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Abstract

N-methytd-aspartate glutamate receptors (NMDARS) are fundamental to many normal
brain functions such as cognition and memory; however, NMDAR-aotevation can cause
neuronal deathas a result of excitotoxicityAlthough the mechanisms underlying these
paradoxical roles of NMDARs remain unclear, accumulating evidence fromrbettio andin-
vivo studies suggested that GIUN1/GIUNBBIDAR subtypes mediated signaling may
contribute cell death, while GIUN1/GIUN2WMDARSs signalingpromotepro-survival outcores.
Employing an extensive drug discovery pipeline process, we identified and characterized a class
of novel small molecules that specifically potentiate GIuUN1/GluN2A NMDARs in an allosteric
manner. This new class of molecules is referred to as NMDARimsillosteric modulators
(Npams) with the Npam43 being the lead compound. Mutational analysis demonstrates that
Npam43 binds to a novel binding site on théelminal domain (NTD) at the interface between
the GIuN1 and GIuN2A subunits. Functional chagaeations inin-vitro show that Npam43
activates cell survival signaling, increasing phosphorylated CREB levels, and thereby protects
neurons against NMDAMediated excitotoxicity and NMD#Andependent LD, oxidative
stress. Moreover, Npam43 potentiatesulEl/GluN2A-mediated synaptic currents, and
facilitates the induction of lonterm potentiation (LTP) in hippocampal slices acutely prepared
from mouse brain. Using a rat focal ischemia model of stnokavo, we show that systemic
administration of Npam43®3ot only modulates GIuN1/GIuN2A containing NMDARs but also
substantially reduces neuronal damage and improves behavioral outcomes. Together, our study
not only develops a novel class of Npams for GIuN1/GIuN2A NMDARSs, but also demonstrates

their therapeuti potential as nove neuroprotectants for strokeln addition, the



present work also provides strong evidence supporting a critical role of GIUN1/GIUN2A subtype

of NMDARs in promoting cell survival.
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Chapter 1: Introduction

1.1 Overview of theN-methyl-d-aspartate glutamate receptorNMDAR s)
1.1.1 NMDARs as calcium channels

N-methytD-aspartate recep®r(NMDARS) are subfamily of ionotropic glutamate
receptors in the brain that have critical roles in mediating brain functions such as learning and
memory (Tang et al.,, 1999 andalso in thepathogenesis of disorders including acute brain
insults such as strok@’. Liu et al., 2007, brain traumaShohami & Biegon, 2014 chronic
brain degenerative di se a@aoktt 8eland, & Zwou, 20X hei me
Huntingtord gisease(M. M. Fan & Raymond, 2007 and Par ki (Bshmidtd s di s
Hochman, & MacLean, 1998 The NMDARs are described as tertrameric transmembrane
channed composed of combinations of the obligatory GIuN1 (previously also known as NR1)
subunit with GIuN2 (AD; previously also known as NR2-B) and/or GIUN3 (A & B) subunits

(Collingridge, Olsen, Peters, & Spedding, 2009

The principalexcitatory NMDAR in the central nervous system is composed of two
obligatory GIuUN1 subunits and two GIuN2 subunits® which could be dheteromeric (2
parts GIuN1 & 2 parts GIuN2A) or thieteromeric (ie. 2 parts GIuN1 & 1 part GIuN2Al&part
GIuN2B) (Hansen, Ogden, Yuan, & Traynelis, 2Q.1Activation of NMDARs requires the two
co-agonists; kglutamate and-serine omlycine to bind to the different subunits of the receptor;
two of each are thought to be necessary for maximum activation of the receptor, where each of
the two GIuN1 subunits are occedi by one molecule db-serine orglycine, and each of the

two GIuN2 subunits associate with one molecule -giutamate(Chang & Kuo, 2008Papouin
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et al.,, 2012 Different GIuN2 subunits (GIuN2A D) confer distinct electrophysiological and
pharmacologral properties on the receptor compleses couple them witdifferent signaling

machineriegT. Bliss & Schoepfer, 200%6eeburg, 199349931).

NMDARs are ionotrpic receptors which allow Naand C&" ions to influx ad let K*
ions to efflux(MacDermott, Mayer, Westbrook, Smith, & Barker, 1986glis & Tavernarakis,
2009. C&" influx through NMDARSs is thought to be essential in synaptic plasticity, a cellular
mechanism for learning and memdiyacDermott et al., 1986/oglis & Tavernarakis, 2006
Under bash conditions, their highcapacity for C&* permeability (Jahr & Stevens, 1993
contributes strogly to the triggering of Cd-dependent intracellular signaling pathways
downstreanthat ultimately control different forms of synaptic plastigitjuscher & Malenka,
2012 (L. Liu et al., 2004 such as longerm potentiation (LTP) and lorigrm depression (LTD)
(Shipton & Paulsen, 20}4 Conversely under certain pathological conditions, the ever
activation of NMDARs causean excessive influx of &atriggering apoptotic death signaling
pathwayswhich ultimately contributes to neuronal damages during acute brain insults such as
ischemic strokd€Lai, Zhang, & Wang, 20D)4and chronic neurodegenerative condiguch as

Hunti ngt o(h.di®tald 2083e a s e

1.1.2 NMDAR channel properties

Unarguably one of the most important physigadpertiesof NMDARS, namelythe one
that confers its role upon learning and mem@rgng et al., 1999 is the tonic blockade of
NMDARSs in the ctannel pore by Mg ions in a voltagedependent manne(Blanke &

VanDongen, 2009Mayer, Westbrook, & Guthrie, 1984.. Nowak, Bregestovski, Ascher,
2



Herbet, & Prochiantz, 1934At resting potential, NMDAR are blocked by Mg but during
excitatory synaptic inputdepolarization of the neuronitimately releases the Mg blockade
(Mayer et al., 1984L. Nowak et al., 1984Voglis & Tavernarakis, 2006 Accordingly, those
NMDARs which have Lglutamate and glyciner D-serineboundin the appropriate binding
sites, will open and allow Gato pass through the chann@lanke & VanDongen, 2009

Papouin et al., 20)2

Importantly, NMDARs can act as coincidence detectors of bothgme posisynaptic
excitation(Luscher & Malenka, 20192 The GIuN2 subunits are responsible for controlling the
biophysical properties and characteristics of NMDA receptordditeg theirresponsivenes®
Mg?* cations channel conductance, decay tinoe deactivation kinetigs developmental
expressiorlevels andsubcellular distribution imeurors for instanceextrasynaptic or synaptic
regions(Evans et al., 20)2When the two ceagonists (Bserine/glycine and glutamate)edrind
to their binding siteson NMDARSs the receptorexhibits a relatively high single channel
conductance approximatelyF8pS)whencompared to otheglutamate receptor subtypkise U-
aming3-hydroxy-5-methyt4-isoazoleproprionic acid AMPAR) (~2-20pS) but show slow
kinetics with a rise timeof (5-15ms) versus (0-2.8ms) for AMPAR (Cheffings & Colquhoun,
200Q Gebhardt & CulCandy, 2006 Hestrin, Sah, & Nicoll, 1990Howe, CultCandy, &
Colquhoun, 1991 Kleppe & Robinson, 1999Papouin et al., 2012Wyllie, Livesey, &
Hardingham, 2013 NMDARSs also deactivate with emuchslower time coursevhen compared
to AMPARSs (Pilati et al., 2016Vance, Simorowski, Traynelis, & Furukap2011 Wyllie et al.,
2013. It has been suggested that theick decaytime attributed to GluN2Acontaining

NMDARs, make thensupeior as coincidence detectors @ire and post synaptic excitation,
3



whereasGIuN2B-containing NMDARshave a more gradual decay time and therefoeemore
importantfor excitatory postsynaptic potential (EPSP) summation, whigtmits neurons to
reach the firing ceiling more quickly (R. Li, Huang, Abbas, & Wigstrom, 2007ong &

MacDermott, 20141

1.1.3 NMDAR composition and structure

The GIuN1 subunigene expresseasght functional splice variants, while separate genes
produce four types of GIuN2 ¢B) and wo types of GIuN3 (A & BYXWyllie et al., 2013. It is
known that the type of splice variant of GIUN1 controls the type of pharmacological properties of
NMDARSs, such as the inhibitory effedi®m proton (H) binding to the receptdMasuko et al.,
1999. The structurabrchitectue of NMDARSs can be characterized as having an extracellular
N-terminal domain (NTD), three transmembrane domains (M1, M3, M4) with a pore channel
forming fire-entrand loop, a bilobed ligandbinding domainLTD) formed by a distalragment
after the NTD famedthe S1 domain) ana large extracellulaloop linking M3 and M4 (named
theS2 domain) plus the intracellulart€rminal domain (CTDJPaoletti et al., 201, 3raynelis et
al., 2010. The pair of S1 and S2 regions together emnaracterized a®-serine orglycine
binding sites on GluNA&nd the S1 an&2 reyions of GIuN2, constituting of the-glutamate
binding siteg(Blanke & VanDongen, 200%apouin et al., 2032The M2/ploop is defined as
the porefacing region that contains aextremely importantasparagine residue that endows
NMDARs with the properties of Mg blockade and G4 flux (Blanke & VanDongen, 2009
Mayer et al., 1984L. Nowak et al., 1984 The Gterminus of NMDARSs containareasthat are
recognized by a plethora of proteins that in taet as channel modulatorgnhancers and

scaffoldng proteins that stabilize the receptor to theapyic and extrgynaptic sitegor instance
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(Ryan, Emes, Grant, & Komiyama, 2008t has been shown that the CTiuncation in
NMDARs did not change the subunit rise time but increased the decay time of glutamate
activated currents and stipulated that the CTD of GIuN2 has a modulating role in NMDAR
gating (Punnakkal, Jendritza, & Kohr, 2012The similarity between GIuN2 (A versus B) is
quite high of 70% due to highly similar secondary structure but most of the differences come
from the CTD(X. M. Zhang & Luo, 201Bandmay suggest thahe CTD-mediatedntercellular
signalingendows the differences seen for GIUN2A versus GIUN2B in synaptic plagitagsey

et al., 2004

1.1.4 NMDAR distribution

Unlike GIUN1 mRNA, vhich is expressed in the majority of central neurons, the GIuN2
subunits display distinct patterns of expression in the developing and aduli(brdfiss &
Schoepfer, 204), (Seeburg, 1993a(Seeburg, 1993blin the early postnatal and immature brain,
the GluN2Bsubunitis the predominant subtypeith the highest expression levdisit as the
brain matures GIuN2B decreases and becomes lazgafinedto the forebain (Ewald & Cline,
2009 Lohmann & Kessels, 20)4In contrast, in early develomnt the expression of GIUN2A is
low and gradually increaseas the brain matures at posttal day 15 and exmsion levels
GIuN2A subunitsovertakesGIuN2B subunits in the adult brain (mainly forebrain; called the
6devel op me (Ewadl& Chnhe, 2002 Kh Wijliams, Russell, Shen, & Molinoff, 1993
This transformationhas beenexplained by thregroposedparadigms 1) dramaticsurgein
synaptic GIuUN2Ain conjunction with adecrease of GIuN2B subuni(X. B. Liu, Murray, &
Jones, 2004(K. Williams et al., 1998 2) extrasynaptishift of GIUN2B away from synapse

with anaugmentationn GIuN2A levels(Dupuis et al., 2014 3) increase in protein population
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of GIuN2A subunits overwhelming the effect GIuN2B NMDARs without decreasinghe
absolute number dBluN2B receptorgX. B. Liu et al., 20@). As in the case with GIUN2A, in
early development the GIWCT subunitsare extremely sparse, but as the brain reaches adulthood
GIuN2C subunitexpressionis augmentedin the cerebellum(Wenzel, Fritschy, Mohler, &
Benke, 199Y. Similar to GIuN2B, the GIuUN2D subunit is more prominent in the immature brain
than the adult brain, and these receptorsnasstly confinedto the dencephalon and midbrain
(Wenzel, Villa, Mohler, & Benke, 1996 As for the GIuN3 class subunits of NMDARs, they
have distinct properties that set themrap@m their GIuN2 counterparidow & Wee, 2010.

The GluN3containing NMDARsshowseveral differences in receptor properties compared with

the conventional GIuN2 counterpaftsenson, Roberts, Peréxano, & Philpot, 2010

In contrast, recombinant receptors composed of GIuN1 and GIuN3A or GIUN3B are
glycine sensitivehannelsbut lack glutamate binding sites, and thus can be activated by glycine
alone(Henson et al., 20)0They are classified as glychgated catiorpermeable ion channels
but areinsensitive and thugmpermeable to G4, insensitiveto Mg** blockade and do not
respond to traditional NMDAR antagonisisch as ifenprodrilthe GIuUN2B selective antagonist
(Henson et al., 20)0Regions with the highest levels of GIUN3A are spinal cord, thalamus,
hypothalamus, brainstem, CA1l, amwg and certain parts of the cortical afgéenson et al.,
2010. On the other hand, GIUN3B expressiorcamfinedto a few regions such as the spinal
cord, brain stem, cerebellum, and hippocan(plenson et al., 20)0NMDARs were considered
to be expressed exclusively in neurons but more recent fintizngs demonstratefdinctional
NMDARSs in brain microgliaastrocytes, and in oligodendrocy{@zamba et al., 20313enson

et al., 2010JimenezBlasco, SantofimiCastano, Gonzalez, Almeida, & Bolanos, 204&indl
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et al., 2012 In neurons, the NMDARs are found at both-@ed postsynaptic sites and in the
postsynaptic membrane of excitatory neurg¢hascher & Malenka, 20J)2and in this study we

will mainly focus on studying NMDARSs in hippocampal and cortical neurons

1.2 NMDAR pharmacology
1.2.1 Agonists of NMDARs

Early structureactivity relationship(SAR) studes established that -glutamate is very
efficient and effective for activating NMDARdemonstrated by its low Eg(0.41.8 puM).
(Cserep et al., 201Monaghan & Jane, 2009t also was observed that excitatory activigeds
one positive charge coming from the amino gréMpiz") from L-glutamate and two negative
chargs coming fromthe twoendtermini carboxylic acid group@COO) (Monaghan & Jane,
2009 Traynelis et al., 2010 Furthermore, the positive chargenino group(NHs") should be
attached) thecarboxyl group and the two negative charged terminal E0@€) needto be
separated by foualiphaticcarboncarbon bond lengths f@roperand efficientbinding adonger
or shortercarbon chains loseonsiderable affinit{Monaghan & Jane, 2009 raynelis et al.,
2010. Moreover, thel carbonto the carbonyl groughould have an L or &tereochemistry)
geometry(the most predominant in the bod§3 its counterparfD or R: stereochemistrypst
activity from EGyo of 3.30 to 249 puM for the GIuUN2A NMDAR which was similar to the

GIuN2B NMDAR complex (2.86 to 156 pMErreger et al., 200Monaghan & Jane, 2009

These findings were later confirmed byaystallized GIuN1/GIuN2A structure witine
two coagornsts L-glutamate and glycine in their respective binding sites in the ligaming

domain(LBD) in between the S1 &2 domains, with glycine binds to GIuN1 abdjlutamate
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interacts withGIuN2 subunit(Storey, OpitzAraya, & Barria, 2011 Traynelis et al., 2000 The
discovery of NMDAR arise from the synthesis and study of a molecule called NMDA and
different closely related antagonisisch as BPAP5 (a phosphate derivative of NMDAWatkins,
1981). NMDA is a small molecule that mimics-¢lutamate and is also known to activate the
NMDAR selectivelybut with lower affinity than glutamate (300 pM vs 2.863.30 puM)
(Erreger et al., 200 Monaghan & Jane, 2009The diference between glutamate aNMDA is
thatit is one carbon shorter and tmsiethylatedamino groug-NH-CHjz) making it selective for
NMDAR. This particular molecule is commonly used to study NMDAR pharmacology as it
selectively ativates NMDAR in the pMrange whereas glutamate is known to be unBpes it
activates otherlgtamate receptors such as AMRanatereceptordClements, Feltz, Sahara, &
Westbrook, 1998Monaghan & Jane, 2009 However, the potency of NMDA isignificantly
weaker than tglutamate and the selectivity to NMDARs seems to be attributed to an aspartate
residue of GluNZubunitwhich is ableto engage with glutamat@olecule within the binding

site through Hbonding interactiongP. E. Chen & Wyllie, 2006Monaghan & Jane, 2009
However, in AMPAR thecorrespondingesidue is a glutamaind therefore unable to engage
with NMDA due b the charge repulsion from two negative chargasingfrom NMDA and
glutamatetherefore prevents it from bindinMonaghan & Jane, 2009This difference is
enough to allow NMDA, which is one methylene group shorter than glutamate, to fit etsily in
the GIuN2 subunit while also providing sufficieateato accommodate theNH-CH; from
NMDA (Monaghan, Irvine, Costa, Fang, & Jane, 2M@naghan & Jane, 200Jrayneliset al.,

2010.



1.2.2 GIuN2 subunit selectivity of glutamate binding site ligands

The only structurafeaturethat separasthe NMDAR suliypescomes from the GIuN2
subunit; as the GIuN1 subunit is characterized as obligatory among all NMD#Riee et al.,
2013. Therefore, subtype selective pharmacologicajeting, wouldto a large degreeome
from the GIuN2 subunit rather than from the GIuN1 sub@gden & Traynelis, 201}
Furthermore, a pharmacological intervention can also be aimed at interfaces that make up the
GIuN1/GIuN2A complex versus GIuN1/GluN2B combination tbatild be structurally diverse,
or akernatively the area in between the interface of the subunits which are spatially different
(Traynelis et al., 2030Wyllie et al., 2013 This spatial difference may arise due to the
differences on how the two subunits (GIuN1 and GIuN2A compared to GIuN1 and GIluN2B)
would assembléogether(Traynelis et al., 2010; Wyllie et al., 2013his group of subunits are
all formed by fouruniquegenes, each coding for slight differences in their glutamate binding
sites and in the Xerminal domain (NTD) regulatory sit¢slarchand et al., 201Monaghan &
Jane, 2009Wyllie et al., 2013 As, GIuN2 subunits also confer distinct physiological and
biochemical properties to NMDARSs, the selective blockade of differing GIuN2 subunit types
should yield compounds with distinct therapeutic ahdrmacologicaprofiles (Paoletti et al.,
2013 Wyllie et al., 2013. In this subunit, glutamate binds in betwdba S1 and S2 domains
and physiological studiesave demonstratethat bothco-agonistsglutamate and-serine or
glycine-binding sites must be occupiatl the same tim& allow the receptor to beompletely

activatedMonaghan & Jane, 200@apouin et al., 2012Vyllie et al., 2013.

