduced antagonistproperty of memantine resulting in the highest

IGo values, followed by -La/2Avs14ane1sr and E1la/2Aveoenrespectively Significant

increase oflGos were observedat 1-1a/2Avsis/ne1sr cOmpared to both wild type

(126, 42- and 22fold at-50,-75 and-100 mV respectivehygnd 11a/2Awvsosn(also at

all voltageg. GR mutationin GluN2Aalso resulted in significant increase ofdC
compared to wild typg96-, 5, and 9fold at-50,-75 and-100 mV respectivelygnd
1-1a/2Aweosn although less significardt -75 ard -100 mVfor the latter mutation.

GIluN2Avsosnreducedinhibition slightlybut onlyyielded a significant difference iGso

(2-fold higher) compared to wild typeat -50 m\. In general, ltese data gave
memantine 16 subunit order as 1-1a/2A < 1-1a/2Awsosn < 1-1a/2Ans149N615R <

1-1a/2Avs1wneisrat all voltagesThe esults are presented in table 15 and figui@ 4

Table 15: 1Go values for nemantine on NMDARs containing GIuUN2A mutations and
compared with 1G, on wild type GluN11la/GIuN2A.

MemantinelGo0 chp:’s / L0 >a
Voltage
(mV) 1-1a/2A 1-1a/2 AwesosN 1-1a/2An614G/N615R | 1-18/2AN614RN615R

2.07(n=5) 4.09 (n=7) 198.8(n=4) 259.9 (n=4)

50 151t0 2.83 2.79t0 5.8 11.0to 3594 49.6t0 1363

* p=0.0112 * p<0.0001 * p<0.0001

§ p<0.0001 § p<0.0001

1.01(n=5) 2.13(n=8) 4.64 (n=4) 42.2(n=5)

0.6t01.71 1.21t0 3.75 1.53t0 14.1 13.2to 135

=75 * p=0.0075 * p<0.0001
§ p<0.0001

U LI noni

0.76 (n=5) 1.65(n=7) 6.51(n=4) 16.2(n=5)

100 0.52t0 1.09 0.79to 3.46 1.48to0 28.7 4.65t0 56.5
* p=0.0008 * p<0.0001

§ p=0.0013

* denotes statistical significance againsta/2A

8§ denotes statistical significance agaithsta/2Awvsosn

W RSy2i0Sa

adl 0A & aRdPAEeidirIY A TFAOI YOS
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Figure49: Concentraton-inhibition relationship for memantine block of NMDA/glycine on
NMDARs containing GIuN2A mutations compared with block ondwiype GIluNt
1a/GIuN2A subunits.
(A) TEVC recordings ofemantine (0.03100 pM) block at-75 mV, (B) Concentratien
inhibition curves fomemantine block. Brcentage control response (meanSEM, n=48)
values plotted and fitted witlthe Hill equation to stimate 1Gyvalues, (C) Bars representdC
(95% CI) uM; (*) denotes statistical significance agaiist/2A, (8) against-1a/2Avsosnand
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44.3 MK-801

IGos for MK801 were significantly altered when testéd NMDAR contiming both
double mutations at all holding potentialBZoes for GIuN2 Ave1ens15r iINCreaseds 7-,
325 and 18Z%fold at -50, -75 and-100 mV respectively, whil&IuN2Ae143n615R
resulted in increased 3 of 33, 132 and 64fold at -50, -75 and-100 mV
respectively compared to wild type. The RR mutation also resuttezyen higher
IGos when compared tethe GR mutatiorwith a significant difference observed at
-50 mV(2-fold difference) TheW606N mutation inGIUN2A didhot appear to alter
the 1Go of MK-801 as no significant differensevereobserved at all voltageshe

results are presented in table 16 and fig&@

Tablel6: IGo values for MK801 on NMDARSs containing GIuN2A mutations and compared
with 1Gso on wild type GluNZX1a/GluN2A.

MK-8011Go0 thpilz / LO >a
Voltage
(mV) 1-1a/2A 1-1a/2AweosN | 1-1a/2Ane14c/N615R| 1-1a/2ANe14RN615R
0.25(n=5) 0.2(n=4) 8.21(n=5) 17.4(n=2)
0.13t0 0.49 0.02to 1.71 0.95t0 71.2 2.4810°%to 1.21x10°
-0 * p=0.0005 * p<0.0001
§ p=0.0108 § p<0.05
U LF ndn
0.033(n=5) 0.038(n=5) 4.34(n=5) 10.8(n=5)
0.019to 0.08 0.022to 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)
0.022to 0.051 0.018to 0.048 0.15t0 308 0.59t0 64.2
-100
* p=0.0030 * p<0.0001
§ p=0.0029 § p<0.0001

* denotes statistical significance againsta/2A

§ denotes statistical significance agaifsta/2 Ayeosn
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Figure50: Concentrationinhibition relationship for Mk801 block of NMDA/glycine on
NMDARs containing GIuN2A mutations compared with blook wild type GluN%
1a/GIuN2A subunits.
(A) TEVC recordings of N8R1 (0.01-100 uM) block at75 mV, (B) Concentratienhibition
curves for MKBO1 block. Brcentage control response (mea&SEM, n=2) values plotted
and fitted withthe Hill equation toestimate 16 values, (C) Bars representd(®5% CI) uM;

(*) denotes statistical significance againstd/2A, (8) against-1a/2Awesoen Y R
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4 4.4 Philanthotoxin-343

Philanthotoxin3431Gos generated foall receptor conbinationsdid not reveal any
significant differences at all three holding potentiai®esults are presented in table
17 and figures1.

Tablel7: 1Go values for hilanthotoxin-343 on NMDARSs containing GIuN2A mutations and
comparedwith IGso on wild type GluN11a/GIuN2A.

Philanthotoxin3431Ge0 ¢opi’z / LO > a
Voltage

(mv) 1-1a/2A 1-1a/2 AwsosN 1-1a/2An614G/N615R | 1-1a/2 AN614RNG1SR

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

4.43t0 32.2 2.82to 714 5.95t0 389 3.98t0 36.3

75 2.08(n=5) 1.96(n=4) 2.9(n=4) 1.81 (n=4)

1.14t0 3.78 1.07to0 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)

0.39t0 2.41 0.31to 1.01 0.26t0 2.48 0.52to0 3.71
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Figure 51: Concentrationinhibition relationship for Philanthotoxin-343 block of
NMDA/glycine on NMDARs containing GIuN2A mutations compared with block on wild
type GIuN11a/GIuN2A subunits.

