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Abstract

Dopamine (DA) neurons of the substantia nigra pars compacta (SNc) have a key role in
regulation of voluntary movement control. Their death is a hallmark of Parkinson’s disease
(PD), a neurodegenerative illness characterised by inhibited motor control, including muscle
rigidity and tremor. Excitatory input to SNc-DA neurons is primarily from the subthalamic
nucleus (STN), and in PD these afferents display a higher frequency firing, as well as
increased burst firing, which could cause increased excitatory activity in SNc-DA neurons, in

turn potentially activating regulatory processes.

NMDA receptors (NMDARSs) are widely expressed receptors for the excitatory
neurotransmitter glutamate, and are essential for learning and memory due to their ability to
act as synaptic coincidence detectors. In SNc-DA neurons, NMDARs have a putative
triheteromeric subunit arrangement of GluN1 plus GluN2B and/or GluN2D. Wild type (WT)
mice, and those lacking the gene for the GIuN2D subunit (Grin2D-null), were used to explore
the role of the GluN2D subunit in various aspects of DA neuronal function and dysfunction
using whole cell patch clamp electrophysiology, viability assaying, and immunofluorescence.
Constitutive expression of synaptic NMDARSs was assessed in SNc-DA neurons at several
ages by recording the ratio of AMPA receptor EPSC to NMDAR-EPSC, which revealed a
nonlinear developmental alteration in this ratio but no genotype-related difference, indicating
similar overall expression of functional NMDARs at the synapse in Grin2D-null mice.
Pharmacological intervention using subunit-specific inhibitors ifenprodil and DQP-1105 on
elicited NMDAR-EPSCs was also explored, with results suggesting a developmental shift
from primarily GIuN2B to GIluN2B/D. Activity dependent regulation was then assessed by
high frequency burst stimulation of glutamatergic afferents: in comparison to controls,
significant downregulation of NMDARs was observed in SNc-DA neurons from WT mice,

though no differences were observed based on genotype, indicating that the GluN2D subunit



is not essential for it to occur. This regulatory function may be a neuroprotective or

homeostatic response.

Ambient extracellular glutamate elicits tonic NMDAR activity in SNc-DA neurons, which
may be important for maintaining basal levels of activity: the role of GIuN2D was assessed by
recording baseline currents and recording the deflection caused by application of the
competitive NMDAR antagonist D-APS5. There was a significantly larger NMDAR-mediated
current in WT in comparison to Grin2D-null mice, indicating that GluN2D-containing
NMDARSs have a role in binding ambient glutamate. Application of tetrodotoxin had no effect
on the amplitude of the current, suggesting it is not of action potential-dependent origin.
Dysfunction of glutamate uptake could be a secondary pathophysiological occurrence in the
SNc, leading to higher levels of ambient glutamate: the effect of this was explored by
application of the competitive glutamate transporter blocker TBOA. Under these conditions,
glutamate-mediated currents significantly increased in SNc-DA neurons, and indeed the
NMDAR-mediated portion of this current was significantly higher in WT mice in comparison

to Grin2D-null.

Interestingly, dose-response data obtained from bath application of NMDA showed
significantly larger currents in Grin2D-null animals in comparison to WT, but only at the
upper part of the response curve (~1-10 mM), which may indicate a capability for larger
conductance in Grin2D-null animals at only the highest levels NMDA/glutamate saturation
due to the replacement of GluN2D with GluN2B within the receptor. The presence of
GluN2D may therefore be neuroprotective, by attenuating peak current flow in response to

very high agonist concentrations in SNc-DA neurons.

Lastly, GIuN2D has been found to decrease NMDAR open probability under hypoxic
conditions, potentially conferring resistance to hypoxia / ischemia related excitotoxicity.
Therefore, low (15% O,/ 80% N, / 5% CO5) vs high (95% O, / 5% CO,) oxygen conditions
were used along with immunofluorescent propidium iodide cell death assaying and
immunofluorescent labeling for DA neurons in order to compare levels of DA neuronal death
in the SNc based on oxygen status and genotype. Whilst there was a significant submaximal
effect based on O, status, genotype did not confer a practical resistance under these

conditions.

In summary, NMDARSs have diverse roles in SNc-DA neurons which may both serve to

maintain normal function and protect the cell against potentially pathological conditions.

6



Contents

AADSTIACE ...ttt et h ettt b et eh e bt et eh b e bt et e eaeenas 5
|3 A 2 e 0 PP 11
LSt OF ADDIEVIATIONS ....eeutiiiitieiie ettt ettt et ettt e st et e st e e bt e sateenaeens 15
DIECLATALION ...ttt et sttt ettt e et et e et esateebeeeneas 19
ACKNOWIEAZEIMENLS ......eieiiieiiieeiiieiie ettt ettt sete et e s e e teesabeesbeessseeseessseenseennnas 21
I INErOAUCTION ....ooniiiiiiiiiiiie ettt ettt et e e 25
1.1 The NMDA TECEPIOT ..c.veiuiiriiiiiiieeiteeiteteeite ettt ettt sttt ettt 26
1.1.1  The biophysical properties of the NMDAR................ccccocovevioiiaiiiinaniiaaninnn. 26

1.1.2 NMDAR deSensitiSAtION................ccccooouiemuiiiieiiiiiiese ettt 31

1.1.3  NMDAR pharmacolO@y...............ccccoecuveeviiiiiiiiiieiieesiie e e e 33

114 GUIR2ZD-MULL MICE.........oocoeeieeceeeeeeeee e 37

1.1.5  Development and distribution of NMDARS ..........c.ccccoccueeoeiiieeiiaiieaieanenn. 37

1.2 NMDAR regulation and trafficking ...........cccceevieniieiiininiiieeeee e 40
1.2.1  Regulation of ‘extrasynaptic’ NMDARS ............cccccccoueveieemiiiieiiieesieeeninans 42

1.2.2  Activity-dependent regulation of synaptic NMDARS .............cccccccoveeiveanicn.. 42

1.3 NMDARS and EXCItOTOXICIEY ...ccveeureruieiiriiiniieieeienieesieete sttt 45
1.3.1  NMDARs and hypoxia-iSCRemIQ..................cccueveieimiieeaiieeiiieeeieeeee e 45

1.3.2  Glutamate transporters. regulation of extracellular glutamate & NMDAR

271771 USRS 48
1.3.3  Pathophysiology of Parkinson’s diSease ..............c..ccccccoeevvvciivvciiniieninannnnns 49
1.4  The role of the substantia nigra pars compacta and basal ganglia........................ 51
1.4.1  Dopaminergic neurons of the substantia nigra pars compacta..................... 55
1.5  AImS Of thiS theSIS ..coouiiiiiiiiiiie e 56



2 IMLEERIOMAS ... e e e e e e et e e e e e e e e e e aeeseeeeenaannnas 61

2.1 ANIMALS .ttt et aees 61
2.2 Brain sliCe Preparation.........cocecuereerieeiereenienieniteeeteste ettt ettt 61
2.3 ElectrophySIOIOZY ..cuvieiieiiieiieeiieeitete ettt ettt st 63
2.4 Experimental deSIZN .......ccviiiiiiriieiiieiieeieeeite ettt st e e e naeeneeas 66
2.4.1  NMDAR-mediated CUFTENt ...............ccc..cceuueeeiueeeciiieesieeeeieeeee e 66
2.4.2  Hypoxic treatment protocol and immunofluorescence....................cc..c........ 71
2.5 StatiStical ANalYSiS......cecuieriieiiieiieeiieeie e st neas 72
2.6 MALETIALS ..ottt ettt ettt et e neenaeenees 73
2.6.1  ElectrOphySiOlOQY.........coccuiiiiiiiiiiiiii et 73
2.6.2  ImmMUNORISTOCREMUISIIY.........ceeeeeiieee et 73

3 RESUIES ..ot 77

3.1  Characterisation of synaptic NMDARSs in SN¢ DA neurons of Grin2D-null mice ..

............................................................................................................................... 77

3.1.1  Constitutive NMDAR expression at Grin2D-null synapses ........................... 77

3.1.2  Altered properties of synaptic NMDARs in Grin2D null mice....................... 78

3.2 Activity-dependent regulation of NMDA 1eCeptors.......ccccvuveerveeenveeesieeeieeeneneenn 89
3.2.1  Reduction in NMDA-EPSC amplitude in response to high frequency burst

JIFING Of €XCItALOTY QffEFENES........cccuvveeiiieeiieeie et 89

3.2.2  Summated NMDA-EPSC amplitudes were also reduced in response to high
[frequency burst firing of excitatory afferents...........ccccccouvcieiciiiiiiiiiiiii et 94

3.2.3 A significant effect of the IP in comparison to control, and a difference based
ON EPSC VP ..ottt ettt e et e et e et e et e e 94

3.2.4  The fast Ca’ chelator BAPTA does not prevent activity dependent

AOWRFEGUIATION ...t 95



3.2.5  Reduction in NMDA-EPSC amplitude in response to high frequency burst

firing of excitatory afferents is also seen in Grin2D-null mice..................cccccueeu.... 95
3.2.6  Membrane resistance is equal in wild-type and Grin2D-null animals........ 105
3.2.7  NMDAR-paired pulse ratio alters slightly over time..............cc.cccuveveuenn... 105

3.2.8  Zero-current potential is increased with the use of BAPTA-containing

INracellular SOIULION ...................cc.cccouiiiiiiiiiiiiiiccee e 105
3.3 The role of GIluN2D and the NMDAR in responding to ambient glutamate....... 109

3.3.1  Ambient extracellular glutamate in the SNc elicits NMDAR-mediated currents
in dopamine neurons, which are unaffected by pharmacological inhibition of action

POLERLIAL JIFING ..ottt ettt et enees 109

3.3.2  Ambient glutamate in the SNc is regulated by glutamate reuptake transporters

3.4 Bath application of NMDA elicits larger currents in Grin2D-null mice in

comparison to wild type at very high concentrations only.........cc.cceceveeveriinienennnene. 117

3.5 Hypoxic conditions cause significant but comparable cell death in both wild type

ANA GFINZ2D-NUIL INICE...cooiiiiieiieeeeeeeeeeeeeeeeeeeeeeeee e 122

4 DS CUSSION <.t e et e e et e e e e ee e e e e e e e enaaeeeenanns 129

4.1  Characterisation of synaptic NMDARSs in SNc-DA neurons of Grin2D-null mice..

4.1.1  Constitutive NMDAR expression at Grin2D-null synapses......................... 129

4.1.2  Altered pharmacological properties of synaptic NMUIDARs in Grin2D-null
THECE oo et 130

4.2 Activity-dependent regulation of NMDA 1eCeptors .........ccoevveerieneerieneeniennnn 132

4.2.1  Reduction in NMDA-EPSC amplitude in response to high frequency burst
JIVIng of eXCItatory Qferents .............ccoovuiiiiiiiiiiii ettt 132

4.2.2  Summated NMDA-EPSC amplitudes were also reduced in response to high
frequency burst firing of excitatory Qfferents ...............ccccceevveeeiiieeeiieeniieesiee e 137



4.3  The role of GluN2D and the NMDAR in responding to ambient glutamate....... 139

4.3.1  Ambient extracellular glutamate in the SNc elicits NMDAR-mediated currents
in dopamine neurons, which are unaffected by pharmacological inhibition of action

POLEILIAL fIFING ..ottt et et e et e e eseeeenaeeeenns 139

4.3.2  Ambient glutamate in the SNc is regulated by glutamate reuptake transporters

4.4  Bath application of NMDA elicits larger currents in Grin2D-null mice in

comparison to wild type at very high concentrations only

4.5 Hypoxic conditions cause significant but comparable cell death in both wild type

ANA GFII2DTIULL TTXICE ..o e e e et ee e e e e e e e e e e aaaaeeeeeeeeeaas 143

References 147

10



List of Figures

Introduction

Figure 1.1 — Transmembrane architecture of the NMDAR

Table 1.1 — Compounds acting on NMDARs, and their subunit specificity
Figure 1.2 — The glutamatergic synapse

Figure 1.3 — The SNc and basal ganglia

Methods

Figure 2.1 — Genotyping of Grin2D-wild type and Grin2D-null mice

Figure 2.2 — Identification of SNc-DA neurons

Figure 2.3 — Measurement of single and summated EPSCs

Figure 2.4 — Paradigm for determining activity dependent regulation of NMDARSs

Figure 2.5 - AMPAR/NMDAR EPSC amplitude ratio methodology

Results
Figure 3.1 — Example EPSC amplitudes before and during application of D-AP5

Figure 3.2 - AMPAR/NMDAR EPSC amplitude ratio alters with age but not by genotype.

Figure 3.3 — EPSC amplitudes before and during application of ifenprodil in one-week old
mice

Figure 3.4 — EPSC amplitudes before and during application of ifenprodil in three-week old
mice

Figure 3.5 — GluN2B inhibition by ifenprodil is greater in mice lacking GluN2D
Figure 3.6 — EPSC amplitudes before and during application of DQP-1105 in one-week old

mice

11



Figure 3.7 — EPSC amplitudes before and during application of DQP-1105 in three-week old
mice

Figure 3.8 — GIuN2D inhibition by DQP-1105 is reduced in mice lacking GluN2D

Figure 3.9 — NMDAR-EPSC decay constants do not differ between wild type and Grin2D-
null mice

Figure 3.10 — Single NMDAR-EPSC amplitude is reduced following treatment by the IP at -
20 mV in wild type mice

Figure 3.11 — Single NMDAR-EPSC amplitude remains stable where the IP is not applied,
and where Ca”" driving force is reduced

Figure 3.12 — Single NMDAR-EPSC amplitude is reduced by application of the induction
paradigm

Figure 3.13 — Summated NMDAR-EPSC amplitude is reduced following treatment by the IP
at -20 mV in wild type mice

Figure 3.14 — Summated NMDAR-EPSC amplitude remains stable where the IP is not
applied, and where Ca*" driving force is reduced

Figure 3.15 — Summated NMDAR-EPSC amplitude is reduced by application of the
induction paradigm

Figure 3.16 — Single and summated NMDAR-EPSC amplitudes are reduced following
treatment by the IP at -20 mV along with intracellular Ca*" chelation

Figure 3.17 — Single NMDAR-EPSC amplitude is reduced following treatment by the IP at -
20 mV in Grin2D-null mice

Figure 3.18 — Summated NMDAR-EPSC amplitude is reduced following treatment by the IP
at -20 mV in Grin2D-null mice

Figure 3.19 — Regulation of both single and summated NMDAR-EPSCs is similar between
wild type animals and those lacking GluN2D

Figure 3.20 — Membrane resistance does not differ between wild type and Grin2D-null mice
Figure 3.21 —- NMDA-PPR alters slightly over time, but not between groups
Figure 3.22 — Vi, is altered when BAPTA is added to the patch pipette

Figure 3.23 — Example traces showing the D-AP5-sensitive current in wild type and Grin2D-
null mice

12



Figure 3.24 — Baseline current is significantly decreased by inhibition of NMDARSs in wild
type but not Grin2D-null mice

Figure 3.25 — D-AP5-sensitive current is significantly reduced in mice lacking GluN2D

Figure 3.26 — Example traces showing the effect of glutamate transporter blockade on
baseline current in wild type and Grin2D-null mice

Figure 3.27 — Baseline current is significantly increased by addition of TBOA and LY in both
wild type and Grin2D-null mice

Figure 3.28 — The D-AP5-sensitive element of TBOA/LY-induced current is significantly
reduced in mice lacking GluN2D

Figure 3.29 — Example traces showing currents elicited by bath applications of NMDA in
wild type and Grin2D-null mice

Figure 3.30 — Currents elicited by application of saturating concentrations of NMDA are
significantly larger in mice lacking GIluN2D

Figure 3.31 - NDMAR desensitisation is significantly increased in mice lacking GIluN2D

Figure 3.32 — Example fluorescent images from mouse brain slices after high and low oxygen
incubations

Figure 3.32 — Hypoxic conditions cause significant but comparable cell death in both wild
type and Grin2D-null mice

Figure 3.33 — The hypoxic treatment does not cause a change in the number of detectable
TH' neurons

13



14



List of Abbreviations

A/N: AMPAR / NMDAR EPSC (see below) ratio

AD: Alzheimer’s disease

AMPA: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
AMPAR: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
ANOVA: Analysis of variance

ATD: Amino-terminal domain

ATP: Adenosine 5'-triphosphate magnesium salt

BAPTA: 1,2-Bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid
CaMK: Calcium/calmodulin-dependent protein kinases (CaMKI/IT)
CNS: Central nervous system

CREB: cAMP-responsive element binding protein

DA: Dopamine / dopaminergic

DAPS: D-(-)-2-Amino-5-phosphonopentanoic acid

DBS: Deep brain stimulation

DNQX: 6,7-dinitroquinoxaline-2,3-dione

“DQP” (DQP-1105): 5-(4-Bromophenyl)-3-(1,2-dihydro-6-methyl-2-oxo0-4-phenyl-3-
quinolinyl)-4,5-dihydro-y-oxo-1H-pyrazole-1-butanoic acid

EGTA: Ethylene-bis(oxyethylenenitrilo)tetraacetic acid
EPSC: Excitatory postsynaptic potential

GABA: y-aminobutyric acid

GluT: Glutamate transporter

GP: Globus pallidus

GPe: Globus pallidus pars externa

15



GPi: Globus pallidus pars interna

GTP: Guanosine 5'-triphosphate

HCN: Hyperpolarization-activated cyclic nucleotide—gated
HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HFS: High-frequency stimulation

Inap: Persistent inward sodium current

IP: Induction protocol

LBD: Ligand-binding domain

LTP: Long term potentiation

LTD: Long term depression

LY: LY 341495; (2S)-2-Amino-2-[(18S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl)
propanoic acid

mGluR: Metabotropic glutamate receptor

MPTP: 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine
NMDA: N-methyl-D-aspartic acid

NMDAR: N-methyl-D-aspartic acid receptor

MQ: Megaohm

MT: Medial terminal nucleus of the accessory optic tract
OCD: Obsessive-compulsive disorder

OGD: Oxygen and glucose depravation

P: Postnatal day

PA: Picoamp, or picoamps

PBS: Phosphate-buffered saline

PCP: Phencyclidine

PD: Parkinson’s disease

16



PI: Propidium iodide

PK: Protein kinase (A/B/C)

PPDA: Piperazine-2,3-dicarboxylic acid
PPN: Pedunculopontine nucleus

PPR: Paired pulse ratio

PSD: Postsynaptic density

SN: Substantia nigra

SNec: Substantia nigra pars compacta
SNr: Substantia nigra pars reticulata
STN: Subthalamic nucleus

TBOA: DL-threo-p-Benzyloxyaspartate
TBS: Tris-buffered saline

TBS-T: TBS-Tween-20

TCP: Thienylcyclohexylpiperidine

TH: Tyrosine hyrdoxylase

TMD: Transmembrane domain

TTX: Tetrodotoxin

Vlzero: Z€ro-current potential

VTA: Ventral tegmental area

WT: Wild type

17



18



DECLARATION

This thesis is the result of my own work, with the exception of around half of the ifenprodil
synaptic pharmacology dataset (section 3.1.2) which was carried out by Dr. Sue Jones. This
thesis includes nothing which is the outcome of work carried out in collaboration except as
declared in the Preface and specified in the text. It is not substantially the same as any that |
have submitted, or, is being concurrently submitted for a degree or diploma or other
qualification at the University of Cambridge or any other University or similar institution
except as declared in the Preface and specified in the text. I further state that no substantial
part of my dissertation has already been submitted, or, is being concurrently submitted for any
such degree, diploma or other qualification at the University of Cambridge or any other

University or similar institution except as declared in the Preface and specified in the text

This thesis does not exceed the prescribed word limit for the relevant Degree Committee.

19



20



ACKNOWLEDGEMENTS

I would like to firstly express my eternal love and thanks to my wonderful mum Sally, who
passed away in the summer of 2015, just two and a half years following her ALS diagnosis.
This thesis is dedicated to her. I also can’t overstate my love and appreciation for my dad
Trevor, who has been unbelievably supportive and kind hearted throughout what was a long

and terrifying period for us all.

I would like to state my great appreciation for my supervisor Dr Sue Jones, who helped me
hugely when starting on the difficult path into the world of electrophysiology. Her continued
support and feedback has been extremely helpful during this project. Thank you also to both
Dr Hugh Robinson and Dr Hugh Matthews for their insight and guidance; and indeed to Dr
Ewan Smith and Dr Zoé Husson, from whom I first learned about hypoxia assaying and who

were incredibly helpful in offering support in this area.

I also have to state my appreciation to my great friends; Jack Curtis, for always being a highly
entertaining source of both inspiration and light hearted pessimism; and Angie Wild, for her
unwavering optimism and friendship and for always giving me hope when I needed it.

Thank you to Jane, who supported and encouraged me to begin this PhD.

Finally, thank you to the BBSRC, to the department, and to the University for making this

work possible.

21






Chapter 1 — Introduction

CHAPTER 1

INTRODUCTION

23



Chapter 1 — Introduction

24



Chapter 1 — Introduction

1 Introduction

The N-methyl-D-aspartate (NMDA) receptor (NMDAR) is one of three major types of
ionotropic glutamate receptor (iGIluR), the others being the a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor (AMPARs) and the kainate receptor. iGluRs are cation-
permeable, responsible for the majority of excitatory neurotransmission in the central nervous
system, and are activated by binding of the amino acid L-glutamate. They are differentiated
by their sensitivities to various ligands and ions, and their gating properties (Davies and

Watkins 1982; Evans et al. 1982; Traynelis et al. 2010).

Arguably, the key purpose of the NMDAR is to act as a physiological coincidence detector.
That is, to sense the simultaneous presence of glutamate and a range of other chemical,
metabolic, and physical cues, and by conducting a Ca**-rich cation current as a response to
this information (Burnashev et al. 1992; Schneggenburger 1996). For example, voltage-
dependent Mg*" block allows conditional opening of the NMDAR channel when the
postsynaptic cell is depolarised coincidently with agonist and co-agonist binding. By this
mechanism, NMDARs are key mediators of neuronal development and plasticity: coincidence
detection allows the induction of long-term plasticity such as long term potentiation (LTP) or
depression (LTD) in a manner consistent with Hebb’s predictions (Hebb 1949), often
expressed as changes in AMPAR-mediated transmission. Changes in NMDAR function or
expression can therefore modify the induction threshold for AMPAR-mediated plasticity; a
phenomenon called metaplasticity (Abraham 2008; Hunt and Castillo 2012).