Agents that targethe NTD would regulate activity via domagtomain interactions, and

therefore their actions may be dependent on the specific complex or alternatively, the subunit in
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the heteromeric assembly may alter the pharmacological specificitidee afearbysubunis
(Krieger, Bahar, & Greger, 201%raynelis et al., 2000 For example, the glycirgite anagonist
CGP 61594 has -al0-timeshigherefficacyin a receptor containing GIuN2B subunits than those
containing GIuN2A, whichadvocatesthat the adjacent GIuN2 subunit may alter the
pharmacological specificity of the GIuN1 subuitoner et al., 1998Vlonaghan & Jane, 2009
Tu & Kuo, 2015. Since glutamate binding sites in the GIuN2 subbaite ahighly conserved
area of residueasmong all the subtypes, there are currently no glutabiatBng site antagonists
that display asignificantdegree of GluNzZubunit selectivitMonaghan & Jane, 200%Vyllie

et al., 2013 D-APV (a L-glutamate mimic composed of a phosphate terminal group) would be
one of these antagonists that targets theagiate binding site but is completely unselective
towards any particular NMDAR subuniiut it is usedregularly as a tool to study NMDAR
pharmacologyn-vitro (Strong, Jing, Prosser, Traynelis, & Liotta, 2Da#d will be used in this

study.

On the other hand, antagonists that incorporageeralring topologieshave shown
varied selectivity patterns confirmed by recombinant recegidommnaghan & Jane, 20D9For
instance, LY233536, a bicyclic decahgisoquinline, showed @referential selectivity for
GIuN2B over GluN2A containing NMDARBuller & Monaghan, 1997Monaghan & Jane,
2009 Morley et al., 200k However, this selectivity was too low andnsequentlyimited their
pharmacologicalise to achieve inhibition for a particular subunit composiéisrthis 1&imes
selectivity would be hard to control towards GIuN2B NMDARgonaghan & Jane, 2009)
(Wyllie et al., 2013)Monaghan & Jane, 200®orley et al., 200p The multitude of chemical

alterations bthe ringbackboneand continued SAR studies hakegl to the identification ofra
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inhibitor that showed 100messelectivity for the GluN2Acontaining NMDARSs over GIuN2B
containing NMDARs(Irvine et al., 2012Monaghan & Jane, 2009A quinoxaline 23 dione
based antagonist(NVP-AAMO007), which has been usecdextensively to study the
pharmacological intervention of blocking GluN2&ntaining NMDARs(de Marchena et al.,
2008 Wu, Xu, Ren, Cao, & Zhuo, 20D7NVP-AAMO77 also has higrefficacy for GIuUN2C
subunits and lower affinity for GluN2bontaining receptors and thus is modestly selective for
GIuN2A ard GIuN2C subunityHe, Shao, Wang, & Bausch, 2018lonaghan et al., 2012
Monaghan & Jane, 2009Overall, the major challenge in developing agents to distinguish
between GIuN2 subunits is attributed to the highly conserved regions among GIuN2 subunits,
especially ifthe area of interest is the glutamate binding site ¢arbighly conserved area
among all subtypes)As a result of their careful analysis described abowy groups have
started topostulate that selective targeting for a particular subunit compositib most likely

come from distal regions of the glutamate binding site (gl@naghan et al., 2015. Zhu &
Paoletti, 201% This was deducted due to the fact that the glutamate aseribe or glycine
binding site residues are highly conserved among all NMDARs and thus difficult to target a
particular subtyp@nd therefordasforced the pharmacologist to target other distal regions from
the core LBD Therefore distal sites away from these regions were exphsr@teresting tgets

for modulation for NMDARsand will be explored in this study.
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1.2.3 Glycine GluN1 subunit agonists for NMDARs

Similar to glutamate binding to the S1 & S2 site on the GIuN2 subDn#erine or
glycine binds to the S1 & S2 site on the GIuN1 subunit and is an obligabeaganist for
activation of NMDARs(Furukawa & Gouaux, 20Q3apouin et al., 2012Nyllie et al., 2013.
Initially, it was postulatedhat endogenous lels of extracellular Igcine isenoughto saturate
the D-serineglycine binding site on NMDARS; however, later studies report that extracellular
glycine levels are nadequateo saturate th®-serineglycine binding siteg¢Collingridge et al.,
2013 Papouin et al., 20)2This stinulated interest in the development of positive modulators of
NMDAR function via an interaction of thB-serineglycine binding sitegPapouin et al., 2012
Strong et al., 2004 Amino aids such as flanine or Dserine display high affinities for the
glycine site and behave as full agoniated recently Papouin et al. hasieowed thathe more
potentD-serineversus glycinemight be the major agonist for synaptic NMDAR®ereasthe
glycine agonist is the major species for extrasynaptic gBésnke & VanDongen, 2009
Papouin et al.,, 20321t was also found that compounds that wgemmetricallyconstrained
cyclic mimics of the glycine moleculesuch as ACPC, a cyclopropyl analogue, and ACBC, a
cyclobutanemimic, werepartial agonists witldifferent range®f potency(Erreger et al., 20Q7

G. Nowak, Li, & Paul, 2000

1.2.4 Allosteric modulatory sites for NMDARS

A surprising number of pharmacological agents bind and inhibit NMDAR activity
specifically at GluN2Bcontaining receptors but thewostly fall within the same subclass
(Karakas, Simorowski, & Furwava, 201). This family of inhibitors have acharacteristic

phenylethanolamine backbone which are known to bind at sites distinct from the glutamdate
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D-serineglycine-binding sitefAmico-Ruvio, Paganelli, Myers, & Popescu, 201@ne of these
prototypes, ifenprodil(IF) which is comprised of this phenylethanolamine pharamcophore
exhibits greateselectivity for GIuUN2B over GIuUN2A containing receptors and very low affinity
at QuN2C and GluN2Bcontaining receptor@onaghan et al., 201 2Paoletti et al., 2013XK.
Williams, 2009. The ifenprodil binding site is located on the NTD region and involves amino
acid residues distinct frontol some extenbverlapping) residues that contribute to polyamine
binding (Mony, Kew, Gunthorpe, & Paoletti, 200PerinDureau, Rachline, Neyton, & Paoletti,
2002. The GluN1linsert (exon 5), which alters polyamine modulation of NMDARSs has no effect
on ifenprodil inhibition of NMDAR activity (Williams 2009Yyllie et al., 2013)Kasawar &
Farooqui, 2010Mony et al., 2009 This advocateshat the glycinendependent polyamine
binding sites on NMDARs arécated in aseparatearea when compared to the ifenprodil
binding site(PerinDureau, Rachline et al. 200A. variety of other compounds show GIuN2B
selectivity, including haloperidol, GP01,606, and Ro 26981which are all ifenprodril mimics
(Karakas et al., 2031Mutel et al., 1998 These compounds display the highest degree of
subtype selestity among the different classes of NMDAR antagonists (Mutel, Buchy et. al
1998). SAR analysis of ifenprodike compounds has been explored extensively and multiple
series of compounds have been optimized for selective high affinity bi{Mioigy, Triballeau,
Paoletti, Acher, & Bertrand, 20)0A lot of work has already gone into modifginthese
ifenprodritlike drugs structurally to avoid anipteractions witht h el adrenergic receptor
and/or human ethexgo-go WERG) K channel as blocking these receptonintentionallycan

lead to serious side effects including cardiac arrhythiihemaghan & Jane, 2009raynelis et

al., 2010. Several lead compounds provideew preclinical insights regarding the role of

GIuN2B subunits in neuropathic pain and excitotoxi¢y et al., 2008 (Y. Liu et al., 2007.
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The pharmaophore structure of th#enprodil can be desdoed bytwo aromatic rings
separated by a linker with basic nitrogen in themiddle Commonly, each ifenprodilke
compound has a-Benzylpiperidine group thas connected t@ne aromatic ring and the basic
nitrogenatom (Borza & Domany, 2006 This moiety is then linked to a second aromatic ring
system that optimally has a hydrogen bond desumh as an hydroxyl groupdH)(Borza and
Dormany 2006). Thus, the potency of ifenprodil is reduced by removal of its phenol hydroxy
group(Borza & Domany, 2006Masuko et al., 1999 This general structure is similar to those of
the wellcharacterized GIuN2B antagonists,-R®,6981(Fischer et al., 1997and >-101,606
(Layton, Kelly, & Rodzinak,2006. Medicinal chemistry efforts of thaitial pharmacophore
structureshowedthattheremoval of an aromatic ring amitrogenis tolerablglMonaghan & Jane,
2009 )Ma, Yeo, Farooqui, & Ong, 20)l1The phenol ringwas able tobe translatedto
heterocyclics such as a benzimidaz@ieCauley ¢ al., 2004, benzimidazolonéWright et al.,
2000, benzoxazol®(3H)-one (Wright et al., 200)) indole-2-carboxamide¢Borza et al., 2003
and aminotriazoléGregory et al., 2000 especidly if they contain arH-bond donorsubstituent
(Gurusamy et al., 20)10f particular note, the nitrogen within the linker was not deemed to be
critical towards the activity for GIuN2B NMDAR&urusamy et al., 201Tamiz et al., 1990 It
was found that the incorporation of acidic nitrogen helped toreduceh ER G  alnNE U
activity (Tamiz et al., 1999 Taken together all these modifications on the pharmacophore
structure has helped to understand the struacatigity relationships (SARs) and has alssiped

to define the structural determinants that are responsible to NMDAR binding.
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1.2.5 Zinc (Zn?") as a NMDAR modulator

Zinc (Zn?") ion displays subunispecific actions at recombinant NMDARPaoletti,
Ascher, & Neyton, 1997 It displays a voltagdependent inhibition of NMDAR responses in
heteromeric GIUN1/GIUN2A and GIuN1/GIuN2B recept¢Paoletti et al., 1997 At lower
concentrations(ICso in the nM range) it shows a voltagendependent inhibition fo
GIuN1/GIuN2A receptorsompared to 16 in theuM range for GIuN1/GluN2EAmico-Ruvio,
Murthy, Smith, & Popescu, 20)1(Christine & Choi, 1990Paoletti et al., 1997 The GIuN2A
selectivity accounts for observatiotisat the addion of heavy metal chelatorsignificantly
potentiates GIUN1/GIuN2A but not GIuN1/GIuN2B receptor respoKiBesletti et al., 997).
This result may be due to chelation of contaminant traces of heavy metals in solutions that
tonically block GIuN1/GIuN2A NMDAR responses (Paoletti, Ascher et al. 2011). &ffects
were observed for Zfiin cultured cortical neuron&Christine & Choi, 199pwhere itinduceda
voltageindependent reduction in chael open probabilityat lower concentration@®rouns et al.,
201Q Ong et al., 2010andconversely in the presence ofZat a hi gh amounts (1
causeda voltagedependent reduction in single channel amplitwd@ch accompaniedan
increase in channel s@ andshowinga relatively quick channel block (Paoletthscher et al.
2011). Since Zf is coreleased with glutamatedim presynaptic terminals, Zi modulation of
NMDARs may be physiologically relevaiffniksztejn, Charton, & Bew\ri, 1987) (Assaf &

Chung, 19814

A combination of in-silico molecular modeling and experimentalsite-directed
mutagenesis indicatethat the NTD region fons a bilobed structure with &inding cavity in

the centerwhich is geometrically similar to the-serineglycine or glutamate binding S1 & S2
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domains(Paoletti et al., 2000 In GIuN2A, specific histidine residuese located irthis region
and are the main residues engaged viiif* blockage (Paoletti, Ascher et. al. 2011).
Interestingly, these sitesontour both sides of the bindingpocket in the NTD structure,
suggestinghat Zrf* binding maycausethe domainto turn into its closed conformation geometry
andthis rearrangememian betransmitteddownwardtowards he S1 and S2 domann the LTD

as a signal that would inhibit the recepf®aoletti, Ascher et. al. 2011).

1.2.6 Final remarks for the pharmacology of NMDARSs

Selective NMDAR antagonistior a particular subtypbave been used as toalger the
yearsto study the receptaelated physiological and pathological procegdésyton & Paoletti,
2006 Paoletti & Neyton, 200 The traditionabhnd most usethhibitors for NMDARswould be
MK801 and DAPV (Ogden & Traynelis, 2091 MK801 blocks NMDARs by blocking the
channel pore in an activigependent manngSobolevsky & Yelshansky, 20p0Owhereas B
APV is a glutamate mimic and@mpetitive inhibitor for NMDA moleculat the L-glutamate
binding site of the GIuN2 subun{fM. Benveniste & Mayer, 1991 For GIuN2A subunit
selectivity, NVP-AAMO007 can be usedShipton & Paulsen, 20)4which also binds to the
glutamate binding site on GluN@Auberson et al., 200Zeng et al., 2004B. D. Lee ¢ al.,
2005. TCN201has been recently discovered to be a GIUN2A selective antatiwatistnploys
its effectvia anovel moduléion site bcated near glutamate orderineglycine binding sites of
the ligandbinding domain(LBD) (Hansen, Ogden, & Traynelis, 2Q01Moreover, ifenprodril
and its derivatives selectively tatgGIuN1/GIuN2B by biding to near thepolyamine site
located in the Nerminal domain(NTD) in a noncompetitive manneland these are used

extensively for selective inhibition GluN2B NMDARShipton & Paulsen, 20)4
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However, to date, there has been very lithelvancement in pharmacological
enhancement of the function of NMDARSs using a strategy of positive modulation of the receptor
channel to study its effects on downstream signgeigways.The pharmacology of NMDAR
can behighly diverse mainly due to the involvednessof the different types ofsubunit
composition of NMDARgPaoletti et al., 2003 Despite many years diiscoveryefforts in the
development of drugs that interact selectively with NMDAR complexes, only memantine, a low
molecular weight and lovaffinity channel blocker, has successfully madéirbugh clinical
trials and onto the markelue itsfast kinetic binding which helps to reduadverse effectby
inhibiting NMDARs (Perng et al., 200@&Rainer et al., 203IRanmes, Danysz, & Parsons, 2008
Nevertheless, recent advances in solving theycrystal structures adrug binding towards
GIuN1l and GIuN2 subunits will greatly assist in the development of selective agonists
antagonistsnegative and positive modulatds NMDARs (Hackos & Hanson, 2016/olgraf
et al., 2016 S. Zhu & Paoletti, 2015 These discoverie®f subunitselective pharmacological
modulatordor NMDARs will facilitate the understanding of NMDAR functiand thé subunit
selectiveroles they mediatein the CNSsuch asLTP and LTD in learning and memory
paradigmsor t heir r ol es es(Hackad & Hiaasormn 204 88egan, cRorsesa s
Hernandez, & Furukawa, 2015. Zhu & Paoletti, 2015 Therefore, thesdevelopmentsare
likely to generate newrospectdor treating avariety of CNS pathologiesn which NMDARs
might play importantroles (Hackos & Hanson, 201&egan, Romerblernandez, & Furukawa,

Zhu & Paoletti, 2015)
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1.3 NMDAR and its relationship with excitotoxicity

Excitotoxicity is defined as the collateral damage caused by a pathological over
activation and an oveaccumulation of intercellular calciur(C&") ions in neurons due to
abnormal release of excitatory neurotransmitters such as glutéfnstean & Siesjo, 1998Lo,
Dalkara, & Moskowitz, 2008 Excitotoxicity neurotransmitters like glutamate accumulate in the
extracellular spacéDong, Wang, & Qin, 2009Mark et al., 2001 The buildup of glutamate
results in an oveactivation of AMPAR and NMDARype glutamate receptors onhet
neurons, which will cause an influx of N&CI' and C&" ions through the channels gated by these
receptors(Dong et al., 2009Kristian & Siesjo, 1998Lo et al., 2003 Mark et al., 200}
Consequently, these neurons will betwe depolarized, which will cause a furthecrease of
intracellular C&" and more glutamate releas@gersthe initial stepof a local ischemi@vent
(Dong et al., 200XKristian & Siesjo, 1998Lo et al., 2008 A consequence of this acculation
of intracellular C&" ions would be that water passively follows the ion influx, resulting in
cytotoxic swelling and the increas C&" levels initiates a series of cytoplasmic and nuclear
pathologicalactions among which generation of freedieals and activation of Gadependent
enzymesare common events intracellula(pong et al., 200Kristian & Siesjo, 1998Lo et al.,

2003).

This change in intracellular Gais the primary causal factdor the activation of a
plethora of destructive enzymes such as proteases, lipases and endonucleasetedbat
inflammatory cytokines and other mediatorsausinga significantloss of cellular integrity
(Jaffer, Morris, Stewart, & Labhasetwar, 201These include proteolytic enzymes that degrade

the integrity ofcytoskeletal proteins and extracellular matrix proteins, as well as phospholipase
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A2, calpairs, endonucleases, adenosine triphosphatase, cyclooxygenase, and nitric oxide
synthase type 1 resulting in a detrimental effect to the integritheofcell andconsequently
releasing free radicals formed by the mitochon(Bi@uns & De Deyn, 20Q¥Kalogeris, Baines,
Krenz, & Korthuis, 2012 The formation and the release of free radidaifrogercontaining
speciesand activation of degradative enzymes leads to acute cell death through necrosis but
excitotoxic mechanisms can also initiate molacyathsthat lead to apoptosi®ong et al.,

2009 Elmore, 2007 Festjens, Vanden Berghe, & Vandenabeele, 2B86&ogeris et al., 2012

Finally, the intracellular signaling pathways igated during the excitotoxic event wilitiate
geneexpression thatan trigger inflammation, which is anothenechanisnthat contributes to
ischemic injury(Brouns & De Deyn, 20Q9Lakhan, Kirchgessner, & Hofer, 20080 et al.,

2003.

The NMDAR is fundamental to many normal brain functions such as cognition and
memory(T. V. Bliss & Collingridge, 1993Collingridge, Isaac, & Wang, 20D4However, as
already noted, its overactivation can cause neuronal death as a result of excitqiCrititg,
Dobkin, & Choi, 1989 S. A. Lipton & Nicotera, 1998 Although NMDARmediated
excitotoxicity is thought to be a common pathological event leading to neuronal injury in many
neurological disorder¢Choi, 1988 S. A. Lipton & Nicotera, 1998 the evidence for their
destructiveroles in ischemic neuronal damage has been particularly tvbr@hen et al., 2008
Dong et al., 2009Lai et al., 2014 Sattler & Tymianski, 2000 Prolonged NMDA stimulation
realts in both necrotic and apoptotic neuronal death and NMDAR blockade protects neurons
from ischemic neuronal injuriegn-vitro (M. Aarts et al., 2002 Strominger, Slamovits,
Herskovitz, & Lipton, 199%(Rothman, 198B3(Rothman & Olney, 1995Y. Wang et al., 2004

(Y. T. Wang & Linden, 200Pandin-vivo (M. Aarts et al., 2002Hewitt & Corbett, 1992S. A.
19



Lipton & Rosenberg, 1994almer, Miller, Cregan, Gendron, & Piegl, 1997 Simon, Swan,
Griffiths, & Meldrum, 1984 Sorkin & Waters, 1993 Interestingly, NMDARs have also been
demonstrated to have strong actions in promoting cell sur¢iatdingham, Fukunaga, &
Bading, 2002Yano, Tokumitsu, & Soderling, 1998Although the mechanisms underlying these
paradoxical roles of NMDARSs remain unclear, a recent study reports that subcellular localization
of the receptors (synaptic vs. extrasynaptic) may be a deternfautay; activation of synaptic
NMDARs promotes neuronal survival whereas stimulating extrasynaptic NMDARSs leads to
neuronal deatliDick & Bading, 2010 Hardingham & Bading, 201Mardingham et al., 2002
However, as detailed below, using a combination of pharmacological and raolbmibgical
techniques, it was demonstrated that the subunit composition of the NMDARs may also play a

critical role of NMDARSs in promoting neuronal survival and death.