(A) TE/C recordings of Ph1343 (0.02100 uM) block at75 mV, (B) Concentratieinhibition
curves for PhT-843 block. Brcentage control response (mearSEM, n=4) values plotted
and fitted withthe Hill equation to estimate Kgvalues, C) Bars represent 4§395% CI) uM;
no significant difference was observed between all subunit combinations.
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445 CR18

Due to limied availabilityjt was not possible to te<€R18n all subunit combinations
at all the desired holding potentialérefer to table 10, NA denotes not testedjhe
GluN2Avs1ne15r mutation did appear to affect blocking potencies of CRAS 1Gos
were higher(2-, 7- and 15fold at-50, -75 and-100 mV respective)ycompared to
wild type. The GluN2Aws14zne15r Mutation only resulted ina significant increase of
G0 (24-fold) at -100 mV but not at75 mV. 1Go of CR18t GIuN2Awsosnincreased 2
fold compared towild type tested at-100 mValthough the differences were not
significant No differences were observed betwe&yos tested onl-1a/2Avsiane1sr
and Xla/2Aveiane1sr SUbunits recordedat -75 and -100 mV.The esults are

presented in table 18 and figui2.

Table 18: 1Go values for CR18 compound on NMDARs containing GIuN2A mutations and
compared with 1Go on wild type GluN11a/GIuN2A.

CR18Go6 ¢hplz / LU >a
Voltage
(mV) 1-1a/2A 1-1a/2 Awso6N 1-1a/2An614G/N615R | 1-1a/2AN614RN615R
] 12.4(n=3) 223 (n=4)
o0 6.44t0 23.0 NA NA 106to 47.0
134 (n=4)
] 2.04(n=3) 3.88(n=3) 6.28t0 28.5
7 0.56t0 7.43 NA 1.52t0 9.4
* p=0.0081
14.6(n=3) 9.4 (n=4)
100 0.62(n=4) 1.29(n=2) 4.41t0 48.1 4.97t017.8
0120 3.35 0.22t0 7.5  p=0.0041  p=0.0023
§ p=0.0196 § p=0.0196

* denotes statistical significance againsta/2A
§ denotes statistical significance againstall2 Ayeosn
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Figure 52: Concentrationinhibition relationship for CR18 block of NMDA/glycine on

NMDARs containing GIUN2A mutations compared with block on wild type GlN1
1a/GIuN2A subunits.

(A) TEVC recordings of CR18 (aL00 pM) block at75 mV, (B) Concentratianhibition

curves for CR18 blockeRentage control response (mearSEM, n=2) values plotted and

fitted with the Hill equation to estimate Kgvalues, (C) Bars representd(®5% CI) uM; (*)

denotes statistical significance againstld/2A, (8) against-1a/2Aweoen YR 0 MO I Ay
1-1a/2Ave146/N615R
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4.5

VOLTAGDEPENDENCH-INHIBITIO

Concentrationinhibition valueditted with the Hill equationwerecompared between

each holding potentiabnd assessed whether the GIUN2A mutations resulted in

altered behaviour compared to wild typ&he IGs were then fitted with the
Woodhull equatiy

G2 3ISYSNY GS

4.5.1 GluN2Awsosn)Mutation

G4KSANI !

gt dzSa o

Voltage-dependence of block of channel blockersn NMDAR containing he

GluN2Awsosnymutation demonstratedsimilar patternsascomparedto responsesn

wild type NMDAR. In general,st€ were rediced as membrane voltagdsecame

more negativeBlock at-100 mViwassignificantly highethan that at-50 mV for all

channel blockersBlockby Mg?* and ghilanthotoxin-343were particularly affected by

membrane potentials where 3 generated were sigmdantly different across all

voltages Results are presented in table 19 and figuBe 5

Table 19: Comparison of 1§ values for d&annel blockers on NMDARs containing
GluN2Avsosnmutation across three different holding potentials.

1Go0 ops’s [/ L O >la/l2A%eben DT dzb
Voltage (mV)
\ -50 mV -75 mV -100 mV
Compounds
22.2(n=7) 4.39(n=7) 2.36(n=8)
13.9t0 35.5 2.71t0 7.11 1.62t0 3.44
M92+
* p<0.0001 * p<0.0001
Up=0.0462
4.09(n=7) 2.13(n=8) 1.65(n=7)
Memantine 2.79t0 5.8 1.21t0 3.75 0.79to 3.46
* p=0.0262
0.2(n=4) 0.038(n=5) 0.029 (n=5)
MK-801 0.02t0 1.71 0.022to 0.066 0.018to 0.048
* p=0.0288
14.2 (n=5) 1.96(n=4) 0.56(n=4)
2.82t071.4 1.07t0 3.6 0.31t0 1.01
PhTX343
Up=0.0037

* denotes statistical significance againrS0 mV
Sa aitldaradGmovt
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Figure 53: Concentrationinhibition curves showing voltage-dependent block of
NMDA/glycineresponsesby open channeblockers mediated by GluNl1a/GIuN2Awsosn
receptor combination at-50,-75 and-100 mV.
Percentge control response (meah SEM values were plotted and fitted witthe Hill

equation to generate the kg for(A) Md*, (B) memantine, (C) MBO1 and (D) PhT343.
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4.5.2 GluN2Ans14c/Ne15RMUtatiON

Mg?*, memantine and philanthotoxi343 demonstrated similar patterns of voltage
dependence of block on NMDAR containin@luN2ANnes14s/N6157 mMutation as
compaed to responsesni wild type NMDAR as well as NMDAR contairifrey
GluN2Aweosnymutation. 1Gos for these channel blockers were reduced as membrane
voltagesbecamemore negativeblock at-100 mV wasignificantly highecompared

to that at -50 mV. Blockfor philanthotoxin343 was particularly affected by
membrane potentials where 3 generated were significantly different across all
voltages. MKB01 exhibied a similar trend of reduced Bgas membrane potential is
more negativealthough this was foundstatistically not significant. Results are

presented in table 20 and figuret5

Table 20: Comparison of 1§ values for d&annel blockers on NMDARs containing
GluN2As146/ne1sRMULALION across three different holding potentials.