Ca”" influx through NMDARS can activate many downstream signal transduction networks.
Initially, changes in intracellular Ca®" concentration are detected by calcium/calmodulin-
dependent protein kinases (CaM-kinases; e.g. CAMKI and II) and calcium/calmodulin-
dependent protein phosphatases such as calcineurin (Foster et al. 2001; Flavell and Greenberg
2008). Excessive Ca’" influx through NMDARs can also lead to excitotoxicity, and promote
cell death signaling pathways: this may be a factor in ongoing neuronal degeneration in

diseases such as Parkinson’s disease (PD), which is mainly characterised by the loss of
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Chapter 1 — Introduction

dopaminergic (DA) neurons of the substantia nigra pars compacta (SNc), a region essential to

the regulation of voluntary movement control (Koutsilieri and Riederer 2007; Blandini 2010).

A key component controlling the physiological properties of NMDARS is their subunit
composition: all NMDARs are composed of four subunits, and depending on which are
present within the receptor there can be large differences in regulation, open probability,
conductance, and the rate and length of Ca*" influx as a result of receptor activation (Wyllie et
al. 2013). The aim of this thesis was to explore expression and subunit composition within
functional NMDARs on SNc-DA neurons, as well as their role in responding to potentially
pathological conditions. Therefore the relevant properties of NMDARs will be discussed in
this chapter, including structure, biophysical properties, and relevance to excitotoxicity and

disease. Lastly, the role of SNc-DA neurons will be discussed.

1.1 The NMDA receptor
1.1.1 The biophysical properties of the NMDAR

Whilst NMDARs have a key role in classical NMDAR-dependent LTP/LTD of AMPAR-
mediated transmission, they can also play a much larger general role in synaptic transmission,
particularly under certain physiological conditions, for example during burst firing activity
(Herron et al. 1986), as well as contribute to neural integration (Larkum and Nevian 2008).
Neural integration describes how neurons ‘add together’ all of the inputs to the cell, such as
excitatory or inhibitory currents caused by neurotransmission. The noteworthy role of
NMDARSs in integrative function is enabled by their inherent nonlinear amplification
properties: Mg”" block of the channel at resting potentials, high Ca®" permeability, and slow
gating kinetics allowing for temporal current summation (Wollmuth et al. 1998a, 1998b; Hunt

and Castillo 2012).

Most excitatory synapses have a mix of AMPARs and NMDARSs, which affects the shape of
the excitatory postsynaptic current (EPSC) arising as a consequence of concurrent activation
of these receptor populations: AMPAR currents rise and subside quickly, determining the
speed of onset and maximal amplitude of the EPSC. NMDAR-mediated currents rise and

decline much more slowly and therefore strongly influence the decay timecourse, and the total
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charge transfer over the course of the EPSC (Takumi et al. 1999; Iacobucci and Popescu

2017).

NMDARSs are composed of four subunits, typically in a diheteromeric configuration of two
GluN1 subunits and two GluN2 or GIuN3 subunits. Crystallography has shown that the dimer
of the GluNI and GIuN2/3 subunit is assembled with the agonist binding domains in a back-
to-back configuration (Furukawa et al. 2005; Paoletti et al. 2013), with identical subunits
positioned diagonally from one another within the tetrameric complex (Salussolia et al. 2011).
In total, there are seven genetically encoded subunits: GIuN1, of which there are eight distinct

splice variants, four GluN2 (GluN2A-D) and two GluN3 (GluN3A-B; Sugihara et al. 1992).

NMDARSs require two GluN1 subunits, each of which contains a glycine binding site, and
usually two GluN2 subunits, which contain the glutamate binding site as well as conferring
many of the functional properties of the receptor, such as agonist sensitivity, channel open
time, and open probability (Chen and Roche 2007; Sudrez et al. 2010; Paoletti et al. 2013;
Wyllie et al. 2013). GluN3 subunits, like GluN1, bind co-agonist glycine rather than
glutamate and therefore the role of the diheteromeric GluN1/GluN3 NMDAR remains unclear
(Traynelis et al. 2010), but it may serve to antagonise classical NMDAR functions and act as
a gatekeeper for the synaptic refinements which occur during postnatal development (Pérez-

Otafio et al. 2016).

Because the subunits confer the functional properties of the receptor, altering the subunit
composition of the NMDAR therefore allows control over cellular activity that arises as a
consequence of local conditions and agonist availability. Kinases such as cAMP-dependent
protein kinase A (PKA), protein kinase C (PKC), protein kinase B (PKB), CaMKII, cyclin-
dependent kinase-5 (Cdk5), and casein kinase II (CKII) are able to interact with the NMDAR
subunits, and may alter synaptic plasticity by way of regulating NMDAR trafficking or
channel properties (Lee 2006; Chen and Roche 2007).

NMDAR function is enabled by the presence of external epitopes which recognise ligands
such as glutamate and glycine, as well as H' (pH), Mg”*", and Zn”". Each subunit of the
NMDAR has a large ectodomain composed of an amino-terminal domain (ATD) and a
ligand-binding domain (LBD; formed by regions S1 and S2) as well as a short transmembrane
domain (TMD) which contains the ion channel, and a cytoplasmic carboxyl-terminal domain

(CTD; Furukawa and Gouaux 2003; Wyllie et al. 2013). The CTD is where the majority of
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structural differences between the GluN2 subunits are found: this region allows interaction
with intracellular proteins involved in NMDAR trafficking, regulation, and coupling to other
intracellular signalling cascades (see section 1.2). The LBD binds glycine or D-serine in
GluN1 and GluN3, and glutamate in GIuN2 (Paoletti et al. 2013). The TMD is composed of
three transmembrane helices (M1, M3, M4) and a pore loop (M2) that is essential for ion
selectivity (Paoletti et al. 2013; Lee et al. 2014): this is explored in more detail below. A
schematic of a GIuN1/GluN2 dimer is presented in Figure 1.1.

In contrast to AMPA or kainate receptors, the ATD of the NMDAR has a unique ‘twisted
clamshell’ conformation, resulting in looser ATD dimer assemblies than the tightly-packed
AMPA and kainate ATD dimers (Paoletti et al. 2013). The ATD is essential for allosteric
regulation: in GluN2A subunits this region binds Zn*", which directly and specifically inhibits
NMDAR activity (Yuan et al. 2009; Amico-Ruvio et al. 2011). Additionally, the ATD has a
substantial influence on deactivation time course: diheteromeric GluN2A-containing
NMDARSs have a relatively fast deactivation (30-50 ms), therefore allowing more temporally
precise encoding with a lower probability of current summation in comparison to GluN2B
and GIuN2C (300-400 ms), and particularly GIluN2D (2000-4000 ms; Monyer et al. 1994;
Yuan et al. 2009; Wyllie et al. 2013). Removal of the ATD from GIuN2A has been shown to
slow the rate of deactivation of the receptor, whilst removal from GluN2B accelerates it

(Yuan et al. 2009).

NMDAR channel behaviour is not strictly binary. The channel does not always open or close
fully and instead visits an intermediate conductance level. GluN2A and GluN2B-containing
NMDARSs visit short lived subconductance levels of 80% of the main open state (~50 pS fully
open with 40 pS sublevel). In contrast, GluN2C and GluN2D-containing receptors are as
equally likely to settle on the full conductance level (~36 pS) as the subconductance level,
which in this case is lower at just 50 % (18 pS; Wyllie et al. 1996; Blanke and VanDongen
2009). This property of single channel behaviour can therefore be useful in identifying the
subunit composition of native NMDARSs (Jones and Gibb 2005).

28



Chapter 1 — Introduction

GluN1 GluN2

Cation-permeable pore
Ca2+ Zn2+ (GIUNZA)

/ / ifenprodil (GluN2B))

ATD

Glycine Glutamate
LBD Or D-serine Or NMDA

)\ ,( —— DQP-1105 (GluN2D)

= T Mg2+ block =

Mg2*
7 S\
av.

( S 4

CTD

Figure 1.1 — Transmembrane architecture of the NMDAR

A schematic diagram of an example NMDAR subunit dimer, including the structures of
the obligatory GluN1 subunit and the GluN2 subunit. The extracellular region includes the
amino terminal domain (ATD) which contains modulatory sites which bind Zn* in
GIluN2A, or ifenprodil in GluN2B. The S1 and S2 domains together form the ligand
binding domain (LBD) for glycine or D-serine in GluN1, and glutamate or NMDA in
GIluN2. The transmembrane domain (TMD) is formed of the three M1, M3, and M4 alpha
helices, along with a re-entrant loop (M2) which forms part of the channel pore. The
channel is permeable to Na*, K*, and Ca”". Extracellular Mg”" is able to bind deep within
the channel, allowing voltage-sensitive block. The C-terminal domain (CTD) is able to
bind to many intracellular proteins involved in NMDAR trafficking, regulation, and other
intracellular signalling cascades. Adapted from Cull-Candy and Leszkiewicz 2004; Blanke

and VanDongen 2009; Paoletti et al. 2013.
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Interestingly, whilst NMDARs are highly permeable to Ca®", typically allowing 3-4 times
more Ca’" influx than AMPARSs (Iino et al. 1990), single channel conductance decreases as
extracellular Ca*" increases (Ascher and Nowak 1988; Wyllie et al. 1996). This effect is
concentration-dependent but voltage-independent: as well as sites deep within the channel,
Ca’" binds to the GluN1 subunit near the entrance to the channel pore, potentially reducing
cation conductance by electrostatic interaction (Schneggenburger 1998; Maki and Popescu
2014). The TMD is essential for the ion selectivity of the receptor (Paoletti et al. 2013; Lee et
al. 2014): as above, this is composed of three transmembrane helices, and a pore loop
composed of the M2 helix and an extended region. The extended region forms the narrowest
part of the ion channel, called the selectivity filter: this structure plays a central role in ion
permeation, ion selectivity, and channel block. Six M2 region asparagine residues line the
pore at the tip of the selectivity filter with their side chains extended into the central cavity of
the pore, and it is these side chains which distinguish the larger Ca®" ion from Mg*", allowing
only Ca”" to pass through (Burnashev et al. 1992; Mesbahi-Vasey et al. 2017). Intracellular
Ca”" concentration is tightly controlled, with a low amount of free Ca>” within neurons at rest,
whereas the extracellular concentration is around 10,000-fold greater. Neurons control
intracellular [Ca®] using binding proteins and organelles that compartmentalize Ca**
(Clapham 2007). Ca®" permeability varies between the subunits, with diheteromeric GluN2A-
or GluN2B-containing NMDARs possessing a Ca®" / Cs” permeability ratio (pCa/pCs) of
~7.5. By contrast, diheteromeric GluN2C- or GluN2D-containing receptors have a lower

pCa/pCs of 4.5 (Paoletti et al. 2013).

The key feature of the NMDAR is its Mg>" block capability: the binding of Mg*" deep within
the channel pore directly blocks currents in a voltage-dependent manner (Mayer et al. 1984;
Nowak et al. 1984; Wollmuth et al. 1998b), allowing the receptor to act as a Hebbian
coincidence detector (Liischer and Malenka 2012). Mg*" block sensitivity also varies between
GIluN2 subunits, and is controlled by a single residue in the M3 segment (Siegler Retchless et
al. 2012): diheteromeric GIluN2A or GluN2B-containing NMDARSs have a high sensitivity to
Mg”" blockade, with an Mg®" IC50 (the concentration at which the response is reduced by
half) of ~15 uM at =70 mV. By contrast, diheteromeric GluN2C or GluN2D-containing
NMDARs have a lower Mg>" IC50 of ~80 pM (Paoletti et al. 2013; Huang and Gibb 2014).
This, along with the variation in conductance between the subunits, significantly affects the

relative contribution of NMDAR subtypes to synaptic integration and plasticity (Paoletti et al.
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2013). The distinct biophysical properties conferred by the GluN2D subunit mean that it may
also have unique regulatory roles, such as detection of low levels of glutamate, potentially
from synaptic spillover (Dubois et al. 2016): this extra sensitivity and often extrasynaptic
location may also mean that it is a mediator of currents which could activate cell death
signalling pathways (see section 1.3). Additionally, the slow gating kinetics of GluN2D-
containing NMDARSs could increase the time window for coincidence detection during
induction of synaptic plasticity (von Engelhardt et al. 2015), but at the cost of temporal
fidelity in excitatory synaptic transmission. Where GluN2D is involved in either detecting
spillover or mediating plasticity, only a small amount of postsynaptic depolarisation may be
required, if any, for them to initiate cation influx, due to their relative insensitivity to Mg*"
(Hrabetova et al. 2000). For these reasons it is important to ascertain the distribution of
GIuN2D subunits, both across neuronal populations and indeed on a subcellular level: both of

these factors may provide evidence for the function of GIuN2D in each individual context.

1.1.2 NMDAR desensitisation

Desensitisation of iGIuRs is a conformational change in the receptor resulting from agonist
exposure (Sornarajah et al. 2008), which reduces current flow through the channel and may
constitute a negative feedback mechanism to prevent against excitotoxicity (Zorumski et al.
1990). Entry of iGluRs into a desensitised state may also be important in determining the
overall time course of synaptic responses (Jones and Westbrook 1996). Channel opening is
quickly followed by receptor desensitisation, with both of these conformational changes

taking around 2-3 ms (Colquhoun et al. 1992; Meyerson et al. 2014).

The mechanism of desensitisation in AMPA and kainate receptors involves disruption of the
arrangement of the LBD, which allows glutamate to remain bound but with a closed pore
similar to that in the resting state (Plested 2016). NMDAR desensitisation is not as well
understood, and in contrast to AMPARS, appears to be determined by elements in the ATD as
well as the TMD (Krupp et al. 1998; Villarroel et al. 1998; Alsaloum et al. 2016). In
NMDARs, interaction between the ATD and LBD is much more extensive, and so these
domains may function less autonomously (Lee et al. 2014). Therefore, desensitisation is not

as extensive, as the LBD cannot freely change conformation as it does in AMPA and kainate
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receptors (Plested 2016). For this reason, AMPARs are able to desensitise almost fully,

whereas NMDAR desensitisation is incomplete (Iacobucci and Popescu 2017).

There are two principal Ca**-independent mechanisms by which NMDARs can desensitise.
Glycine-dependent desensitisation describes a reduction in NMDAR current which occurs in
the continued presence of glutamate and when glycine concentration is not oversaturated,
occurring due to a negative allosteric interaction between the glutamate binding and glycine
binding sites (Zheng et al. 2001). This form of desensitisation manifests as a decrease in
glycine affinity and can be overcome by increasing the glycine concentration (Benveniste et
al. 1990; Villarroel et al. 1998; Dingledine et al. 1999a). GluN1/GluN2A diheteromers have
been shown to deactivate in this manner with a time constant of around 650 ms (Wyllie et al.
1998). Diheteromeric GluN1/GluN2C and GluN1/GluN2D NMDARs, however, do not
display any significant glycine-dependent desensitisation (Wyllie et al. 1998; Vance et al.
2011; Alsaloum et al. 2016).

Glycine-independent desensitisation is defined as a Ca*"-independent desensitisation of
NMDA receptors which cannot be overcome by increasing the concentration of glycine
(Sather et al. 1992; Dingledine et al. 1999a; Hu and Zheng 2005). Glycine-independent
desensitisation is reportedly observed in GluN1/GluN2A and GIuN1/GluN2D diheteromers, is
less pronounced in those containing GluN2B, and absent in GluN2C (Krupp et al. 1996; Hu
and Zheng 2005).

The elevation of intracellular Ca® by the activation of NMDARs can also lead to a reduction
in NMDAR channel activity (Zilberter et al. 1991): this may be mediated by a direct
interaction between calmodulin and the receptor (Ehlers et al. 1996; Villarroel et al. 1998).
This phenomenon has previously been known as Ca**-dependent inactivation, but is not
considered a genuine desensitisation because it can be evoked by a rise in intracellular levels
of Ca®" triggered independently of NMDA receptor activation (Villarroel et al. 1998; Zheng
et al. 2001).
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1.1.3 NMDAR pharmacology

Many compounds are available which are able to modulate the activity of NMDARs, with

some relevant examples discussed below.

(1) Competitive compounds

NMDAR mediated current can be specifically and competitively inhibited by antagonists such
as D-a-aminoadipate and D-(—)-2-Amino-5-phosphonopentanoic acid (D-APS; Evans et al.
1982), and therefore the discovery of these compounds played an essential role in confirming
the presence of NMDARSs in neurons (Jespersen et al. 2014). Regarding subunit selectivity, a
phenanthrene-based competitive antagonist, piperazine-2,3-dicarboxylic acid (PPDA) was
identified more than a decade after D-AP5 which has a moderate selectivity for GluN2C/D
over GluN2A/B (Feng et al. 2004), but as the glutamate binding pocket is highly conserved
across the GIuN2 subunits, competitive antagonists do not in general display high degree of
subunit specificity (Jespersen et al. 2014). There is some variation in the outer edge of the
binding pocket between GluN2 subunits, and therefore only larger antagonists which block
the glutamate binding site whilst also binding at sites outside of this pocket are able to show
subunit selectivity, such as PPDA, R-AP7, or R-CPP (Monaghan et al. 2012). However,
selectivity for GluN2D was further improved by discovery of UBP141, a competitive
compound at the glutamate binding site with a 7- to 10- fold selectivity for GluN2D over
GluN2A/GIuN2B (Morley et al. 2005; Costa et al. 2009).

(i1) Uncompetitive compounds

These compounds are use-dependent, and can only bind to a site within the NMDAR channel
pore when it is opened by the binding of glutamate and glycine. Mg*" ions behave in this way,
as described above. Apart from Mg, materials which block the NMDAR pore usually
discriminate poorly between NMDAR subtypes; this being true of phencyclidine (PCP),
thienylcyclohexylpiperidine (TCP), and ketamine. Whilst the selective and irreversible
NMDAR channel blocker dizolcipine (MK-801) is more selective for GluN2A and GluN2B
in comparison to GluN2C and GluN2D, the difference in affinity is relatively small (Paoletti
and Neyton 2007).
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As described in section 1.3, excessive NMDAR activation can lead to excitotoxicity under
some circumstances, though putatively neuroprotective agents that block most NMDAR
activity will inevitably have unacceptable clinical side effects. The adamantane derivative
memantine, however, appears to preferentially block excessive NMDAR activity without
disruption of normal synaptic activity (Wild et al. 2013). Memantine is a low affinity open-
channel blocker with a fast off-rate, and does not substantially accumulate in the NMDAR
channel (Lipton 2004). Memantine is therefore well-tolerated and used clinically to help
prevent potential excitotoxic damage to neurons in Alzheimer’s and Parkinson’s diseases (van
Marum 2009; Emre et al. 2010; Wild et al. 2013). At resting membrane potentials and
physiological [Mg”'], memantine shows a moderate selectivity for GluN2C and GluN2D-
containing NMDARs (Kotermanski and Johnson 2009).

(ii1)) Noncompetitive compounds

There have been several discoveries of noncompetitive allosteric compounds with high
subunit selectivity, which are useful experimentally for elucidating the subunit composition of
functional NMDARs within the cell membrane: these include ifenprodil (GluN2B; (Gallagher
et al. 1996; Hess et al. 1998), TCN 201 (GluN2A; Bettini et al. 2010), QNZ46 (GluN2D;
Mosley et al. 2010), and potentiator CIQ (GluN2C/D; Mullasseril et al. 2010). Ifenprodil has
a 140-fold preference for GluN2B over GIluN2A (Gallagher et al. 1996), and it and its
analogues have been used extensively in neuroscience research due to the ubiquity of

GIluN2B.

Ifenprodil binds to residues located deep within the dimer interface between the extracellular
ATD regions of the GluN1 and GluN2B subunits, increasing the energy barrier for activation
and resulting in an increased mean closed time of the channel (Amico-Ruvio et al. 2011;

Karakas et al. 2011; Tomitori et al. 2012). Inhibition is incomplete, and noncompetitive with
other known NMDA receptor agonists or modulators (Amico-Ruvio et al. 2011; Tajima et al.

2016).

DQP-1105, a compound identified by the Traynelis group in 2011, is a noncompetitive
antagonist which binds the S2 region of the GIuN2D subunit, and blocks a conformational

change necessary for channel opening. DQP-1105 is also around 50 times more selective for
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GluN2C/D-containing NMDARSs over those containing GIluN2A or B (Acker et al. 2011),
which makes it a good candidate for potential inhibition of GluN2D-containing NMDARS on
SNc-DA neurons.

Overall, the pharmacological tools for identifying the subunit composition of native
NMDARs are limited. While some insight is obtained by applying a spectrum of compounds
at carefully considered concentrations that offer some subunit preference, the outcome is not
definitive. Therefore, other approaches would ideally be used in combination with
pharmacological intervention. One aim of this PhD was to explore the pharmacological
properties of NMDARSs in SNc-DA neurons in mice where the GIuN2D subunit has been

genetically removed.
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Compound GIluN2A GIluN2B GluN2C GIluN2D Reference
Competitive Ki (uM) Ki (uM) Ki (uM) Ki (uM)
Racemic AP5 0.28 0.46 1.6 3.7 Feng et al. 2005
PPDA 0.55 0.31 0.096 0.125 Feng et al. 2005
UBP-141 14 19 4.2 2.8 Morley et al. 2005

Uncompetitive IC50 (uM) IC50 (uM) IC50 (uM) IC50 (uM)

MK-801 0.015 0.009 0.024 0.038 Dravid et al. 2007
Ketamine 5.4 5.1 1.2 2.9 Kotermanski and
Johnson 2009

PCP 0.82 0.16 0.16 0.22 Dravid et al. 2007
Memantine 13 10 1.6 1.8 Kotermanski and

Johnson 2009

Noncompetitive IC50 (uM) IC50 (uMm) IC50 (uM) IC50 (uM)

Ifenprodil 39 0.15 29 76 Hess et al. 1998
DQP-1105 206 121 9 3 Acker et al. 2011
TCN 201 0.109 >30 no data >30 Bettini et al. 2010
QNz46 229 >300 6 3 Mosley et al. 2010
Noncompetitive
potentiators | EC50 (uM)  EC50 (uM)  EC50 (uM)  EC50 (uM)
clQ NE NE 2.8 3 Mullasseril et al. 2010

Table 1.1 — Compounds acting on NMDARs, and their subunit specificity

PCP = phencyclidine; TCP = thienylcyclohexylpiperidine; NE = no measurable effect. Ki is
the inhibitory constant, with a smaller value reflective of greater binding affinity. IC50 is the
half maximal inhibitory concentration, and EC50 is concentration of potentiator giving a half-

maximal response. Table partially adapted from Ogden and Traynelis 2011.
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1.1.4 Grin2D-null mice

Mice lacking expression of the GluN2D subunit have been previously generated by a gene-
targeting recombination technique: the exon encoding the GIuN2D transmembrane M4 region
was disrupted by the insertion of a neomycin phosphotransferase gene (Ikeda et al. 1995).
These mice grow and mate normally and exhibit no major structural brain abnormalities,
though show a slight reduction in spontaneous behavioural activity in novel environments and
a reduction in sucrose preference (Ikeda et al. 1995), as well as a lower sensitivity to stress
induced by elevated maze, light/dark box, and forced swimming tests (Miyamoto et al. 2002).
The only morphological anomaly observed is a reduction of dendritic branching in mitral cells
in the accessory olfactory bulb (AOB; Yamamoto et al. 2017): GluN2D mRNA has
previously been reported in the periglomerular (PG) cells of the mouse AOB (Watanabe et al.
1993), and it is hypothesized that functionally altered PG cell synapses at mitral cell dendrites

may inhibit their normal development (Yamamoto et al. 2017).