1.4 Important signaling pathways for NMDARSs
1.4.1 Pro-death signaling pathways downstream of NIDARs

It is well-established thatlevatedand prolonged levels of glutamate kill neurdifs
Lipton, 1999 Mattson, 2008 This process ignitially governed by the oveactivation of
NMDARs but important questions remain including why is it so damaging and which
downstream signaling pathways are involved? Neuronal cultures can be used to study how
neurons respond to high activity levelsMI¥IDARS, following their stimulation by application
of amino acidL-glutamate orsmall moleculeNMDA. These neurons experience delayed*Ca
deregulation that precedes acalusesecrotic cell deatl{Nicholls, 2009 Ward, Kushnareva,
Greenwood, & Connolly, 200%ard, Rego, Frenguelli, & Nicholls, 20p®Beveral mechanisms

are implicated in cell death triggered by *Canflux through the NMIAR (Papadia &
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Hardingham, 2007Shu, Pei, & Lu, 2014 Firsly, mitochondrial dysfunction occurs in response

to excessive Ca uptake by the mitochondria and this causes the membrane to be depolarized,
which in turn inhibits ATP production anddiminishescytosolic ATP, due to reversal of the
mitochondrial ATPas€G. Cheng, Kong, Zhang, & Zhang, 2Q1icholls, 2009 Ward et al.,

2000. The |l oss of ATP has det r iamegolataihtracellbldre ct s
Ccd" levels (Papadia & Hardinghm, 2007 Uttara, Singh, Zamboni, & Mahajan, 200Most

notably, the C& uptake in the mitochondrial castmulate reactive oxygen speciefRQ9
formation and consequently discharge cytochrome c, necessary forcrdaion of the
apoptosome and triggag the activation of caspases atwhsequentlyproducing apoptosisa

form of cell deati{Circu & Aw, 2010; Tait & Green, 2013C. Wang & Youle, 200P

Furthermore, toxic levels of MDAR activation impairs C& efflux (G. J. Wang,
Jackson, & Thayer, 2003In neuronsC&”" efflux is attainedthrough the plasma membrane?Ca
ATPase pump and N&Ca®* exchangers (NCXNikoletopoulou & Tavernarakis, 2@1Papadia
& Hardingham, 200y Furthermore, the risef €& in the cell leads tactivation ofcalpains
which consequently cleave a major isoform of the plasma membraff€a\aexchanger
(NCX3) thereby affecting the proper function of cerebellar granule ne(fwsasjo et al., 2007
Bano et al.,, 2005Brustovetsky, Bolshakov, & Brustetsky, 2010 Papadia & Hardingham,
2007 Parnis et al., 20)3Undoubtedly an event that is mo@amaging, the plasma membrane,
Cd* ATPase, which depends on the energy from ATP hydrolysisféeeted anccompromised
by excitotoxic insults \@ mechanisms that are associatedchgpases and calpaifBrini &
Carafoli, 2011 Brustovetsky et al., 201Qaidi, 201Q. Another causal effect from the large

escalationof C&" is the overactivation of the Cd-dependent nNOS (neuronal nitric oxide
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synthase) which also affectgytotoxic downstream signaling including mitochondrial
dysfunction, p38mitogenractivated protein kinase signaling anconsequently thectivation
TRPM (transient receptor potential melastatin) charjH@rdingham, 2009Lai et al., 2014
Papadia & Hardingham, 200Boriano & Hardingham, 2007 nNOS activation is closely
dependent tane nitric oxide (NOYormation which under high levels can be toxic both by itself
and when it is combined with other ROS such as superoxidgmerateONOO (peroxynitrite)
speciegForstermann & Sessa, 2Q1ai et al., 2014Pacher, Beckman, & Liaudet, 2Q0Jttara

et al., 200%.

Both NO and ONOOspeciesare extremelytoxic speciesand detrimental to cellular
machineries by inhibition of mitochondrial chain enzymes and triggering mitochondrial
depolarization(Gao, Laude, & Cai, 2008ttara et al., 2009 Another pathway that iaffected
during the ovesctivation of NMDARSs is NO release and its effect on TRPM7 cation channels
(M. M. Aarts & Tymianski, 2006Bae & Sun, 2013Papadia & Hardingham, 20Pp7During
excitotoxic conditions C& influx triggers both NOdischargevia nNOS activation and
superoxideformationvia an uptake ofC&”*, which combines with ONOGa species capable of
activatingthe cation channel TRPM#hich also allows fodetrimentalC&* influx and thushas
been deemed an interesting new tatgdtlockfor reducing cell death iserebral ischemié\.

M. Aarts & Tymianski, 2005Bae & Sun, 201 1Hardingham, 2009ai et al., 2014Papadia &

Hardingham, 2007Sun et al., 2009

Another kinase that is involved due to the detrimental effect€2df in the cell and

mediate cell death, is streastivated protein kinases (SAPK#joodgett, Avruch, & Kyriakis,
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1996 Zanke et al., 1996 In cerebellar grane neurons, NMDARdependent cell death depends
on p38 activationprogressingo caspaséndependent cell deafiCao et al., 2004Hardingham

& Bading, 2010 Papadia & Hardingham, 20D 7This class of SAPK located in cortical neurons
are the eJun Nterminal kinases (JNKs) which have been known to cause ohegitno andin-
vivo (Irving & Bamford, 2002 Mehan, Meena, Sharma, & Sankhla, 20R1S. Morrison et al.,
2002 Papadia & Hardingham, 20p70ther new pathways are implicated during excitotoxic
conditions which include Rho, a member of the Rdmily of GTPases, which were discovered
to afflict -dctivated Br&dih kinsisdeperglennexcitotoxic neuronal deagwell

(Porras et al., 200%6emenova et al., 2007

1.4.2 Pro-survival signaling pathways downstream of NMDARs

c&" influx through the NMDAR subtype of ionotropic glutamate receptors plays a
paradoxical role in the CN&arvajal, Mattison, & Cerpa, 201 raynelis et al., 2000 On the
one hand it mediates excitotoxic death triggered by stroke and athe&e brain traumas, but
there is also growing evidence that physiological levels of NMDAR activity promote cell
survival (Hardingham, 2006Hardingham & Bading, 201@Papadia et al., 2008In comparison
to thedestructiveeffects of overactivation ofNMDARS, physiologicalstimulationof synaptic
NMDAR activity promotes neuronal survival via the activationcéMP response element
binding CREB) and its ceactivator CREBbinding protein (CBP) that triggergene
transcription of mny CRERresponsive genefHardingham, 2009Hardingham & Bading,
2002 Papadia et al., 2008CREB is activated by phosphorylationthe serine133 (Ser133)

positionwhich can occur through a plethora of other mechanisms but also through the activation
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of NMDARs (Hardingham & Bading, 20Q4.ai et al., 2014B. Lee, Butcher, Hoyt, Impey, &
Obrietan, 200p This event involves thbrief transient calmodulin kinase IV (CaMKIV) and the
longerlastinginitiation of downstream targets of pERK, mitogen and steetiwvated kinase 1/2
(MSK1/2) and the p90 ribosomal S6 kinase 2 (REKichwill translocatein the nucleus after
phosphorylation  pERK1/2 in the cytoplasm or can betivated by ERK1/2 in the nucleus
(Bengtson & Bading, 2031XHardingham & Bading, 20Q0Hardinglam et al., 2002Wayman,
Lee, Tokumitsu, Silva, & Soderling, 2008The ERK1/2facilitated CREB phosphorylation
(pCREB) event potentially are implicated to endowa critical role in extending the
phosphorylatioreventof CREB at Serl133 after tHwief transienpphosgorylation by CaMKIV
(Hardingram, Arnold, & Bading, 2001impey, Obrietan, et al., 1998npey, Smith, et al., 1998
Lai et al., D14).

Overall, the activitydependent CREB activation through NMDARs dependsthe
CaMKIV pathway within al hour timeframe and the ERiediated pathway prolongs the
CRBB activation even longer greaterthan 1 hou(Hagenston & Bading, 201 Hardingham &
Bading, 2002Hardingham et al., 2002It has been demonstrated that NMDAtediated CREB
signaling depends on the ERK pattyand thathe NMDAR-mediated ERK survival ikighly
dependenbn CREB(Hardingham & Bading, 2030 Moreover, the protectiveutcomesseen
after a brief stimulation of synaptic NMDAR activity idonglived which suggests that
neuroprotection is dependent on CREiBnaling (Dick & Bading, 2010 Hardingham, 2000
Co-activator CRB binding protein (CPB) is also susceptible to a persistent increase ganucl
Cd" levels, which transactivates CPB by phosphorylation at s&fteby a CaMKIV
dependentpathway and consequenttyiggers CPB/CREBmediated transcriptiofS. C. Hu,

Chrivia, & Ghosh, 1999Lonze & Ginty, 2002 West, Griffith, & Greenberg, 2002 The
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activation of CREBmediated transcription isreecessary eventor NMDAR-mediated neuronal
survival and other targets such as the neurotrophin -deximed neurotrophic factor (Bdarf)
dependentell survival, which can make neurons maadnvulnerable to excitotoxic evendhd

other types ohegative stimulwhich cancause cell death mechanisitardingham & Bading,

201Q Lai et al., 2014D. Lau, Bengtson, Buchthal, & Bading, 2015

Among a plethora of nuclear Earegulated genes, a set of genes known as activity
controlledinhibitors of death (AID) genes, have been shown to provide neurons with a sort of
Asaf e gftee baothin vitro andin vivo (Hardingham & Bading, 20105. J. Zhang et al.,
2009. More specifically, CREB can not ongontrolits own set of genes, but can also control
expression of these AID genes like encoding activating transcription factor 3 (AH3)ll B
translocation gene @Btg2) B-cell lymphoma GBcl6), growth arrest and DNAlamage
inducible 45 beta Gadd45), Gadd4%q, inhibin beta A(Inhba) interferon activated gene
202B(Ifi202B), neuronal PAS domain protein(Mpas4) nerve growth factemduced gene B
(Nrdal;also known as nuclear receptor subfamily 4, group A, member 1) and serine protease

inhibitor B2 (Serpinb2 (Hardingham & Bading, 201(6. J. Zhang et al., 2009

These werdikely to be deemed th€REB target genes capable of promoting protective
effects through a process that make the mitochondria less susceptible to stressfuldeatitell
causing stimuli(Hardingham, 2009Hardingham & Bading, 2010Lonze & Ginty, 2002
Another piece of eviehce that CREB is a key player in the gwovival signaling is the
observation that under stressfhvironmentssuch as oxidative stress and hypoxia, CREB

becomes phosphorylated, whistrongly suggests that it could be a defense mechanisthe
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cell against an eventhat is detrimental or unpleasatulda, Gorman, Hori, & Samali, 2010
Lonze & Ginty, 2002 Moreover, a similar event was observed in the hippocampus, when a
temporary ischemiaitiated CREB phosphorylatiofpCREB)tha is transient in CA1 neurons

but is sustained in dentate gyrus (DG) neur(ender, Lauterborn, Gall, Cariaga, & Baram,
200% Lonze & Ginty, 2002 Thesetwo particulartemporalchangesn CREB phosphorylation
between the hippocampus and the p@&hedthe idea that the neuroprotectisatcomein the

DG wasarbitratedthrough a CRERIependenpathway(Bender, Lauterborn et al. 2001, Lonze

and Ginty 2002).

This protectiveoutcomeappeas to be dependent on CRERpendent gene expression
because administiah of CRE decoy oligos, worsendfie apoptotic event followindhe
excitotoxc stimulation(Kitagawa 2007 Lonze & Ginty, 2002 Similarly, in PC12 cells, under
oxygendeprived conditions promptetie expression of the CREfBependent prsurvival gene
bcl-2, which is known to help make cells maraperviousto the outside stimul{Beitner
Johnson, Rust, Hsieh, & Millhorn, 2000onze & Ginty, 2002Maroto & PerezPolo, 199). All
of these observations strongly suggest that insults are capable of triggerimgitvgignals, one
that stimulates theetl death pathway and the other activates CRIEBcted presurvival
mechanism(Hardingham & Bading, 2002.onze & Ginty, 2002 It is conceivable to deduce
that the destiny and the health of the cell depend strongly on which pathway is more dominant at

a given timepoint (Lonze & Ginty, 2002Soriano et al., 2006
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1.5 The failure of NMDAR antagonists in clinical trials

Although molecular and experimental animal studies have consistently demonstrated that
overactivation of NMDARs is the primary step leading to neuronal injury following insults of
stroke and brain traum#gArundine & Tymianski, 2004J. M. Lee, Zipfel, & Choi, 1999S. A.
Lipton & Rosenberg, 199Mattson, 199, several largecale clinical trials haveompletely
failed togetthenecessargfficacy of NMDAR antagonists in reducing brain injur{€&adstone,
Black, Hakm, Heart, & Stroke Foundation of Ontario Centre of Excellence in Stroke,; 2002
Ikonomidou & Turski, 2002 Kemp & McKernan, 2002J. M. Lee et al., 1999 Plausible
explanations for this appamt contradiction between basic research results and clinical trials
have been proposed. These include, but are not limited to, the inability to use the NMDAR
antagonists at doseecessaryor neuroprotection due to side effects, an inability to admmiste
these drugs within their neuroprotective windowspbility to use the antagonists at protective
doses due to potentidblocking of normal brain function and neuronal survivphor
experimental designs, and also heterogeneity in the patient popkitiensi, Igoechi, Janigro,
& llkanich, 2004 Corbett & Nurse, 1998Gladstone et al., 2002Z&onomidou & Turski, 2002
Kemp & McKernan, 2002 As mentioned above, it is important to consider the opposing roles
of NMDAR subtypes in promoting cell survival and cell death. Accordingly, we hypothesize that
inhibition of NMDAR-mediated cell survival actions by some of the NMDBIBckers used in

these clinical trials may also be an important contributing factor.

1.6 Opposing roles of GIuUN2A and GluN2Bcontaining NMDARs
Different GIuN2 subunits (GIuUN2AI D) confer distinct electrophysiological and

pharmacological properties on the NMRs, therefore the incorporation of specific GIUN2
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subunits may be responsible for differential functions of NMDARSBIiss & Schoepfer2004
Seeburg, 1993I5eeburg et al., 1995The subunit composition of the NMDAR confers distinct
channel kineticsagonist affinity, and sensitivity to inhibito(€. G. Lau & Zukin, 2007Paoletti

et al., 2013 Moreover, NMDARs are expressed in different brain regions depending on their
subunit compositior(Bar-Shira, Maor, & Chechik, 2035 Previous reports, demonstrate that
GIuN2A- and GIuN2Bcontaining NMDAR subtypes have opposing soli dictating the
direction of synaptic plasticity where GluN2#ontaining NMDARs mediate LTP and GluN2B
containing NMDARs are mediating LT{Kaufman et al., 2032L. Liu et al., 2004 Genetic
deletion of the GIuN1 in mice completely abolishes NMDAR activity, and the animals do not
survive (Myers, Dingledine, & Borges, 19%99In the case of GIUN2A knockout mice, these
animals survive but shosompromisedynaptic plasticity with regards to lotgrm potentiation
(LTP) of synaptic strength along witm abnormakpatial memory formatiofBrigman et al.,

2008.