1GoO pp:’s /[ LU >la/2AReyac/bisrizb m
Voltage (mV)
\ -50 mV -75 mV -100 mV
Compounds
236.8 (n=3) 3.22(n=5) 1.42(n=4)
Mg?* 42.9t0 1308 2.2410 4.64 0.59t0 3.43
* p<0.0001 * p<0.0001
198.8 (n=4) 4.64(n=4) 6.51 (n=4)
Memantine 11.0to 3594 1.53t0 14.1 1.48t0 28.7
* p<0.005 * p<0.05
21(n= 4.34(n= 2.16(n=
MK-801 8.21(n=5) 34(n=5) 6(n=6)
0.95t0 71.2 1.06to0 17.7 0.15t0 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
PhTX343
* p<0.05 * p<0.05
W LF no
3.88(n=3) 14.6(n=3)
CRI18 NA 1.52t0 9.94 4.41t048.1

* denotes statistical significance agairs0 mV

W RSy2i0Sa

adlraracmaovt

AAAYATFTAOI yOS

114

3 AY 3



>
W

1004

80

60

404

20

% Control Response
% Control Response

©
©
~
o
3
ES
)
©
©
~
o
o

Log[Mg?'] (M) Log[Memantine] (M)

O
)

1001

80

60

401

% Control Response
% Control Response

201

©
-
~
>
o
IS
w

Log[MK801] (M) Log[PhTX-343] (M)

% Control Response
o
o
L

Log[CR18] (M)

Figure 54: Concentrationinhibition curves showing voltagelependent block of

NMDA/glycine  responses by open  channel blockers
GluNZX1a/GluN2Ans14cine15RyECEPtOr COMbination at50,-75 and-100 mV.

mediated

by

Percentge control response (meahx SEM values were plotted and fitteavith the Hill
equation to generate the kg for (A) M&', (B) memantine, (C) M801,(D) PhT>343and (E)

CR18
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45.3 GIuN2AN614R/N615RMUtatION

Similarto the other two mutations, GluN2A&e14n6151 did not seem to affect voltage
dependenceof inhibition for thechannel blockers. kgrank order were the same for

all compounds where k& generated at-100 mV were the lowest followed by5

mV and-50 mV. Significant differences were observed betweepsl@t-100 mV
and-50 mV for all compounds (egpt CR18) although less significance was observed
between IGes at-75 mV and100 mV, The esults are presented in table 21 and figure
95.

Table 21: Comparison of 1§ values for tannel blockers on NMDARs containing
GluN2As14rns15rRMUtAtion across three different holding potentials.

1GoO pp’s /[ LU >la/2AReyar/N@fsrizb m
Voltage (mV)
\ -50 mV -75 mV -100 mV
Compounds
658.4 (n=6) 108.7 (n=5) 94.0(n=4)
Mg2* 77.6to 5587 43.4t0 272 47.8t0 184.8
* p<0.05
259.9(n=4) 42.2(n=5) 16.2(n=5)
Memantine 49.6to 1363 13.2t0 135.1 4.65t0 56.5
* 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)
PhTX343 3.98t0 36.3 0.23to0 14.0 0.52t0 3.71
* p<0.005
CR18 22.3(n=4) 13.4(n=4) 9.4(n=4)
10.6to 47 6.28t0 28.5 4.97t0 17.8

* denotes statistical significance agairs0 mV
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Figue 55: Concentrationinhibition curves showing voltagelependent block of
NMDA/glycine  responses by  open channel blockers mediated by
GluNZX1a/GluN2Ans14rns15RYECEPLOr COMbination at50,-75 and-100 mV.

Percentge control rsponse (meart SEM values were plotted and fitted witthe Hill
equation to generate the kg for (A) Md@*, (B) memantine, (C) M801, (D) PhT-843 and (E)
CR18
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IGos for channel blockers tested on all subunit combinations were fitted thgéh
Woodhul model equation to determinghe+ @ IwhiaimSstimates the positionof
binding sites within the electric field. The GIluN2Awsosnmutation does notappearto
AYLI OG GKS + @FftdzSa F2NIIff O2YLkRdzyRa |

Qx

type with only slight alterationgound. Interestindy, both double mutationshowthe

alrYyS STFFSOOzI + @It &z8d memaidand rgdOoddior MER T 2 N.
801 and CR18uggesting that binding sites were altered by the double mutations

All mutationshoweve, didnotappearii 2 £ § SNJ 0 KS + @43fadzS 2 7F
the numbers were similar with all subunit combinatioris} f Odzf 1 SR + @I
presented in table 22 and the corresponding Woodfitted graphs are shown in
figure56.¢ KS 1 @I % ateSla/FAZDInsasidas consideredambiguous due

to the poorly fitted Woodhull curvand wide confidence interval

Table22Y / | £ Odzf F GSR + @I fdz§8a FTNRBY (KS 222 RKdz f
GluNZX1a/2A, GluN1tla/2Aweosn)y GluNEla/2ANs14G/N615REND GIUN11a/2AN614RN615R)
subunit combinations.

1
(95% Cl)
Compound 1-1a/2A 1-1a/2AweosN | 1-1a/2An614G/N615R| 1-1a/2AN614RN615R
Mg2+ 0.62 0.77 ~2.19 0.81
-0.67t0 1.9 -0.93t0 2.46 (Very wide) -2.41to0 4.02
. 0.59 0.53 3.78 1.79
Memantine
-0.95t0 2.13 -0.95t0 2.0 -12.0to 20.5 -0.67t0 4.25
1.84 1.5 0.67 0.52
MK-801
-6.54t0 10.2 -3.69t0 6.68 0.46t0 0.88 0.24t0 0.79
0.56 0.66 0.56 0.58
PhTXx343
-0.47t0 1.6 0.09t0 1.24 0.24t0 0.87 -1.44t0 2.61
0.6 0.16
CR18 NA NA
0.07t0 1.13 -0.04t0 0.35
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Figure56: Voltagedependence of 1§ for channéd block of NMDA/glycingesponseson all
NMDA receptor combinations fitted with the Woodhull equation.