1.1.5 Development and distribution of NMIDARs

The distribution of NMDAR subunits throughout the brain alters with development (Monyer
et al. 1994). Whilst the essential GluN1 subunit (and therefore the NMDAR as a whole) is
ubiquitously expressed in all brain regions throughout development, expression of GluN2 is
much more variable: notably, GluN2B expression is high at birth, particularly in the cortex
and hippocampus, and gradually declines to a lower level in the same brain regions in
adulthood. Conversely, GIuN2A expression is very low at birth and increases throughout
development: it was initially thought to replace GIluN2B in the cortex and hippocampus, but
both GIuN2A and GluN2B-containing NMDARs are considered to remain present. GluN2A
also increases its expression in the olfactory bulb and striatum (Wenzel et al. 1995, 1997).
GIuN2C is expressed later in development, and in adult mice and rats is mostly confined to
the cerebellum and olfactory bulb (Watanabe et al. 1992; Monyer et al. 1994; Wenzel et al.
1997). GluN2D subunit expression is prominent in the brainstem and diencephalon in
neonates but decreases throughout development, with much lower levels in the adult. It is,
however, reportedly expressed in the adult rat brain in some cerebellar nuclei, the striatum,

the olfactory bulb, and in dopaminergic neurons of the substantia nigra (Watanabe et al. 1993,
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1994; Monyer et al. 1994; Standaert et al. 1994; Wenzel et al. 1995, 1997; Jones and Gibb
2005; Brothwell et al. 2008; Mullasseril et al. 2010). More recently, the presence of GluN2D
has been observed at the synapse in adult mouse hippocampal interneurons (but not pyramidal
cells) along with GIuN2A and GluN2B (von Engelhardt et al. 2015; Perszyk et al. 2016); as
well as synapses on adult rat subthalamic nucleus (STN) neurons, along with GluN2B
(Swanger et al. 2015). However, these studies have at least in part relied on pharmacological
tools, the limitations of which are outlined above. NMDARS in SNc-DA neurons at around P7
are thought to be arranged in two populations of diheteromeric receptor: those composed of
GluN1/GluN2B and those composed of GIuN1/GluN2D. By P17, SNc-DA neurons are
thought to possess NMDARSs in a triheteromeric GluN1/GluN2B/GluN2D configuration
(Jones and Gibb 2005; Brothwell et al. 2008; Suarez et al. 2010).

NMDARs are also distributed in a specific way on the cell surface (Figure 1.2). Synaptic
receptors in general are defined by their ability to be activated by neurotransmitter released
from presynaptic terminals in response to a single action potential under normal physiological
conditions. The synaptic receptor pool is involved in signal transduction mechanisms which
may be specific to the synapse. The population of receptors termed ‘perisynaptic’ can also be
activated by synaptically released neurotransmitter, but only under conditions of increased
release in response to strong or high frequency synaptic stimuli. Perisynaptic NMDARs are
generally located 100-300 nm from the edge of the PSD, and may be anchored at these
locations by submembrane receptor scaffolding proteins (Zhang and Diamond 2006): these
may be NMDARSs which are ready to be internalised (Pérez-Otafio et al. 2006), or which have
been recently exocytosed (Petralia et al. 2009). Finally, extrasynaptic receptors are those not
included in the previous two definitions, and are located elsewhere within the cell surface
membrane, away from synapses, and are not bound to PSD-95. However, some activation of
extrasynaptic NMDARSs by presynaptic glutamate release may occur during abnormally high
levels of synaptic activity, especially when glutamate reuptake is compromised (Angulo et al.
2004; Pal 2015; Wild et al. 2015). In the rat hippocampus, extrasynaptic NMDARs account
for two thirds of all surface NMDARSs during early postnatal development, and around a third
in adults (Tovar and Westbrook 1999; Groc et al. 2006; Petralia et al. 2010a). In the
cerebellum, hippocampus, and spinal cord, GluN2D subunits have been found to comprise a

greater proportion of the extrasynaptic NMDAR population than the synaptic population
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Postsynaptic neuron

Figure 1.2 — The glutamatergic synapse

A simple schematic showing vesicular glutamate release, as well as the various putative
populations of synaptic, perisynaptic, and extrasynaptic NMDAR, as well as AMPARs.
Glutamate transporters (GluTs) on nearby astrocytes take up glutamate, and may help to
prevent ‘spillover’ of glutamate from the synapse.
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(Momiyama et al. 1996; Misra et al. 2000; Momiyama 2000; Brickley et al. 2003; Lozovaya
et al. 2004), although the presence of GluN2D at the synapse is also supported by several
studies (Harney et al. 2006, 2008; Logan et al. 2007; Brothwell et al. 2008; von Engelhardt et
al. 2015).

While extrasynaptic receptors are able to diffuse laterally through the membrane, they have
also been found to accumulate at points in close contact with adjacent cell processes,
including axons, axon terminals, and glial cells (Kharazia and Weinberg 1999; Petralia et al.
2010a), where they may associate with scaffolding proteins such as GAIP-interacting protein
C-terminus (GIPC), which is primarily excluded from the synapse (Groc et al. 2006; Yi et al.
2007).

There is evidence of a more well defined role for these extrasynaptic populations of NMDAR,
in that they can be activated by ambient extracellular glutamate, something which has
previously been demonstrated in the hippocampus (Sah et al. 1989; Angulo et al. 2004; Fellin
et al. 2004). As the level of desensitisation in NMDARSs is much lower than AMPARs, they
are likely to mediate the majority of excitation in response to this ambient glutamate, away
from the synapse (Iacobucci and Popescu 2017). Blockade of voltage-gated sodium channels
or vesicular release has been shown to have no effect on levels of ambient glutamate in the
hippocampus (Herman and Jahr 2007; Le Meur et al. 2007), indicating that it is not released
by neurons in an action potential dependent manner, but may originate from glial cells
(Parpura et al. 1994; Bezzi et al. 1998; Angulo et al. 2004; Fellin et al. 2004). As
extrasynaptic NMDARSs in the hippocampus are arranged in high density regions opposing
astrocytic processes (Jourdain et al. 2007; Petralia 2012), glutamate released from these
processes may activate them and therefore influence network synchrony (Angulo et al. 2004;

Fellin et al. 2004).

1.2 NMDAR regulation and trafficking

Overall NMDAR activity can be regulated by alteration of membrane NMDAR numbers, by
trafficking to different sites within the membrane (for example between synaptic and
perisynaptic or extrasynaptic sites), and by alteration of the physiological properties of the
receptor (Dingledine et al. 1999b; Groc et al. 2009). Many of these effects occur when
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NMDARs bind via the heterogenic C-terminal domains of their subunits to various signal
transduction complexes, which can vary depending on their subcellular location (Petralia et al.
2010b; Baucum 2017). Proteomic analysis using diheteromeric GluN1/GluN2B NMDARs
has shown that these receptors are associated with around 190 different proteins via the CTD
(Collins et al. 2006) including kinases, phosphatases, Ca*"-dependent proteins, scaffolding
proteins, and proteins which couple the receptor to the cytoskeleton (reviewed in Kennedy

2000), all of which may play some role in regulation of the activity of the receptor.

Regarding GIuN2D, The E3 ligase Nedd4, which allows binding of regulatory protein
ubiquitin, has been found to directly bind the CTD of the GIuN2D subunit (Gautam et al.
2013). This provides a mechanism which may allow specific targeting of GluN2D-containing
NMDARs for intracellular trafficking and degradation (Clague and Urb¢ 2010), and may be
responsible for the developmental downregulation of GIuN2D due to the subsequent

reduction in Nedd4 expression (Gautam et al. 2013).

Constitutive changes in functional NMDAR expression between synaptic and
peri/extrasynaptic locations have been demonstrated to occur by lateral movement of
NMDARs within the membrane (Dupuis et al. 2014): GluN2B-containing NMDARSs have
been shown to be more laterally mobile than those containing GIuN2A (Groc et al. 2006),
though neither GIuN2C or GluN2D were investigated in this way. It is possible that this
increased mobility due to the presence of GluN2B may also apply to diheteromeric and/or
triheteromeric GluN2B/GluN2D-containing NMDARs, such as those proposed to be present
in SNc-DA neurons (Jones and Gibb 2005; Brothwell et al. 2008; Suérez et al. 2010).

The Ca**-dependence of NMDAR-regulation via the subunit CTD has previously been
demonstrated: deletion of the GluN1 subunit CTD removes the Ca**-dependent element of
NMDAR inactivation (Ehlers et al. 1996). Additionally, Ca*"-dependent serine/threonine
kinases such as protein kinase A (PKA) and protein kinase C (PKC) can upregulate NMDAR
activity (Tingley et al. 1997): upon activation, PKC integrates itself from the cytoplasm into
the membrane, binding to anchoring proteins where it is able to then interact with
neighbouring NMDARSs, promoting increased expression of NMDARSs and also increasing the
channel opening rate (Lin et al. 2006; Salter et al. 2009). Conversely, serine/threonine
phosphatases such as PP1, PP2A, and PP2B (calcineurin) can effect a decrease in NMDAR
activity by decreasing the open probability of the channel (Salter et al. 2009). Additionally,
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internalisation of NMDARs has been demonstrated by inhibiting the action of dynamin, a
GTPase essential for the reformation of clathrin-coated synaptic vesicles for endocytosis

(Carroll et al. 1999; Montgomery et al. 2005; Lau and Zukin 2007).

1.2.1 Regulation of ‘extrasynaptic’ NMDARs

It has previously been shown in SNc-DA neurons that ‘whole-cell’ NMDARs activated by
bath application of NMDA, which putatively includes a large population of extrasynaptic
NMDARSs, are regulated in a use-dependent manner whereby repeated application of the
agonist leads to a persistent reduction in NMDAR-mediated current (Wild et al. 2014). This
form of downregulation, termed NMDAR ‘rundown’ was also found to be largely Ca®'-
dependent: intracellular Ca®" chelation, replacement of extracellular Ca®" with Ba>" and
holding the cell at +40 mV to reduce the driving force on Ca®" influx all reduced the effect.
Rundown was also measured after incubation with the GluN2B-preferring antagonist
ifenprodil. Significant rundown of the ifenprodil-insensitive NMDAR component was
observed, but this remaining current showed no sensitivity to intracellular Ca®" chelation,
which suggested that the ifenprodil-insensitive component may have been GluN2D-mediated
due to the lack of evidence for GIuN2A or GIuN2C expression in SNc-DA neurons (Wild et
al. 2014). In the same study, synaptic NMDAR current rundown was also observed in
response to repeated low-frequency presynaptic stimulation (0.1 Hz). This rundown was
insensitive to intracellular Ca>" buffering using BAPTA; however rundown was significantly
reduced by clamping at +40 mV, which reduces the driving force on Ca®" influx. This
insensitivity to Ca®" chelation may be due to the mode of NMDAR activation (brief versus
prolonged), or due to a closer coupling of the synaptic NMDARSs to the Ca**-dependent
mechanism of run-down, such that even the fast chelator BAPTA is not able to bind Ca*"

before it initiates this mechanism (Wild et al. 2014).

1.2.2  Activity-dependent regulation of synaptic NMDARs

NMDARSs are key mediators of neuronal development and plasticity in the forms of classical
Hebbian long-term potentiation (LTP) and long-term depression (LTD), which comprise
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mostly the addition and removal of AMPARs from the synapse. To effect these forms of
plasticity, iGluRs interact with many proteins within the PSD; some of which regulate
receptor function and some of which govern insertion or removal from the membrane, or
trafficking within it. An important protein for classical NMDAR-mediated plasticity of
AMPARSs is stargazin, a regulatory protein (TARP) that affects the conductance, kinetics, and
rectification of AMPARSs. Another regulatory protein, PICK1, interacts primarily with GluA2

to effect insertion and removal from the membrane (Liischer and Malenka 2012).

While it has been long recognised that the NMDAR is essential for classical long term
plasticity with regards to AMPAR regulation, previous work suggested that the NMDAR
itself is immune to activity induced synaptic plasticity (Lissin et al. 1998; Montgomery et al.
2005). However, many studies have subsequently shown that both LTP and LTD of
NMDAR-mediated currents (NMDAR-LTD and NMDAR-LTD) can be induced by
alterations in presynaptic activity (Montgomery et al. 2005; Harnett et al. 2009; Hunt and
Castillo 2012). Because NMDARSs contribute significantly to information transfer at the
synapse, plasticity involving regulation of NMDARs themselves will therefore significantly

alter the characteristics of postsynaptic currents (Hunt and Castillo 2012).

In the hippocampus (CA1, CA3, and the dentate gyrus), high-frequency stimulation (HFS)
can rapidly induce NMDAR-LTP (Lozovaya et al. 2004; Harney et al. 2006, 2008; Lau and
Zukin 2007). Induction of NMDAR-LTP involves several stages and requires activation of
three types of postsynaptic receptor: NMDARSs, metabotropic glutamate receptors (mGluRs;
in this case mGIluRS), and adenosine A4 receptors. Intracellularly, NMDAR-LTP also
requires activation of a G-protein (via Ay receptor activation) and a rise in intracellular Ca®"
leading to activation of the intracellular kinases PKC and Src (Kotecha et al. 2003; Harney et
al. 2006, 2008; Kwon and Castillo 2008; Rebola et al. 2008).

Plasticity of NMDAR-mediated currents effected by the same activity paradigm can vary
greatly: for example, it has been shown in the hippocampus that bidirectional plasticity of
NMDAR-EPSC:s is possible in dentate gyrus granule cells using the same high frequency
stimulation protocol, whereas only NMDAR-LTD occurs in dentate gyrus interneurons
(Harney and Anwyl 2012). The bidirectionality of HFS-induced NMDAR plasticity in granule
cells is Ca**-dependent: NMDAR-LTD is induced in the presence of a high intracellular
concentration of Ca>" buffer EGTA (Ethylene-bis(oxyethylenenitrilo)tetraacetic acid ; 10
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mM) and NMDAR-LTP with a lower concentration (0.2 mM). Interestingly, dentate gyrus
interneurons that express only NMDAR-LTD appeared to express GIuN2B- and GluN2D-
containing NMDARSs at the synapse (Harney and Anwyl 2012), whereas granule cells only
express synaptic GIJuN2A and GluN2B- containing NMDARSs: however, induction of LTP in
granule cells may recruit extrasynaptic GluN2D-containging NMDARSs to the synapse
(Harney et al. 2008).

At the calyx of Held—principal neuron synapse in the medial nucleus of the trapezoid body
(MNTB), a subset of fast synapses in the auditory system, spike timing is critical for sound
localisation. The ability of postsynaptic neurons to phase-lock spikes to presynaptic inputs is
compromised in immature synapses by the presence of NMDARs, due to their slow gating
kinetics. NMDARs are therefore present only transiently within the first two postnatal weeks
(Joshi et al. 2007). To preserve timing fidelity during high-frequency neurotransmission at
mature synapses, NMDARs are downregulated: auditory activity begins in mice when the ear
canal opens at P10—P12 resulting in high frequency firing of the presynaptic calyx of held
neurons, and it is this excitatory activity which may begin to cause downregulation of
postsynaptic NMDARs in MNTB neurons (Futai et al. 2001). Recordings made from these
neurons in acute mouse brain slices at P10-13 along with presynaptic burst stimulation (100
Hz bursts every 1 s for 60 s and paired with postsynaptic depolarisation), showed that
summated NMDAR-EPSCs 18 minutes following this activity were significantly decreased,
whilst single NMDAR-EPSCs remained stable (Joshi et al. 2007): this suggested that
perisynaptic or extrasynaptic NMDARs were being preferentially downregulated. However,
differences in morphological structure between the giant calyx synapse and typical small
central nervous system (CNS) synapses may lead to different transmitter release and spillover
profiles and, therefore, a different profile of NMDAR regulation in these neurons. The
downregulation observed at these synapses was found to be prevented by BAPTA-mediated
Ca’" chelation, as well as by inhibiting the activity of dynamin, suggesting internalisation of
NMDARSs in this process (Takei et al. 1996; Joshi et al. 2007). The potential for activity
dependent synaptic regulation of NMDRs has not yet been explored in SNc-DA neurons, and

was one of the aims of this thesis.
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1.3 NMDARs and Excitotoxicity

Excessive Ca”" influx through NMDARS is implicated in excitotoxicity through activation of
cell death signalling pathways (Choi 1987; Hardingham and Bading 2010; Surmeier et al.
2010, 2011). This increased NMDAR activity can promote cell death under pathological
conditions, for example during ischemia, or as part of the pathophysiology of
neurodegenerative illnesses such as Parkinson’s disease (PD) and Alzheimer’s disease (AD)
(Dong et al. 2009). The role of NMDARSs under potentially excitotoxic conditions is

discussed in this section, beginning with hypoxia.

1.3.1 NMDARs and hypoxia-ischemia

Hypoxic conditions, such as may be caused by ischemia, can lead to metabolic stress and
excitotoxicity in neurons (Lai et al. 2014). Low oxygen availability causes cellular ATP levels
to deplete, which disrupts the ionic gradients maintained by ATP-powered Na' /K pumps,
therefore leading to depolarisation. Depolarisation causes increased glutamate release from
excitatory neurons, and this, along with potential impairment of glutamate reuptake (see
section 1.3.2), leads to increased extracellular glutamate and therefore an increase in
NMDAR-mediated Ca®* influx, and consequent neuronal cell death (Dugan and Choi 1999;
Lai et al. 2014).

The effects of hypoxia have been extensively studied in the mammalian hippocampus
(Bickler and Hansen 1998; Larson and Park 2009; Peterson et al. 2012). In rat hippocampal
CALI neurons, the concentration of intracellular Ca®* is increased by around 20 % during
periods of hypoxia, which is frequently associated with a decrease in NMDAR responses.
Ca’" increase in this case can downregulate NMDARSs via the cytoskeleton, as application of
the actin stabiliser phalloidin has been shown to prevent the hypoxic treatment from

decreasing receptor function (Bickler et al. 2003).

The effects of hypoxia have also previously been studied in mammalian/rodent SNc-DA
neurons, but less extensively (Héusser et al. 1991; Roper and Ashcroft 1995; Singh et al.
2007). At glutamatergic synapses onto rat SNc-DA neurons, oxygen and glucose depravation
(OGD) treatment for 5 minutes was found to cause a potentially neuroprotective presynaptic

depression of glutamate release (Singh et al. 2007). Postsynaptic AMPAR and NMDAR-
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mediated currents were depressed to a similar extent, and presynaptic inhibition was mediated
by activation of G protein-coupled presynaptic adenosine A; receptors (A;Rs), as the effect
was blocked by application of A;R-selective antagonist 8-cyclopentyl-1,3-dipropylxanthine
(DPCPX; Singh et al. 2007). This inhibitory effect did not recover following the withdrawal
of OGD. SNc-DA neurons have also been shown to exhibit a postsynaptic hyperpolarisation
in response to low ATP levels, which is mediated via ATP-sensitive K (Karp) channels
(Hausser et al. 1991; Roper and Ashcroft 1995). These receptors open in response to an
increase in the ADP/ATP ratio, thereby coupling neuronal excitability to metabolic status, a
mechanism which is neuroprotective during acute metabolic stress (Roeper et al. 1990; Singh

et al. 2007; Sun and Feng 2013).

Young animals have greater resistance to hypoxic conditions than adults. Survival of CA1
neurons in slices from rats at around postnatal day (P)5 following hypoxic stress is greater
than in ~P20 animals, with young neurons also displaying smaller increases in and enhanced
recovery of intracellular Ca**, less accumulation of glutamate, and less NMDAR-mediated
Ca”" influx (Bickler and Hansen 1998). This effect may be partially due to the actions of
GluN2D-containing NMDARSs, which are much more widely expressed in neonates.
Recordings made from xenopus laevis oocytes expressing different configurations of
NMDAR show that diheteromeric GluN1/GluN2D NMDAR currents are significantly
decreased under low oxygen conditions, and that GluN1/GluN2C NMDAR currents are
increased, due to alterations in the channel open probability (Popen). GIuN2A and GluN2B
subunits were not found to alter their properties in response to low to O, (Bickler et al. 2003).
A reduction in Pope, reduces the amount of Ca’" entering the cell, thereby reducing
depolarisation and potentially cell death signalling. High GIluN2D expression is therefore
thought to be an important mechanism for hypoxia resistance in neonatal mammals (Bickler et

al. 2003; Peterson et al. 2012)

Neurons from turtles are able to survive long periods of anoxia: under these conditions, Ca*'-
dependent protein phosphatases have been found to play a critical role in regulating the open
probability of NMDARs (Bickler and Buck 1998; Bickler et al. 2000). Another animal which
has adapted to surviving under conditions of low oxygen is the naked mole-rat: these notably
long-living, eusocial, and poikilothermic mammals live in low O,, high CO; conditions due to

sharing underground colonies with up to 300 other animals (Larson and Park 2009;
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Schuhmacher et al. 2015). Much of the adaptation to survive in low oxygen conditions comes
from their haemoglobin, which has a higher O, affinity than mice; from their low basal
metabolic rate, which is further reduced during more intense periods of hypoxia
(Schuhmacher et al. 2015); and the ability to switch to anaerobic metabolism pathway
powered by fructose-driven glycolysis (Park et al. 2017). In addition, their NMDAR
composition may also play a major role in this tolerance. In most mammals a developmental
reduction in GluN1 expression (which reflects a reduction in NMDARS) occurs; an effect
which is blunted in naked mole rats. However, whilst adult naked mole rats therefore have
higher overall expression of NMDARSs, they also retain far higher expression of GIuN2D,
which as outlined above is associated with hypoxia tolerance in neonatal mammals. As with
other species, GIuN2A expression is increased and GluN2B is decreased with development
(Peterson et al. 2012). Interestingly, because GluN2D-containing NMDARs have different
biophysical properties even under normoxic conditions in comparison with those containing
other GluN2 subunits, a high expression of GIuN2D in the naked mole rat might be expected
to affect behaviour or cognition: however, naked mole-rats are able to learn operant
conditioning tasks as well as rats (LaVinka et al. 2009). A similar profile of high adult
GIluN2D expression has also been measured in the subterranean mole rat, spalax, which also

is highly adapted to similar low-oxygen conditions (Band et al. 2012).