GIuN2B knockoutmice arenot viable but experiments can be devieen the knockout is
specific to the pyramidal neurons of the cortex and the CA1 hippocampus, in which case they
show a compromisedlongterm depression (LTD) andbnormal neuronal development
(Brigman et al., 201,0C. Chen & Tonegawa, 199Tai et al., 2014 In addition, many of the
physiological roles of the NMBR subunits are related taniqueregions of thecytoplasmic
tails, and genetic deletion of thesetetminal domaingausesmany of thecellular features
observedwhen the whole receptor is knocka. Fan, Jin, & Wang, 20t4Lai et al., 2014
Ryan et al., 2008Wyllie et al., 2013. The protein machinery required for synaptic plasticity,

including proteins required for LTP and LTD, have been demonstrated to interact directly with
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the Gterminaldomains of the GIUN2A and GIuN2B subunits of the NMDABbllingridge,
Peineau, Howland, & Wang, 2018. Fan, Jin, & Wang, 20%4Lai et al., 2014 Shipton &
Paulsen, 2014 The subunit composition of NMDARS is specific not only to different regions of
the brain but also to different subcellufasitions(extracellular versus synaptic compartments)
and clanges dynamically during th@evelopmentof the brain andalso during responses to

differentstimuli (Lai et al., 2014Paoletti et al., 2033 hipton & Paulsen, 20}4

For instance, théippocampal and corticaleurons in the neonatal forebrain express
GIluN2B-containing NMDARs in synapses and extsynapticcompartmentswhereaghe adult
brain cortical neurons display ancreasedamount ofsynaptic GluN2AcontainingNMDARs
(Paoletti et al., 203z3apouin & Oliet, 2014Petralia, 201 It was observed that when the rat
brain reaches adulthodztweenP39 P92, thehippocampushowsa significantdecreasen the
amountof functional GluN2Bcontaning NMDARs which wasproved by the gpication of
GIuN2B antagonist$o block these receptofkai et al., 2014Magnusson, 20X ZPaoletti et al.,
2013 Shipton & Paulsen, 20}4Moreover the particularlocalization of NMDAR subunit types
(GluN2A versus GIuN2Bran be amajor contributing factoof the distinct mechanitic effects
from synapticor extrasynaptic receptofglardingham & Bading, 2010/NVyllie et al., 2013 A
strong example for this observation is tlsgnaptic and extrasaptic NMDARs have been
shownto govern different dections of synaptic plasticity where synaptic NMDARs have shown
to mediatehe LTPard extrasynaptic NMDARs mediatee opposing LTOL. Liu et al., 2004.
One possible explanation for this observation could be attributatietalifferent NMDAR
subtypes thiaare present in these compartmemigh the GIuN2A NMDARsubtype mediating

the LTP and the GN2B NMDAR-subtype mediating the LT[Lai etal., 2014 L. Liu et al.,
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2004 Luscher & Malenka, 203xZPapouin & Oliet, 2014Shipton & Paulsen, 20)@&igure 1.1)

Along the lines with this concepthe differential roles of synaptic and extrasynaptic NMDARs

in neuronal death and survival can also describedby the existenceof distinct NMDAR

subunits in these sutellular locationgHardingham & Bding, 2002 Hardingham et al., 2002

Y. Liu et al., 2007 Luo, Wu, & Chen, 2011 More specifically,GIuN2B-containing NMDAR

specific antagmists like Ro 256981 or ifenprodrilare highly neuroprotective in models of

cerebral ischemigarticularly pertaining to an excitotoxic eveit Liu et al., 2007. They also

have shown protective effects toward otheurodegenerative diseages e . Huntingtono:
Al z h e idiseasf{lN.sW. Hu, Klyubin, Anwyl, & Rowan, 2009Verhagen Metman et al.,

2002, whereas selectivantagonism towardsluN2A NMDARs are awful and not effective
neuroprotectivagentsandin some experimental studigsey have actuallgxacerbated neuronal
deathsuggesting blocking the fation for these receptors do not block cell deatd may have

i mplications to cell survival by 1 nsureivalf er i ng

pathway(Hardingham & Bading, 201@Hardingham et al., 20Q2. Liu et al., 2003(Figure 1.1)

All things consideredhe finding that GIuUN2A and GIuN2B are the predominant GIuN2
subunits in the adult forebrain, where stroke most frequently occurs, we hypothesize that
GIuN2A- and GluN2Bcontaining NMDARs may have differential roles in supporting neuronal
survival and mediting neuronal deatfL. Liu et al., 2004 Y. Liu et al., 2007, and hence have
opposingconsequencesn excitotoxic brain damage following delbrain insults such as stroke
and brain trauma, irrespective of thgbcellular locatiorof them(Y. Liu et al., 2007. Synaptic
GIluN2B-containing NMDARs appear to be sufficient for the induction of neuronal death,

whereas synaptic GluN28ontaining NMDARS protects neurons against excitotoxic nelirona
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death mediated by synaptic GluN2Bntaining NMDARs(Hardingham & Bading, 200201Q

Hardingham et al., 200Hetman & Kharebava, 2006ai et al., 2014Y. Liu et al., 2007 Zhou
& Sheng 2013 (Figure 1.1) This is also evident by the faittat NMDARsemploytheir subtype
specificactionsvia theirunique Gterminus tails, swapping the -@rminalof GIuN2B with the
GIuN2A C-terminalstopped greatlsluN2B NMDAR-mediated excitotoxic eventsth shown
in-vitro andin-vivo (Martel et al., 2012Sprengel et al., 19980n the other handexchanging
the Gterminus of GIuN2A withthe GIluN2B C-terminustransformedhe proesurvival GIuN2A

containing NMDAR into areceptor thahow instilled an excitotoxic mechanisfMartel et al.,

2012.

Overall theseobservationssuggestthat since expression levels oGIuUN2A-containing
NMDARs in the adultbrain neuronsare substantially increaseahd consequentlyplay an
important role in synapti@activity-dependent survival signaling, whereas GluNZBitaining
NMDAR in extrasynaptic compartments play an important role in excitotoxteilydeathnot
only for urder stroke conditions but also fother diseaseassociated with excitotoxic events
such as Huntingtonods di gT8lx ardingham & Baaingm2002i c
Hardingham et al.2002 Lai et al., 2014Wyllie et al., 2013 There arenumerous studies have
found that, in mature cortical cultures, activation of either synaptic or extrasynaptic GIuN2B
containing NMDARs results in excitotoxicity, increasing neuronal apoptétasdingham &
Bading, 2010 Hardingham et al., 2002.ai et al., 2014 Papadia et al., 200&Zhou & Sheng,
2013. In contrast, activation of either synaptic or extrasynaptic Gluisi@dtaning NMDARs
promotes neuronal survival and exerts a neuroprotective action against both NNMB&\RoR

NMDAR-mediated neuronal dama@i¢ardingham & Bading, 203MHardingham et al., 200% .
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Liu et al., 2007 Papadia et al., 200Zhou & Sheng, 2013 These results strongly suggest that
the two receptor subpopulations have opposing roles in promoting cell survival (GIUN2A
activation) and cell death (GIuN2B activan) (Y. Liu et al., 200J. However, the
neuropotective effect of a GIuN2B blockade has a relatively narrow window of efficacy as
GIuN2B antagonisnand not suitable in a clinical settirty. Liu et al., 2007. replacing the €
terminus of GIUN2A withthe GIuN2B C-terminusmadethe proesurvival GluN2Acontaining
NMDAR into areceptor that now mediates excitotoxic mechanismE€arvajalet al., 2016
Davalos, Shuaib, & Wahlgren, 2000Glutamate is rapidlyaken up by the cells and normal
levels can be restablished in as little as 30 min following stroke ingHlt Benvenste, Drejer,
Schousboe, & Diemer, 1984At thistime point, GIUN2B is no longer to be activated and hence
blockade of the receptor would not be expected to remseful and completely ineffective to
block cell death(X. Fan, Jin, & Wang, 2014Y. Liu et al., 2007. In comparison selective
activation of GluN2Acontaining receptors would initiateell survival promoting signals,
protecting neurons against ischemic damage irrespective of the time of activation in relation to
the stroke event, and may thereforeabécipatedo have a muclider therapeutic windovand
therefore more clinically rel@ant at time points greater than 3 ho{#sFan, Jin, & Wang, 2014

Y. Liu et al., 2007.
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Figure 1.1 Unigue subpopulations of the NMDAR medate neuronal death and survival

(a) During basalconditions, synaptic activitgustainsneuronal survival via activation of the
synaptic NMDARs which are mainly GluN2&ontaining NMDARs This presurvival efect is
dependen on the C& influx through thee receptors. (b)Shortly after stroke or under
excitotoxicconditions a massive release of glutamate (glutamate cascade) into the syarapses
extrasynapticompartmentsvhich causes activation of both subpopulations ofiM\Rs at both
synaptic and extrasynaptic sitédardingham & Bading, 20022010. This spillover causes
neuronal deathia activation of extrasynpatic GluN2&ntainingNMDARs (Hardingham &

Bading, 2002201Q Hardingham et al., 20Q2ai et al., 201

1.7 Crystal structure of GIuN1/GIluN2B NMDARSs
In 2005, Gouaux et al. crystallized the S1 & S2 domains of the GIuUN1 and GIuN2A
subunits inthe ligandbinding domain(LBD), clearly demonstrating the-glutamate and-

serineglycine binding site¢Furukawa, Singh, Mancusso, & Gouaux, 20@apouin et al., 2012

34



Shleper, Kartvelishvily, & Wolosker, 20D5More recently, this domain was used do-
crystallize a selective antagonist of GluN2antaining NMDARs (TCN201), wbh showed an
ability to bind a modulatorynterface in betwee the S1 & S2 domains of the GIuN1 and
GIuN2A subunitgVolgraf et al., 2015 At present there is no known crystal structure for the N
terminal and @erminus domains for the GluN2¢ontaining NMDARs. On the other hand, the
GIuN1/GIuN2B combinatiorcomplexinitially was crystallized in 209, where the Nerminal
domain was resolved in the presence of the GluN&Bagonist ifenprodril(Karakas,
Simorowski, & Furukawa, 2009 In 2014, the Xray crystal structure of the Xenopus laevis
GIuN1/GuN2B NMDAR was obtained with the allosteric inhibitor, Re@381, partial agonists
and the ion channel blocker, MK8QC. H. Lee et al., 2004 This structureexposedthat
allosteric antagonidtound GIuN1/GIuN2B structure has an overafioRl symmetry with a
layered dimefof-dimersarrangemenof subunits(C. H. Lee et al., 2004 They showed thahe
interlinked connections and linkages of tR2 lobes of the NTDs to the LBDallows for
possiblemolecular pathsfor transmission ofan allosteric signal to the D-serineglycine and
glutamatebinding LBD layer C. H. Leeet al, 2014).This could suggest that NTD could be a
suitable target that ctlhendow structuratearrangementsapable to cause movements that are
transmitted to the LTD anpotentially facilitate glutamate or-Berine/glycine binding and thus

induce an allosteric signéC. H. Lee et al., 2014)

It has been demonstrated that even thoughosur e of t heSISBD
domainsattributed topartial agonistdias been observethe ion channel gate is in a closed
blocked state, whiclgave the initial interpretationsinto the structuraimakeupfor allosteric

inactivation of a NMIAR complex(C. H. Lee et al., 2094 All the crystallized work completed
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to this point was focused on crystallizing the NMDAR in the presence of a negative allosteric
modulator that causes the conformational changes which leads to a closure of the LBD
clamshellike structure, consequently causing the receptor to be in its closed/blockd state

Lee et al.,, 2014 However, the crystal structure of NMDAR in the absence of a negative
allosteric modulator and earystallized with L.glutamate and glycine in their respective binding
sites remainedunknownand was expected to have different configurations when characterized
receptor in its active forr{C. H. Lee et al., 2014Traynelis et al., 2000 Very recentlyZhu et.

al. crystallized such a structy revealing for the first time the active conformation of the
activated GIuN1/GIuN2B structure complex with no inhibi{®&. Zhu et al., 2006 They
reported the conformational changeghe domainsassociatedo the activation of mammalian

GIuN1/GIluN2B NMDARS(C. H. Lee et al., 2014. Zhu & Paoletti, 20155. Zhu et al., 2016

Specifically, the activatioomechanisnrequires opening of the 4mbed architecture of
the GIuUN2B NTD and rositioningof the heterodimeriorganizationin the GIuN1/GIuN2B
NTD (S. Zhu et al., 2006 They also showed that these changes lead to ra&didll/GIuN2B
heterodimeric pairs in both the NTD and LBD causingtiditaof the gating rindZhu, Stein et
al. 2016). Importantly, this was the first study to showdbmplexityof the dynamicsof these
receptors with respect to the different activatmaradigmsor arrangementsontrolledby the
conformational changed statésat occur when iglutamate and-serineglycine bindto the
receptorand particularly how the movements of the NTD can transmit down to the LBD and

potentiallycauseallosteric effect¢S. Zhu & Paoletti, 201,55. Zhu et al., 2016
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1.8 Stroke

Stroke is the fifthand third leadng cause of death for Americamsd Canadians
respectivelyand the leading cause of disability and cognitive impairni@©wbiagele et al.,
2013 (Public Health Agency of Canada.(201Tracking Heart Disease and Stroke in Caniada
Stroke Highlights 2011. http://www.phaspc.gc.ca/cahc/cvdmcev/shfs-2011/indexeng.php.
However,the risk of having a strokis heavilyreliant onrace,ethnicity and aggOvbiagele et
al., 2013 Trimble & Morgenstern, 2008 Approximately 130,000 peoplalie each yearfrom
strokewhich translates 1 out of every 20 deai®815 Go et al., 2013Mozaffarian et al., 2015
and approximately annually300,000 people in the United Stathave been diagnosed with a
strokeepisode(Go et al., 2014Go et al., 2013Mozaffarian et al., 2039N/riting Group et al.,
2016. Moreover,a vastmajority @7%) of all strokes are ischemic which are caused by blood
clots formed inside thélood vessels and block blood flow to the brdltaast, Gustafson, &
Kiliaan, 2012 Mozaffarian et al., 20135Y. Zhang et al.2008. This ultimately leads to a rapid
loss of brain function and a slow cell death caused by lack of oxygen to the cells, programmed
cell death (apoptosis) free radical formation angbotentially anuncontrolable cell death
(necrosis), all contributing to detrimental effects to the btesue (Kalogeris et al., 2012
Northington, ChaveX/aldez, & Martin, 2011 In other situations the strokes can be
hemorrhagiavhich are charactezed by a severburstof the vessel resulting in the blood being
poured out into the braifdordan & Hillis, 200). The appoximate expenditurein the United
Statesassociated with strokare in the billions of dollars annually which includes cost
associated witthealth care services and medicatiortsch are needed to reduce the amount of
injury and to improve recovery from thechemic episodéMozaffarian et al., 2015Writing

Group et al., 2016 Moreover, stroke is leling cause oflisabilitieswhich adds on to the health
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care costs longerm (Mozaffarian et al., 2015Writing Group et al., 2006 Taken together
stroke is aglobalissue there is a great need to treat stroke and the current therapies are limiting
(ie. narrow therapeutic therapieasid some cases ineffectiamd onlyappropriateto certain
populationdemographicgMozaffarian et al., 2013Nriting Group et al., 2016 The aimof this
study to find a novel treatment for stroke patients that suffer ischemic strokes but this study
could be theoretically expanded to test whether the treatment could b pesthemorrhagic

conditions

1.9 NMDAR -mediatedexcitotoxicity and its relationship with an ischemic stroke event
Neurodegeneration following stroke, cardiac arrest, or profound hypotension is a frequent
and devastating phenomenon that is a major cause of morbidity and mortality in North America
(Collins, 1986 DeGracia, Neumar, White, & Krause, 1998adstone et al., 20035. A. Lipton
& Rosenberg, 1994 Ischemic stroke is caused by a reduction in blood flow to the brain
(Kristian & Siesjo, 1998Uchino et al., 2016 This results in a depletion of oxygen and proes
impaired energy metabolism and depolarization of cells that leads to excessive release and
buildup of extracelllar glutamate, which consequently leads to a builduga " ions in the
intracellular space, elevated lactate levels, acidoisnation of free radicalsitrogen
containingspeciesand if the disruption is severe enoughedominatecell death occursvhich
can effect nearby celsnd causes a (Kiigtian &iSiesp01998Rosske Brady, &
Mohr, 2007 Uchino et al., 2016 The mechanisms mediating this neurodegeneration likely
involve multiple events; however there is increasing evidence that ischemic injury to neurons is
caused, at least ipart, by overactivation of glutamate receptors, particularly the NMDAR

subtype(Hara & Snyder, 20Q7.ai et al., 2014Mark et al., 2001
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Both in-vitro and in-vivo studies have consistentlghowed that overactivation of
NMDARs is theinitial stageleading to neuronal injury followingtroke or traumatibraininjury
(TBI) (Arundine & Tymianski, 2004J. M. Lee et al., 199%6. A. Lipton & Rosenberg, 1994
Mattson, 199). These NMDAR become overactivated by the high levels of extracellular
glutamate that geteleasedto the synapticspaceand their concentrain within depend on
location and timindMark et al., 200)L These high levels are observadhe ischemic areas but
they also remain high in the core regemmd aresustained well after fewours afteran ischemic
insult On the other hand in the penumbra region where the damage is not too severe, the
glutamate concentration woutltcrease dowto normallevelsin aboutl hourafter the ischemic
insult (Baron, Yamauchi, Fujioka, & Endres, 201&€eulemans et al.201Q Kiewert,
Mdzinarishvili, Hartmann, Bickel, & Klein, 20)0Basalextracellular glutamate concentraiso
is about 0.5 pM detected by microdiaysis coupled with higkperformance liquid
chromatography (HPLChut when substantial neuronal excitotoxic injury occurs, extracellular
glutamate camise todetrimental toxic levels of 380 uM and can remain at ifseakfor up to 3
hours, causingdistraterous resultfor the cellvia a massive amounts of €anflux (Kanthan,
Shuaib, Griebel, & Miyashita, 199Kiewert et al., 201D At these levels NMDARs would be
obviously overactivated since E{of glutamate towards NMDARs are within the lows@M
range(Erreger et al., 20Q7Consequently, thenassive amountsf glutamate in the extracellular
compartmerd oveactivateNMDARSs in adjaceneand nearbyneurons, triggering apoptotic cell
death signaling pathway®. Lipton, 1999. It has been shown in stroke patients and in animal
stroke models that theonsequence of this is that thertical, CA1 hippocampal and cerebellar

neuronswould be particularly vulnerable tdhis ischemic insulivia the massive releasef
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glutamate anthese neurons can degenerafédays afer ischemiansultas the result gbrocess
calleddelayed neuronal deatkhich NMDAR seem to play an important role to initiating this
process(Abe et al., 1995Bramlett & Dietrich, 2004 DeGracia et al., 19965. A. Lipton &

Rosenberg, 199#¢tito, Feldmann, Pulsinelli, & Plum, 19&ibary & Lichtensteiger, 19§9

1.10 The evolution of an ischemic infract damaged area

To keep the in functionng normally itneeds a uninterruptedsupply of oxygen and
glucoe delivered through blood flow bumterruption of the cerebral blood supply can and
frequently causesirreversible brain damaggladecola & Anrather, 2011aRink & Khanna,
2011]). This damage areacan beevaluated by quantifying andeasuring théotal volume of the
infract area,portraying the degreeof the damaged brain tisswehich canbe visualized by
magnetic resonance imaging (MRomputed tomography (CT) ataining the infract versus
undamaged aregGoldlust, Paczynski, He, Hsu, & Goldberg, 19%®pp, Jaenisch, Witte, &
Frahm, 2009 Tatlisumak, 2002 Surrounded around thischemicarea there are twaritical
well-definedzonesthat are vulnerable tmjury; core ischemic zone and the ischemic penumbra
zore (Y. Li, Chopp, Jiang, Zhang, &aloga, 199} Interestingly, it has been found thagumons
are more afflictedo this injury than glia and vascular celtsmd become quicklgompromised
and eventuallypecomedysfunctional and gradualljie when exposed ta stressful stimulus or
hypoxiaischemic conditiongladecola & Anrather, 201120110. An ischemic strokecan be
produced by occlusion of the middle cerebral artery (M{; e most common type of stroke
patients andc o n s e g u e n tmosg commodlg used hnethe animal modé@ladecola &

Anrather, 2011aRink & Khanra, 201). In this type of stroke thajury is swifter and more
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pronouncedn the @nter of the ischemic core characterized by the relatively lower blood$low

10-25%)ladecola & Anrather,@113 2011h Rink & Khanna, 201}

In the periphery of the ischemic region call¢ie ishiemic penumbra, neuronal injury

evolvesat a much lower ratbecause blood flow coming fromearbyvascular areas (collateral
flow) keeps cerebral perfusion abovecertainlevel/ceiling that wouldstop cells from dying
instantaneouslyproviding sufficient oxygen and glucose levelkunz & ladecola, 2009P.
Lipton, 1999. Initially, the infract is manifested in the core ischemic zone and then progresses
into the ischemic penumbra, where ~30 minutes of ischemia cauifased amount of cell
death in the core, whereascreasing theischemiato ~60 minuteswould cause a more
pronounced injury to the core due to tluager strokdschemic evenfJ. M. Lee, Grabb, Zipfel,
& Choi, 2000 S. Liu, Levine, & Winn, 2010 Popp et al., 2009 In a severe casevherethe
ischemia lastdor an extended period ohore than 6 hours, the infract gguite prominently
extended into thpenumbra andonsequentlyeaches dire situationin which the damagis not
salvageableand it underscores the importance of getting a treatment @ddigs, 2012
Hossmann, 20Q%. Lipton, 1999S. Liu et al., 201