1Go6 chpsz / LO >3 (Bjfnikantine, (C) MBHL, (D) philanthotoxit343 and (E)
CR18 tested on GluNa/2A, GluNila/2AwsoeN) GluNtla/2AN6145/N615R) and
GluNZ1a/2AN614N615R) Subunit combinations (note alteredaxis).
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4.6  DISCUSSION

Despite being discovered and cloned some 20 years agoplilgsplogical roleof
GIuN3 subunitsemains unclearAlthoughGIluN2subunit variability has beeshown

to confer the sensitivity of NMDAR block ldg?* and other channel blockers, are
recent studies have implicated the role of GIuN3 subunits in reduced NMbexiRel
block(McClymont et al., 201 2Paoletti and Neyton, 20QPetrenko et al., 2003 ang

et al., 2003. Reports have shown that thengorporation of GIuN3 into the
conventional subunit comhbation of GIuN1 and GIuN2 dramatically changes
pharmawological properties. Among the alteratiomssociated with GluNare the
reduction of single chanel conductancdeading toa downregulating effect on
channel current(Das et al., 1998Sasaki et al., 2002resistance of Mg block
(McClymont et al., 20)2and decreased permeability of €4Matsuda et al., 2002
Sasakietal., 2002 hy S AYLERNIIYG ljdzSadgarzy NBEFGAY3
permeabilityis whether this is a favourable property, ibthis isnegated by the fact
that Mg?* block allows activity at more hyperpolarized membrane potentials. This
iIssueis important to address for two main reasong:NMDAR antagonists abeing
investigated extensively as potentilerapeuticsfor neurodegeneratig disorders
and the GIuN3 subunits could be promising new targets in neuropathological
conditions including excitotoxicity and cognitive dysfunct{inist et al.2013 Stys
and Lipton, 200¥ and (ii) GIuUN3 subunits havbeen proposed to possess vivo
neuroprotective effecs (Karadoéttir et al.,, 2005MartinezTurrillas et al., 2012
Nakanishi et al., 2009

Here, we attempted to furthemvestigate the impactof the Q/R/Nand adjacent sites

in the M2 pore region of the GIuN3 subunits on the reduced inhibitory potency of
Mg?* and other open channel blocker&revious findingshave shown thatthe
reduced potency of channel blockers in GIUN3A caly be partially restored by
reverse mutation ofG at the Q/R/Nsite or Rat the +1 site to NMcClymont et al.,
2012. Thus, the initial aim of this study wasinvestigate whether a double reverse
mutation at the Q/R/Nand+1 site GR nutated to NS and NkesemblingGIluN1 and
GluN2Arespectively can completely or still partially restore blocking poteradyNASs
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of mutatedGIluN3 subunitsvere cainjected withGluNt1a and GIuN2A intdenopus
oocytes and their susceptibility to block g?* and memantinewere assessed

through voltageclamp recording

The findings of this study however revealed no differences betweerr*Mgd
memantine block of NMDA/glycingesponses between NMDAR assemblies
containing mutated GIuN3A or GIBH at-75 mV versus wild type&léta not shown).
We then compared Mg and memantine block of NMDA/glycine responses in the
conventional assemblyf GluNtla/GluN2Aalone verses GluNdla/GIUN2A co-
injected with GIUN3A or GluN3BAgain, nosignificantdifferences were observed
between the three NNDA receptor assemblieslgta not shown). These results
suggested that both wild type and mutated GIuN3 subunits might not be expressed
in our Xenopusoocyte expression systenmn order tovalidate GIuUN3 expression,
glycine sensitivity testing was conducted to test GlulddGlIuN2A expression alone
verses GIluNLa/GIuN2A incorporated with GIuN3 subunit¥Xenopusoocytes
injected with NMDAR cRNAs were texs with NMDA ceapplied with glycine in
tenfold increasing concentration (0.01 to 100 pM)-&0, -75 and-100 mV. E4
values obtained via the concentratianhibition curves fitted with the Hill equation
did not reveal any significant differences betweall subunit combinations at all
voltages tested@ Y A A RSNA Y3 (GKI G 3Jt@O0AYySQa | FFTAYAL
times higher compared to GluNinh theorythe incorporation of GIuN3 into NMDA
receptor assemblys expected to yield lower EG (Yao and Mayer, 2006This has
been demonstrated biicClymont (201pg K S NB 3 f sesholvgtiSsiyaificaht/
reduction in receptor assemblies containing GIuN3 than those containing @laN1
and GIuN2 only. However, we could not confidently concludleat GluN3were

expressed in our oocyte expression system.

Due to the failed attempt at expressing GIuN3 subunitlifferent strategy was
employed. GIuN2A was mutated to resemble rat GIuN3A and GIUN3B as well as
human GIuN3BVia sitedirected mutagenesis on GluN2Absunit, doubleamino acid
substitutions (GR and RR) were introdudegblace of thepolar residues at 614 and

615 positiongreplacing NNyvhich are expead to interact with catios. The single
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substitution N was also introduced to replace W (at 666 position relative to the

Q/R/N sitg, an amino acid conserved in ather ionotropic glutamate receptors
(Sakurada et al., 1993Mutated GIUN2A subunits eexpressed with GluNla were

characterised with M§f, memantine, Mk801, PhT>343 andCR18

Current data reveald that the presence of double & the Q/R/N and +1 sitageatly
reducedopen channel blocky Mg?*, memantine, MKB01 and CR1&Rsubstitution
also affectedchannel block althouglstatistically foundnot as significantAt all
voltages tested 1Gos for Mg?* increased27- to 44-fold in GluN1a/2ANe14:N615R)
compared to wild type. GluNla/2Ane1ssne1s Only resulted in a signdant
increase at-50 mV with 14fold compared to wild type.These ihdings were
consistent with previouseports indicatingthat GluN3Acontaining NMDARwhich
has GR at the Q/R/N and +1 sitealthough affedng blocking potency, thesize of
effectswere relatively smallin a study on hippocampal neurones of transgenic mice
overexpressing @BA, Tong et al. (2008also demonstrated a 14old increase of
Mg?* 1Gso compared towild type. McClymont et al. (2012)sal reported onlya slight
increase of M¢" |G, between 2 to 10-fold when GIuN3 subunits were incorporated

into GluN+1a/GIluN2A subunits.