During a 10 minute period of hypoxia, hippocampal neurons from naked mole-rats display an
attenuated increase in internal Ca®" concentration comparable to that observed in neonatal
neurons from many mammalian species (Peterson et al. 2012). Hippocampal neurons from
naked mole-rats are even able to recover fully from periods of anoxia exceeding 30 minutes.
Low oxygen treatment (15 %) can cause unrecoverable disruption of synaptic activity after 40
minutes in 60 % of mouse neurons, whereas no disruption of synaptic activity is observed in
the naked mole rat under the same conditions (Larson and Park 2009). Therefore the presence
of GluN2D in neurons may confer a practical resistance to hypoxia-related excitotoxicity,
something which may also apply to dopaminergic neurons within the SNc. One aim of this
thesis was to explore the potential role of GIluN2D in conferring resistance to hypoxia-

mediated excitotoxicity using Grin2D-null mice.
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1.3.2  Glutamate transporters: regulation of extracellular glutamate & NMDAR activity

Glutamate concentration at the synapse normally exceeds 1 mM for a period of less than 10
ms, before quickly returning to 20 nM or less due to glutamate reuptake by
glutamate/aspartate (excitatory amino acid) transporters (GluTs; Clements 1996; Diamond
and Jahr 1997; Shimamoto et al. 1998; Dzubay and Jahr 1999). The most accepted estimates
of the concentration of glutamate in the extracellular space, away from the synapse, are in the
range of 1-5 uM (Moussawi et al. 2011), and GluTs have a role in controlling diffusion of
glutamate away from the synapse (McCullumsmith and Sanacora 2015), thereby preventing a
loss of synaptic specificity and potential excitotoxicity. GIuT activity may be important in
human patients with PD, in which glutamatergic fibres from the STN fire at a much higher
frequency (Magnin et al. 2000; Piallat et al. 2011; see section 1.3.3). GIuT activity can be
compromised in PD, and in several other neurodegenerative disorders including amyotrophic
lateral sclerosis, Huntington’s disease, and Alzheimer’s disease. It is not clear whether
glutamate dysfunction contributes to pathogenesis, or results from the disease pathology
(Sheldon and Robinson 2007), but in either case GluTs are therefore considered to be

potential therapeutic targets (Jensen et al. 2015).

In vivo pharmacological GluT inhibition in rat substantia nigra using DL-threo-3-
Benzyloxyaspartate (TBOA) has been shown to generate a neurodegenerative process
mimicking several PD symptoms, caused by excitotoxic cell death of dopamine neurons: this
was mediated by NMDARSs, as application of NMDAR antagonists ifenprodil and memantine
provided significant neuroprotection (Assous et al. 2014). Other work in the SNc has shown
that rat dopamine neurons are preferentially affected by GluT dysfunction when compared
with non-dopamine neurons using the selective GluT inhibitor L-trans-Pyrrolidine-2,4-
dicarboxylate (Nafia et al. 2008). SNc-DA neurons may be highly dependent on maintaining
adequate levels of the essential brain antioxidant glutathione (GSH), and preferential toxicity
for DA neurons by GIuT inhibition may occur by decreasing the availability of GSH
precursors such as cysteine, which are also directly transported by GluTs (Hayes et al. 2005;
Nafia et al. 2008). Therefore susceptibility to oxidative stress caused by low GSH may be an
additional factor in SNc-DA degeneration, in addition to the increased likelihood of

glutamate-mediated excitotoxicity caused by GluT dysfunction.
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In SNc-DA neurons, application of TBOA alone been shown to have no effect on the
amplitude of elicited summated EPSCs (Wild et al. 2015). Whilst TBOA likely does bind to
glutamate transporters, evidenced by a slower NMDAR response decay (which may indicate
diffusion of glutamate further from the synapse), it was found that additional inhibition of
presynaptic group Il metabotropic glutamate receptors (mGIluR2) by antagonist LY 341495
was necessary to allow a TBOA-induced increase in amplitude. Application of LY 341495
alone had no effect (Wild et al. 2015). Presynaptic feedback mechanisms therefore exist at
excitatory synapses onto SNc-DA neurons which limit glutamate release in situations where
spillover is likely, or where extracellular concentration of glutamate is likely to reach
excitotoxic levels. One aim of this thesis was to explore the role of TBOA in regulating

NMDAR activity, and whether this was altered in mice lacking the GIuN2D subunit.

1.3.3  Pathophysiology of Parkinson’s disease

Parkinson’s disease (PD) is a neurodegenerative disease characterised by inhibited motor
control, including bradykinesia, muscle rigidity, and tremor (Bolam et al. 2000; Shulman et
al. 2011; Surmeier et al. 2017). Many of the motor manifestations of PD are attributed to the
progressive loss of SNc-DA neurons (Hammond et al. 2007), which form part of the basal
ganglia system, discussed in section 1.4. Lewy pathology is also a commonly observed
characteristic of PD: this comprises abnormal, proteinaceous aggregates in the neuronal
cytoplasm that are rich in a-synuclein. However, LP also occurs in other age-related
neurodegenerative diseases, with its precise relationship to disease progression remaining
unclear (Surmeier et al. 2017). Previous studies have observed morphological changes to
SNc-DA neurons in human Parkinson’s patients, including reductions in dendritic branching
and partial loss of dendritic spines (Patt et al. 1991), which may be in response to abnormal

neuronal function.

In PD, one neurophysiological change is that glutamatergic afferents originating from the
subthalamic nucleus (STN) to dopaminergic neurons of the SNc¢ reportedly display a higher
frequency firing, as well as increased burst firing. This was originally observed in primates
after treatment with MPTP (a compound with preferential toxicity for nigrostriatal

dopaminergic neurons; Bergman et al. 1994), and electrophysiological recordings have
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subsequently been gathered from human patients undergoing surgery for deep brain
stimulation (DBS; Magnin et al. 2000). Whilst this kind of data is not obtainable from healthy
human subjects, control recordings have been possible from patients with other neurological
disorders: one study showed that patients with severe obsessive-compulsive disorder (OCD)
had a mean STN neuron firing rate of 20.5 Hz, with a mean discharge frequency during
bursting phases of 50.9 Hz. In comparison, PD patients had an overall mean of 30.8 Hz, with
a much higher mean during burst frequency of 83.4 Hz (Piallat et al. 2011). Other studies
showed that late stage PD patients had a higher mean firing frequency than early stage PD
patients (28.7 vs 36.3 Hz; Remple et al. 2011), and that PD patients had a higher mean firing
(40.5 Hz) frequency in comparison to those with essential tremor (ET; 19.3 Hz) (Steigerwald
et al. 2008).

A consequence of this increased bursting activity is likely to be increased NMDAR activity
due to increased glutamate release and NMDAR-EPSC summation, as well as increasing the
likelihood of spillover of glutamate from the synapses and activating perisynaptic or
extrasynaptic NMDARs: this pathological STN activity may therefore promote excitotoxicity
in SNc-DA neurons (Bergman et al. 1994; Wild et al. 2013). Activity-dependent rundown or
downregulation of NMDARSs in response to repeated agonist application may be a response to

such activity, and consequently one of the aims of this thesis was to explore this idea.

As stated above, PD is characterised by the progressive loss of SNc-DA neurons, and proper
NMDAR regulation may be important for neuronal function and survival under these
conditions. The sensitivity of a neuron to excitotoxicity is determined by several factors
relating to NMDARs, such as the surface localisation of the receptor (Hardingham and
Bading 2010), the subunit profile (Liu et al. 2007; Martel et al. 2012), and the ability of
NMDARs to be regulated in an activity-dependent manner (Wild et al. 2014). Firstly, with
regards to surface localisation, several studies have reported that sole activation of synaptic
NMDAR:Ss is able to promote downstream cell survival pathways, such as activation of cAMP-
responsive element binding protein (CREB); and that additional activation of the functionally
separate population of extrasynaptic NMDARSs is able to activate cell death pathways, for
example by activation of protease enzyme caspase-3 (Liu et al. 2007; Zhou et al. 2013). In the
hippocampus, around 36% of NMDARs are extrasynaptic, and in the SNc¢ a minimum of

around 10 % are extrasynaptic, though this figure likely to be higher (Wild et al. 2015). High
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frequency or burst firing may enable released glutamate to ‘spill over’ from the synapse
(Rosenmund et al. 1995; Asztely et al. 1997; Clark and Cull-Candy 2002; Harris and Pettit
2007, 2008) and additionally bind to extrasynaptic NMDARs, promoting cell death
(Hardingham and Bading 2010; Zhou et al. 2013; Parsons and Raymond 2014). Whilst the
processes underlying the death of SNc-DA neurons in PD are not fully understood, the
increased excitatory input to these neurons, discussed above, may lead to NMDAR-mediated
excitotoxicity: this is therefore implicated as a contributing factor to the ongoing degeneration
in occurring in PD (Koutsilieri and Riederer 2007; Blandini 2010). With regards to subunit
profile, there is evidence that the GluN2D subunit may be a mediator of excitotoxicity: its low
Mg”" sensitivity may allow it to pass more current in response to glutamate spillover (Paoletti
et al. 2013), and GluN2D-containing NMDARs have been implicated as extrasynaptic
mediators of cell death signalling, which are therefore a good target for inhibition
(Kotermanski and Johnson 2009; Hardingham and Bading 2010). SNc-DA neurons are
thought to possess NMDARSs in a triheteromeric GIluN1/GluN2B/GluN2D configuration
(Jones and Gibb 2005; Brothwell et al. 2008; Suarez et al. 2010). With regards to activity-
depended regulation, due to the clear role for NMDARSs in mediating potentially excitotoxic
influxes in Ca®" under conditions of overstimulation, it follows that a responsive regulation of
NMDARSs could be an essential mechanism for maintaining equilibrium in postsynaptic
excitability: this is relevant both as a response to natural alterations in excitatory input, and
potentially in responding to more pathological changes in glutamatergic input. NMDARs may
therefore be regulated in response to these changes in order to maintain Ca®" homeostasis and
prevent excitotoxicity, or simply overexcitability (Sandoval et al. 2011; Semerdjieva et al.
2013; Wild et al. 2014). It is possible that this is a mechanism which may be tested to its limit

in neurodegenerative illness.

1.4  The role of the substantia nigra pars compacta and basal ganglia

The SNc, located in the midbrain, contains both y-aminobutyric acid (GABA)-ergic and
dopaminergic neurons. It is a part of the basal ganglia, which are a group of functionally and
anatomically interconnected subcortical nuclei consisting of the striatum (caudate and

putamen in primates), the globus pallidus (internal and external segments), the subthalamic
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nucleus, and the substantia nigra (pars reticulata and pars compacta); which together have a
major role in the control of voluntary movement (Nelson and Kreitzer 2014). The basic
anatomy and connectivity of the basal ganglia are preserved across most vertebrates, and all
mammals (Reiner et al. 1998; Stephenson-Jones et al. 2012), making rodent data obtained
from this system highly relevant to humans. The basal ganglia system in mammals is more
advanced than that observed in birds and reptiles, with considerably more highly developed
output to the cortex, which contributes to the capacity for more sophisticated behaviours

(Reiner et al. 1998).

The primary inputs to the basal ganglia come from the striatum and STN. The striatum,
composed primarily of GABAergic medium sized spiny projection neurons, receives input
from almost all areas of the cortex, which can mediate sensorimotor, cognitive, and affective
(emotional) functions (Redgrave et al. 2010; Nelson and Kreitzer 2014). The striatum also
receives excitatory input from the thalamus, and from dopaminergic SNc and ventral
tegmental area (VTA) neurons. Striatal medium spiny neurons can be divided into two groups
based on their projections: around half project directly to basal ganglia output nuclei (SNr or
globus pallidus pars interna; GP1) forming the direct pathway, and half project to the globus
pallidus pars externa (GPe) which then projects to the output nuclei, forming the indirect
pathway (Nelson and Kreitzer 2014). The other input nucleus to the basal ganglia, the STN,
receives cortical input from the primary motor, supplementary motor, and premotor cortices
(Nambu et al. 1996; Nelson and Kreitzer 2014), and sends glutamatergic efferents to the basal
ganglia output nuclei, and the SNc (Parent and Hazrati 1995; Watabe-Uchida et al. 2012). An

overview of connections within the basal ganglia is presented in Figure 1.3.

Inputs from the cortex are processed by the basal ganglia, and then relayed back to the cortex
via the motor thalamus (Albin et al. 1989; Blandini et al. 2000; Kopell et al. 2006). Uniquely,
the basal ganglia are dominated by tiers of inhibitory GABAergic neurons. However, the
output of the basal ganglia is tonically active and exhibits phasic pauses in association with
movement (Surmeier et al. 2005): the balance between direct and indirect pathways is
regulated by the opposing actions of dopamine released from SNc-DA afferents onto striatal
neurons. DA release in the striatum increases activity along the direct pathway (acting on D1

receptors) and reduces activity along the indirect pathway (acting on D2 receptors). Together
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increased activity in SNc-DA neurons will result in a net reduction in activity within the GPi

and SNr (DeLong and Wichmann 2007).

According to the pathophysiological ‘rate’ model of PD, direct pathway neurons reduce their
firing frequency, whereas those in the indirect pathway increase their activity in response to a
reduction in dopamine transmission. As a result, firing in GPe neurons is reduced leading to
further disinhibition of STN neurons, and promoting excitation of STN targets (SNc, SNr, and
GP1). The outcome of these changes is that the basal ganglia exert increased inhibition on

their thalamic and brainstem targets (Galvan et al. 2015).
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Figure 1.3 — The SNc¢ and basal ganglia

A simplified diagram of the basal ganglia (BG) system. The substantia nigra pars compacta
(SNc) receives excitatory input from the cerebral cortex and subthalamic nucleus (STN),
and releases dopamine in the stratum, which has opposing actions on the direct and indirect
pathways to the output nuclei. DA release in the striatum increases activity along the direct
pathway (acting on D1 receptors) and reduces activity along the indirect pathway (acting
on D2 receptors). Increased activity in SNc-DA neurons results in a net reduction in
activity within the globus pallidus pars interna (GPi; entopeduncular nucleus in rodents)
and substantia nigra pars reticulata (SNr; DeLong and Wichmann 2007). Thalamic
connections not pictured. Diagram adapted from Watabe-Uchida et al. 2012.
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1.4.1 Dopaminergic neurons of the substantia nigra pars compacta

As part of their role in the regulation of voluntary motor control, SNc-DA neurons display
tonic or pacemaker firing activity in the range of 4-10 Hz, but when excited will modulate
into periods of high frequency burst firing (Wilson et al. 1977; Blythe et al. 2009). Tonic
activity in SNc-DA neurons maintains a low level of DA in the striatum, while the phasic
increases in firing promote nigrostriatal DA release activating low affinity D1 receptors,
which are essential to the initiation of movement (Surmeier et al. 2005). In addition, this tonic
release of DA is essential for glutamatergic corticostriatal induction of Hebbian bidirectional
long term plasticity in the striatum: pauses in the activity of giant cholinergic interneurons
elicited by phasic burst firing events in afferent fibres from SNc-DA neurons are thought to
generate a learning signal in the striatum (Graybiel et al. 1994; Blythe et al. 2009). In models
of PD, decreased tonic striatal DA levels throw this system out of balance, leading to
unidirectional changes in plasticity which could cause PD-associated symptoms (Centonze et

al. 2001; Shen et al. 2008).

SNc-DA neurons are characterised by a particular combination of features: broad action
potentials spikes, slow rhythmic (2—-10 Hz) autonomous pacemaker activity accompanied by
large oscillations in intracellular Ca**, driven by the opening of voltage-dependent L-type
Ca”" channels; and low levels of Ca®"-buffering proteins such as calbindin. These features
together distinguish SNc-DA neurons from others less vulnerable in PD. DA neurons within
the VTA, for example, show much less PD-related cell death: these neurons are autonomous
pacemakers with broad spikes, but have smaller L-type Ca®" channel currents and strong
intrinsic Ca*" buffering by calbindin (Surmeier et al. 2017). Glutamatergic inputs to the SNc¢
originate mainly from the subthalamic nucleus (STN) and pedunculopontine nucleus (PPN),
but also from the laterodorsal tegmentum and prefrontal cortex (Kita and Kitai 1987; Charara

et al. 1996; Tong et al. 1996; Watabe-Uchida et al. 2012; Pearlstein et al. 2015).

Previously, there was a lack of clear evidence for functioning dendritic spines in SNc-DA
neurons, and so they have been classically regarded as aspiny. However, recent studies have
explored the morphology and functionality of spines on SNc-DA neurons in detail using two-

photon confocal microscopy and glutamate uncaging in mouse brain slices (Jang et al. 2015;
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Hage et al. 2016). Both spine synapses and shaft synapses are present, but only one third of
the total number of synapses are spiny. In comparison to the shaft synapses, spine synapses on
SNc-DA neurons have lower EPSC amplitudes and longer decay times, as well as lower
AMPAR/NMDAR-EPSC amplitude ratios, which together indicate a greater number of
NMDARSs at spiny synapses (Jang et al. 2015). Interestingly, when the authors stimulated
with 5 consecutive burst pulses, the decay time at spiny synapses was significantly increased
in comparison to the increase in amplitude, which may be due to receptor saturation and
glutamate spillover, or potentially a difference in NMDAR subunit composition. Therefore, it
is possible that these two synapse types may function differently if they receive bursting input

from glutamatergic afferents.

1.5  Aims of this thesis

NMDARSs present in the membrane of SNc-DA neurons are involved in the maintenance of
tonic excitability, thereby contributing to normal basal ganglia output; and are essential in
effecting long term plasticity at the synapse in many cells across the brain. Previous work
suggests the presence of the GluN2D subunit in adult SNc-DA neurons: however, this is
largely based on pharmacological compounds with limited selectivity. Therefore, a mouse
genetically engineered to lack expression of GIuN2D (Grin2D-null) was used to investigate
GluN2D expression profiles along with additional pharmacological intervention using
GluN2B and GluN2D subunit-preferring antagonists, ifenprodil and DQP-1105. The
importance of GIuN2D in the sensitivity of SNc-DA neurons to ambient extracellular
glutamate was explored in the Grin2D-null mouse under normal conditions, and under
conditions where glutamate transport was compromised, such as may occur in

neurodegenerative disease.

NMDARSs on SNc¢-DA neurons have been shown to respond to repeated application of agonist
(NMDA) with downregulation. Glutamatergic neurons originating in the STN and terminating
on SNc-DA neurons increase their mean firing frequency and peak burst firing frequency in
PD. Therefore, activity-dependent downregulation was explored at the synapse in response to

electrically evoked burst firing of excitatory fibres along with postsynaptic depolarisation.
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The same paradigm was applied in Grin2D-null animals in order to elucidate whether any

changes were dependent on the presence of the GIluN2D subunit.

Because GluN2D-containing NMDARs decrease their Py, 1n response to low O,, it was also
of interest to explore whether the presence of GluN2D in SNc¢-DA neurons conferred any
resistance to hypoxia-related excitotoxicity: a previously tested hypoxic treatment protocol
was applied along with immunofluorescent staining and a cellular viability assay in both wild

type and Grin2D-null animals.

Together, the work in this thesis aimed to build a picture of the functional NMDAR
expression profile in SNc-DA neurons, along with how they and the GIluN2D subunit allow
these neurons to react to various potentially excitotoxic conditions such as inhibited glutamate

reuptake, increased excitatory burst input, and hypoxia-ischemia.
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2 Materials and Methods

2.1 Animals

C57BL/6 (‘C57°) mice were obtained from Charles River UK. Grin2D-null and Grin2D wild
type (WT) mice were bred in house from Grin2D +/- mice obtained from the Masayoshi
Mishina c/o the Riken BRC, Japan, and crossed with each other or with C57 mice to generate
both Grin2D -/- (‘Grin2D-null’) and WT mice (‘Grin2D-WT’) on the same background. The
mutant line was originally generated by disruption of the exon encoding the GluN2D

transmembrane M4 region by insertion of a neomycin phosphotransferase gene (Ikeda et al.

1995).

All experiments were performed using these animals at P5-48 as indicated in the text, and
were carried out in accordance with the United Kingdom Animal (Scientific Procedures) Act
1986 Amendment Regulations 2012, and local ethical approval. Up to 8§ mouse pups were
housed with the dam in each cage. All animals were provided with ad libitum access to food
and water, and kept on a 12 hour alternating light/dark cycle. The mice were genotyped from
crude tail tissue sample lysates using the following primer set: GluR4 WT F 5'-
GTGCTCCTAATAAGTGACTCTGA-3' and GluR4 WT R 5'-
CCTCCTCGCTCCCTTTCTT-3" produce a 289 bp product for the WT locus; NeoF 5'-
CGGTGCCCTGAATGAACT-3"and NeoR 5'-CACGGGTAGCCAACGCTATG-3' produce a
618 bp product for the mutant locus; see Figure 2.1. Samples were outsourced for genotyping

to the Andrew Huxley Genotyping Facility, University College London.