The progressiorof the ischemic brain infradias beerclassfied and dividedinto three
differentlevelswhich are defined by different pideath mechanisms amésed on timing from
the onset of stroke: acuteO-7 days) subacuté~1-3 weeks)and chroniq~late stage > 3 weeks
(Allen, Hasso, Handwerker, &arid, 2012 Birenbaum, Bancroft, & Felsberg, 20IHossmann,
2006. The acute stage can be further divided into two phases: early hyperaéubte@s) and
late hyperacute (@4 hours) where the early hyperacute is the stage in which therapies are

administered and the ultimate goal is to achieve a therapy that can bengikie late hyperacute
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stage(Allen et al.,, 2012 In the acute phasthe ischemic damage is initially produced by
depletion of adenosine triphosphateATP) and a development of an uncontrollable
depolarization of cell membranes called xnodepolarization(R. R. Liu & Murphy, 2009
Nedergaard & Hansen, 1993vhich occurs 43 minutes after the stroke ong&tongin, 2007
Welsh, Marcy, & Sims, 1991This causes a spreading depolarization which is cteraed by
neuronal edemadendrtic spines distortionan alteration of the slow electrical activity and
suppressedbrain electrical activityDreier, 201). In the subacutstage molecular cell injury
occurs and consequently the irdfranoves from the ischemicore(not salvageableegion) and
extenddo the ischemia penumbra which usuadlynanifestedd-6 hours after the onset stroke
(Allen et al., 2012; Q. Wang, Tang, & Yenari, 2007; Woodruff et al., 200épending on the
severity of the ischemic induthis would be the regiom which the cells are deemed as
salvageable and theoretically targetable to stop thel@ath signaling pathwaykat are being

activated(Allen et al., 2012Q. Wang, Tang, & Yenari, 200Woodruff et al., 2011

The main mechanism underlying this transition is the-ipéract spreading depression or
depolarizationg(Dreier, 2011 Lauritzen et al., 2031Pettigrew et al., 1996and myriad of
cellular death mechanisms caused by excitotoxiodyced by glutamat@lia, Njapo, Rastogi, &
Hedna, 2015Lucas & Newhouse, 19%,Aormationfree radicdhitrogerncontainingspecies that
causecytotoxicity (Eliasson et al., 1999%acher et al., 2007 Ca*-activated proteases and
calpains(Machado et al., 2015/0sler, Brennan, & Chen, 20p&ailure and dysfunction has
been identified forhe mitochondria, and endoplasmic reticul@@&R) (Kalogeris et al., 2012
Ouyang & Giffard, 2012 Paschen & Frandsen, 2Q0Mhich are all causal factofer the

significantcell deathpathology Thelate phase or chronic stagdich would be the most severe
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in terms of pathologyand in this will encompasirain edemaand inflammationand usually

difficult to treat and may lead tdeath(Jin, Yang, & Li, 201QKalogeris et al., 2012

In the first stagethe ischemic core undergoemjor mechanissof cell death associated
with energy failuredue tothe lack ofoxygen and glucose and thereforurons canngiroduce
enoughATP necessaryo energizethe ionic pumps that maintain the ionic gradient across the
membrane, mainly the NieK* ATPase (Nedergaard & Hansen, 19938Bubsequently, massive
Na" and C&" cytoplasme buildup leads toneuronalswelling (cytotoxic edemavith damaged
organelles deteriorated membranesicleusand eventualuncontrollable cell deatlinecrosis)
(Elmore, 2007 Fink & Cookson, 200p In the initial stagesunlike the ischemic cor¢he flow
reduction in the ischemic penumbsanot enough to cause energy failure Aedce theneurons
stayalive for aprolongedperiod of time after the insudindthus the neurons in these regions are
characterized as beirsglvageabléJ. M. Lee et al., 2000Nevertheless, these afflicted neurons
can bestressed and susceptibledtbier harmful stimuli opathogenic eveniss a consequencé
their compromisedvealkenedstatecaused by the original insyfP. Lipton, 199%.

Since, an infract evolves over an extended period of (&hogv cell-death)after the blood
flow has beemreinstatedor reperfusionit was noticed thathe advancement of the ischensa
not only be exclusivelattributedby the failure of theenergydeficientATP pumpsin the cells
and thereforéas led to the idea thather mechanisms anevolved for the resultingelayed cell
deaththat isoccurringafter the insul{Kalogeris et al., 20)2These mechanismesponsible for
the ischemic damage has been blamed plethora of cellular and molecular evertiited by
the sudden lack of blood flow and even aftesituation where the blood has been reperfused

(ladecola & Anrather, 2011&alogeris et al., 2002 The primary ste@nd thetrigger for these
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cellular and molecular events has been blamed om#ssive amount of extracellullawildup of
glutamate which has been portrayed as being the ozaisave factorfor the deathobserved in
theischemic penumbreegions(ladecola & Anrather, 20118loskowitz, Lo, & ladecola, 2010
Xing, Arai, Lo, & Hommel, 201p These pathways lead #&ocontrolled cell death (apoptosis) or
even uncontrollable cell deathgcrosi$ depending on theeverityof the strokeinsult and the
metabolic conditiongn which the neurons are (ladecola & Anrather, 201120110 H. Liu et
al., 2012 Xing et al., 2012 The cells that are injured or in the preced dying are also a
contributor to inflammation because theypel dangersignaling proteinswhich cantrigger
mechanismassociated with thenmune systenfladecola & Anrather, 20112011h Rock &
Kono, 2008. It is known thatblocking glutamate receptorsvith antagonists particularly
NMDARs, produces aignificantprotectiveoutcomesagainst ischemic injuries in several animal
models when given in the first hour of the onset of st{bleyte, Barber, Buchan, & Hill, 2@0

J. M. Lee et al., 200Minnerup, Sutherland, Buchan, & Kleinschnitz, 2PIthis blockade of
NMDARs showed that the protectivaffectsis attributed to the blockade of €anflux through
these receptors and therongly supports the idea that the death eaaselatel to the surplus of

C&" in the cells(Hoyte et al., 2004Moha Ou Maati et al., 201¥u, Wu, & Wang, 2015

Theinitial abnormalreleaseof extracellular glutamate owactivates the NMDARswhich
leads to cytoplasmic buildugf C&*, which in turn activates Gadependent enzymes, including
the proteasescaspase and calpaig, formation of free radicals,synthesis and function of
arahidonic acid metabolites drenzymes producingpecies such asO (Dong et al., 2009
ladecola & Anrather, 20112011 Weber, 2012 As a result of this observation there is a high

degree of evidence thaicreased amount of intracellul@z* is known to be a trigger of the
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downstream praleath signalingpathway (Chung, Ryu, Kim, & Yoon2015 Fink & Cookson,
2005. Hippocampal CAl cells are known to have a h&ptpression levels of functional
NMDAR proteinand that under an ischemic event the irghatar amountsof C&* elevatesto
from 0.1 pM tocytotoxic levelsof ~30-60 uM (Kristian & Siesjo, 1998 At these detrimental
concentrationsof Ce*, the calpains will beactivated and lead to unregulated proteolysis into
fragments, which caim turn breakdown many diffen¢ proteins, includingaxonalcytoskeleton
proteins such s U-spectrin, microtubleassociated proteifMAP), tau, and neurofilament
proteins (NFP) as well as components of the myelin suahyasin basic protein (MBPand
myelinassociated glycoproteiMAG) (Kampfl et al., 1997 Saatman, Creed, & Raghupathi,
201Q Vosler et al., 2008 The consequence for the degradationhef cytoskeleton and plasma
membrans has beercell deathwhich can be initially blamed for the excess amounts of
intracellular C&* necessary to activate these degradative components of th@gecaalpain
mediated cleavagéElmore, 2007Kampfl et al., 1997Vosler et al., 2008

Another detrimental effect of the massiveildup of intracellular CZ is mitochondria
mediatedoxidative stress and this in turn celicit the gatingof a highconductance pore in the
inner mitochondrial membrar@alled the mitochondrial permeability transition (MRKYistian
& Siesjo, 1998 Webster, 2012 TheMPT causes adilapse of the electrochemical potential for
H*, thereby stoppingr diminishedATP production, effecting the electron transport system,
swelling of the mitochondria and subsequent production of reactive oxygen species (ROS) such
as superoxide radical‘O,.), superoxide anion (£), peroxide (@), hydroxyl ion (OH),
hydrogen peroxide (}D.), hydroxyl radical (OH, and singlet oxygen (1 (G. Chenget al.,
2012 Kristian & Siesjo, 1998M. P. Murphy, 2009 This process would lead to dire cellular

consequences which includweitochondrial swelling and a breach of the outatochondrial
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membrane followed by a release death factors and certain necrosis of {{t& ¢leng et al.,
2012. The RGs will provide theswelling capabilitiesand help to breakdown of the outer
membranes, releasing papoptotic molecules such aapoptosis inducing factor (AIF),
endonuclease G (Endo @Gnd cytochrome,onvhich can trigger apoptotic cell dedtbai, Yang,

& Jones, 1998Gogvadze, Orrenius, & Zhivotovsky, 2Q0a6alogeris, Bao, & Korthuis2014).
Theformationand release of ROS is grea#yevatedduring an ischemic event due to the ever
activation of thearachidonic acid metabolizing enzymes cyclooxygem@agElipoxygenase and
their effect on the electron transport systéfalogeris et al., 201 &iritoshi et al., 2003Rink &
Khanna, 201}l Furthermore, ROS radicals which are known tcekgemelyreactive that can
further nteract withnitric oxide (NO)which has been shown to increase after an ischemic event,
can give riseo superoxide aniomeroxynitrite (ONOQ or other reactive nitrogen specigmmt

are deemed extremely toxic due to their ability to cause oxidative damage to cells and to the
endoplasmic reticulum (ER) anaso functional disturbance of the mitochondria, attacking
proteinslipids anddamagingDNA especially in the ischemic co(Borstermann & Sessa, 2012

P. K. Liu, Robertson, & Valadka, 20pZ’he most disastrous implication of this interaction is the
superoxide anion with cellat constituents such as-n#rotyrosine in proteins and base

modifications of DNA(P. K. Liu et al., 200p

As mentioned, e dysfunction of the mitochondrend its role in cell death is quite
pronounced and wetlocumented after a brain injury but has alsadlg¢o the potential
detrimental effects and dysfunction of the ER as \lIK. Liu et al., 200 It is quite evident
that he dysfunction of the ER algdays a causal factor t®ll deaththroughROSformationand

this has implications oliminishing intracellularC&"* stores ad therefore altering the €a
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homeostasisnside the cell(Bodalia, Li, & Jackson2013 Kristian & Siesjo, 1998 As free
radicals areformed in the brain during ischemic injury they can play a detrimental role in
secondarynjury processegdysfunction of the ER and mitochondridereforein light of this,
drugs have been developedctmordinate withithese free radicéditrogencontainingspeciesand
prevent them from building up and causing ha@irley, Ord, & Work, 2014 Slemmer,
Shacka, Sweeney, & #ber, 2008 In animal studies, these drugs have shaweuroprotective
positive outcomgagainst ischemic strekand but unfortunatelyumanclinical trials using free
radical trappingdrugsfailed due to dack of efficacy (Green, 2008Kimelberg, 2008 C. X.

Wang & Shuaib, 2007

In the late ghase(chronic) brain swelling and inflammation are the two main factors
which contribute to the ischemic injufyin et al., 2010Unterberg, Stover, Kress, & Kiening,
2004). Neuronal swelling has been reportetb start within 30 minutes of a MCAOo,
predominantly near capillaries diimay last for up to one day aftesperfusion(Garcia et al.,

1993. Brain swelling posstroke is caused by the increased intracellular osmolality due to the
entry of water inhe intracellular space and the breakdown of bllo@dn barrierBBB) which

can allow entry of blood related elements into the brain tissue and increasing the chances for
more cell damag@-ernandez opez et al., 20L,2Hossmann, 2006.iang, Bhatta, Gerzanich, &
Simard, 200Y. More recently, Rungta et al. have discovered a new mechanism for cytotoxic
edena and have successfully identified a new target that is responsible for neuronal swelling
(Rungta et al., 2095 They have showed that neuabrswelling depends on Nand CI influx

but is autonomous fronC&"* flux into the celland that the swelling after Nand CI influx

causes Ca-independenheuronal deatfRungta et al., 2095 Theproteintarget responsible for
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this observation was the ion exchanger SLC26A11 which idestified by combination of
knockdown experimentsnd the usef specific antagonists to block potential channels that have
or could be implicated to the increased swelling found in neyRusgta et al., 2015)t was
shown that the knockdown dhe blockade for this ion exchanger SLC26Altaused a
significant attauation of neuronal swellingand identifieda new paradigm shift forstroke

induced edeméRungta et al., 2015

Inflammation is the one d@he main culprits to the damateat can contribute strongly to
the slow progression ischemic damages, especiallyintreased level®f pro-inflammatory
cytokines, Il:1b, IL-6, TNF-Uand MMR9 which are thémportantmediatorsfor inflammation
response following ischemic insulied can also beleased by microglia through the production
of ROS via NADPH oxidaséCeulemans et al., 20;LDoll, Barr, & Simpkins, 2014Jin et al.,
2010. IL-1 6 and) TaNF k n o wimflammatorybtleat appeas to exacerbate injury
where TNFU is arguabl y o nmt initafors of meurénffeonshationiwhigho r t a
mediate the apoptotic death signal ¥ie induction ofcell death paths such amspase
activation pathwaysand caspas®8 activation(Pei, You, & Fu, 2015L. Wang, Du, & Wang,
2008. Overall the information stated above, the evolution of ischestimke depend on multi
step mechanismBom the first fewminutes of an anoxic depolarizatioh weurons and the
progression taxcitotoxic conditionshortly afterthat lead to massive amounts of intracellular
cd” followed by activation of calpainand brmation of ROSwhich leads tanflammation and
edemaSeidenstein, Barone, & Lytton, 2015; Xing et al., 201 of these mechanisms depend
on the severity of insult and depend on tiafter the original insul{Seidenstein, Barone, &

Lytton, 2015 Xing et al., 2012 The brain injuy starts from the core region withir3lminutes
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of the ischemia event and evolve to the penumbra in a maté® winutesrom early towards

the late hypeacutestagegMoskowitz et al., 201,0Woodruff et al., 201}l The progressioand

the developmenof this damagefflicted to the tissuegan continue even after 7 days and has
implications after monthsven afer the blood has beenreinstalteé c ause of t he fAdon
from one neuron effestnearby neurons in a time dependent fast{woodruff et al., 2011

These slow progression and development of the ischemic inj@yertremely complex and
complicatedand they involve countless of different pathways, it is almost impossible to identify
which domino isbeing affected(activated/deactivated) at any given timued therefore in this

work we have moved away from convenadthinking of targeting a specific domino (pdeath
signaling protein) and tried to shift this paradigm to enhance theymwval signaling pathway

which will be independent of what paeath signaling protein is being activatgdany given

time whichin turn potentially improves narrow therapeutic window®lajid, 2014. In this
dissertation we are going to explore a neuroprotective therapy that will try to block the
progression and try to save cells for ultimd&ath by enhancing thee |l | 6 s -swowa pr o
capabilitieswhich we hope canoverride theactivation of thepro-death signalingcascade

incurred after stroke.

1.11 Current treatments for ischemic stroke

Current treatments options for ischemic strokes have been limited to reitherngthe
blood flow by reperfusion after the onsef etroke through a vasculmased therapy or by
blocking or interruptingthe signaling pathways that lead to ischemic cell death through a
neuroprotection strateggWoodruff et al., 201l The most commonly used therapy for the

treatment of ischemic stroke has been to quicklystate theblood flow to the brain using a
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vascularbased therapyhich will restore the levels of glucose and oxygen back to the cells
(Woodruff et al., 2011)Theonly clinically approved drug for this type of therapy has been the
intravenous injection of tissue plasminogeetivator (PA), whichhelps toreinstateblood flow

by dissolving the blood clot causing the str@teeavanis & Tsirka, 2008

Neverthelessthe administration of PA is restrictive because the treatmemg only
effective andmore importantlysafewhen it 6s gi ven \wfitielstioke ortsdét e f i r
and a recent study has shown thandy beeffective andsafe when given at 4.5obrs after
symptom onset iriselected patientswhich further limits its us€éN. T. Cheng & Kim, 2015
Gravanis & Tsirka, 2008Hacke et al., 1998 Given, that the drug needs to be administered at
the hepital and theveragdime for patents to arrive atthe hospitatould be anywhere close to
4-6 hours, PA treatments sadlyoften not a clinically reasonable choioe manystroke patients
(McCulloch, 1991 Prass & Dirnagl, 1998Scatton, 1994 Another inhibitingfeatureto this type
of medcation is that stroke patiens are required to receiva computed tomography (CDr
magnetic resonance imaging (MR&st to ascertain that the stroke is nemorrhagidcaused by
a tear i n the arteryods wal |befdretPAttreamenbchulee s bl
given as this administrationcauses severe side effe@ad/or exacerbate the bleediagd
potentially deat{Green & Shuaib, 20Q6Miller, Simpson, & Silver, 201)1 Diffusion weighted
imaging (DWI)is also a normally used MRI sequence for the evaluation of an acute ischaemic
stroke and it is sensitive enough to detect small and earkgisfahereas the tramnal T1 and
T2-weighted imaging MRkequences detect infract after 16 ando8rsafter onset of stroke
respectively(Allen et al., 2012 van Everdingen, van der Grond, Kappelle, Ramos, & Mali,

1998. A frequent complication of an acute ischemic stroke fsemorrhagic transformation
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(HT) which does not apparemt the first 12 hourghyperacute stagefter stroke induction but
rather commonlydund in the acute stage (48 hours)and comistently found 4 days after the
stroke onseaind therefore HT limits the use of tPA treatment because the therapeutic vaihdow
tPA is only 34 hoursafter stroke onsd®llen et al., 2012J. Zhang, Yang, Sun, & Xing, 2014
Interestingly, the damaging effects of tRAuld also include itsnteraction with the GIuN1
subunit ofNMDARS, leading to a potentiation of NMDARediated signaling and consequential
intercellular influx of Caf* and exacerbation ofthe predeath signaling pathwayshich is a
similar consequence to activating NMDARs via massive glutamate re(@absbhatla &

Hatcher, 2008Chevilley et al., 2015Gaberel et al., 2013 opezAtalaya et al., 2008

Overall the wide array of pitfallsoncerninghe use ofRA has led to its administration
to only a handful (5%) of stroke patientslue tothe restrictive use and itand narrow
therapeutic windowgGreen & Shuaib, 20Q6Micieli, Marcheselli, & Tosi, 2009 Another
therapeutic strategy for the pathogenesis of stroke has been todvlacterferecell death
signaling pathwaydriggereddownstreanduring stroke(Broughton, Reutens, & Sobey, 2009
Shu et al., 2014 While molecular and experimental animal studies le@revincinglyrevealed
that overactivation of NMDARSs is thaitial step leading to neuronal injury folling insults of
stroke and traumatic brain injuri¢drundine & Tymianski, 2004J. M. Lee et al., 199%5. A.
Lipton & Rosenberg, 1994y. Liu et al., 2007 Mattson, 199Y, manylargescale clinical trials
have failed to find theneededefficacy of NMDAR antagonist in reducing brain injuries
(Gladstoneet al., 2002Ikonomidou & Turski, 2002Kemp & McKernan, 2002]. M. Lee et al.,

1999. Theprecisereasons underlying the apparémtonsistencypetween basic research results
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and humanclinical trials remainlargely unknownand elusive althoughseveralexplanations
have been proposed. These include:

1) difficulty to use antagonists at therapeutically effectisdeses required for
neuroprotection due to side effects,

2) inability to administer the drugs withimeuroprotective windows due to time required
for patient transport and diagnasis

3) inability to use the treatments at protective doses due to potential blocking of normal
brain function and neuronal survival,

4) poor experimental designs, and

5) hekerogeneity in the patient populati¢Albensi et al., 2004Corbett & Nurse, 1998
Gladstone et al., 200Z&onomidou & Turski, 2002Kemp & McKernan, 2002Prass & Dirnagl,
1998. While 4 and5 factos requirebetter designed clinical trials, we focused our research on
finding ways to lessen the first thrisetors.