In wild type GIuN2A, the Q/R/N and +1 sites are occupied by THN.mutated
subunits contain a G or & the Q/R/N site, followed by thpositively charged Rt
the +1 position. fius it was speculated that the loss of the popertial negative
charge of N, as well as the addition of the positive R, reduced afinity resulting
in increased I&s. Interestingly, the RR mutation in GIuUN2A produced even higher
IGos then the subunit combinations containing GR mutation in GluNR#e
increased positive charge caused by doublemBst have contributed to this

phenomenon

The nemantine block demonstrated a similar inhibition pattern with ¥gut with
more significant increases in thesd& This is expected as previous studies heoted
the similar/or close binding sites of memantine and ®¥Chen and Lipton, 2005

Kashiwagi et al., 2@). The presence of RR mutation in GIuN2A resulted ir, X85
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and 20fold increase of I at -50, -75 and-100 mV respectively. The GR mutation
also significanyl reduced memantine block bat a smaller magnitude compared to

RR.

MK-801 was the mospotent NMDAR blocker testeid all subunit combinations at

all voltages in this studytheRR mutation in GIuN2A had a profound effect on-MK
801 inhibition as the Kgs increased67- to 325fold compared to wild type. The
presence of GR mutation also siggantly increased the kgof MK-801but much less

so where 1Gs rose 33to 133fold acrossthe three voltages testedMK-801 was
postulated to bind strongly to the Q/R/sitein such a way that agonist can dissociate
and the channel can close whilaststill trapped in the channel por&cClymont et

al. (2012 demonstrated that a reverse mutation at the Q/R/N site in GIUN3A (G729N)
restored activity of chnnel block in the NMDAR channel thus supporting the claim

that binding occurs at this regidiKashiwagi et al., 2002

In the current study, mall but significantincreases for CR18sSwere observed in
subunit combinations containg the RR mutation in GIuUN2KGoes increased 2 7-
and 15fold at -50, -75 and-100 mVrespectivelycompared to wild type. GR also
affected CR18 block wherest€ increased 2and 25fold at -75 and-100 mV

respectively. CR18 was not tested-a mV dueto limited availability.

IGos were similar for PhTF343 tested against all subunit combinations across all
holding potentialsin astudy by Kashiwagi et al. (200@dsing anthraguinone toxins
containingspermine,a mutation at the Q/R/N site in GluNdusg)reduced blocking
potencies(>15%)of AQ343 and AQ44dnalogues(the chemicalstructure of the
compounds arepresented in figure 57 and showsimilarity with the PhTX343
polyamine backbondut with differences in the headgroup)In contrast, single
mutations substituting N with G at the homologous Q/R&xd +1 sites in GIUN2B
enhanced blocky AQ343(Kashiwagi et al., 2001t is not surprisingherefore, that

all mutations constructed in GN2A subunits in this study didot alter blocking

potencies of PhT-843. This finding did not correspond with study of AMPA

123



receptors where an R at the Q/R/Nite in GIUAZ2 results in receptors that are not

blocked by polyaminedsaac et al., 2007

O 0
H
N MN/\NNWNHZ
A. H H

o

0] (0]
H
AN NS NH,
B. H H
o)

Figure57: Chemical strurires of (A) AQ343 and (B) AQ444.

These anthraquinone analogues welgrived fromanthraquinone2-carboxyl chloride. Note
that AQ343 consists of similar polyamine backbone to F3BX{Kashiwagi et al., 2004
Kashiwagi et al., 200.7

Numerous studies have demonstrateédat the Q/R/N modification altered Ca
permeabilityand blocking sensitivity of anganists.Most early studieshowever,
were focused on GIuN1 subunits and only single substitatiwere constructed.
Many studies have shown that replacihgwith either Q or R at the homologous
Q/R/N position in GluNtesulted in marked decline of &4dlux as well as reduced
blocking potencies of Mg, MK-801 and PCMn addition to that, blocking b¥r?* and
desipramine (an antidepressantjere alsofound reduced(Burnashev et al., 1992
Mori et al., 1992 Sakurada et al., 199¥amakura et al., 1993More ecifically,
Sakurad et al. (1993) revealethat N616Q mutation in GluN1 resulted in reduced
C&* permeability while N616R substitutioalmost completely diminishedionic
currents. Mg+and MK801 block were also altered both mutations, where B16R
resulted in more reduced blockade compared to N618{ilarly,FerrerMontiel et

al. (1995 demonstrated that N to Q replacement reduced ¥81 blocking potency
by 8006fold as well as PCP by 3fadd. In reverse, replacemerdf Q to N in the
homologous GluA AMPA receptor redted in enhanced sensitivity to M801 and
PCP blockanincrease of 70and 13fold respectivelyFerrerMontiel et al., 199%
The N residueis conserved in GIuN1 and all isoforms of GIuN2 subunits in the

homologous Q/R/N positiont 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 particulari/*Gas well as

channel block by Mg and other blockers.

Channel block may also be altered by changes insike of the channel pore.
Modification of the Q/R/N and +1 sites in GIuN1 and GIuN2 subunits were shown to
alter NMDAR channel diameteAs previously noted, the diameter of the NMDAR
channel is estimated to be approximately 0.55 (Wilarroel et al., 1995 Wollmuth

et al. (1996 discovered that the GIUN1 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 GIUN2A mutation at the correspondiiig does notlIn contrast, N to

G mutation at the +1 site in GIuN2A increased the channel pore to 0.6Wnifa the
substitution of S to G at the homologous GIuN1 site does Astexpected, double
mutations (N to G) at these némomologues sites had theost pronounce effect

as it enlarged the channel pore to approximately 0.87 nm. They concludedhinat
major determinans of the narrow constriction of the NMDAR chanpelre are the

N residues at the Q/R/N site of GIuN1 atdhe +1 site of the GIuUN2A.