2.2 Brain slice preparation

Animals were anaesthetised using isoflurane until the loss of the withdrawal reflex in
response to a foot pinch, before decapitation. The brain was then extracted into ice-cold
slicing solution composed of (mM) NaCl 52.5, NaHCO; 25, KC1 2.5, NaH,PO4 1.25,
kynurenic acid 0.1, glucose 25, sucrose 100, CaCl, 1, and MgCl, 5, saturated with 95 % O, /
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Figure 2.1 — Genotyping of Grin2D-wild type and Grin2D-null mice

An example electrophoresis gel showing PCR products from genotyping of homozygous
Grin2D-wild type (WT), heterozygous, and homozygous Grin2D-null (Mut) mice,
alongside HyperLadder™ 100 bp molecular weight markers from Bioline (London, UK).

PCR reactions were performed using crude tail tissue sample lysates using the following
primer set: GluR4 WT F 5'-GTGCTCCTAATAAGTGACTCTGA-3' and GluR4 WT R 5'-
CCTCCTCGCTCCCTTTCTT-3' produce a 289 bp product for the WT locus; NeoF 5'-
CGGTGCCCTGAATGAACT-3"' and NeoR 5'-CACGGGTAGCCAACGCTATG-3'
produce a 618 bp product for the mutant locus.
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5 % CO, at pH 7.4. The brain was trimmed and glued to the stage of a 7000smz-2 vibrating
microslicer (Campden Instruments, Loughborough, UK). Horizontal slices including the
substantia nigra region (Figure 2.2A) were prepared at a thickness of 230 um (unless
specified), and immediately transferred into a Gibb submersion chamber containing (mM):
NaCl 119, NaHCO3 26, KC1 2.5, NaH,PO4 1.25, glucose 25, CaCl, 2, and MgCl, 6, saturated
with 95 % O,/ 5 % CO, at 30 °C, for 1-6 hours prior to use.

2.3 Electrophysiology

Slices were transferred to a chamber, held in place with a platinum and nylon net and perfused
with (mM) NaCl 119, NaHCO; 26, KCI 2.5, NaH,PO4 1.25, glucose 10, CaCl, 2, and MgCl,
(1 or 0.1) saturated with 95 % O,/ 5 % CO; at 30+2 °C (TC-344B temperature controller,
Warner Instruments, Hamden, CT, USA), before being visualised using an Olympus BX51W

microscope with differential interface contrast optics.

Whole-cell patch-clamp recordings were made using borosilicate glass micropipettes
(Harvard Apparatus, Holliston, MA, USA) prepared using a Sutter P-87 micropipette puller to
a resistance of 2-3 MQ when filled with intracellular solution composed of [mM]: CsMeSO;
120, CsCl 5, NaCl 2.8, MgCl, 3, HEPES 20, ATP [Adenosine 5'-triphosphate magnesium
salt] 2, GTP [Guanosine 5'-triphosphate sodium salt hydrate] 0.3, EGTA 5, and CaCl, 0.5,
giving a final osmolality of 275-285 mOsmoles/kg. The final pH was adjusted to 7.2-7.3
using CsOH, and the solution passed through a 0.2 um filter.

Signals were low-pass filtered at 2-3 kHz, and digitised at 20 kHz using a Micro1401
interface (Cambridge Electronic Design, Cambridge, UK). Cells were voltage clamped
potentials of -60, -50, -20, or +40 mV as indicated in the text, using HEKA Pulse v8.53
software along with a EPC9 amplifier (HEKA, Hamden, CT, USA). Signals were stored and
measured using Spike2 version 4 (Cambridge Electronic Design, Cambridge, UK). Series
resistance (Rseries) Was estimated using the HEKA Pulse software, and was typically within the
range 3.5-10 MQ: however, the experiment was abandoned if a change of more than 3 MQ

was observed.
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The SNc region was identified under low magnification (Figure 2.2A), and SNc dopamine
neurons by somatic morphology (large ovoid or polygonal soma; Tepper et al. 1994; Figure
2.2B) and anatomical location relative to the medial terminal nucleus of the accessory optic
tract (MT), which is identifiable by its expression of melanin and therefore dark appearance.
Dopaminergic status was confirmed by the presence of a non-specific cation current (Th)
measured as a sag component of at least 40 pA (Figure 2.2C), in response to a voltage step
from -60 to -110 mV. This current is a key electrophysiological marker of dopamine neurons
within the SNc, and is mediated via hyperpolarization-activated cyclic nucleotide—gated

(HCN) channels (Neuhoff et al. 2002).

64



Chapter 2 — Materials and Methods

V., —— — -60 mV
-110 mV

1s

Figure 2.2 — Identification of SNc-DA neurons

(A) Horizontal brain slices containing the substantia nigra were freshly prepared from
C57BI6 (wild type) or Grin2D-null mice at the age specified. (B) Whole cell patch clamp
electrophysiology was used to record NMDAR responses from dopaminergic neurons of
the substantia nigra pars compacta. (C) Current response to holding potential change from
-60 to -110 mV in a dopaminergic neuron within the substantia nigra pars compacta region.
Trace taken from a wild type mouse at P18; amplitude of the ‘sag’ component during the -
110 mV holding period is 56 pA.
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2.4  Experimental design
2.4.1 NMDAR-mediated current

Peak currents generated by NMDARS across the whole cell were elicited by bath applications
of NMDA at the concentration specified in the text, in the presence of picrotoxin (50 uM),
glycine (10 pM), and TTX (100 nM). Currents elicited by ambient extracellular glutamate via
NMDARs were measured (with or without TTX at 100 nM) by obtaining a stable baseline
current in picrotoxin (50 uM) and glycine (10 uM), before applying NMDAR blocker D-(-)-
2-Amino-5-phosphonopentanoic acid (D-AP5; 50 uM) and measuring the amplitude of the
resulting deflection. Changes in current amplitude resulting from inhibition of glutamate
reuptake were explored by applying the competitive glutamate transporter blocker TBOA (30
uM) along with group II metabotropic glutamate receptor antagonist LY 341495 (200 nM),
and the NMDAR-mediated potion of this isolated by then applying D-APS5 as above.

When applying electrical stimulation, stainless steel electrodes (Frederick Haer and Co.,
USA) were placed rostral to the cell to optimize the possibility of stimulating afferent
glutamatergic fibres, and the intensity varied in order to ensure a graded excitatory
postsynaptic current (EPSC), before being fixed at a submaximal intensity (pulse duration 100

us; amplitude 30-250 pA) for the duration of the experiment.

To determine the ratio of AMPAR/NMDAR (A/N) EPSC amplitude, picrotoxin (50 uM) and
glycine (10 uM) were added to the perfusion. Cells were held at +40 mV to bypass voltage-
dependent Mg2+ blockade (MgCl, 1 mM) of NMDARs, and EPSCs of a stable amplitude
elicited at 0.1 Hz for at least 200 s before addition of D-APS5 (50 uM) to the perfusion, leaving
the AMPAR-EPSC. At least 10 traces immediately before, and 10 traces in the presence of D-
APS5 were averaged using Spike2. The +D-APS trace (‘AMPAR-EPSC’) was subtracted from
the pre-D-APS trace (‘total-EPSC”) using Microsoft Excel to give the NMDAR-EPSC
(Figure 2.5) Peak amplitudes of each component were measured within the period 8-15 ms

following the stimulus artifact (Figure 2.3).

66



Chapter 2 — Materials and Methods

01 23 514

A
WPy a
20ms
0 1 2 35 4
B

20 ms

Figure 2.3 — Measurement of single and summated EPSCs

(A) Example single NMDAR-EPSC at a holding potential of +40 mV, elicited by a single
pulse stimulation of afferent glutamatergic fibres. Amplitudes are extracted using Spike2
v4 software, with the pre-EPSC baseline value taken as the mean of all values recorded
between cursor 1 and 2, and the peak EPSC amplitude as the mean of the 1 ms period
around the highest value between cursors 3 and 4, as indicated by cursor 5. (B) Example
summated NMDAR-EPSC at a holding potential of +40 mV, elicited by a train of five
stimulations of afferent glutamatergic fibres at 50 Hz. Amplitudes are calculated as in A,
but with different time values specified for cursors 3 and 4.
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For experiments evaluating pharmacological inhibition of synaptic NMDAR currents, the
patched cell was held at +40 mV to avoid Mg”*" block, and EPSCs elicited at 0.1 Hz with
picrotoxin (50 uM), glycine (10 uM), and AMPA and kainate receptor selective antagonist
6,7-dinitroquinoxaline-2,3-dione (DNQX; 10 pM) applied via bath perfusion. Once a stable
NMDAR-EPSC amplitude was obtained, either GluN2B-selective inhibitor ifenprodil (10
uM) or GluN2D-selective inhibitor DQP-1105 (‘DQP’; 10 uM) was applied via the bath
perfusion, and stimulation continued for a further 15-20 minutes. NMDAR-EPSC amplitude
within the period between 13-20 minutes following ifenprodil/DQP application was compared

to the pre-drug amplitude to determine the percent inhibition.

For measurement and comparison of EPSC decays, 6-10 EPSCs at 0.1 Hz in the presence of
picrotoxin (50 uM), glycine (10 uM), and DNQX (10 uM) were averaged, and a two-
component exponential decay function fitted to the EPSC decay using WinWCP version 5.3.2

as below:
y(t) = Al-e(—t/t1) + A2-e(—t/12)

Where, respectively, Al and A2 are the fast and slow component amplitudes, and t1 and 12
are the fast and slow time constants (Stocca and Vicini 1998; Brothwell et al. 2008; Wild et
al. 2015).

To determine activity-dependent regulation of electrically evoked NMDAR responses,
picrotoxin (50 uM), glycine (10 pM), and DNQX (10 uM) were added to the perfusion.
Membrane holding potential was set to +40 mV to avoid Mg”" block and in order to reduce
the driving force for Ca”" influx, and EPSCs were elicited by application of single stimuli (to
activate synaptic NMDARS) or short high frequency (50 Hz) trains of stimuli (to activate
synaptic and also potentially extrasynaptic NMDARSs; Figure 2.4). After a stable baseline of
at least 300 s, the holding potential was changed to -20 mV, increasing the driving force for
Ca”" influx whilst still alleviating Mg*" block, and a protocol of patterned activity (trains of 3
pulses at 100 Hz, each followed by a 1 s break) initiated. This induction paradigm (IP) was
adapted from Joshi et al. 2007, where it was shown to induce a downregulation in synaptic
NMDARs. On completion, holding potential was returned to +40 mV and single and 50 Hz
pulses continued. For analysis of EPSC amplitudes, mean amplitudes of ten single EPSCs and

four summated EPSCs (taken here to refer to the EPSCs generate in response to trains of
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stimuli at 50 Hz, Figure 2.3) were taken immediately preceding the onset of the patterned

activity, and then for 25 minutes (1500 seconds) following.

Paired pulse data was also extracted from the summated NMDAR-EPSC data: the first two
EPSCs (pl and p2) generated from the train of five electrical stimuli at 50 Hz were collected
and the paired pulse ratio (PPR; p2/p1) calculated. Four pairs of EPSCs generated 20 ms apart
were therefore collected from immediately before the onset of the patterned activity protocol

and used to generate an average waveform and PPR: The pairs of EPSCs generated between

1200-1500 s following the end of the protocol were also averaged and the PPR compared to

that from before the patterned activity.

5 PULSES (50 Hz - FOLLOWED BY 20 s BREAK) INDUCTION PARADIGM (IP)
6 PULSES (0.1 Hz) \ 3 PULSES (100 Hz) - REPEATED EVERY 1s FOR 60 s

STIMULUS PATTERN

+40 mV

HOLDING POTENTIAL
| -20 mV. I

Figure 2.4 — Paradigm for determining activity dependent regulation of NMDARs

“Induction paradigm” (IP; red) applied to glutamatergic afferent fibres in order to evoke
activity-dependent changes in synaptic (single stimulus; indicated by thin vertical line) and
synaptic + extrasynaptic NMDAR responses (5 stimulus pulses at 50 Hz; thick vertical
line).

69



Chapter 2 — Materials and Methods

40 pA |_
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Figure 2.5 - AMPAR/NMDAR EPSC amplitude ratio methodology

On the left is an example trace from a wild type SNc-DA neuron, showing excitatory
postsynaptic current (EPSC) in response to electrical stimulation before (black - TOTAL)
and after (red - AMPAR) the application of D-APS (50 uM). On the right is the resultant
NMDAR EPSC calculated by subtracting the AMPAR EPSC from the TOTAL EPSC.
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2.4.2  Hypoxic treatment protocol and immunofluorescence

The hypoxia treatment protocol was adapted from Larson and Park 2009 and Tasca et al.
2015. Horizontal slices through the substantia nigra region were carefully made as described
above (‘Brain slice preparation’) at a thickness of 100 pm. For each slice produced, a cut was
made along the midline and one hemisphere randomly assigned to a high oxygen (normoxic)
treatment group, and one to a hypoxic treatment group (below). Previous studies have shown
that in mice, treatment with 15% O, / 80% N, / 5% CO, as a hypoxic condition for 20-40
minutes causes a submaximal effect whereby only 60% of cells show functional recovery
after 95% O, / 5% CO; is restored (Larson and Park 2009). Therefore this concentration was

chosen as a submaximal effect is desirable for comparison between genotypes.

Following a 40 minute recovery in normoxic conditions (gassed with 95% O, / 5% CO)
slices in both groups were transferred to new Gibb submersion chambers for a 40 minute
treatment period: the normoxic group to a new chamber gassed again with 95% O, / 5% CO,,
and the hypoxic group to a chamber gassed with 15% O,/ 80% N, / 5% CO,. The slices in
both groups were then carefully transferred back to their original, separate normoxic
chambers, and 20 mM fluorescent propidium iodide (PI) was added to the chamber (0.5 mL of
4 mM stock per 100 mL chamber; Lossi 2009). After 20 minutes, all slices were briefly and
gently washed twice in Krebs buffer composed of NaCl 126 mM; KCI 2.5 mM; MgCl, 1.2
mM; CaCl, 2.4 mM; NaHCOs; 25 mM; NaH,PO4 1.2 mM; and glucose 11 mM (Pisani et al.
2006), before being stored in darkness in a vial containing 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS; Sato et al. 2011). After four hours, slices were PBS
containing 0.1 M glycine for 5 minutes to bind free aldehyde groups (Jamur and Oliver 2010),
before three more 5 minute washes in PBS. These and all subsequent washes and incubations
were performed on a rotating shaker. Slices were then transferred into a permeation / blocking
solution (1% w/v fish gelatine in TBS-T, containing 0.2% Tween-20 and 0.2% Triton X100)
for 30 minutes at room temperature, before three washes each lasting 15 minutes in TBS (Tris

50 mM, NaCl 150 mM).

For immunological staining, slices were incubated in primary antibody (rabbit anti-TH

polyclonal Ab, Millipore AB152, 1:500 in TBS) overnight, and washed three times (15
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minutes each) in TBS. Slices were then incubated in the secondary antibody, (Alexa-
fluorophore 488 nm, donkey anti-rabbit, Thermo Fisher A21206, 1:500 in TBS) for 90

minutes, followed by three 15 minute washes in TBS.

For viewing and quantification, each hemislice was placed in PBS on the stage of an Olympus
BX51W microscope with differential interface contrast optics and optional green/red optical
emission filters. The SNc was visually identified by proximity to MT and then scanned
systematically using an excitation wavelength of 470 nm in order to count all TH+ cells. For
each TH+ cell observed, the excitation wavelength was switched to 565 nm in order that the

PI status of each cell could be recorded.

2.5  Statistical analysis

Unless otherwise specified, reported n values are each from a different animal.

In comparing samples from two groups of data, the Student’s t-test was used: if any groups
were found to be non-normally distributed (using the D'agostino-Pearson Omnibus K2 test),
then a paired t-test was replaced with the Wilcoxon matched pairs test, and the unpaired t-test
replaced with the Mann-Whitney U test. For multiple comparisons, a one-way ANOV A was
applied along with Tukey’s multiple comparison test, or for multiple characteristics a two-
way ANOVA along with the Holm-Sidak or Dunnett tests for post-hoc analysis. If any groups
were found to be non-normally distributed, a repeated measures ANOVA was replaced with
the Friedman test, and for unpaired data the Kruskal-Wallis test was applied, along with

Dunn’s multiple comparison test.

Throughout, data are displayed as the mean + the standard error. Graphs and statistical

analyses were generated using Graphpad Prism 7 (ISI Software, San Diego, CA, USA).

Nonlinear regression was used to analyse the bath perfused NMDA dose-response data in
both wild type and Grin2D-null mice. The least squares (ordinary) fit method was used in

Graphpad Prism 7.03 to fit an [agonist] vs response curve, as defined below:

Y = Bottom + X - (Top — Bottom)/(EC50 + X)
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Electrophysiological recordings were excluded if the result was classed as a significant outlier
according to the Grubbs' Extreme Studentized Deviate (ESD) method.
max |Y7; — 17|
j N

i=1,..

S

Where Y is the sample mean, and s is the standard deviation. The difference between the
outlier and the mean is divided by s. The G statistic is the largest absolute deviation from the
sample mean in units of the standard deviation (Grubbs 1950). The only values removed from
any of the results presented in this thesis as outliers were from the activity dependent
regulation experiments: one sample was from the wild type induction paradigm treatment
group, and one from the Grin2D-null induction paradigm treatment group; both of which

showed very large increases, in stark contrast to the rest of the dataset.

2.6  Materials

2.6.1 Electrophysiology

For electrophysiological recordings, standard laboratory salts were obtained from BDH
Laboratory Supplies (Poole, UK). All drugs were obtained from Sigma-Aldrich (Dorset, UK),
apart from tetrodotoxin (TTX) and Group II metabotropic glutamate receptor antagonist LY

341495, which were obtained from Tocris Bioscience (Bristol, UK).

2.6.2 Immunohistochemistry

For Immunohistochemistry, PFA, tris, Triton-X100, and Tween-20 were obtained from BDH
Laboratory Supplies (Poole, UK). Fish gelatine and PBS tablets were obtained from Sigma-
Aldrich (Dorset, UK). Antibodies were obtained from either Millipore (MA, USA) or Thermo
Fisher (MA, USA) as specified.
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3 Results

3.1  Characterisation of synaptic NMDARs in SNc¢ DA neurons of Grin2D null
mice

3.1.1 Constitutive NMDAR expression at Grin2D-null synapses

Experiments were performed in order to investigate whether removal of the Grin2D gene
caused any change in the overall expression of NMDARs at the synapse, relative to AMPARs
at the same age (A/N ratio). To determine the A/N ratio, picrotoxin (50 uM) and glycine (10
uM) were added to the perfusion. Cells were held at +40 mV to bypass Mg”" blockade
(MgCl, 1 mM), and EPSCs of a stable amplitude recorded at 0.1 Hz for at least 200 s before
addition of NMDAR blocker D-APS5 (50 uM) to the perfusion, leaving the AMPAR-EPSC
(Figure 3.1). At least 10 traces immediately before, and 10 traces in the presence of D-AP5
were averaged using the CED Spike2 software. The +D-APS trace (‘AMPAR-EPSC’) was
subtracted from the pre-D-APS trace (‘total-EPSC’) using Microsoft Excel to give the
NMDAR-EPSC. Peak amplitudes of each component were measured 8-15 ms following the

stimulus artifact.

Three age groups were tested: results in P5-7 mice produced an A/N value of 0.840 + 0.124 in
Grin2D-WT (n=7), and 0.577 £ 0.113 in Grin2D-null mice (n=7; from 6 different animals).
P12-15 mice produced an A/N value of 0.389 = 0.061 in wild type (C57 n=8, and Grin2D-
WT n=1), and 0.460 + 0.089 in Grin2D-null mice (n=6). Results in P17-21 mice gave an A/N
value of 0.721 £ 0.079 in wild type (C57 n=9, and Grin2D-WT n=1), and 0.827 + 0.104 in
Grin2D-null mice (n=7). An unpaired 2-way ANOVA was performed on all groups,
examining the effect of age group and genotype. Age had a significant (p=0.0016**) effect on
A/N, whereas genotype was not significant (Figure 3.2).
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3.1.2  Altered properties of synaptic NMDARs in Grin2D null mice

It has been shown previously that NMDAR-EPSCs in rat SNc-DA neurons are inhibited by
the GluN2B preferring antagonist ifenprodil, and by the GluN2D-preferring antagonist UBP-
141 up to postnatal week 3; consistent with the expression of GluN2B and GluN2D-
containing synaptic NMDARs. These are proposed to form diheteromeric receptors at P7 and
have a likely triheteromeric composition by P21 (Brothwell et al. 2008). Therefore the
possibility of an altered pharmacological response was investigated in Grin2D-null mice, with

picrotoxin (50 uM), glycine (10 uM), and DNQX (10 uM) added to the perfusion.

Two age groups were tested. Example recordings and combined data from SNc-DA neurons
taken from Grin2D WT and null mice are shown in Figures 3.3 (~P7) and 3.4 (~P21). In
animals aged P5-9, application of the GluN2B-preferring antagonist ifenprodil (10 uM)
caused a mean inhibition of NMDAR-EPSCs within the 13-20 minute timeframe of 62.9 + 3.7
% in Grin2D-WT (n=7), significantly less than the 78.8 + 2.4 % observed in Grin2D-null
mice (n=6) (Figure 3.5; p=0.006**; difference of 15.95 + 4.64 %; two tailed t). In mice aged
P18-21, application of ifenprodil caused a mean inhibition at of 48.8 + 5.5 % in wild type
(n=9 [C57 n=7, Grin2D-WT n=2)), significantly less than the 65.4 + 4.1 % in Grin2D-null
mice (n=7) (Figure 3.5; p=0.037%*; difference of 16.6 £ 7.2 %; two tailed t-test).