One reason why experimenteduroprotectiormas yet tdranslate from animals to human
stroke patientsould bethatunlike humas, rodent brains haweery little white mattewhich has
been shown to less susceptiblebtain injuryand this may lead to the possibility tithtferent
mechanisms of stroke injunglated pathophysiologgnd neuroprotectiofCarmichael, 2005
Mattson, Duan, Pedersen, & Culmsee, 208dzmen, Hinman, & Carmichael, 20\ oodruff
et al., 201). Moreover, thenodels useth manystudies have beanostlybeen rodents and thus
have some limitations which include differences nesistanceto swelling, a limited region of
white matter, differences in inflammatory cascadestand would be quite difficult tomirror
the conditionswitnessedin a human (Carmichael, 2005; Casals et al.,, 2011; Chesselet &

Carmichael, 2012; Macrae, 201%pzmen et al., 2012Moreover, the conditions observed in
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stroke victimssince many patient®r instance arelderaged individuals and could al$@ve
other secondary afflictionske cardiovascular diseases that coaliflect the efficacy of the
treatments ormore importantly mayaffect thedifferent mechanisms associated to ischemic
injury especially when comparing it to a rodent model for sti@ermichael, 2005Casals et

al., 2011 Chesselet & Carmichael, 2018acrae, 2011Sozmen et al., 20)2

Thebiggest hurdle at this point would Heat treatments need to be giweithin the first
hour of stroke onset, whereas the clinical trigdgsallyconsist ofpatientinclusiontimesthat are
a lot longer than 1 hour and closer te6hours for patienadmissionespecially if people do not
live close to hospitalor live in major cities(N. T. Cheng & Kim, 2015 Ford, 2008.
Undoubtedly, there are majohallengesn obtainingpositive therapeutic outcomes from rodent
models of stroke and translating them to laasibut may suggest that these disparities between
them highlights the possibility to use of a higloeder gyrencephalic neluman primates (such
as cynomolgus macaqueg$jook, Teves, & Tymianski, 20)2vhich share genetic, anatomical
and behavioraresemblanceso humans and may constitute similar cellular mechanisms to
relation after a stroke insul{f€ook, Teves, & Tymianski, 201Zourtine et al., 20Q7Enard,
Depaulis, & Roest Crollius, 2016ord, 2008. One possibilityfor the disparity between animal
models to human positive therapeutic outcanassdiscussed previouslynay arise from the
different NMDAR subtypesvhich have opposing roles in promoting cell survival and cell death
therefore, we hypothesize that inhibition of NMDA®ediated cell survival actions by some of
the NMDAR blockers used in thegeviousclinical trials may be an important contributing
factor tothe confounding results in relation to their ability to block normal brain function and

neuronal survival which are extremely important to avoid.
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1.12 Computer-aided drug discovery (CADD)

Given the long and expensive process involved in the developmenefapéutic drug,
there is amountinginterestto augmentcomputationatapabilitiesto the drug discoveryprocess
including the drug desigroptimization anddevelopmen{Kapetanovic, 2008 In light of this,
computeraided orin-silico design has been used endevely toassisthit identification (initial
activecompoundy hit-to-lead selection, pharmacological optimization (absorption, distribution,
metabolism, excretion and toxiciADMET) profile) and to enhance brablood-barrier(BBB)

penetration for CN®ilot drugs (Kapetanovic 2008).

In particular, CADD can facilitate and expedite the identification of hit compounds by
filtering large databases into a mopractical chemical sets which can then be tested
experimentally and biologically validated (Kapetanovic 2008). CADD is also used to guide the
design of the initial hit compounds discovered either friorsilico or via highthroughput
screes (Sliwoski, Kothiwale, Meiler, & Lowe, 2004 The process involvesdding or removing
groups from the original hit compound to enhance its interactions with the surroundihgses
of a particular site of the protein and to ultimately create new chemical entities. Furthermore,
computers can also assist with the identification of struciatigity-relationships (SAB) which
facilitates the understanding on how to further imprtead compounds in order to generate the
best possible chemical entities for clinical test{K@petanovic, 2008Sliwoski et al., 2014
With the recent advanoeentin structural biology, in particular, th@D crystal structures of
proteins, computers can facilitate the prediction of the biological actions of proteirteeand

interactingcompounds.
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CADD can be divided into two main methods known as 1) ligaasked drug design
usually when a pharmacophoreidgentified, (a 3D spatial arrangement of chemical features
important for biological activity) and 2) structdbased drug design (targatug docking), where
a hit compound is identified based on the predicted interactions of the ligand to a protein pocke
(Sliwoski et al., 2013 Ligandbased approach is used in cases where there [awous
structuralinformation of protein and thereforéependsentirely on thebioactivity profile of
known drugs (usually need modest datasethd usuallyincludes some form oSimilarity
searching based on ligands known to be active or/and ligand pharmacophore identification
(known feature that is known to constitute the actieityhe drug)(C. H. Lee, Huang, & Juan,

20171 Sliwoski et al., 2014 In this dissertation we use a structbased drug design approach,
where the & strucure (X-ray crystallography, NMRpr in this case aenerated homology
model (a comparative model created from an already known homologues structure of another
protein) of the NMDAR proteirare combined with ahemical library to screen against specific

sites on NMDARgKapetanovic, 2008Sliwoski et al., 2014

1.13 Rationales, hypotheses and specific aims

As already noted, despite a large body of well documented evidence for a critical role of
NMDAR-mediated excitotoxicity in brain damage following stroke and brain trauma, clinical
trials of NMDAR antagonists as neuroprotectants have not fireeensuccestil (Gladstone et
al., 2002 Ikonomidou & Turski, 2002Kemp & McKernan, 2002]). M. Lee et al., 1999Thus,
novel NMDAR-based stroke therapies are urgently needed. Based on our previoussfinding

activation of GIuN2A and GluN2Bontaining NMDARs promote neurahsurvival and death,
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respectively and that NMDAR antagonists, even GIUN2B specific ones, are limited as effective
poststroke therapeutics due to their narrow therapeutic window, may in part explain some of the
failure of NMDAR antagonists in clinicatials (Y. Liu et al., 2007. Based on oustudies, the
selected etivation of GIuN2Acontaining NMDARs may have severdvantages over previous
NMDAR antagonisrbased stroke therapies. Hystwe would predict thispproach possesses a
wider therapeutic window than GluN28ontaining receptor bikade. In fact, there may be no
appreciable therapeutic window limitation as it protects neurons against brain damage by
promoting neuronal survival, rather than blocking the activation of a death signal initiated by the
stroke insult. Second, it is impartt to note that GluN2&ontaining receptor activation ligely

to benot only effective against NMDARnediated cell death (primary neuronal injuries), but
alsoto guard against neGNMDAR-mediated cell death (secondary neuronal injuieapadia et

al., 20098. Increasing evidence supports thetion that some noNMDAR-mediated
mechanisms, while secondary to NMDAR waation, may contribute significantly to brain
damage, particularly following severe strakediatedinsults (M. Aarts et al., 2003Xiong et

al., 2004. Another potential advantage is that the enhanced acwfit¢zluN2A-containing
NMDARs promotes the induction of lostgrm potentiation (LTP) processes, which potentially
increase synaptic strength amdght be used to treat pathological synaptic states by inducing
synaptic plasticity to ameliorate conditions arising from disrupted synaptic drive, such as in
stroke conditions. These points lead to our working hypothesithihselective enhancement of
GIuN2A-containing receptors, rather than a generic blockade of all NMDAR subtypes, is a
more effective posstroke neuroprotective therapyn this regard, there is an urgent need for the
development of highly specific positive modulators for the GluM®Atainng NMDAR

subtypes.
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The primary goal of this thesis is to validate and extend these predictions with the following

specific research aims:

1)

2)

3)

4)

5)

6)

Development of potent and selective positive allosteric modslatpAMs) for
GIuN1/GIuN2A NMDARs usingiterative synergiesbetween in-silico methods of
chemical genomics, chemical synthesis, biochemical and electrophysiological testing

techniques.

Identification ofthe novel modulation site e GluN1/GluN2Acomplexand generation

of structureactivity relationships (SARjor compounds interacting at this site

Evaluation of the effects of GIuUN2A modulasdowards synaptic transmission and leng

term potentiation in hippocampal slices

Evaluation of the effects dhe selective modulation of GIuN1/QN2A on downstream
cell-survival signaling (CREB phosphorylation) and protectioh neurons against

NMDA -mediatecdexcitotoxicity and HO, oxidative stress.

Evaluation of the selectivity profile ofa lead compoundagainst GIUN1/GIuN2A,

GIuN1/GIuN2B, AMPA, GABA-A and hERG potassium channels.

Evaluation of the preclinical profile of a le®RAM including brain-blood permeability,

doseconcentration response, ainevivo half-life.
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7) Investigate whether RAM can promote CREB phosphorylatimmavivo.

8) Investiga¢ whether aPAM can reduce infract volume as well as rescue ategical

deficits caused bigchemic insultsn a rodent MCAo stroke model

The positive allosteric modulators (PAMs) identified hare predicted tchave numerous
advantages over other thpeutic options. First, the PAMgill be small organicmoleculss, a
more desirable therapeutic option as this relates® its superior oral bioavailability,
pharmacological stabilitgnd the ease of synthesis. Moreover, treatsneatildpotentially be
given orally énd perhaps eveat home) compared to other traditional treatments that need to be
administered intravenously in hospitals. Another, advantage toafppsoachis that it is
predicted to have reduced side effexgstshouldnot inhibit downstream signaly pathways but
rather promotea natural trigger to protect cells from various forms of death including
excitotoxicity and oxidative stres3.aken bgethey this work will provide a noveputative
therapeutic treatment for isemic stroke and other pathological diseases assoaciatiectell

death.
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Chapter 2: Methods and nethodology

2.1 Homology model

Currently, there is no crystal structure of the GIuN1/GluN2£eNninal domain (NTD).
Therefore we created a homology model based oncty&tal structure of the homomeric
GIuN1/GluN2B NMDAR. This homology model of the rat NMDAR-tRrminal extracellular
domain (NTD) of the GIuUN1/GIuN2A receptor was constructed using thay>structure of the
analogous GIuN1/GIuN2B fterminal domain (PDB ae: 3QEK) (Webb & Sali, 2014a,
2014b)Karakas et al., 20)1Although the GIuN1/GIuN2A receptor is a tetrameric receptor, this
homology model was based on one dimer consisting of 1 subunit of GIuN1 and 1 subunit of
GIuN2A. The NTDs of GIuN2A and GIuN2B show 72% sequence identity and 82% homology
in the sequence ighment. The GIuN1/GIuN2A interface was subjected to multiple rounds of
side chain optimization and energy minimization usiMgdeller to alleviate any strain

introduced by our homology mod@Vebb & Sali, 2014520144H.

2.2 Chemical library

The identification of quality hit compounds is one of the key steps in a drug development
program. As higkthroughput screening (HTS) is the main methodfitm hit and lead
compounds, it is clear that well designed screening collections are more likely to yield tractable
molecular entitiegDavis, Keeling, Steele, Tomkinson, & Tinker, 206fertzberg& Pope, 2000
Mander, 200R Sceening collections are now compiled using the principles of-tikegand
leadlike chemical space. This is where compounds are filtered using various molecular

descriptors, for example, according to Lipinski's rule of {iieinski, Lombardo, Dominy, &
59



Feeney, 2001and(Lipinski, 200Q or based on the findings of Opr@prea, 2000 Oprea,
Davis, Teague, & Leeson, 200Ieague, Davis, Leeson, & Oprea, 129a the present study,

we used Lipinski rule of three, specifically designed for developing CNS drugs. A subset of lead
like compounds was selected from the ZINC chemical library that provideisiea asray of
structures that can be purchased commercially. Thelilkkadsubset has been filtered by

incorporating molecular weight, lipophilicity and rotatable bond restrictions.

This subset was further f il (Paoukedh &lamz,ed on
2005 and three additional chemical properties which includes no carboxylic groups, no peptide
bondlike structures, polar surface area betw®080 A? and the compound possessed at least 1
nitrogen, 1 oxygen and 1 aromatic ring. The rationale for exclusion of carboxylic acid groups
was their polarity consisting of charged functional groups detrimental for penetrating the BBB.
Moreover, all candidate cqgmounds were filtered based on whether they incorporated chemical
motifs or known toxicophores. This exclusion process was based on moieties deemed
Aundersirabl edo f or -thowlpyt scfeeningneainmigMxsrie-Gilies, n  hi g |

Castaneda, Mirza, & Reynisson, 2009

These toxic functional groups excluded from the database were electrophilic reactive
moieties (leaving or hydrolysable groups), heteroab@teoratom singl bonds, suspected
cytotoxic groups, tighbinding, metal chelating moieties, redox/thiol reactive species, common
substructures of promiscuous rgpecific inhibitors and moieties that are known to cause
toxicity issues by DNA intercalatiofAxerio-Cilies et al., 200P The resulting database was

finalized by adding hydrogens along with removal of minor components (salpypuating
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strong acids and protonating strong bases. Finally, this databaseemasn#rgy minimized to
attain the threelimensional structure of the compound at the lowest energy state. The finalized
optimized structures were then ready for the docking process against the interstice interface of

GIuN1/GIuN2A heterodimer NTD.

2.3 Virtual Screening (docking) for selective modulators for GIuN1/GluN2Acontaining
NMDARs

Using a previously described consenbasedin-silico methodology,(Axerio-Cilies et
al.,, 2011 Lack et al., 201)lwe conducted a virtual screen ©200,000 purchasable chemical
substances ptitered (Axerio-Cilies et al., 2009Pajoulesh & Lenz, 2006from the leadike
ZINC chemical library(lrwin & Shoichet, 200%bto identify specific binders that may be capable
of positive allosteric modulation (PAM) of GIuN1/GluN2#ntaining NMDARs. The mailts
from each stage of this multiparametric approach were compiled, and the compounds were
ranked using a consensus scoring procedlihe ~10,000 highest ranked compounds were
visualized, and 200 initial candidates, predicted to have a high potenti@iniding to the

GIuN1/GIuN2A interface, were selected for empirical testing.

2.4 Analog search

To provide confirmation that the hit compounds are positive allosteric modulators for the
GIuN1/GIuN2A NMDARs, an analog search was conducted to obtain a large pool of chemicals
from which to generate structuaetivity-relationships (SAR) between the lighand protein. An
analog search was implemented to identify structurally similar compounds that are commercially

available from chemical suppliers. This approach is based on the notion that similar compounds
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should have similar biological properties. hist process, the active compound (Npam02) was

used as a template/query to search against a database of chemicals which will hopefully generate

a subclass of compounds with enhanced activity. Molecular fingefps#d similarity is a
commonly used methddor si mi |l arity searching. The finge
each bit position accounts for the presence or absence of a given feature in a nf{Glecule
Williams, 2006. Ift he f eature i s present in a molecule
present, it is set to 6006 forming a distinct
structure. The similarity between two molecules is identified by compdringtrings of

molecules and quantified as Tanimoto coefficient (Bgjusz, Racz, & Heberger, 2015 his

process generated ~50 compounds available from a chemical supplier. These compounds were
combined with the chemically synthesized compounds desigmsitico to generate a list of
compounds that codilbe tested by wholeell voltage clamp recordings in cortical neurons to
generate SARs to ultimately identify a lead compound that would be selective for the
GIuN1/GIuN2A, potent, soluble, neoxic, stable and permeable to tb&od-brain barrier

(BBB).

2.5 Chemicals

N-methytD-aspartate (NMDA), ER-amine5-p hos phonoval eramioo3aci d (
hydroxyt5-methyt4-isoxazolepropionate (AMPA), and -8yanc7-nitroquinoxaline2,3-dione
(CNQX) were purchased from Torcis (Ellisville, Missouri, US). Glutamatamma
Aminobutyric acid (GABA) was purchased from Siglarich. Bicuculline methobromide was

purchased from Alexis Biochemicals.
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2.6 Chemical synthesis

PART I: 2hydroxy-3-ethoxybenzaldehyde (1.0 g, 5.2 mmol) was dissolved in acetic acid
(20 mL) and Nchlorosuccinimide (NCSpr N-bromosuccinimidg1.4 g, 11 mmol) was added
all at once. The reaction mixture was stirred overnight at 80°C, and then cooled to room
temperature. Water and @El, were then added, the phases were separated and the water phase
was futher extracted with C§Cl,, dried over MgS@and evaporated under vacuo. The crude
product was purified by flash chromatography ¢CHhexane) to afford the pure product (1.2 g,

89 %) as a yellow solid. (see appendix 1 for NMR and mass spectroscopy)

PART II: Dissolve equimolar amounts of hydrazine (0.30mmol) and aldehyde (0.30mmol) in
THF (0.5 M solution). Add 2 equivalents Mgs@nd heat to reflux for 1 hThe product may
precipitate. If not, the reaction was checked by TLC or NMR to ascertainuwcopgon of the
aldehyde. If the product precipitated, it was recovered by filtration and washed with water
(2x2ml) to remove residual MgSQOIf the product did not precipitate the reaction mixture was
diluted with water until the product precipitated. Thecture was acidified to pH 3 with dilute

HCI for the removal of residual hydrazine and consequently filtered and if necessary it was
recrystallized. The compound is a higtelting solid (mp 21212°C). Extraction was avoided.