Modification of W to N at8 position in GIuUN2A only resulted small change#
blocking potencies ddll NMDAR blockers tested in this stuglyen compared to wild
type. For Mg+, the IGos in GIuN11a/GluN2Awsosy increased slightly at all voltages
although these werenot statistically significantWilliams et al. (1998previously
reported that the W residue aB position in the M2 region dsluN2subunits controls
Mg?* block In GIUN2B, substitution of 4#to N, L (leucine) and A (alanirgleatly
reduced M@* block and permeability of Ba Substitution with Y(tyrosine) or F
(phenylalaning, both containing aromatic rings has no or litdect on Mdg* block,
suggesting that the loss of activity only occur if there was a loss of the aromatic ring.
Thisalsoindicates that the W residue may be involved in the binding of divalent
cations, in particular Mg through a catioFr A Yy (i S N @éi életdnrich A U
aromatic ring of the tryptophamBased on these findings, they proposed a model in
which the M2 loop ofGIuN2Bis folded in such a way that 84¢ is positioned at the

narrow constriction, at a level similar to the Q/R/N site in Glgiig and +1 position
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in GluN2B616) These three residues form th@nding site for M. Thisamino acid

at -8 positionlocated onthe supporting alpha helix of the pore loapight also
contribute to the constraining of the loop. Thereforepodification 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 GIuUN2A
where W was substituted with L resulting in abolishec?Mock. This may dticate

that the W residue irGIuN2Awsos)may behave in a similar manner with GluN2B.

Similar to M@*, GIuN2Awsoayy mutation had a slight effect on memantine and CR18
block as I6s were found to increase-@ld at all holding potentials with a sigroéint
difference observed at50 mV with memantine. The mutation does not alter
inhibition of MKk801 and PhT-843 as I&s across all voltages were similar and no
significant differences were observeadlthough previous studies have shown that the
bulky W residue atthe -8 position hasa profound dfect on sensitivity ofchannel
block (Kashiwagi et al., 2002Villiams et al., 1998 the present study only noted
very small effect with M§j, memantine and CR18dek of NMDAInduced current.
Indeed substitution of the residue does not alter block of #61 and PhT-843
suggesting that the N residue in GluN&lonly a small or negligible effect on reduced
sensitivity of channel block in Glu8ntaining NMDARas demonstrated in several

studies.

In order to test voltagalependency of the compoundsheé Woodhull modelvas
utilised. This modekas originally deeloped to measure depth of block bytHrough
the Na channel, but more recentli isthought to represent voltagelependenceor
electrical interactionrather than an actual position in spa&hen and Lipton, 2005
Woodhull, 1973 Tre electrical field of the NMDA reptor has also been shown to
be concentrated around th&)/R/N-site and is weaker in the oet region, meaning
depth cannd be accurately described by thenodel (Antonov et al., 1998
Furthermore, at voltagesgreater than -60 mV intracellular andextracellular
monovalent permeat ions bind to thechannel and influence the kinetics of open
channel blockergAntonov et al., 1998Chen and Lipton, 199.7The fndings of this

study revealed that allcompounds were voltagdependent in all subunit
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combinations tested despitihe 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 peowieliable
predictions for binding sites, our control data wild type NMDAPRrovided quite
accurate estimation of the blocking site for the channel blockers (except feBOAK
¢KS 1+ @I & drferdanthe RAT-243 and CR18 were in the range beeme
0.56 to 0.62, fitting with the Q/R/N blocking position in ttlegannel porePremkumar
and Auerbach (1996ave shown that the i+ blocks the NMDAR channel pore at
the Q/R/N site that is approximately Gléhrough the electric field of the membrane.
The present studydemonstrated changes off KS + @I f dzSa Ay
containing either the GR or RR mutatiammsnpared to wildtyp ¢ KS KA IKS
calculated for Mg'and memantineén mutated subunitsuggest that smaller NMAR
blockers moved to a deeper site within the channel pbeyond the Q/R/N site
Larger molecules such as PH328 and CR18 might not be able to penetrate the
YIENNRg O2yaidNROGA2Y aAiS NBTt SOGSR oeé
double mutations might alter the size of the channel pore particularihe narrow

constriction site in the M2 region.
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CHAPTER 5

MULTITARGEDIRECTED LIGANDS STUDY

51 SUMMARY

This chapter describes the evaluation of novel compounds as potential therapeutics

for AD. All compounds were designed as matget-directed ligands possessing

multiple targets and biological propertiés address the multifactorial nature of the
disease.To remain consistent with previous studiesfferent approaches were

employed to assesthe MTDL compoundsBlock of NMDA/glycine responsds/
memantinederivatives and sperminderived polyaminesvere tested at -60 mVin

GluNtla and GIUN2A NMDA receptorsased on the I§ obtained from the
concentrationinhibition curves, the concentration was usedtdetermine voltage
dependency recorded ta-40, -60, -80 and -100 mV. For donepeziderived
compounds,they were ceapplied with NMDA/glycine and recorded &0, -80

and -100 mVto obtain their concentratiorinhibition curves Since donepezil was

designed to target the cholinergic pathway andding studies have shown that their
derivatives possess affinity towarascotinic receptors the compounds were also
6§SAGSR 2y h1t YR bhniunw y!/Kwa G2 aS8SS 4K
antagonistic propertiesThe IGs obtained were then fitted with the WoodHul

Slidz A2y G2 23Sy SNI dddetérirk vdlthgedepehtiehoyzénd Ay 2
estimate binding sites in the channel powsll memantine derivatives were weak

NMDAR blockers with the most potent being MAB22 (possessing methoxyphenol
moiety) which recorded an 1€ of 26.9> a The sperminederived polyamines (CR
compounds) were potent NMDAR channel blockers withdlC 6 n dc d (G2 H Po
O2YLI NIrotS (2 Y SAMillcompduydsweteHotnd yo act tardugh a
voltagedependent manner as assessed via the Woodmddel. As for the

donepeziderived (MGM) compounds, they were found to be weak NMDAR blockers
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5.2 CONTROL CHANNEL BLOCKERS

To aid compasion with MTDLSs, block by FBfgand memantine was reassessed using

the above protocols that differ from those described previously.

5.2.1 Mg

The antagonism ofresponses toNMDA and glycine byenfold increment
concentratiors (0.01 to 100 uM)of Mg?* mediated by GluNila/GIuN2A were
employed to determinets IGo value at-60 mV. The IGo of M¢g?* generated viahe

concentrationinhibition curve obtained fronfive set of recordings wak).1(95% CI
4.74 to 21.4>M (figure B).

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

s 8 7 £ 5 4
Log[Mg®"1(M)

Figure 58. Concentrationdependent Mg* block of NMDA/glycine responses in
GIuNX:1a/GIuN2ANMDA receptors.