Similar experiments were also performed using GluN2D-preferring antagonist DQP-1105 (10
uM). Example recordings and combined data from SNc¢c DA neurons are shown in Figures 3.6
(~P7) and 3.7 (~P21). In P5-9 mice, there was a mean inhibition of NMDAR-EPSCs 9-20
minutes following application of DQP of 24.9 + 7.5 % in Grin2D-WT (n=8), significantly
greater than the 10.0 = 4.2 % in Grin2D-null mice (n=11) (Figure 3.8; p=0.042%*; difference
of 14.8 = 8.1 %; one tailed t). In P17-22 mice, there was a mean reduction at 13-20 minutes of
23.10 £ 3.10 % in Grin2D-WT (n=7), significantly greater than the 14.5 £ 2.6 % in Grin2D-
null mice (n=7) (Figure 3.8; p=0.036%*; difference of 9.4 & 4.8 %; one tailed t). The one-tailed
t test is used here because sensitivity is only required for a decreased effect in Grin2D-null
mice using this GluN2D-specific antagonist. Overall the pharmacological data suggest that
GluN2D is replaced with GluN2B at the synapse in Grin2D-null animals. The ifenprodil data
are also consistent with a general developmental decrease in diheteromeric GluN1/GluN2B

NMDARSs in SNc¢-DA neurons (Brothwell et al. 2008).
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11 decay time constants were also compared between wild type (Figure 3.8; n=10; C57 n=6,
Grin2D-WT n=4) and Grin2D null mice (n=11) aged P17-21, with a two-trailed t-test

reporting no significant difference between the two groups (p=0.117).
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Figure 3.1 — Example EPSC amplitudes before and during application of D-APS

To generate AMPAR/NMDAR EPSC amplitude ratios 50 uM D-APS5 was applied via the
bath perfusion after a stable baseline period. Example experiments including before and after
traces are shown from a P21 C57 mouse (A), and a P21 Grin2D-null mouse (B). Scale bar

axes: x=40 ms; y=100 pA.
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Figure 3.2 - AMPAR/NMDAR EPSC amplitude ratio alters with age but not by
genotype.

Scatter plot showing AMPAR/NMDAR EPSC amplitude ratios in wild type (C57 and
Grin2D-WT) and Grin2D-null mice at three age groups, approximately one, two, and three

weeks old. No significant difference was observed based on genotype, whereas age was
highly significant (p=0.0016, unpaired two factor ANOVA). The P6-8 Grin2D-null group has

an n=7 from 6 different animals.
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Figure 3.3 — EPSC amplitudes before and during application of ifenprodil in one-week
old mice

NMDAR-EPSCs generated in the presence of glycine, picrotoxin, and DNQX were inhibited
by application of GIuN2B-preferring inhibitor ifenprodil (10 uM) via the bath perfusion
following a stable baseline period. Example experiments including before and after traces are
shown from a P9 Grin2D-WT mouse (A), and a P8 Grin2D-null mouse (B). Scale bar axes:
x=40 ms; y=30 pA. Summary data from P5-9 mice are shown in C: WT n=7, Grin2D-null
n=6.
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Normalised EPSC amplitude

Figure 3.4 — EPSC amplitudes before and during application of ifenprodil in three-week

old mice

NMDAR-EPSCs generated in the presence of glycine, picrotoxin, and DNQX were inhibited
by application of GluN2B-preferring inhibitor ifenprodil (10 pM) via the bath perfusion
following a stable baseline period. Example experiments including before and after traces are
shown from a P21 C57 mouse (A), and a P20 Grin2D-null mouse (B). Scale bar axes: x=40
ms; y=30 pA. Summary data from P18-21 mice are shown in C: WT n=9, Grin2D-null n=7.
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Figure 3.5 — GluN2B inhibition by ifenprodil is greater in mice lacking GluN2D

Mean reduction in amplitude of NMDAR-EPSCs during the period 13-20 minutes following
addition of GluN2B-preferring inhibitor ifenprodil (10 uM). (A) In one-week old mice,
inhibition was significantly greater in Grin2D-null (n=6) compared to Grin2D-WT (n=7)
mice (p=0.006**; two tailed t). (B) In three-week old mice, inhibition was again significantly
greater in Grin2D-null (n=7) compared to wild type (n=9 [C57 n=7, Grin2D-WT n=2]) mice
(p=0.037%*; two tailed t).
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Figure 3.6 — EPSC amplitudes before and during application of DQP-1105 in one-week

old mice

NMDAR-EPSCs generated in the presence of glycine, picrotoxin, and DNQX were inhibited
by application of GluN2D-preferring inhibitor DQP-1105 (10 pM) via the bath perfusion
following a stable baseline period. Example experiments including before and after traces are
shown from a P5 Grin2D-WT mouse (A), and a P8 Grin2D-null mouse (B). Scale bar axes:
x=40 ms; y=30 pA. Summary data from P5-9 mice are shown in C: WT n=8, Grin2D-null

n=11.
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Figure 3.7 — EPSC amplitudes before and during application of DQP-1105 in three-week

old mice

NMDAR-EPSCs generated in the presence of glycine, picrotoxin, and DNQX were inhibited
by application of GluN2D-preferring inhibitor DQP-1105 (10 pM) via the bath perfusion
following a stable baseline period. Example experiments including before and after traces are
shown from a P17 C57 mouse (A), and a P20 Grin2D-null mouse (B). Scale bar axes: x=40
ms; y=30 pA. Summary data from P17-22 mice are shown in C: WT n=7, Grin2D-null n=7.
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Figure 3.8 — GluN2D inhibition by DQP-1105 is reduced in mice lacking GluN2D

Mean reduction in amplitude of NMDAR-EPSCs during the period 13-20 minutes following
addition of GIluN2D-preferring inhibitor DQP-1105 (10 uM). (A) In one-week old mice,
inhibition was significantly greater in Grin2D-WT (n=8) compared to Grin2D-null mice
(n=11) (p=0.042%*; one tailed t). (B) In three-week old mice, inhibition was again significantly
greater in Grin2D-WT mice (n=7) compared to Grin2D-null mice (n=7) (p=0.036*; one tailed

£).
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Figure 3.9 — NMDAR-EPSC decay constants do not differ between wild type and
Grin2D-null mice

The decay time constant 11 was compared between wild type (n=10; C57 n=6, Grin2D-WT
n=4) and Grin2D null mice (n=11) aged P17-21. There was no significant difference between
the two groups (two-tailed t; p=0.117).

88



Chapter 3 — Results

3.2 Activity-dependent regulation of NMDA receptors

3.2.1 Reduction in NMDA-EPSC amplitude in response to high frequency burst firing of
excitatory afferents

To investigate activity-dependent regulation of electrically evoked NMDAR responses,
picrotoxin (50 uM), glycine (10 uM), and DNQX (10 uM) were added to the perfusion.
Membrane holding potential was set to +40 mV in order to inhibit Ca®" entry, and EPSCs
elicited by application of single stimuli (to activate synaptic NMDARS) or short high
frequency (50 Hz) trains of stimuli (to activate synaptic and also potentially extrasynaptic
NMDARSs); an example recording is shown in Figure 3.10A). After a stable baseline of at
least 300 s, the holding potential was changed to -20 mV in order to allow Ca*" entry whilst
still alleviating Mg®" block, and a protocol of burst firing activity (the induction protocol, or
IP: trains of 3 pulses at 100 Hz, each followed by a 1 s break, adapted from Joshi et al. 2007)
initiated. On completion, holding potential was returned to +40 mV and single and 50 Hz
pulses continued. For analysis of EPSC amplitudes, mean amplitudes of ten single EPSCs and
four summated EPSCs (taken here to refer to the EPSCs generate in response to trains of
stimuli at 50 Hz) were taken immediately preceding the onset of the IP, and then for 25
minutes (1500 seconds) following the cessation of the IP. Comparisons were made between
the NMDAR-EPSC amplitudes pre-IP and those within the 1200-1500 s time window: In wild
type mice (C57 n=6, Grin2D-WT n=4), where the IP was applied at -20 mV, there was a
significant reduction in mean NMDAR-EPSC amplitude of 18.05 + 4.80 pA (Figure 3.10B;
p=0.0045*%*; paired two-tailed t-test; n=10).

Two control experiments were performed in wild type mice. In the first, the holding potential
was changed to -20 mV but the IP was not applied, there was no change in mean NMDAR-
EPSC amplitude (increase of 0.17 + 4.50 pA; Figure 3.11A, B; p=0.9711; paired two-tailed t-
test; n=11 [C57 n=4, Grin2D-WT n=T]): these data showed significantly less down-regulation
of single NMDAR-EPSCs than observed in response to the test IP, as explained in 3.2.3
below and summarized in Figure 3.12. As the assaying pulses in this protocol were always
taken at +40 mV in order to minimize Ca*" entry, another control was performed in which the
IP was applied at +40 mV, to see whether this holding potential still allowed the cell to
respond to the IP: in this control there was no change in mean NMDAR-EPSC amplitude
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(reduction of 5.25 + 2.34 pA; Figure 3.11C, D; p=0.0552; paired two-tailed t-test; n=9 [C57
n=3, Grin2D-WT n=6]).
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Figure 3.10 — Single NMDAR-EPSC amplitude is reduced following treatment by the IP
at-20 mV in wild type mice

Following a stable baseline period of NMDAR-EPSCs elicited at +40 mV, the induction
paradigm (IP) was applied at -20 mV. A: An example experiment including before and after
traces from a P19 Grin2D-WT mouse. Scale bar axes: x=20 ms; y=25 pA. Each data point
represents mean y values from each 100 s period. B: Summary data. In comparison to the pre-
IP period, mean single NMDAR-EPSC amplitudes 1200-1500 seconds following the end of
the IP were significantly reduced (p=0.0045**; paired two-tailed t-test; n=10).
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Figure 3.11 — Single NMDAR-EPSC amplitude remains stable where the IP is not
applied, and where Ca** driving force is reduced

A: Example recording from a P19 Grin2D-WT mouse: following a stable baseline period of
NMDAR-EPSCs elicited at +40 mV, the holding potential was switched to -20 mV as in the
treatment group, but no stimulation applied. Scale bar axes: x=20 ms; y=50 pA. Each data
point represents mean y values from each 100 s period. B: Summary data of these
experiments: in comparison to the pre-IP period, mean single NMDAR-EPSC amplitudes
1200-1500 seconds following the end of the pseudo-IP were not reduced; n=11.

C: Example recording from a P20 Grin2D-WT mouse: in this case the IP was applied, but the
holding potential was not changed from +40 mV. Scale bar axes: x=20 ms; y=15 pA. D:
Summary data of these experiments: in comparison to the pre-IP period, mean single
NMDAR-EPSC amplitudes 1200-1500 seconds following the end of stimulation were not
reduced; n=9.
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Figure 3.12 — Single NMDAR-EPSC amplitude is reduced by application of the
induction paradigm

Scatter plot showing the change in single NMDAR-EPSC amplitude. The treatment group in
which the IP was applied at -20 mV had a significantly reduced mean NMDAR-EPSC
amplitude after 1200-1500 s in comparison to the same time period from the control group, in
which holding potential was changed to -20 mV but no stimulation applied (p<0.05%;
ANOVA, Sidak post-hoc). The treatment group was also compared to the group in which the
IP was applied at +40 mV, but this did not yield a significant result.
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3.2.2  Summated NMDA-EPSC amplitudes were also reduced in response to high
frequency burst firing of excitatory afferents

In wild type mice (C57 n=6, Grin2D-WT n=4), where the IP was applied at -20 mV, there
was a significant reduction in mean summated NMDAR-EPSC amplitude of 36.26 + 12.41
pA (Figure 3.13A, B; p=0.0170%; paired two-tailed t-test; n=10). In control experiments
performed in wild type mice, where the holding was moved to -20 mV but the IP was not
applied, there was no change in mean NMDAR-EPSC amplitude (increase of 13.81 £+ 10.87
pA; Figure 3.14A, B; p=0.233; paired two-tailed t-test; n=11 [C57 n=4, Grin2D-WT n=7]):
these data showed significantly less down-regulation of single NMDAR-EPSCs than observed
in response to the test IP, as explained in 3.2.3 below and summarized in Figure 3.15. In
control experiments performed in wild type mice where the IP was applied at +40 mV, there
was no change in mean NMDAR-EPSC amplitude (reduction of 6.07 + 4.52 pA; Figure
3.14C, D; p=0.216; paired two-tailed t-test; n=9 [C57 n=3, Grin2D-WT n=6]).

3.2.3 A significant effect of the IP in comparison to control, and a difference based on
EPSC type

In order to examine effect of the IP at both -20 and +40 mV, and to compare single and
summated responses, the data were normalised as a proportion of the pre-IP amplitude. A
paired two-factor ANOV A was performed. For each group the paired data for the remaining
EPSC proportion of both single and summated EPSCs were entered. The test reported a
significant (p=0.0201%*) difference between groups (IP applied at -20 mV, IP applied at +40
mV, and no IP applied at -20 mV), and a significant (p=0.0077*%*) difference based on EPSC
type (paired data).

Multiple comparisons were then performed: for the single NMDAR-EPSC data, Sidak post-
hoc testing reported a significant difference in the remaining EPSC proportion in the ‘no IP’
control vs that in the wild type treatment group (p<0.05*). There was no significant difference
between the wild type and +40 mV IP treatment groups, or the no IP control and the +40 mV
IP groups.
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Within the same round of Sidak multiple comparison testing, similar results were reported for
the summated NMDAR-EPSC data: there was a significant difference in the remaining EPSC
proportion in the ‘no IP’ control vs that in the wild type treatment group (p<0.01%*). There was
no significant difference between the wild type and +40 mV IP treatment groups, or the no IP

control and the +40 mV IP groups.

Together this testing indicates that the I[P reduces NMDAR-EPSC amplitude, and that

summated responses do not proportionally decrease as much as single EPSCs.

3.2.4 The fast Ca’" chelator BAPTA does not prevent activity dependent downregulation

The effect of fast Ca®" chelation was examined by the addition of BAPTA (10 mM) into the
intracellular patch solution, where the IP was applied at -20 mV. In these experiments there
was a significant reduction in mean single NMDAR-EPSC amplitude of 12.06 + 3.60 pA
(p=0.0203*; paired two-tailed t-test; n=6 [C57 n=4, Grin2D-WT n=2]). A similar reduction in
summated NMDAR-EPSCs of 17.15 £ 6.10 pA was also observed (p=0.0374*; paired two-
tailed t-test). The alterations in single or summated NMDAR-EPSCs at 1200-1500 with
BAPTA did not differ from those without (single EPSC p=0.25, two-tailed t. Summated
EPSC p=0.68, two-tailed t.). These data are summarized in Figure 3.16.

3.2.5 Reduction in NMDA-EPSC amplitude in response to high frequency burst firing of
excitatory afferents is also seen in Grin2D-null mice

Given the change in the pharmacological properties of synaptic NMDARs in mice lacking the
GluN2D subunit (Figures 3.3-3.8), activity dependent regulation of synaptic NMDARs was
next explored. In Grin2D-null mice, where the IP was applied at -20 mV, there was a
significant reduction in median single NMDAR-EPSC amplitude of 18.45 pA (Figure 3.17,
p=0.0244%*; paired two-tailed Wilcoxon; n=11). Additionally, there was significant reduction
in median summated NMDAR-EPSC amplitude of 35.49 pA (Figure 3.18; p=0.0420%*; paired

two-tailed Wilcoxon; n=11).
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There was no difference in the remaining NMDAR-EPSC proportion between the two IP
treatment groups in wild type and Grin2D-null mice, in either single (Figure 3.19; p=0.58;
two-tailed t-test) or summated EPSCs (p=0.54; two-tailed t-test)
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Figure 3.13 — Summated NMDAR-EPSC amplitude is reduced following treatment by
the IP at -20 mV in wild type mice

Following a stable baseline period of NMDAR-EPSC:s elicited at +40 mV, the induction
paradigm (IP) was applied at -20 mV. A: An example experiment including before and after
traces from a P19 Grin2D-WT mouse. Scale bar axes: x=40 ms; y=50 pA. Each data point
represents mean y values from each 100 s period. B: Summary data. In comparison to the pre-
IP period, mean summated NMDAR-EPSC amplitudes 1200-1500 seconds following the end
of the IP were significantly reduced (p=0.0170%*; paired two-tailed t-test; n=10).
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Figure 3.14 — Summated NMDAR-EPSC amplitude remains stable where the IP is not
applied, and where Ca** driving force is reduced

A: Example recording from a P19 Grin2D-WT mouse: following a stable baseline period of
summated NMDAR-EPSCs elicited at +40 mV, the holding potential was switched to -20 mV
as in the treatment group, but no stimulation applied. Scale bar axes: x=40 ms; y=50 pA.
Each data point represents mean y values from each 100 s period. B: Summary data of these
experiments: in comparison to the pre-IP period, mean summated NMDAR-EPSC amplitudes
1200-1500 seconds following the end of the pseudo-IP were not reduced; n=11.

C: Example recording from a P20 Grin2D-WT mouse: in this case the IP was applied, but the
holding potential was not changed from +40 mV. Scale bar axes: x=40 ms; y=30 pA. D:
Summary data of these experiments: in comparison to the pre-IP period, mean summated
NMDAR-EPSC amplitudes 1200-1500 seconds following the end of stimulation were not
reduced; n=9.
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Figure 3.15 — Summated NMDAR-EPSC amplitude is reduced by application of the
induction paradigm

Scatter plot showing the change in summated NMDAR-EPSC amplitude. The treatment group
in which the IP was applied at -20 mV had a significantly reduced mean summated NMDAR-
EPSC amplitude after 1200-1500 s in comparison to the same time period from the control
group, in which holding potential was changed to -20 mV but no stimulation applied
(p<0.01**; ANOVA, Sidak post-hoc). The treatment group was also compared to the group in
which the IP was applied at +40 mV, but this did not yield a significant result.
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Figure 3.16 — Single and summated NMDAR-EPSC amplitudes are reduced following
treatment by the IP at -20 mV along with intracellular Ca** chelation

Single (A,B) and summated (C,D) NMDAR-EPSC data where the induction paradigm (IP)
was applied at -20 mV, along with BAPTA (10 mM) in the patch pipette. A: Summary
timecourse data. In comparison to the pre-IP period, mean single NMDAR-EPSC amplitudes
1200-1500 seconds following the end of the IP were significantly reduced (p=0.020%*; paired
two-tailed t-test; n=6). B: Scatter plot showing change in single NMDAR-EPSC amplitude in
the IP treatment groups with and without BAPTA: there was no significant difference
between the two groups. C: Summary timecourse data. In comparison to the pre-IP period,
mean summated NMDAR-EPSC amplitudes 1200-1500 seconds following the end of the IP
were significantly reduced (p=0.037%*; paired two-tailed t-test; n=6). D: Scatter plot showing
change in summated NMDAR-EPSC amplitude in the IP treatment groups with and without
BAPTA: there was no significant difference between the two groups.
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Figure 3.17 — Single NMDAR-EPSC amplitude is reduced following treatment by the IP
at -20 mV in Grin2D-null mice

Following a stable baseline period of NMDAR-EPSC:s elicited at +40 mV, the induction
paradigm (IP) was applied at -20 mV. A: An example experiment including before and after
traces from a P17 Grin2D-null mouse. Scale bar axes: x=20 ms; y=50 pA. Each data point
represents mean y values from each 100 s period. B: Summary data. In comparison to the pre-
IP period, mean single NMDAR-EPSC amplitudes 1200-1500 seconds following the end of
the IP were significantly reduced (p=0.024*; paired two-tailed Wilcoxon; n=11).
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Figure 3.18 — Summated NMDAR-EPSC amplitude is reduced following treatment by
the IP at -20 mV in Grin2D-null mice

Following a stable baseline period of NMDAR-EPSCs elicited at +40 mV, the induction
paradigm (IP) was applied at -20 mV. A: An example experiment including before and after
traces from a P17 Grin2D-null mouse. Scale bar axes: x=40 ms; y=50 pA. Each data point
represents mean y values from each 100 s period. B: Summary data. In comparison to the pre-
IP period, mean summated NMDAR-EPSC amplitudes 1200-1500 seconds following the end
of the IP were significantly reduced (p=0.042%*; paired two-tailed Wilcoxon; n=11).
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Figure 3.19 — Regulation of both single and summated NMDAR-EPSC:s is similar
between wild type animals and those lacking GluN2D

Scatter plots showing the change in single (A) and summated (B) NMDAR-EPSC amplitudes
at 1200-1500 s following the IP, which was applied at -20 mV in wild type (n=10) and
Grin2D-null (n=11) mice: there was no significant difference between the two in either case.
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Figure 3.20 — Membrane resistance does not differ between wild type and Grin2D-null
mice

Scatter plot showing the membrane resistance measured at a holding potential of -60 mV in
both wild type (n=10; C57 n=3, Grin2D-WT n=7) and Grin2D-null (n=4) mice. There was no
difference in the means of the two groups.
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3.2.6 Membrane resistance is equal in wild-type and Grin2D-null animals

The membrane resistance (Rmemp) Was recorded in a sample of SNc-DA cells at a holding
potential of -60 mV using the value estimated by the HEKA Pulse software: the mean value
was 810.5 £ 156.6 MQ in wild-type mice (P17-21; n=10 [C57 n=3, Grin2D-WT n=T7]), not
significantly different from that in Grin2D-null mice, 677.3 + 78.1 MQ (P17-20; n=4)
(Figure 3.20; p=0.615; two-tailed t-test). Additionally, within the wild type group the Ryemb
of the C57 and Grin2D-WT animals did not significantly differ (p=0.37, two tailed t-test).

3.2.7 NMDAR-paired pulse ratio alters slightly over time

The NMDA paired pulse ratio (PPR) within each experiment was calculated as the amplitude
of peak 2 divided by the amplitude of peak 1 (or p2/pl). Four pairs of EPSCs generated 20 s
apart were therefore collected immediately before the onset of the patterned activity protocol
and used to generate an average waveform and NMDAR-PPR: The pairs of EPSCs generated
between 1200-1500 minutes following the cessation of the protocol were also averaged and
the PPR compared to that from before the IP. Because NMDAR-EPSCs summate strongly (a
postsynaptic effect of NMDAR channel kinetics), p2 amplitude is higher than p1, giving a
PPR value greater than 1. A two-way ANOVA was performed on four IP groups, examining
the effect of treatment group and time point (paired: pre-IP vs the 1200-1500 s time window).
Time point had a significant (p=0.0048**) effect on PPR, with a mean increase from 1.659 +
0.067 to 1.763 £ 0.060; whereas treatment group was not significant, implying that PPR was
likely to increase whether the IP was applied or not. These data are summarized in Figure

3.21.