If no precipitation was olesved, the solvent was evaporated in vacuo and the compound was

purified by flash column chromatography. (see appendix 1 for NMR and mass spectroscopy)
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2.7 Determination of compound purity

Compound identity and purity weAcqatydt@anf i r me
performance | iquid chromatograph (UPLC) with
coupled to a photodiode array (PDA) detector in line with a Quattro Premier XE (Waters,
Milford, MA) was used with water and acetonitrile containing 0.i®mic acid as mobile
phases. A 5195% acetonitrile gradient from O.
for 2 min followed by reequilibration to starting conditions for a total run time of 15.0 min. The
MS was run at unit resolution with 3 kV mHary, 120 and 300 °C source and desolvation
temperatures, 50 and 1000 L/h cone and desolvatiogabl flows, and Ar collision gas set to
7.41713 mbar. On the basis of the full)theange o
relative purity (areainder-the-curve (AUC) of Npam43/ersusAUC of all the peaks detected
was calculated. All compounds described had a purity ®fC1 9 5 %-MS/MPNpam43

Tr =5.02 min.

2.8 Buffers and media

Phosphate buffered saline (PBS, pH 7.4) contains 137 mM NacCl, 2.KGiMB.1 mM
NaHPO,, and 1.76 mM KHPQ,. Cell lysis buffer contained 0.5% Triton-200, 0.5% 11
deoxycholic acid, and 1x protease and phosphatase inhibitor cocktail (Thermo Scientific, 78442)
in sterile PBS. 4x sample buffer contains 50% Glycerol, 125 V6@ TrisHCI, 4% SDS,
0. 08% br omop h e n-mdrcapioktiiarol. Neairondcultbré&meblia contained 224 B
supplement (Invitrogen, 175@44) and 0.5 mM GlutaMax supplement (Invitrogen, 35060)

in Neurobasal Media (Invitrogen, 211039).
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2.9 Plasmids

Cells were transfected with a combination of pcDN@8IV expression vectors, each of
which expressed one of the rat recombinant (GlupM2AGIuNIwTt, GIUN2ByT) subunits. An
enhanced green fluorescent protein (GFP) pcDI&&P was cdransfected to facilitate
microscopic  visualization.  GluNZAoss, GIUN2Ap79s  GIUN2Ap1786  GluN2AG1114,
GIuN2AE114y, GIUN2AE114s GIUN2AR177s GIUN2A176v, GIUN2AM111, GIUNIR1155 GIUND 1350
plasmids were constructed by siigected mutagenesis from either GlyiNland GIUN2AyT
using PFU DNA polymerase. The sequences of all plasmids were confirmed by automated DNA

sequencing.

2.10 HEK293 cell culture and plasmid transfection

Human Embryonic Kidney 293HEK293c el | s) wer e cul tured 1in
Eagleds Medium (DMEM) (Il nvitrogen) suppl ement
HEK293 cells achieved 90% confluence, plasmids of ei@&@uNl & GIuN2A & eGFP) or
(GIluN1 & GIuN2B & eGFP) were cotransfeted into cells using Lipofectamine 2000
(I'nvitrogen, 11668019) a c c o HEK293gellst veere thenn u f act
maintained in the 37°C incubator with 95% &nhd 5% CQ for 48 hoursbefore being used in
experiments. The transfection ratio lWwithese NMDAR subunit combinations were all 1:1
(GIuN1/GIuN2A or GIuN1/GIuN2B). pcDNAZGFP was also ctransfected along with the
NMDAR subunits as a transfected marker, in order to facilitate the visualization of the

transfected cells during electrophysigical experiments. @2 hours after transfection, cells
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were replated on glass coverslips and after22Dhours transfection cells were ready to be used

for whole-cell patchclamp recordings.

2.11 Electrophysiology

Whole cell patckclamp recordings wereepformed under voltagelamp mode using an
Axopatch 200B or 1D patetlamp amplifier (Molecular Devices). Whetell currents were
recorded at a holding potential &0 mV unless indicated elsewhere, and signals were filtered at
2 kHz, digitized at 10 kHZDigidata 1322A). Recording pipettes%3 Mq) wer e fi |l | ed
intracellular solution that contained (mM): CsCl 140, HEPESM®ATP 4, QX314 5, pH
7.20; osmolarity, 29295 mOsm. BAPTA (10 mM) was added in the intracellular solution
(otherwise spefied). The coverslips were continuously superfused with the extracellular
solution containing (mM): NaCl 14&Cl 5.4,HEPES 10CaCh 1.3,glucose 20, pH 7.4;
osmolarity, 305315 mOsm. NMDA, GABA or AMPA induced currents were either applied by
NMDA, GABA, AMPA either through perfusion fastep (Warner Instruments). With perfusion
faststep system, NMDA, GABA, AMPA application was achieved by using asiyu@re barrel
glass tubing and depending on age of the cultured neurons, CNQX (10 uM) and TTX (0.5 pM)
were added in the extracellular solution to minimize the activation of ionotropic glutamate
receptors and voltaggated sodium channels, respectively. All experiments were performed at
room temperature. Recordings from at leastlEK293 cells/neurons we performed for all
active compounds. Data were pooled ambiieK293 cells or primary neurons and composite
doseresponse data were fitted by the equation Percentage Response = 100 x Relative Efficacy/[1

+ (EGso/Concentratiorf}’], where EGpis the concemation of agonist that produces a half
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maximal response, relative efficacy is the response at maximally effective concentration relative

to the maximal response of glutamate, apds the Hill slope.

2.12 Slice recordings

6-8 week old C57/BI6 mice underwergreical dislocation followed by decapitation. The
brain was immediately transferred to an ice cold NMR#Sed cutting solution consisting of: (in
mM): 120 NMDG, 2.5 KCI, 1.2 NapPO,, 25 NaHCQ, 1.0 CaC{, 7.0 MgCh, 2.4 Napyruvate,
1.3 Naascorbate, 20 fglucose with pH adjusted to 7.35 using HCI acid (unless stated, all
chemicals and drugs were purchased from Sigma or BioShop, Canada). The hippocampus was
di ssected out and transverse hippocampal slic
chopper(Stoelting, Wood Dale, IL, USA). Slices revered in a heated (30°C) incubating chamber
for 1 hr which contained ACSF composed of (in mM): 124 NaCl, 3 KCI, 1.25;R@s 1
MgSO, 7H,0, 2 CaC}, 26 NaHCQ and 15 Dglucose which was bubbled continuously with
carbogen (95%&5%CQ,) (pH to 7.3). After 30 additional minutes at room temperature, slices
were transferred to a submerged recording chamber and were perfused continuously with
carbogenated ACSF {2 ml/min). Wholecell recordings of CAl pyramidal neurons were
performed using he fibl i ndd met hod with a Multi Clamp 7
synaptic currents) were elicited by stimulating the SC pathway. For isolation of NMDAR
currents, cells were voltage clamped at +40 mV. Recording pipettes were filled withrsolutio
containing (in mM): 122.5 Gmethanesulfonate, 17.5 CsCl, 2 MgCI2, 10 EGTA, 10 HEPES, 4
ATP (K), and 5 QX3 1 4 , with pH adjusted to 7.2 by CsOt
Abcam) to block GABA receptemediated inhibitory synaptic currents and CNQX@EM;

Abcam) to block AMPAR mediated currents were used to further isolate NMDAR currents. To
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specifically isolate GIuUN2A and GIuN2B components dfiNAR currents, NVP or ifenprodri

(IF) were added to inhibit these receptors respectively. Confirmationrésatual synaptic

current was conducted by NMDARs was attained through application of APV at towards the end

of experimentsEPSCs were recorded and analyzed using WInLTP. Statistical analyses were
completed using GraphPad InStat. An ANOVA comparing NMD#&Rrents in reponse to
various drug <cocktails with Tukeyds posthoc
between treatments. Statistical significance was set at p < 0.05 with n = number of cells. Data are
presented as mean + SENbr extracellularecordings (fEPSPs) slicing conditions were similar

to the wholecell preparabn. A stimulating electrode wagsositioned in SC pathway with the
recording electrode positioned in stratum radiatum in CAl. Recordings were acquired and
analyzed using WIinLTPThe initial slope of the fEPSP was measured to quantify synaptic
strength (Johnst on -gestwdas Mgad for dtalifical)compaBisonscbenmeand st

fEPSP slopes between groups. All values shown are mean + SEM, with n = number of slices.

2.13 Primary culture of cortical neurons

Dissociated cultures of rat corticakurons were prepared from 18 dagl Sprague
Dawley rat embryos as described previoyshyelke & Wang, 200%. To obtain mixed cortical
cultures enriched M)andsFluor?igozynrgline (1OM)iwedre added ( 1 0 €
to the culture medium at 3ayg in-vitro (DIV) and maintained for 48durs to inhibit non
neuronal cell proliferatiorand consequentlyhe cultures wereehangedback to the normal
culture nedium. Mature neurons (114 DIV) were used for experiments. Mouse cortical
cultures wereprepped using embryos at 18 ag postcoitum from litters resulting from

heterozygote GI uN2A+/ (Kutsowada@i al,NL29BSakimura etaak,i n g s
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1995. To attainhomozygous and wiltype WT) littermate control neuronal cultures, cortical
cells from individual embryos were plataddependently Genotyping was performed as
described previousl¢Thomas, Miller, & Westbrook, 200G ovar & Westbrook, 199using tail
samples collected from each embrfaectrophysiological recordings were performed on these
cortical cultues which were stimulated with NMDA @1 Mg and glycine (2&M).
Electrophysiological recordings protocol is described in section 2.11 ubligg-free
extracellular solution (ECS) containing the following (itMn 25 HEPES acid, 140 NaCl, 33
glucose, 5.4 KCI, and 1.3 CaClwith pH 7.35 and osmolarity 32830 mOsm. Spéfic
blockade ofGIUN2A NMDA receptors was achieved by treatment viW¥iP-AAMO77 (0.2-0.4

pM) and GIuN2B NMDA receptors were blocked ifenprodril (3 uM) or Re6281 (0.3 pM).

2.14 Data analysis

Values are expressed as mean + SEM (n = number of experima&ntsjo-tailed
Student 6s test was us @daluésdess tream @.Q5iwsreé coosadéred a n a |
statistically significant. Dogeesponse curves were created by fitting data to Hill equation: | =
Imax/[1+(EGJ/[A]) "], where | is the current, Imais the maximum current, [A] is a given

concentration of agonist, n is the Hill coefficient.

69



2.15 Site-directed mutagenesis

The sitedirected mutagenesis of GluN&t GIuUN2A subunits were performed by using
the QuikChange method (Stratagemegording to thema nuf act ur i nAlldnstantd i r ect
clones were confirmed by DNA sequencing. tyge or mutant subunits were transfected in
HEK293 cellsand subjected to electrophysiology examinatid@ells were transfected with a
combination of pcDNA3CMV expression vectors, each of which expressed one of the rat
recombinant(GIuN2Aw, GluNlwr) subunits. An enhanced green fluorescent prote@+P)
pcDNA3-GFP was cdransfected to facilite microscom visualization. GlulAaiosc
GluN2Ap79a,  GIUN2Ap178c  GIuN2Agi111a  GIUN2AF114y,  GIUN2Ag114s  GIUN2AR1775
GIluN2A 176y, GIUN2AM111, GIuNI1Rr1155 GluN1 1350 plasmids were constructed by sitieected
mutagenesis from either GluNr and GIuNeAwT using PFU DM polymerase. The sequences

of all plasmids were confirmed by automated DNA sequencing.

2.16 Neuronal culture

Cultured hippocampal neurons were prepared from the brains of D18 fetal Wister rats.
Tissues were digested with a 0.25% trypsin solution (Invitrog@n25min at 37°C, and then
mechanically dissociated using a fpelished Pasteur pipette. Next, the cell suspension was
centrifuged at 2508 g for 50 s and the cell pellets-saspended in DMEM containing 10%
Fetal Bovine Serum (FBS; Sigrasddrich). Cells were seeded on pel-lysine-coated 24well
coverslips at a density of 2.5 ¥1¢ells/well. Cultures were maintained in a humidified incubator
with 5% CO2 at 37 °C. After 2drs, plating medium was changed to Neurobasal medium

supplemented with 87 supplement and {glutamine and the media changed twice weekly
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thereafter. Cultured neurons were used for electrophysiological recordiny$ days after

plating.

2.17 Measurement of G" in rat cortical cultu res using a C&*-sensitive dye

Rat neurons isolatedlom the entire cortex were plated orgoly-d-lysine (PDL}coated
96-well plates. After 1214 days in culture, thlevel of intracellular Cd was assayed using the
Fluo4. No Wash CE assay kit according to the manuf ac
Sdentific). In brief, the neuronal culture medium was oeed and replaced with a €assay
buffer (CAB) containing 1x HBSS, 20 mM HEPES, 2.5 mM probenacid, and fyd4dye
mix (pH 7.4; Thermo Fisher Scientific). The cells were then incubated for 45ewiauB87°C for
dye loading and then 15 minutes rabm temperature. To isolate Tasignals mediated by
NMDARSs, NMDA was used as an agonist (10uM), ansdiglycine were added. The antagonist
NVP-AAMO007 was used to block the GIuN1/GIuN2A NMDARs. The calcifloorescence
measurement was performed at 25°C after 60 seconds of recording with a FLEXStation Il
benchtop scanning fluorometer (Molecular Devicesenththe NMDAR agonist(NMDA
(10eM)/glycine (2uM) was added at 180 seconds. Fluorescence plate reamhitigued for a
total of 30mins with use of an excitation of 485 nM, an emission of 538 nM, and a cutoff of 530

nM. The data were recorded using SoftMax Pro software (Molecular Devices).
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2.18 Slice preparation for probing pCREB

Male mice (6 to 10-weekold) underwent cervical dislocation after which brains were
rapidly removed and placed in tceld slicing solution consisting of (in mM): 120 NMDG, 2.5
KCI, 1.2 NaHPQO,, 25 NaHCQ, 1.0 Cady, 7.0 MgC}, 2.4 Napyruvate, 1.3 Nascorbate, 20 D
glucose, with pHadjusted to 7.35 using HCI acid (unless stated, all chemicals and drugs were
purchased from Sigma or Bioshop, Canada). The hippocampus was dissected out of each
hemisphere and sliced in the transverse plane |#0€thickness) using a manual tissue chopper
(Stoelting). Slices were allowed to recover in a heatetBidicubating chamber for 1 hr which
contained ACSF composed of (in mM): 124 NaCl, 3KCR5 NaHPQ,, 1 MgSQ 7H,0, 2
CaCb, 26 NaHCQ and 15 Dglucose which was bubbled continuously with carbogen
(95%0G/5%COG) to maintain the pH at 7.3. Slices recovered for an additional 30 min at room
temperature prior to beginning theeatments and transferred into 6 well plate while bubbling
continwusly drugs (Npam43 or BiC or NVPAAMOO7) were administered to the slices and
incubated for 30minutes and then transferred to an Eppendfof homogenization and

consequenimmunoblotting to probe for pPCREB/CREB protein levels.

2.19 NMDA -induced excitotoxicty and H,O,-induced cytotoxicity

Primary cultures of mature cortical/hippocampal neurong14DIV) were used in this
study. Preliminary tests showed that both cortical and hippocampal neurons reveal very similar
results in response to NMDA challenge.eSifically, hippocampal neurons were used in the
immunocytochemical experiments, as it is easier to distinguish them from glia cells, whereas
cortical neurons were used to provide sufficient material for biochemical experiments.

Immediately before NMDA tragment, half of the conditioned medium was taken out and saved
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for further use. Neurons were stimulated wit|
with other drug treatments as specified in each individual experiment. After 90 min incubation

with NMDA, neurons were washed once with fresh neural basal medium, and then returned to

the previously saved conditional mediu@ortical cultures were treated with Npam43, and
assessed for NMDAnduced excitotoxicity after 284 hrs by measuring lactate dehydnogse

(LDH) release. Briefly, cells were treated withdM NMDA f or uM.H5Oforlbr 600
after which, neurons were washed once with fresh neural basal medium and the media was
exchanged with conditional medium. LDH release was measured usingvéaroitoxicology

assay kit obtained from Sigr#ddrich (no. TOX7). The cell death rate was expressed as a ratio

(%) between the absorbance of the treated group and that of the control group.To show
selectivity of Npam43 for GIuN1/GIuN2A NMDARSs, neurons reretreated with the

Gl uN1/ GI uN2B selective antagonist, I fenprodr

anatagonists, NVAAMO 77 (0. 2&eaM) 1 a(ndO eTNT)N

2.20 Lactate dehydrogenase (LDH) assay

Lactate dehydrogenase (LDH) is a cytoplasmic enzyme that camertamcotinamide
adenine dinucleotide (NAD) into NADH (the reduced form). LDH is released from cells into
culture medium when the plasma membrane integrity is compromised. Therefore, the amount of
released LDH represents the degree of cell death. Irstinily, the extracellular LDH level was
measured using an vitro toxicology assay kit obtained from Sigmddrich (no. TOX7). The
basis of this LDH assay is as follows: (1) LDH reduces NAD into NADH, (2) the resulting
NADH is then used in the stoichiomietconversion of a tetrazolium dye, and (3) the resulting

colored compound is measured by a spectrophotometric microplate reader at a wavelength of
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490 nm. The cell death rate was expressed as a ratio (%) between the absorbance of the treated

group and tht of the control group.