(A) TEVC recordings for M.01¢100 uM) block of NMDA/glycimesponsesat -60 mVon
a single oocyte (B) Concentratiofinhibition curve for Mg" block. Rrcentage control
response (meatt SEM, n=5) values were plotted and fitted wiitie Hill equation to yield an
IGoof 10.1(95% CI 4.74 to 21.4M.
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Based orthe 1Go obtained aconcentrationof 10 pMwas used to determine voltage
dependent inhibitionof Mg?*. NMDA(glycine responses antagonisdsy Mg* on
GIuN11a/GIuN2A wereassessed at four dé@rent holding potentials:40, -60, -80
and-100 mVThet @ fMgBobfaigeNdrom the viiage-dependentcurvefitted
with the Woodhull equation wasl.48 (95% CI-0.48 to 3.44). The esults are

presented in figure 9.

A. NMDA/glycine NMDA/glycine NMDA/glycine
—_— TR Mg?* 10 pM
Mg 10 M Mg?* 10 M L
-100 mV -80 mV -60 mV
B.
100 -
o
NMDA/glycine 2 80
&
o 60
r
2 40,
‘ c
50 nA Mgl+ 10 }I.M 8 of
20s <
-40 mv 2
0

-120 -100 80 60 -40 -20
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Figure59: Voltagedependent Mg* (10 uM) block of NMDA/glycine in GluNl1a/GIuN2A-
containing NMDA receptors.

(A)TEVC recordings of Ftdplock tested at100,-80,-60 and-40 mV on a single oocyte, (B)
Voltagedependent inhibition curve for Mg block. Rrcentage control response (mean
SEM, n=3) values were plotted and fitted wiitte Woodhull equatiorto yield the { value
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5.2.2 Memantine

The antagonism ofresponses toNMDA and glycine byenfold increment
concentratiors (0.01 to 100 uMpf memantinemediated by GIUNLa/GIUN2A were
employed to determine the Hg value of memantine at-60 mV. The 1Go of

memantine obtainedvia the concentratiorinhibition curvewas2.28(95% C1.73to

3.01) >M (n=6)(figure 60).
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NMDA/glycine NMDA/glycine NMDA/glycine
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Figure 60: Concentrationdependent nmemantine block of NMDA/glycine responses in
GluNZE1a/GluN2A-containing NMDA receptors
(A) TEVC recordings foemantine (0.0£100 uM) block of NMDA/glycinesponses at60

mV on a single oocyte, (B) Centration-inhibition curve for nemantine block. Brcentage
control response (meat SEM, n=6) values were plotted and fitted wiitte Hill equation to
yield anlGyoof 2.28(95% C1.73to 3.01) >M.
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Based on its Kgvalue 0f2.28>M, a memantine concentration of 3 uM was used to
determine the voltagedependent inhibition.Responses of NMDAntagonismby
memantine on GIluN11a/GluN2A was assessed at four different holding
potentials -40,-60,-80 and-100 m\VV Thet @I  dz®anting didaiived from the
voltage-dependent curvditted with the Woodhull equation was 0.025% C0.23 to
0.56). The esults are presented in figul.
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Figure 61. Voltagedependent memartine (3 uM) block of NMDA/glycine in
GluNZX:1a/GluN2A-containing NMDA receptors.
(A) TEVC recordings ofemantine block tested at100, -80, -60 and-40 mV on a single

oocyte, (B) Voltagdependent inhibition curve for mmantine block. Ercentage control
response (mear SEM, n=5) values were plotted and fitted witle Woodhull equatiorto
yield thel value
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5.3

MEMANTINEDERIVATIVE (MAB) COMUND%i)

5.31 ConcentrationInhibition of MethoxyphenotContaining MAB Compounds

The antagonism ofesponses toNMDA and glycine bynemantine derivatives

containing methoxyphenomoiety (MAB23(2), MAB14AMAB22 and MAB30) were

examined.The compounds irenfold increment of compoundoncentratiors (0.01
to 100 uM)were tested orGIuUNX1a/GluN2Aat -60 mVito determinetheir IGovalues

via the Hill equationExamples of trace recordings of the compoundsmesented

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

concentrationinhibition curves and estimate thedss.
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Figure62: TEVC recdings for MAB23(2), MAB14, MAB22 and MABBM1¢100 puM) bock of
NMDA/glycine responses att0 mV onsingle oocytes.
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All memantinederivatives containing the methoxyphenaohoiety exhibited low
potency in blocking NMDA/glycine responses in GHB/AGIuN2Acontaining NMDA
receptors at60 mV. This contrasts withd# and memantine which recorded anstC

of 10.1 and 2.28M respectively; significantly lower than all of the compounds. At
26.9 UM, MAB22recorded the lowest 1G. MAB23(2)yielded a very wide95%
confidence intervaland had an Ié of more than 100uM, thus suggesting its
inefficacy. Concentrationinhibition aurves for all compounds and theirst€ are

presented in figure 8.

A. B
. 1Gso (M)
0 Compounds
° 95% ClI
% Mg?* 10.1
= 2.48to0 17.7
S . 2.28
8 Memantine
1.73t0 3.01
9 8 -7 6 5 -4 -3 43 1
Log[Compound] (M) MAB14 -
24.2t062.0
Legend: === pg2* 26.9
- Memantine MAB22
MAB23(2) 20.4-33.4
= MAB14 38.2
- MAB22 MAB30
= MAB30 15.7 to 60.7

Figure 63. Comparison of concentratioinhibition for MAB compounds (containing
methoxyphenol moiety) Mg?* and memantine block of NMDA/glycineresponsesin
GIuNX11a/GIuN2ANMDA receptors at60 mV.

(A) Concentratiofinhibition curves forthe MAB compounds, Mg and memantineblock
Percentage control response (meanSEM) values were plotted and fitted with the Hill
equation to estimate their I4s, (B) 1Go values for all compounds (n=6 for memantine, n=5
for all other canpounds). 95% confidence intervals are also noted.