3.2.8 Zero-current potential is increased with the use of BAPTA-containing intracellular
solution

The overall zero-current potential (Vi) for SNc-DA cells was measured in the HEKA Pulse
software by initiating current clamp mode at zero pA. In wild type animals, using the regular

Cs'-based intracellular solution, Vi, was -8.25 + 1.33 mV (age P17-21; n=16 [C57 n=5,
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Grin2D-WT n=11]): this was significantly different to the value produced when 10 mM
BAPTA was present in the intracellular solution, +11.3 £ 1.9 mV (age P17-20; n=5 [C57 n=3,
Grin2D-WT n=2]) (Figure 3.22; p=0.0003***; two-tailed t). Additionally a comparison was
performed in the basic Cs group, and the Vi, did not significantly differ based on the
breeding background of the animals (p=0.15, two tailed t-test).
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Figure 3.21 - NMDA-PPR alters slightly over time, but not between groups

A: Paired data showing the NMDAR-paired pulse ratio (PPR) before the IP (or control
pseudo-treatment) and at 1200-1500 s afterwards. There was no difference found between the
groups, but the small increase in NMDAR-PPR at the end of the experiment was highly
significant (p=0.0048**; paired two-factor ANOVA). B: Scatter plot showing the change in
the NMDAR-PPR at 1200-1500s, showing more clearly that the means are above the 1.0,
indicating a small change.
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Figure 3.22 — Vi, is altered when BAPTA is added to the patch pipette

The overall zero-current potential (Vi) for each SNc-DA neuron was recorded in a group of
wild type (C57 and Grin2D-WT) animals, both with (n=5) and without (n=16) BAPTA (10
mM) present in the Cs'-based intracellular solution in the patch pipette. The presence of
BAPTA significantly altered the mean Ve, value from -8.25+1.33 mV to +11.3 + 1.9 mV
(p=0.0003***; two-tailed t).
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3.3 The role of GIuN2D and the NMDAR in responding to ambient glutamate

3.3.1 Ambient extracellular glutamate in the SNc elicits NMDAR-mediated currents in
dopamine neurons, which are unaffected by pharmacological inhibition of action
potential firing

Currents mediated via NMDARs by ambient extracellular glutamate were determined by
applying a fast bath perfusion to the slice, obtaining a stable baseline current in picrotoxin (50
uM) and glycine (10 uM), before applying the competitive NMDAR antagonist D-AP5 (50
uM) and measuring the resulting deflection in current: example recordings are shown in
Figure 3.23. In wild type mice, application of D-APS5 significantly reduced the baseline
current from 214.1 + 15.28 to 197.8 = 15.07 pA (Figure 3.24A; p=0.0001***; n=19 [C57
n=15, Grin2D-WT n=4]; paired two-tailed t). Additionally, the D-AP5-sensitive current did
not significantly differ based on the breeding background of the animals (C57 vs Grin2D-WT)
(p=0.92; two-tailed t-test).

In C57 mice, in the presence of TTX (100 nM) to block action potential-dependent glutamate
release, application of D-APS5 again significantly reduced the baseline current from 165.3 +
22.2 pA to 149.0 = 19.3 pA (Figure 3.24B; p=0.0180%*; n=8; paired two-tailed t-test). There
was no difference between the D-APS sensitive current without TTX; 16.32 + 3.32 pA
(n=19), vs. that with TTX 16.25 £ 5.29 pA (n=8) (Figure 3.25; p=0.9999; ANOVA,
Dunnett’s Multiple Comparisons test: wild type, wild type +TTX, and Grin2D-null groups).
In SNc-DA neurons from Grin2D-null mice, application of D-AP5 did not alter the amplitude
of the current (Figure 3.24C; p=0.4057; n=15; paired two-tailed t). The pre-D-AP5 current
was 200.5 + 18.04 pA, and in D-APS5 was 197.7 + 18.44 pA. There was a significant
difference between the D-AP5-blockable current obtained in wild type mice 16.32 + 3.32 pA
(n=19) and that in Grin2D-null mice (Figure 3.25; 2.80 + 3.26 pA; n=15; p=0.0148%*;
ANOVA, Dunnett’s Multiple Comparisons test).
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Figure 3.23 — Example traces showing the D-APS-sensitive current in wild type and
Grin2D-null mice

Example traces from SNc-DA neurons held at -50 mV, showing a typical alteration in
baseline current resulting from the addition of 50 puM D-APS5 in a P20 C57 mouse (A), and a
P19 Grin2D-null mouse (B).
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Figure 3.24 — Baseline current is significantly decreased by inhibition of NMDARs in
wild type but not Grin2D-null mice

Paired data showing baseline currents at -50 mV in SNc-DA neurons, both before and after
the addition of 50 uM D-AP5. A: Baseline current in D-AP5 was significantly reduced in wild
type (C57 and Grin2D-WT) mice (p=0.0001***; paired two-tailed t). B: Baseline current in
D-APS5 was also significantly reduced in C57 mice in the presence of voltage-gated sodium
channel blocker TTX (p=0.0180%*; paired two-tailed t). C: Baseline current in D-AP5 was not
altered in Grin2D-null mice.
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Figure 3.25 — D-AP5-sensitive current is significantly reduced in mice lacking GluN2D

Scatter plot showing the amplitudes of D-AP5-sensitive currents measured in wild type mice
(both with and without TTX) and Grin2D-null mice. The mean D-AP5-sensitive current was
significantly lower in Grin2D-null (n=15) in comparison to wild type mice (n=10; C57 and
Grin2D-WT; p=0.0148*, ANOVA, Dunnett post-hoc). There was no difference between the
D-APS sensitive current with (n=8) vs. without TTX.
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3.3.2 Ambient glutamate in the SNc is regulated by glutamate reuptake transporters

Further experiments were performed in order to evaluate the role of glutamate reuptake in
regulating tonic NMDAR activity: here a fast perfusion was applied to the slice, obtaining a
stable baseline current in picrotoxin (50 pM) and glycine (10 uM), before applying the
competitive glutamate transporter blocker TBOA (30 uM; Herman and Jahr 2007). In order to
isolate the effects of transporter dysfunction only, the group II metabotropic glutamate
receptor antagonist LY 341495 (‘LY’; 200 nM) was applied along with TBOA, in order to
prevent modulation of presynaptic glutamate release in response to altered extracellular
concentration (Wang et al. 2005; Wild et al., 2015). Following the deflection in current
arising from TBOA+LY application, and once a plateau had been reached, the NMDAR
blocker D-AP5 (50 uM) was then applied in the presence of TBOA+LY (Example wild type

traces shown in Figure 3.26A).

In wild type mice, Friedman analysis found there to be a significant difference between the
current at baseline, with TBOA+LY, and then with D-APS5 (Figure 3.27A; p<0.0001***%*;
n=26 [C57 n=10, Grin2D-WT n=5]). Application of TBOA+LY significantly increased the
median baseline current (in picrotoxin and glycine) from 144.0 to 191.2 pA (p<0.0001****;
Dunn post-hoc): the currents elicited by application of TBOA+LY were highly variable, and
did not follow a normal distribution. Addition of D-APS5 then significantly reduced this
current to 153.1 pA (p<0.001***; Dunn post-hoc). The baseline current did not significantly
differ from the TBOA+LY+D-APS5 final current.

TBOA and LY were also applied in Grin2D-null mice, as above (Example trace shown in
Figure 3.26B). Here, ANOVA found there to be a significant difference between the current
at baseline, that with TBOA+LY, and that with D-APS5 (Figure 3.27B; p=0.0072**; n=15).
Application of TBOA+LY significantly increased the baseline current from 195.8 + 16.3 to
215.5 £18.3 pA (p<0.05*; Tukey post-hoc): here, the currents elicited by application of
TBOA+LY were much less variable than those in those in wild type animals. The addition of
D-APS5 then significantly reduced this current to 197.3 + 16.23 pA (p<0.05*; Tukey post-
hoc). The baseline current did not significantly differ from the TBOA+LY+D-APS final

current.
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Figure 3.26 — Example traces showing the effect of glutamate transporter blockade on
baseline current in wild type and Grin2D-null mice

Example traces from SNc-DA neurons held at -50 mV, showing an alteration in baseline
current resulting from the addition of competitive glutamate transporter blocker TBOA (30
uM) and group II metabotropic glutamate receptor antagonist LY 341495 (200 nM), before
blocking NMDARSs by application of D-AP5 (50 uM). Desensitisation is not measured in
these examples, hence the fast addition of DAPS. Trace A is from a P20 Grin2D-WT mouse,
and trace B is from a P19 Grin2D-null mouse.
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Figure 3.27 — Baseline current is significantly increased by addition of TBOA and LY in
both wild type and Grin2D-null mice

Paired data showing baseline currents at -50 mV in SNc-DA neurons, at three time points: (1)
baseline (picrotoxin and glycine only); (2) peak current following addition of competitive
glutamate transporter blocker TBOA (30 uM) and group II metabotropic glutamate receptor
antagonist LY 341495 (200 nM); and then (3) after addition of D-APS5 (50 uM). A: There was
a highly significant difference between groups 1-2 (p<0.0001****) and 2-3 (p<0.001***;
Friedman, Dunn post-hoc) in wild type mice (n=26; C57 and Grin2D-WT). B: There was also
a significant difference between groups 1-2 (p=0.0072**) and 2-3 (p<0.05*; ANOVA, Tukey
post-hoc) in Grin2D-null mice (n=15).
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Figure 3.28 — The D-APS5-sensitive element of TBOA/LY-induced current is significantly
reduced in mice lacking GluN2D

A: Scatter plot showing the peak amplitudes of TBOA/LY -elicited increases in current in both
wild type (n=26; C57 and Grin2D-WT) and Grin2D-null mice (n=15). There was no
significant difference between the two groups. B: Scatter plot showing the D-AP5-sensitive
portions of the currents plotted in A. In this case there was a significant difference between
wild type and Grin2D-null mice (p=0.0104*; two-tailed Mann-Whitney U).
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The deflection in baseline current induced by the addition of TBOA+LY (current in
TBOA-+LY, minus baseline current) can be compared between wild type and Grin2D-null
mice: there was no difference in this current (Figure 3.28A; p=0.119, two-tailed Mann-
Whitney U), with 27.6 pA in wild type and 17.0 pA in Grin2D-null. Additionally, a
comparison was performed within the wild type group: the TBOA+LY-induced deflection in
current did not significantly differ based on the breeding background of the animals (p=0.892,
two-tailed Mann-Whitney U).

We can also compare the D-AP5-blockable (IE NMDAR-mediated) portion of the total
current in TBOA+LY, between genotypes. Here, in wild type mice, the median D-AP5-
blockable portion of total current in TBOA+LY was 32.6 pA (n=26), significantly higher than
the 8.2 pA observed in Grin2D-null mice (n=15) (Figure 3.28B; p=0.0104*; two-tailed
Mann-Whitney U). Additionally, a comparison was performed within the wild type group: the
TBOA+LY-induced deflection in current did not significantly differ based on the breeding
background of the animals (p= 0.85, two-tailed Mann-Whitney U).

3.4  Bath application of NMDA elicits larger currents in Grin2D-null mice in
comparison to wild type at very high concentrations only

Here, dose-response data were obtained by applying NMDA to the bath perfusion, in order to
evaluate the current amplitudes elicited by wild type and Grin2D-null mice. A fast perfusion
was applied to the slice, obtaining a stable baseline current in picrotoxin (50 pM) glycine (10
uM), and TTX (100 nM) before applying NMDA at one of several concentrations: 0.001,
0.01, 0.0316, 0.1, 1, or 10 mM; example responses are shown in Figure 3.29.

Resulting peak current values were subtracted from baseline and normalised to cell
capacitance. Nonlinear regression was used to analyse the dose-response data in wild type
(total n=23 [C57 n=4, Grin2D-WT n=19] from 22 different animals; age range P18-21) and
Grin2D-null mice (total n=37; age range P17-21). The data were plotted using a logarithmic
x axis, and the least squares (ordinary) fit method used in Graphpad Prism 7.03 to fit an
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[agonist] vs response curve to each dataset (Figure 3.30). The curves clearly separated at the
high concentrations, and therefore the extra sum-of-squares F test was next used in order to
compare the upper curve plateaus, as well concurrently comparing the EC50 values: the
analysis returned the result both parameters were significantly different (Figure 3.30;
p=0.0374*). The top of the wild-type curve peaked at 52.82 + 4.15 pA/pF, whereas the top of
the Grin2D-null curve peaked at 68.64 =+ 4.45 pA/pF. The wild-type EC50 value was 0.091 +
0.037 mM, whereas the Grin2D-null EC50 value was 0.178 = 0.057 mM.

With agonist application, a peak inward current will be reached, followed by a period of
NMDAR desensitisation (Colquhoun et al. 1992; Meyerson et al. 2014), which can be
measured once a plateau is reached (Figure 3.31A). NMDAR desensitisation was recorded
from the experiments above where the highest 10 mM concentration of NMDA was applied:
in Grin2D-WT mice, mean desensitisation was 55.2 + 3.2 % of peak current, significantly less
than the 72.4 + 3.10 % desensitisation recorded in Grin2D-null mice (Figure 3.31B;
p=0.0068**; two-tailed t-test).

118



Chapter 3 — Results

Wild type Grin2D-null
A NMDAO0.1mM B n~NMDAO1mM
500 pA 500 pA
200s
200s
C NMDA1mMM D ~NMDA1mM
1000 pA 1000 pA
100s
100s
E ~NvDA 10mMm F ~NMDA10mM
1000 pA
1000 pA
50s

50s

Figure 3.29 — Example traces showing currents elicited by bath applications of NMDA in
wild type and Grin2D-null mice

Example traces from SNc-DA neurons from approximately three week-old mice, showing
typical alterations in baseline current resulting from the addition of NMDA at 0.1, 1, and 10
mM concentrations. Scales matched for comparison based on genotype; note the difference in
scale bars based on [NMDA]. A: Grin2D-WT, 0.1 mM NMDA; B: Grin2D-null, 0.1 mM
NMDA. C: C57, 1 mM NMDA; D: Grin2D-null, | mM NMDA. E: Grin2D-WT, 10 mM
NMDA; F: Grin2D-null, 10 mM NMDA.
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Figure 3.30 — Currents elicited by application of saturating concentrations of NMDA are
significantly larger in mice lacking GluN2D

[Agonist] vs response curves showing data obtained at various NMDA concentrations
increasing along a logarithmic scale from 1 uM to 10 mM, from wild type (total n=23 [C57
n=4, Grin2D-WT n=19] from 22 different animals) and Grin2D-null mice (total n=37). The
tops of the curves separated, with significantly larger currents elicited at peak agonist
concentrations in Grin2D-null mice in comparison to wild type, as well as a higher resulting
EC50 value in Grin2D-null mice (p=0.0374*; extra sum-of-squares F test; both parameters
concurrently analysed).
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Figure 3.31 - NDMAR desensitisation is significantly increased in mice lacking GluN2D

A: Example trace from a P21 Grin2D-WT mouse showing NMDAR desensitisation with
sustained application of 10 mM NMDA. Here, D-AP5 was not applied until a stable plateau
was reached. B: Scatter plot showing desensitisation as a percentage of total NMDA-elicited
current, which was significantly higher in Grin2D-null mice in comparison to Grin2D-WT
mice (p=0.0068**; two-tailed t-test).
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3.5 Hypoxic conditions cause significant but comparable cell death in both wild
type and Grin2D-null mice

As above, NMDA-evoked currents were larger in Grin2D-null mice only at very high agonist
concentrations, indicating that GIuN2D limits cation influx at maximum NMDAR saturation.
This was interesting because under conditions of hypoxia, the open probability of GluN2D-
containing NMDARSs has been shown to decrease, thereby also reducing total current flow
(Bickler et al. 2003). The presence of whole-cell currents being altered in SNc-DA neurons by
removal of the GIuN2D subunit may indicate that a practical hypoxia resistance could be
conferred by the presence of GIuN2D, and an assay was therefore developed to explore
cellular viability in acute slices from mice aged P28-48 in combination with fluorescent

staining of dopaminergic neurons.

Horizontal slices through the substantia nigra region were carefully made at a thickness of
100 pm. For each slice produced, a cut was made along the midline and one hemisphere
randomly assigned to a high oxygen (normoxic) treatment group, and one to a hypoxic
treatment group. Following a 40 minute recovery in normoxic conditions (gassed with 95%
0, /5% COy) slices in both groups were transferred to new Gibb chambers for a 40 minute
treatment period: the normoxic group to a new chamber gassed again with 95% O, / 5% CO,,
and the hypoxic group to a chamber gassed with 15% O, / 80% N, / 5% CO,. The slices in
both groups were then carefully transferred back to their original, separate normoxic
chambers, and fluorescent nuclear stain propidium iodide (PI; 20 mM) added to the chamber.
PI is actively removed from living cells (Lossi 2009; Tasca et al. 2015). After 20 minutes, all
slices were briefly and gently washed twice in Krebs buffer, before being stored in darkness
in glass vials containing 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS).
After subsequent washing and blocking / permeation stages, all slices were fluorescently
labeled for tyrosine hyrdoxylase (TH) in order to visualize dopaminergic cells (Figure 3.32).
To obtain the data, the SNc region was visually identified by proximity to MT, and the whole
region scanned systematically in order to count all TH+ cells. For each TH+ cell observed, the
wavelength of the light was switched to the excitation frequency of PI, in order that the PI

status of each cell could be recorded.
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Each animal contributed an 7 of 1 to each of the normoxic and hypoxic groups (and therefore
allowed the data to be paired). Each n consists of the percentage value of TH+ cells which are
co-stained with PI from all the TH+ cells within the slice hemispheres of that group, for that
animal. In C57 mice (n=7; mean age P41.0), and applying the normoxic treatment, 50.9 = 6.9
% of TH+ cells were stained with PI. In hypoxia-treated slices from the same animals, this
value was 79.3 + 3.6 %. In Grin2D-null animals (n=7; mean age P35.1), applying the
normoxic treatment, 54.2 + 2.3 % of TH+ cells were stained with PI. In hypoxia-treated

slices, this value was 73.1 £+ 3.3 %.

A repeated measures 2-way ANOV A was performed on all the data, comparing the
interactions between genotype and oxygenation status, and pairing the normoxic and hypoxic
result from each animal. The effect of oxygenation status was found to be highly significant
(Figure 3.32A; overall p<0.0001****: post-hoc reports p<0.0001**** in WT (C57), and
p<0.01** in Grin2D-null, Sidak) whereas there was no effect resulting from genotype
(p=0.789). The mean number of TH+ cells recorded within the SN¢ region of each 100 pm
slice was also analysed. There was a mean of 12.0 £+ 2.7 TH+ cells per slice in normoxic
conditions (n=14), and 11.8 + 0.82 per slice in hypoxic conditions (n=14), as shown in Figure
3.32B. A repeated measures 2-way ANOVA was performed on the data: there were no
interactions affecting TH+ cells per slice based on either oxygen status (p=0.88) or genotype

(10.1 £ 0.9 per slice for WT (C57), and 13.6 + 1.3 for Grin2D-null; p=0.068).
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Figure 3.32 — Example fluorescent images from mouse brain slices after high and low
oxygen incubations

Example immunofluorescence images showing tyrosine hydroxylase (TH) staining, green;
and propidium iodide (PI) viability assay staining, red; in both ‘normoxic’ (95% O, / 5% CO,,
for 40 minutes; above) and ‘hypoxic’ (15% O,/ 5% CO, / 80% N, for 40 minutes; below)
treatment groups. Arrows indicate example cells which together demonstrate the specificity of
the labeling.
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Figure 3.32 — Hypoxic conditions cause significant but comparable cell death in both
wild type and Grin2D-null mice

Paired scatter plots showing the percentage of tyrosine hydroxylase-positive (TH+) cells
which were also positive for cell death marker propidium iodide (PI) in both ‘normoxic’ (95%
0, / 5% CO,, for 40 minutes; above) and ‘hypoxic’ (15% 02 / 5% CO2 / 80% Ny, for 40
minutes; below) treatment groups. The effect of oxygenation status was highly significant
(p<0.0001**** two factor ANOVA), but there was no difference based on genotype.
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Figure 3.33 — The hypoxic treatment does not cause a change in the number of
detectable TH" neurons

Scatter plot (WT and Grin2D-null data combined) showing the number of tyrosine
hydroxylase-positive (TH+) cells observable within the SNc¢ region of each 100 uM-thick
slice: there were no differences based on either oxygen status or genotype. There was a mean
of 12.0 £ 2.7 TH" cells per slice following normoxic treatment (n=14), and a mean of 11.8 +
0.82 TH" cells per slice following hypoxic treatment (n=14).
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4 Discussion

The focus of this thesis was to investigate the expression of functional NMDARs in SNc-DA
neurons, as well as how the GluN2D subunit within NMDARSs expressed either synaptically
or across the neuronal surface may allow the neuron to react to various potentially excitotoxic
conditions such as inhibited glutamate reuptake, increased excitatory burst input, and
hypoxia-ischemia. To achieve this, whole-cell patch clamp electrophysiology was used in

acute mouse brain slices, as well as cell viability assaying and immunofluorescent staining.

The role of GIuN2D has not been extensively studied, and as expression of this subunit can be
removed with only relatively minor phenotypic effects, its role in SNc-DA neurons was able
to be explored by comparing data from wild type and Grin2D-null animals. Firstly, functional
synaptic NMDAR expression was examined using presynaptic stimulation along with

pharmacological intervention.

4.1  Characterisation of synaptic NMDARSs in SN¢c-DA neurons of Grin2D-null
mice

Results from pharmacological intervention into glutamatergic synaptic transmission onto
SNc-DA neurons showed that genetically engineered mice lacking expression of the GluN2D
subunit likely had a different synaptic NMDAR subunit profile to wild type animals. The
data, discussed below, suggested that wild type animals had a lower proportion of NMDAR
current mediated by GluN2B, as well as a higher proportion mediated by GluN2D, in
comparison to the Grin2D-null animals, highlighting a functional role of GIuN2D at

glutamatergic synapses onto SNc-DA neurons.

4.1.1 Constitutive NMDAR expression at Grin2D-null synapses

Removal of the GIuN2D subunit is a useful tool for exploring its role in SNc-DA neurons. In
order to evaluate whether overall synaptic NMDAR expression is altered in the genetically
modified animals, AMPAR/NMDAR current ratios (A/N ratios) were measured. The A/N
ratio is appropriate as it is not possible to elucidate the number of synapses activated by the

stimulating electrode, and of course this will differ in each experiment. Therefore, the
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amplitude of the current through NMDARSs compared to AMPARs is much more useful, as
the expression of AMPARSs should not be altered in Grin2D-null mice.