2.21 Immunoblotting

Brain tissues or cultured cells were lysed on ice in the lysis buffer and then the solution
was centrifuged at 14,000 rpm for 10 min & 4Next, the supernatant was collected and protein
concentrations werdetermined using a BCA protein assay kit (Thermo Scientific, 23227). Equal
amount of protein samples were mixed with 4 times sample buffer, boiled @@ 1605 min,
and seperated on 10% sodium dodecyl sulppalgacrylamide gel electrophoresis (SDS
PAGE). Proteins were then transferred to Immobi®fM polyvynilidene fluoride (PVDF)
membranes (BidRad, 1620177). The membranes were blocked with 5%-fadmilk in Tris-
buffered saline containing 0.1% Twe2@ (TBST) for 1 hour at room temperature, andhthe
incubated overnight a@ with primary antibody. After washing 3 X 5min in TBST, protein was
visualized in the BieRad Imager using ECL Western blotting substrate (Pierce, 32016). For the
detection of phosphR@€REB, samples prepared in the same day weesl. The polyvinylidene
difluoride membrane (Millipore, Bedford, MA, USA) was incubated with primary antibody
against phosph@REB (Ser133) (Cell Signaling Technology, Beverly, MA). For the detection of
total CREB, the same polyvinylidene difluoride mear® was stripped and then reprobed with
primary antibody against total CREB (Cell Signaling Technology). The band density of each
protein was quantified by the BRad Quantity One software and the relative optical density was

analyzed relative to loadirtgtatCREB on the same membrane.
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2.22 Formulation

The pharmaceutical formulation of Npam43 was prepared in combination of DMSO,
cremophor EL and saline. Npam43 was initially dissolved in DMS@%1v:v) and then mixed
with a combination of cremophor EL-@% v.v) and saline. This formulation (DMSO, cremphor

El, saline) was used for all experimemtsivoand used in control animals.

2.23 Reagents

Phosphate buffer solution was prepared using JR&{2H,0O and NaHPO,.12H,0, the
pH of which was adjusted by changirigetmolar ratio of NabPOy.2H,0 to NgHPO,.12H,0.
Other chemicals used were of analytical grade or better quality andMillirapure water (> 18

MU cm) was used throughout the experiments.

2.24 Instrumentation and chromatographic conditions

Npam43 wassolated from the CSF and serum matrix using high performance liquid
chromatography and quantified via electrochemical detection. The system consisted of an ESA
582 pump (Bedford, MA), a pulse damper (Scientific Systems Inc., State College, PA), a
Rheodynd nert manual injector (model 9125i, 20 €L
Bioscience Super ODS TSK column (2 um particle, 2 mm x 10 mm; Montgomeryville, PA), and
an Antec Leyden Intro Electrochemical detector with-Q3flow cell with a Ag/AgClreference
electrode VYappiea = +800 mV; Leyden, The Netherlands). The mobile phase was a 20 mM
phosphate bufféacetonitrile (80: 20, v/v) mixture, pH 7.0, flowed through the system at
0.1mL/min. The column was maintained at°@0throughout the analysiand the injection

volume was 8uL. To our knowledge, this type of mobile phase can be well used here for the
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HPLC-ECD detection for both Npam43 and Npam50, due to the good compromise of both the
HPLC-separation performance and the EG&ection preferencérior to use, the mobile was
filtered through a 0.22 mm membrane and degassed using a vacuum pump and maintained under
helium purgingduring experimental testingcZChrome Elite software (Scientific Software,

Pleasanton, CA) was used to acquire and analymematographic data.

2.25 Sample peparation
Samples were prepared by mixing aliquots (50:50) of the specimen with acetonitrile. The
samples were mixed, allowed to rest at ambient temperature for 10 min and centrifuged at 5000g

for 5 min. Eight microliter®f the supernatant was injected.

2.26 Cerebrospinal fluid (CSF), serum extraction and HPLC-ECD analysis

Cerebrospinal fluid @SH and serum samples generated from ithgivo studies were
thawed,and8 | was transferred t o interndlistandatd(I®)ofEp pend:
of 0.5¢ g/ ml Nyasatheh @dded, followed by 221 of acetonitrile, af
were vortexed dr 5110s and centrifuged for Bnin at 20,00 gto sediment precipitated
protein. The clarified supernatant was tfengd to HPLC vials for analysis. Standards were
prepared in a siitar fashion using blank rat CS&hd serum. Optima grade (Fisher Scientific)
solvents and 18 Mq water (Millipore) were use
ECD analysis. Calibrain standards ranged from é60uM (6 points, CSFequivalentevel) with
R? > 0.99. The detection limit was > 0.8yM of Npam43. Comparisons efgme postpiked
serum with neat standards indicated a suppressiabait 10% and extraction efficiencies of

95%. Any samples out of the calibration range were dilutefbltiOfor reanalysis.
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2.27 Cerebral ischemia

All animals used in the study were housed, cared for, and used experimentally in
accordance with the protocols approved by the Ethical Committee foraAResearch at China
Medical University Hospital, Taiwan. Adult male Sprague Dawley rats weigli#@) g were
anesthetized, and the middle cerebral artery (MCA) was exposed by making a craniotomy
window (2 mm in diameter) 1 mm rostral to the anterior fiomc of the zygoma and the
squamosal bone. The exposed MCA was ligated with a square knot usinr@ @yl suture.
Next, the bilateral common carotid arteries (CCAs) were clamped with nontraumatic arterial
clips. Successful surgery was confirmed by akeardrop in regional cerebral blood flow,
monitored by a laser Doppler flowmeter (BE10, Periflux system; Perimed AB). Moreover, the
core body temperature was monitored with a thermometer probe (Heatdard Model
21090A probe), and maintained at 3Z®.5°C with a heating pad. Both blood pressure and
blood gas levels were also monitored during the experiment. After 90 min ischemia, the suture
and clips were removed to allow instant reperfusion. Experimental rats were subdivided into two
main groups:sseveral groups to receive different doses of Npam43 (051,1, 2.5mg/kg) or
saline/vehicle (DMSOfemophor EL/salineyia femoral vein injection. The bolus of Npam43
and saline/vehicle was administered at 3.5 h after stroke onset. To achieve the amgtorak,
another two doses of Npam43 were administered on the second and third days, respectively. Rats

were then allowed to recover for different periods of time until additional experiments.
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2.28 Magnetic resonance image

The rats were anesthetized, with paemperature maintained at 37.0 + 0.5°C with a
heating pad during imaging. The -Tiighted spirecho imaging sequence (T2WI) was
performed by the 3.0 T General Electric imaging system (R4, GE) with the following
parameters: repetition time, 4000 ms; etinee, 105 ms; 68 contiguous coronal slices with
each 2 mm thick. At this stage of stroke development (7 dipds¢mia), brain infarct manifests
as high signal (bright white) on the magnetic resonance image (MRI) images. Fhdanon
areas were drawmanually from slice to slice and the volumes were measured with Voxtool
analysis software (General Electric). The infarct size was quantified by subtracting the non

infarct volume of the ischemic hemisphere from the total volume of the contralateral emisp

2.29 Neurological behavioral tests

In order to assess functional recovery of neural circuits damaged by the ischemic insult
we assessed three typical locomotor activity (sensorimotor) deficit modalities, including 1)
vertical activity (the total numbef beam interruptions that occurred in the vertical sensor), 2)
number of vertical movements (number of animal rears) and 3) vertical movement time (the
amount of time, in seconds, the animal reahgl the VersaMax Animal Activity Monitor
(Accuscan Insuments) The monitor has 16 horizontaly and eight verticat infrared sensors
spaced 2.5 cm apart. The vertical sensors were situated 10 cm from the floor of the chamber. An
i schemic rat was placed into the theedayinigdi ng ¢
cycle, and vertical movement time (seconds) was automatically recorded by computer over a 2
hours period. The total length of its vertical movement represents the recovery of locomotor

circuits injured by ischemic stroke.
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Chapter 3: Structure-based modéng, target site identification and drug

screening on GIuN1/GIuN2A NMDARs

3.1 Introduction

Using the sophisticated drug discovery process described above, involving cemputer
based receptor modeling of the GIUN1/GIuUN2A homomeric NMDAR structure in conjunction
with the resolved GIuN1/GIuN2B crystal structure. This allowed us to probe the reteptor
identify regions that are most likely to cause conformational changes. We hypothesized that for a
small molecule to cause a conformational changeoitid most likely need to bind between two
subunits or an interface. Numerous reports have alreadynsthaivinterfaces are critical regions
that can be exploited for positive acegative modulation of receptofaxerio-Cilies et al., 2012
Cossins & Lawson, 2015Fischer, Rossmann, & Hyvonen, 2(Q18ero, Morton, Holien,

Wielens, & Parker, 2004

The region that was our main focus was extracellular region of the GIuN1/GIuN2A was
of particular interest as it is the region where neurotransmitters bind. We reasoned that
modulation sites on the receptor could come from ttexfaces from the ligantdinding domain
(LBD) or the Nterminal domain (NTD). Among these two regions, the interface of the LBD has
been already targeted by a selective GIUN1/GIUN2A negative allosteric modulator (NAM) by
TCN201 (Hansen et al., 20)2Interestingly, the NAM is highly dependent on the concentration
of glycine, where increasing concentrations of glycine can cause TCN201 to lose significant

affinity and vice vers@Hansen et al., 20)2This negative influence of glycine tbe NAM was
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observed as low as 3uM and at 300puM glycine the NAM activity was completely lost (Hansen,
Ogden et a).2012). This phenomenon deterred the idea to target the LBD due to the fact that
under ischemic conditions the glycine concentrations haen bbeported to be greater than
100pM. In light of this, we postulated that targeting the NTD would be a wiser alternative to
avoid possible dependency issues with the agonists. Moreover, there is mounting evidence that
N-terminal domain (NTD) can causeadtic conformational changes and that these movements
can be transmitted into the LBD layer, we reasoned that targeting the NTD in the interface would
be viable approach to cause a positive modulation effect on the GIuN1/GIuN2A NMDARs. We
scoured the NTDniterfaces for possible druggable binding sites that could accommodate a small
molecule and that could potentially discriminate between the gulatypes (GIUN2A vs.

GIuN2B).

The structural model of the GIuN1/GIuN2A revealed a druggable interstice betwe=en t
GIuN1 and GIuN2A interface in the NTD. We used this region as our leading target site and
consequently exposed to an-silico virtual screen using a pifdtered chemical library
(described in methods). The virtual screen (docking) of ~200K purchagabigcal substances
was implemented against the identified site. A previously described condssaan-silico
methodology (described in methods) yielded ~200 compounds that were predicted to have a high
potential for binding to the GIluN1/GIuN2A intade NTD. Schematic representation of the drug
discovery pipeline used for the screening process and hit selection is provided in Figure 3.
These 200 compounds were then initially biologically validated in GIuUN1/GIUN2A or
GIuN1/GIuN2B transiently transfeed human embryonic kidney cel(BIEK293 cells) which

allows us to isolate the receptor in a auronal system and functionally characterize the
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modulation effects of these two subtypes individually. All compounds were tested in both
systems using 10pMfagglutamate and 2uM glycine to activate the NMDAR via a whudé#

voltageclamp configuration recordings.

3.2 Identification of a druggable interface between the GIuN1 and GIUN2A subunits in

the N-terminal domain (NTD)

The allosteric binding site was iddmed through several bioinformatic and-rdy
crystallographic observations. The goal was to identify a region that was sufficiently different
between GIUN2A and GIuN2B based on protein primary sequence alignment and structural
superimposition. Efforts werfocused on the #&rminal domain (NTD) since this domain has
been previously shown to be important for inducing conformational changes of the clamshell
like structure(Axerio-Cilies et al., 2011 Axerio-Cilies et al., 2012 Zoraghi et al., 2011
Moreover, our previous experience indicated that targeting prptetein interfaces can be
beneficial for allosteric regulatiofLack et al., 201}t (Pajouhesh & Lenz, 2005Therefore, we
elected to target the interfacetveen GluN1 and GIuN2A to identify an allosteric modulation
(positive/negative) site. Regions near the agonist binding sites also were thought to increase the
possibility of observing an allosteric effect while also increasing the chances of inducing
moduhtion dependent on the concentration of glycine/glutamate. Under stroke conditions drug

effects may decrease as agonist concentration increases, i€200CN

Taking all this into consideration, we believed that targeting a region not in close

proximity to the agonist binding sites would reduce the possibility of modulation dependent on
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the glycine/glutamate concentration. Consequently, a homology model of the GIUN1/GIuN2A
NTD was based on the resolved crystal structure of the GIuN1/GIuUN2B NTD dimere Biga

shows the cartoon representation of the full GIUN1/GIuN2A NMDAR structure illustrating the
extracellular domains of the NTD (light blue & light purple) and the ligaimding domain

(LTD) (orange & red). Based on this model, we focused on thdangeof GIuN1 and GIuUN2A

at the uppetobes (R1) of the clamshell NTD shown in (Figurga3, which was defined by an
interstice that could accommodate a small molecule drug (yellow region) (Figje Bigure

3.2c shows the homology model of the NTD tbie heterodimer of GIUN1/GIUN2A and the
identified crevice target region shown in green spheres. This particular region was then used to
screen ~200,000 compounds that could potentially positively modulate GlablAining

NMDARSs.
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Figure 3.1: In-silico pipeline developed to identify potential GluN2Acontaining NMDARs
binders from the pre-filtered ZINC database

Initially started from 200K compounds from the prefiltered ZINC database and virtual screening
reduced the amount of possible actifei it coinpoundsdown to 10K compounds200
compoundswere then manually selected based on their structural characteri$B&B

penetration and ease of synthedimding pose and score.
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Figure 3.2 Targeting the dimer interface of the homomeric GIUN1/GIuUN2A NMDARs in

the N-terminal domain (NTD)

(a) Cartoon representation of homomeric GIUN1/GIUN2A NMDARSs, color coded by their
respective domains. The-fdrminal domains (NTD) are comprised of two light bluendhell

lobes depicting the GIuN1 subunit and the two purple clamshell lobes belonging to the GIuUN2A

subunits. The liganiinding domains (LTD) are composed of two clamshell lobes as well,
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where orange is showing GIuN1 subunits defined by the bindingfsilgane/D-serine and the

red clamshell lobes comes from the GIUN2A subunit characterized by the glutamate binding site.
(b) Yellow wedge/ball in the NTD depicts the region we defined as being targetable by small
molecules and projected to be mediatingaaitive modulation effect. This site was modelled
and virtually screened using a library of small molecules. (c) Ribbon representation of the
homology model dimer interface between GIuN1 and GIuN2A in which the virtual screen was
implemented. Green sphsarespresent the amino acids that outline the binding site. The ribbon
representation of the homology modeling of a GIuUN1/GIuN2A NMDAR built from the resolved
crystal structure of GIuN1/GIuN2B H#érminal domain (PDB: 3gekMolecular graphics and
analyses wre performed with the UCSF Chimera package. Chimera is developed by the
Resource for Biocomputing, Visualization, and Informatics at the University of California, San

Francisco (gpported by NIGMS P4GM103311fPettersen et al., 20p4

3.3 Initial drug screening using GIuN1/GIuN2A or GIuN1/GIuN2B cDNA transiently
transfected in human embryonic kidney HEK293) cells and tested by wholeell patch

clamp recordings

A series of ~200 compounds were evaluated for positive allosteric modulation at
recombinant GIUN1/GIuN2A an&GluN1/GluN2B NMDA receptors at a test concentration of
100¢ M. At t his concentration, compounds pr o
glutamate response were not investigated further. All other active compounds were tested on a
minimum of six transietty transfected HEK293 cells expressing GIuN1/GIuN2A or

GIuN1/GIuN2B for each subunit combination. A variety of structures were evaluated for their
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ability to modul ate NMDA regépta@amatesp@pons s Me
GIUN1/GIuN2A or GIuNL/GIuUN2A receptors were expressed HiEK293 cells, and receptor

activity was determined by whotell patch electrophysiological recordings.

From the compounds purchased, 12 compounds showed a marginable enhancement in
potentiation for the GIuN1/GluN2Aubunit (Figure 3a) and at the same time a comparable
inhibition for the GIuN1/GIuN2B subunit (Figure3B) in the presence of 10uM glutamate and
2uM glycine in HEK293 cells. The first hit compound that was identified in the screen
(NpamO01) showed a sidi@ant potentiation of GIuN1/GIuN2A NMDARs (Figure3) and at
the same time was able to inhibit the GluN@Brents in transiently transfectétEK293 cells
(Figure 33b). The representative traces for the currents of the control and the drug condition in
HEK?293 cells expressing GIuN1/GIuN2A and GIuN1/GIuN2B are shown in Figue, 3
respectively. The potentiation effects were measured by normalizing the area under curve
(AUC) with the glutamate/glycine control. Moreover, one compound in particular 8Ban
100uM showed an increase at ~40% compared to controlBlEK293 cells expressing
GIuN1/GIuN2A (Figure 3ta) but showed no significant inhibition for the GluN1/GluN2B
combination (Figure 3b). Interestingly, a close analog (Npam04) of Npam02 showedah
effect on the two subtypes where it was able to positively modulate GIuN1/GIuN2A (Figure
3.4a) and inhibit GIuUN1/GIuN2B NMDARs (Figurg.4b) at the same time. The only structural
difference between Npam02 and Npam04 was an extra methyl group onNg@as0 a r vy | grou
was speculated that the methyl group on NpamO02 could conceivably contribute to its diminished

binding effect towards the GIUN1/GIuN2BMDARs. Due to their homologues structural
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features and differential effects on the two NMDA subtypes,used these two compounds as

probes to further study their effedtsvitro (Figure 35).

Whole-cell patch clamp recordings were performed to measure glutamate evoked
currents with chloriddased pipette solutions at a holding potentialé®mV. To rde out the
possibility that NpamO02 itself may induce any currents in the GIUN1/GIUN2A or GIuN1/GIluN2B
expressingHEK293 cells, Npam02 (100uM) was applied alone and no changes of inward or
outward currents (Figure 4, d). Ceapplication of Npam02 (100puMwith co-agonists
modestly enhanced NMD#nediated currents irHEK293 cells expressing GIUN1/GluN2A
receptors (100puMn = 6; 38.85 + 3.70 %; P < 0.001; and (200uM; n= 6; 71.69 + 5.03 %; P <
0.001) (Figure 3b, d) compared to glutamate application alonegssting that Npam02 can act
as a PAM (Figure 3a, d). The increased NMDAR currents could be completely blocked by the
co-application of a selective GIuUN1/GIuUN2A antagonist of NXRMOO7 (0.2uM) in the
presence of both eagonists, confirming that there meeno secondary effects attributed to
endogenous proteins MEK293cells (Figure 3a, d) . In contrastiEK293cells expressing the
GIuN1/GIuN2B combination in the presence of Npam02 (100uM) did not exhibit potentiation of
NMDAR currents (Figure &c, e) Similarly, NpamO2 did not induce currents on its own and
NMDAR currents attributed to the GIuN1/GluN2ZBceptors were successfully blocked by
GIuN2B specific antagonist ifenprodril (IF; 3uM) (Figured8. e). All other compounds were
treated in a similamanner and tested at high concentrations (50uM or 100uM) in presence of
glutamate and glycine. Since the aim of this project was to discover a selective potentiator for the
GIuN1/GIuN2A combination, we focused our interest towards Npam02 which was elniaextt

as being preferentially favors the GluNZAntaining NMDARSs.
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