134



5.3.2 ConcentrationInhibition of Lipoic AcidContainingMAB Compounds

Memantine derivatives containing lipoic acid moiety (MAB7, MAB15, MAB21 and
MAB32) were diluted in NMDA/glycirselutionin a rarge between 0.@ uM to 100

UM. Blocking potenciesf the compound at GluN11a/GIuN2A were measured by
electrophysiological recordings @0 mV.Examples of the TEVC trace recordings are
presented in figure &. Datawerethen fitted with the Hill equatiorto generate their

concentrationrinhibition curves and estimate theds.
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Figure64: TEVC recordings for MAB7, MAB15, MAB21 and MAB32 ¢Q@LuM) block of
NMDA/glycine responses ab0 mV on single oocytes.
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Memantinederivatives containing lipoic acid moiety demonstrateelven lower

antagonistic property to blockNMDA/glycine responses in GIWI&/GIuN2A-
containing NMDA receptors a0 m\V. At 55.9(95% CB4.4 to 77.5uM, MAB7 was

the most potent compound, while the othersaerded IGes of more than 10QuM.

Concentrationinhibition curves for all compounds are presented in figuse 6

% Control Response
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Legend:
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Figure65: Comparison of concentratioinhibition curvesfor MAB compounds (containing
lipoic acd moiety), Mg?* and memantine block of NMDA/glycineresponsesin GIuNt

1a/GIuUN2ANMDA receptors at60 mV.

Percentage control response (meanSEM) values were plotted arfited with the Hill
equation(n=6 for memantine, n=5 for all other compounds
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5.3.3 VoltageDependence of MAB Compounds

The MAB compounds with considerable blocking pemties were assessed for
voltagedependency. fie compounds were diluted ttheir 1Go concentratiors and
block of NMDA/glycine responses mediated by GHIMAGIUN2Awas measuredt
four different holding potentials-40,-60,-80 and-100 mV) across several batches of
oocytes Examples of the TEVC trace recordings are presentiglire @. Data were

FTAGUGSR 6AUK GKS 222RKdzft Sldz A2y G2 RSG:
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50 kM
B . 40 um 60 uM
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Figure 66: TEVC recordings of MAmpounds (MAB14, MAB22 MAB30 and MAB7
voltage-dependent block of NMDA/glycine responses in Glulld/GluN2 NMDA receptcs
tested at-100,-80,-60 and-40 mV on single oocytes.
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Voltagedependent block was assessed to calculate an approximate distance across
the electric field that he binding site is located.idure 67 A displayghe voltage
dependent inhibition curve fitted according to the Woodhull modélheresultsof

this study showedthat three of the memantinederivative compound& A St RSR ¢
values comparablgo memantine MAB14, MAB22MAB30and MAB7S | OK K I R !
values 0f0.46 (95% CI 0.32 to 0,8.43(95% CI 0.19 to 0.6,/0.51(95% CI 0.15 to

0.87) and 0.4 (0.0 0.78) respectively,which arejust slightly higher to that of
memantine, 0.4 (95% CI 0.28 0.56) These compoundsiay havea shallow binding

blockRdzS (2 (KSANIJ NBbutdekpdrSharemedmantngé £ + G f dzS
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Figure67: Comparison of voltagelependent inhibition of MAB compounds(containing
methoxyphenol moiety) Mg?* and memantine block of NMDA/glycineresponsesin
GIuNX:1a/GIuN2ANMDA receptors.

(A) Voltagedependent curves foMAB compoundsMg?* and memantineat four holding
potentials,-100,-80,-60 and-40 mV. Rrcentage control response (meartsEM)alues were
plotted and ftted with the Woodhull model to yield the @ | B)z2832&Qlvalues of the
compounds obtained from the voltaggependent curve$n=3 for Mg*, n=5 for memanting
n=6 for MAB14, MAB22 and MAB3G:5 for MABY L A a&stimakedposition of the bindig
site within the electric field.
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54  MEMANTINEDERIVATIVE (f&B) COMPOUND)

5.4.1 Concentrationinhibition of MethoxyphenolContaining FC Compounds

FC compounds, derived from memantine containing methoxyphenol moiety (FC7,

FC12 and FC17) were dildtan NMDA/glycine solution in a range between 0.01 uM

to 100 pM. Blocking potency of the compownatGluN11a/GluN2A were measured

by electrophysiological recordings-&0 mV. Examples of the TEVC trace réicys

are presented in figuré8. Data were tlen fitted with the Hill equation to generate

their concentratiorinhibition curves and estimate thedss.
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Figure68: TEVC recordings oK, FC12 and FC{(I.01¢100 pM) block of NMDA/glycine

responses at60 mV on single oocyte
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5.4.2 ConcentrationInhibition of CatecholContaining FC/GB Compounds

The antagonism of responses to NMDA and glycine by memantine derivatives
containinga catechol moiety (FC20 and GB13) were examined. The compounds in
tenfold increasing concentratiof.01 to 100 uM) were tested on GluN&/GIuN2A

at -60 mV to determine their Kg values via the Hill equation. Examples of trace
recordings of the compounds are presented in fige@delow. Data were fitted with

the Hill equation to generate their conctation-inhibition curves and estimate the
1Gsos.

FC20 GB13
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0.01 uM 0.01 pM

4
!

NMDA/glycine NMDA/glycine

0.1 M

T
|

£

2

NMDA/glycine NMDA/glycine

1ipM

\\:
£
g

NMDA/glycine NMDA/glycine

10 pM

\\1
]
E

NMDA/glycine NMDA/glycine

100 pM

100 pMm

)
1

50 nA |
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Figure 69: TEVC recordings of FC20 and GB13 (100 pM) block of NMDA/glycine
responses at60 mV on single oocytes.
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All compoundsin this seriesexhibited low potency(or none at all) to block
NMDA/glycine responses in GIW& GluN2-containing NMDA receptors aé0 m\.
When extrapolated in the concentriah-inhibition curves (figure 70 the FC
compoundswill yield extremely highiGos (more than 100 pNl. GB13 was the most
potent with an 1Gp of 68.7(95% CI 37.% 99.6 puM. Due to their ineffectiveness in
blocking the NMDA receptor channebltagedependent analysisvas notfurther
investigatedfor this series of memantinderivative compoundsConcentration

inhibition curvedor the compounds are presented in figure.

Figure70: Comparison of ancentration-inhibition relationshipfor FGGB compounds Mg?*
and memantineblock of NMDA/glycine responses in GluNlla/GIuN2ANMDA receptors
at-60 mV.

Peacentage control response (meanSEM) values were plotted and fitted with the Hill
equation to estimate their I&gs (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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