Development during the age ranges tested is not a basic consistent alteration of either
NMDAR or AMPAR number: rather, both are altered concurrently over time (Wu et al. 1996;
Petralia et al. 1999). There is therefore no linear relationship between A/N and age, and only
results within the same age group can be compared by genotype. However, across the ages,
genotype did not have an effect on the A/N ratio value, which indicates that removal of the
GluN2D subunit does not alter the amplitude of the current passing through synaptic
NMDARs, and it is therefore likely that constitutive expression at the synapse remained
unaltered in Grin2D-null mice. This result initially suggests that GIuN2D is either being
replaced by another GluN2 subunit within the receptor, or is not present at the synapse (or is
present only in small numbers). To investigate this further, subunit-specific pharmacological

inhibition was applied to synaptic NMDAR-EPSCs.

4.1.2  Altered properties of synaptic NMDARs in Grin2D-null mice

Pharmacological inhibition data was obtained using GluN2B-preferring inhibitor ifenprodil
and measuring its effect on synaptic NMDAR-EPSCs. Ifenprodil is an ideal compound to use
in SNc-DA neurons in which the only present GluN2 subunits are likely to be GluN2B and
GluN2D (Brothwell et al. 2008), as its affinity for GluN2D is the lowest of any of the
subunits with an IC50 of 76 uM, whereas the IC50 for GluN2B is just 0.1 uM (Hess et al.
1998). Results showed that in both P7 and P21 mice there was a significantly greater
percentage inhibition of NMDAR-EPSCs in Grin2D-null mice in comparison to wild type:
this suggests that in mice lacking the GIluN2D subunit, GIluN2D is replaced by GluN2B
within the NMDAR. If triheteromeric GIuN1/GluN2B/GluN2D NMDARs are expressed at
synapses onto SNc-DA neurons in wild type mice, it appears likely that they are replaced with
diheteromeric GIluN1/GluN2B receptors in Grin2D-null mice. The increase in ifenprodil
inhibition in Grin2D-null mice compared to wild type was approximately 16 % at both age
groups, and it is possible that this difference accounts for the proportion of GluN2D-mediated

synaptic current in wild type animals.
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There was a trend of decreasing inhibition of GluN2B by ifenprodil in the two P21 age
groups, in comparison to those at P7. This suggests that there is a smaller percentage of
GIluN2B at the synapse in the older mice, consistent with earlier reports of a developmental
decrease in diheteromeric GluN1/GluN2B NMDARs in SNc-DA neurons and potentially
moving to the triheteromeric GluN1/GluN2B/GIluN2D configuration with development
(Brothwell et al. 2008): ifenprodil may have a less powerful inhibitory effect on
triheteromeric NMDARs which also contain GluN2D, in comparison to GluN1/GluN2B

diheteromers.

Application of GluN2D-preferring inhibitor DQP-1105 gave a small inhibition which was
significantly larger in both P7 and P21 wild type in comparison to Grin2D-null animals. This
suggests that GIuN2D is present at the synapse at both age groups. However, the comparisons
based on genotype were close to the p=0.05 threshold for significance: because the inhibition
by DQP is low (as a percentage of the total NMDAR-mediated current) this makes it more
difficult to detect a difference in inhibition based on genotype, especially considering the
inherent variability in EPSC amplitudes. However, the differences in inhibition based on
genotype were around 15 % at P7 and 9 % at P21, close to the 16 % difference based on
genotype in the ifenprodil experiments above. As argued above, the smaller percentage
inhibition at P21 may be caused by DQP having a less powerful inhibitory effect on
triheteromeric NMDARs which also contain GluN2B, in comparison to GluN1/GluN2D

diheteromers.

Overall, in the mice lacking GluN2D, there was significantly /ess inhibition by DQP, and
significantly more inhibition of GIuN2B by ifenprodil: together this suggests that GIuN2D is
present at the synapse in wild type mice, and that in Grin2D-null animals the GIuN2D subunit
is replaced by GluN2B within synaptic NMDARs.

NMDAR-EPSC decay time constants did not differ between genotypes which may imply that
GIluN2D does not make up a large proportion of synaptic NMDAR currents under the above
conditions; something which is supported by the relatively small but concrete difference in

ifenprodil sensitivities.
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4.2  Activity-dependent regulation of NMDA receptors

The effects of burst firing of glutamatergic afferents onto SNc-DA neurons were explored in
this thesis: in summary, results showed a downregulation of NMDAR-mediated synaptic
currents. This downregulation, discussed in detail below, only occurred if the burst protocol
was applied at a holding potential of -20 mV, and only if the stimulation was applied whilst
holding at this potential. The downregulation may possibly have a Ca*"-dependent
component, as holding at +40 mV to dissuade cation influx prevented the effect, whilst Ca*"
chelation did not. Summated NMDAR-mediated currents, which may also include
perisynaptic or extrasynaptic receptors, were depressed in a similar fashion, though
significantly less so, potentially indicating differential regulation of these NMDAR
populations, or a presynaptic effect. The GluN2D subunit appears not to have any key role in

the observed regulation, as Grin2D-null animals displayed a matching effect.

4.2.1 Reduction in NMDA-EPSC amplitude in response to high frequency burst firing of
excitatory afferents

Glutamatergic synapses in general can be potentiated or depressed by various presynaptic
stimulation patterns, often through NMDAR-mediated alteration of synaptic AMPARSs
(Montgomery et al. 2005). However, both long-term potentiation (LTP) and long-term
depression (LTD) of NMDAR-mediated currents can also be induced by presynaptic activity
(Montgomery et al. 2005; Harnett et al. 2009; Hunt and Castillo 2012). A paradigm was used
which is similar to another previously applied to neurons in the calyx of held synapse (Joshi et
al. 2007), where it elicited downregulation of NMDAR-EPSC amplitudes. The paradigm,
stimulating glutamatergic afferents onto SNc-DA neurons, was one of high frequency burst
firing (100 Hz x 3, every 1 s for 60 s). These afferents originating from the STN increase their
firing in PD, and burst firing frequency is close to 100 Hz, and so was logical paradigm to
adopt to apply to SNc-DA neurons which are characteristically lost in this disease, and indeed
to measure any changes in NMDAR-mediated currents. Excessive Ca”" influx through
NMDARs is implicated in excitotoxicity through activation of cell death signalling pathways
(Choi 1987; Hardingham and Bading 2010; Surmeier et al. 2010, 2011), and the increased
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NMDAR activity occurring as a result of increased burst firing input may also promote cell

death (Dong et al. 2009).

The 20-25 minute timeframe (1200-1500 s) was originally selected as being enough for longer
term modulatory effects to take place: in the large auditory synapse, depression of NMDAR-
EPSCs was pronounced at 20 minutes (Joshi et al. 2007). The results presented in this thesis
showed that there was a significant reduction in NMDAR-EPSC amplitudes 1200-1500 s
following the IP in wild type animals. No such downregulation was observed in the control
group in which the holding current was switched to -20 mV (as it is in the treatment group)
but no stimulation applied, and indeed NMDAR-EPSC amplitudes following the IP in the
wild type treatment group were significantly depressed in comparison to this control group,
indicating that the observed reduction is in response to the stimulation provided within the IP
at -20 mV. This downregulation is a process which may occur by the binding of regulatory
molecules to one or more subunits, and as the above synaptic pharmacology data supports the
presence of GIuN2D at synapses on SNc-DA neurons its potential role of in this regulation

was next explored.

Mice lacking the GIuN2D subunit displayed a similar reduction in NMDAR-EPSC amplitude
in response to the IP: the lack of the GluN2D subunit did not affect this form of activity-
dependent regulation, as there was no difference between the data in wild type and Grin2D-
null animals. Therefore the GIuN2D subunit is unlikely to be involved in the mechanism by
which activity-dependent regulation takes place at glutamatergic synapses on SNc-DA

neurons.

A holding potential of +40 mV was chosen for recording the assaying pulses in all
experiments where afferent fibres were activated using a stimulating electrode, as there is a
decreased NMDAR magnesium blockade at this potential. Additionally, the driving force on
Ca*" ions is reduced and there is therefore less likelihood of activating Ca**-dependent
regulatory mechanisms. In the activity dependent regulation experiments it was deemed
sensible to also perform a control in which the IP was applied as in the regular treatment
group, except that the holding potential remained +40 mV, rather than moving to -20 mV. In
this group there was no significant downregulation, suggesting that Ca*" influx is reduced
enough at +40 mV to prevent a significant effect on NMDAR regulation: indeed, the assaying

pulses are applied at a lower frequency; a single pulse every 10 s or a 50 Hz burst every 20 s,
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as opposed to a 100 Hz burst every 1 s. Therefore applying assaying pulses where the
postsynaptic cell is held at +40 mV are unlikely to lead to significant NMDAR regulation.

A specific Ca®" influx profile can be essential for plasticity to occur: high frequency burst
firing activity has previously been found in the hippocampus to induce either LTP or LTD of
NMDAR-EPSCs, depending on intracellular Ca®" conditions (Harney and Anwyl 2012). Low
Ca’" buffering allowed NMDAR-LTP to occur using 200 Hz HFS, whereas increasing this
buffering caused depression of NMDAR-EPSCs. The results in this thesis showed that in
SNc-DA neurons where the IP was applied at -20 mV along with a high concentration of fast
Ca®" chelator BAPTA (10 mM) present in the patch pipette, there was a significant
downregulation of NMDAR-EPSCs similar to that observed in the normal wild type IP
treatment group. The equilibrium potential of Ca®" is +150 mV, and therefore a much stronger
inhibition of Ca®" activity may be expected by BAPTA than by simply holding at +40 mV;
yet as above, holding at +40 whilst applying the IP appeared to inhibit the activity dependent
reduction in NMDAR-EPSC amplitude. One reason BAPTA may fail to reduce the effect of
the IP because it does not diffuse far enough away from the soma to effectively buffer Ca”" at
more distal synapses. Additionally, the reason that holding at +40 mV during the IP inhibits
downregulation may be due to a consequent reduction in the initial spike in Ca*"
concentration required by low affinity kinases to effect synaptic plasticity, though high
transient spikes in [Ca®"] most often lead to potentiation, rather than depression (Liischer and
Malenka 2012). The initial spike in [Ca®"] will be higher at -20 mV, and it is possible that
BAPTA is not fast enough at chelating the Ca®” moving into the cell to prevent a high initial
peak: some, but not all of it is likely to be chelated quickly, but that which does not come into
contact with BAPTA immediately may still bind to its target molecule. To make a final
conclusion on the role of Ca®" in the activity-dependent NMDAR regulation observed here, it
may be prudent to repeat the WT IP -20 mV treatment group with Ba>" replacing Ca®" in the
perfused Ringer solution, as well as the intracellular solution, in order to inhibit calcium-

dependent regulatory processes; or potentially using an increased BAPTA concentration.

Intracellular BAPTA (10 mM) caused a change in the mean potential of the neurons at which
there was zero net current (Vi) of 19.55 mV; from -8.25 to +11.3 mV. A decrease in
intracellular [Ca2+] may cause an increase in overall Vi, due to a combination of an increase

in the Ca”" reversal potential, and an inhibition of the persistent inward Na" current (Inap) at
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depolarised potentials: Ingp 1s involved in the generation of natural rhythmic burst firing
activity in STN neurons (Darbon et al. 2004), and is mediated via TTX-sensitive voltage-
gated sodium channels (though In,p—mediating channels are distinct from those underlying the
upward stroke of the action potential). Previous work has shown that In,p channels require a
minimum concentration of intracellular Ca®" in order to properly function, and that the
currents mediated by them are therefore eliminated by high BAPTA in neocortical neurons
(Schwindt et al. 1992). Altering In,p and therefore excitability is unlikely to affect the data
obtained here in those recordings made with BAPTA, as the purpose was to limit intracellular
Ca’" and measure NMDAR regulation, rather than measure neuronal excitability or firing; and
in any case a distinct effect on NMDAR regulation was not observed with the addition of

BAPTA.

The paradigm used in this thesis is similar to another previously applied to neurons in the
calyx of held synapse (Joshi et al. 2007), where it elicited a reduction in NMDAR-EPSC
amplitude, likely through a mechanism whereby NMDARSs are removed from the
postsynaptic membrane in order to increase temporal fidelity at this synapse, thereby enabling
functional auditory signal processing. Whilst NMDAR-EPSCs are similarly depressed by
high frequency stimulation in SNc-DA neurons as shown here, the reason for downregulation
is likely to differ from that applicable in the calyx of held. One reason is neuroprotection: a
downregulation in NMDAR activity in response to an upward shift in input burst firing
activity would be a mechanism for limiting the amount of Ca®" influx such that it does not
lead to toxicity. Another similar but distinct ‘motive’ for downregulation of NMDAR activity
in this scenario is to limit excitability of SNc-DA neurons such that they do not modulate into

their burst firing phase for too long in response to sustained high frequency input.

Other paradigms similar to that used in this thesis (IE stimulation of glutamatergic afferents at
100 Hz in some configuration) have also been shown to cause depression of synaptic
NMDAR activity in neurons of the nucleus accumbens (GluN2A-mediated; Chergui, 2011;
Kombian and Malenka, 1994); and, conversely, potentiation of synaptic NMDAR activity in
neurons of the hippocampus (Scaffer-CA1; Bashir et al. 1991; Berretta et al. 1991; Grosshans
et al. 2002) and amygdala (Gean et al. 1993; Hunt and Castillo 2012), demonstrating that the

effect of high intensity glutamatergic input is highly dependent on tissue type, as well as
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various other factors such as NMDAR subunit profile, mGluR activation, and downstream

signalling profile which may be distinct by neuron type (Hunt and Castillo 2012).

Other work in SNc-DA and VTA neurons found that high frequency presynaptic stimulation
(70 stimuli at 50 Hz) can result in LTP of synaptic NMDAR-EPSCs when applied with burst
firing in the postsynaptic neuron (five APs at 20 Hz; Harnett et al. 2009a). Conversely,
presynaptic stimulation alone caused a small but significant LTD of NMDAR-EPSCs. The
authors also found that a larger depression of NMDAR EPSCs was induced when the burst
was applied preceding (by 250 ms) the applied synaptic stimulation. However, the authors did
not differentiate between VTA and SNc dopaminergic neurons. In the results presented in this
thesis, the induction paradigm caused a depression of NMDAR-EPSCs amplitudes which was
dependent on the presence of high frequency presynaptic bust firing, and in this case a
depolarised holding potential of -20 mV was also required for the depression to occur: whilst
postsynaptic firing was not elicited, this depolarised holding potential was applied before (2-5
s) before initiation of high frequency presynaptic burst stimulation, and sustained throughout.
Additionally, in the work presented here the assaying NMDAR-EPSCs were elicited using
physiological [Mg”'] (1 mM), but at +40 mV to relieve Mg”" block. The Harnett study used
low [Mg”"] (0.1 mM) at a resting holding potential of -62 mV, and it is therefore possible that
one or more of these factors (along with the different stimulation frequency) may contribute

to a different response.

It would be of interest to ascertain whether the form of synaptic NMDAR downregulation
observed here is due to internalisation. Both AMPA and NMDA downregulation in the
hippocampus have been shown to be due to internalisation via dynamin-dependent
endocytosis (Carroll et al. 1999; Lau and Zukin 2007), and NMDAR downregulation in the
Calyx of Held is both Ca*"- and dynamin-dependent (Joshi et al. 2007). In SN¢-DA neurons,
NMDAR ‘rundown’ elicited by repeated application of NMDA via perfusion has previously
been found to be Ca*" and dynamin dependent (Wild et al. 2014): however, there was also
rundown in an ifenprodil-insensitive portion of the current, potentially mediated by GluN2D-

containg NMDARs, which was not Ca**-dependent.

The key result here with regards to activity dependent synaptic regulation is that NDMAR-
EPSC amplitude was significantly reduced in the wild type and Grin2D-null treatment groups

in comparison to the control group in which holding potential was moved to -20 mV and no
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stimulation applied. Therefore is possible to draw the conclusion that the application of high
frequency burst stimulation (at a depolarized potential of -20 mV, as it is here) was the cause

of the reduction, and that GIuN2D is not involved.

4.2.2  Summated NMDA-EPSC amplitudes were also reduced in response to high
frequency burst firing of excitatory afferents

Summated assaying EPSCs were elicited along with single EPSCs within each experiment
because some perisynaptic NMDARs are likely to be recruited as a result of trains of stimuli
applied to glutamatergic fibres onto SNc-DA neurons (Wild et al. 2015), and this was
therefore a method to determine if perisynaptic NMDARs were being differentially regulated
compared with synaptic NMDARs, and/or whether significant differences arise due to the
removal of GIuN2D when perisynaptic NMDARs are additionally stimulated. For example, if
there is a difference in the number of GluN2D-containing NMDARSs at the synapse vs. the
peri/extrasynaptic zones, there may be a difference in regulation if either GluN2B or GluN2D
is essential to that regulation. In the Joshi et al. study at the calyx of held, synaptic NMDAR-
EPSCs remained stable whilst summated responses were depressed, which may suggest that
perisynaptic or extrasynaptic NMDARs activated by glutamate spillover were being
preferentially downregulated (Joshi et al. 2007). However, the giant calyx synapse is very
different morphologically in comparison to typical small CNS synapses which may lead to
different transmitter release and spillover profiles and, an indeed NMDAR configurations and

downstream signalling processes.

Overall, summated NMDAR-EPSCs showed a similar pattern of regulation to single EPSCs.
However, the proportional changes observed in both single and summated EPSCs were
recorded within the same experiment, and so this allows pairing of the data: this led to the
observation that there is in fact a small but highly significant difference in regulation between
these two measures. The results showed that single (synaptic) EPSCs at the 1200-1500 s time
period were smaller, proportionally, than summated EPSCs, when normalised to their pre-IP
amplitude. That this difference in proportional regulation is small would be expected given
the fact that the same synaptic population of NMARs may compromise much of the peak
current (Wild et al. 2015).
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There are several possibilities why this occurs. Firstly, it was observed that in post-hoc
comparison that there was no difference in this effect between the treatment groups: that is,
there is a significant difference between regulation of single and summated responses, but
treatment has no significant effect on this difference. This suggests that the overall effect here
is not a result of the IP, but some other factor. An interesting result which may explain this
was that the NMDAR paired pulse ratio also slightly increased over the course of the
experiment, regardless of the treatment group: this means that there is an increase in
summation, which could be caused by several factors. Firstly, this would occur if the synaptic
population of NMDARSs were being preferentially downregulated in comparison to those
additionally activated by a second pulse, or indeed trains of stimuli. Secondly, this could also
occur if NMDARs were being recruited into the perisynaptic zone. Thirdly, it may be a
presynaptic factor: potentially, an increase in the probability of vesicular glutamate release
(Pyes) at the second (and subsequent) stimulus in the train, which could occur due to a
decreased capacity for presynaptic Ca®" clearance (Scullin et al. 2012). Lastly, the increase in
PPR and summation may be due to increased glutamate spillover from the synapse over the
course of the experiment due to decreased GluT function. The multitude of possibilities for
the change in NMDAR-PPR and therefore the difference in normalised single and peak
summated NMDAR-EPSCs after 20-25 minutes means that it is not possible to be certain if
there is in fact a difference in activity-dependent regulation between the synaptic and
peri/extrasynaptic zones, although clearly some activity-dependent regulation is occurring as

evidenced by the significant difference between controls performed in these experiments.

Further experiments may clarify some of the above questions: for example, examining
activity-dependent regulation of perisynaptic (spillover-activated) NMDARs would be clearer
by using an activity-dependent and irreversible NMDAR blocker: application of MK-801 via
the perfusion whilst eliciting single NMDAR-EPSCs every 10-20 s would allow blockade of
the synaptic population only, and the remainder of the experiment could subsequently (after
washout) be performed as described in this thesis. Single EPSCs should remain at zero
amplitude whilst any current elicited by applying trains of stimuli are likely to be outside the
synapse; activated by glutamate spillover. Subsequently then, any changes in summated,
perisynaptic NMDAR-EPSC amplitudes could be examined. Additionally, single assaying
stimuli should still be applied throughout the experiment to monitor the status of the

pharmacologically blocked synaptic NMDAR population: if the single EPSC were to recover
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at all over the course of the experiment then this would indicate either reinsertion of
NMDARSs at the synapse, or trafficking of NMDARSs into the synaptic zone from the

perisynaptic zone or elsewhere on the cell surface.

4.3 The role of GIuN2D and the NMDAR in responding to ambient glutamate

Extrasynaptic NMDARs in the hippocampus are arranged in high density regions opposing
astrocytic processes (Jourdain et al. 2007; Petralia 2012), and glutamate released from these
processes may activate them and therefore influence neuronal excitability and network
synchrony (Angulo et al. 2004; Fellin et al. 2004). The importance of GluN2D in sensitivity
of SNc-DA neurons to ambient extracellular glutamate was explored in wild type and
Grin2D-null mice under normal conditions; and under conditions where glutamate transport is
compromised such as may occur in neurodegenerative disease. Results suggested that small
NMDAR-mediated currents are present in SNc-DA neurons in response to ambient glutamate,
which is not released in an action-potential-dependent manner. GluN2D is also shown to have
a pivotal role in allowing the SNc-DA neurons to respond to this ambient glutamate, or to
potentially allow nearby glial cells to modulate their excitability. In addition, inhibition of
GluTs caused an increase in excitatory current; almost all of which was mediated by
NMDARSs; and part of that by GluN2D-containing NMDARs, as evidenced by a significantly
smaller amount of this current in Grin2D-null mice. Together these data contribute to

evidence that GluN2D may be a useful target for pharmacological inhibition in PD.

4.3.1 Ambient extracellular glutamate in the SNc elicits NMDAR-mediated currents in
dopamine neurons, which are unaffected by pharmacological inhibition of action
potential firing

Work in the hippocampus suggests that extrasynaptic NMDARs are activated by ambient
extracellular glutamate in order to maintain a tonic level of excitability (Sah et al. 1989;
Angulo et al. 2004; Fellin et al. 2004). As the level of desensitisation in NMDARs is much

lower than AMPAR:s, they are likely to mediate the majority of excitation in response to this

ambient glutamate (Iacobucci and Popescu 2017). The effect of NMDAR blocker DAPS was
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investigated on current flow in SNc-DA cells at a holding potential of -50 mV. A small but
highly significant decrease in inward current was observed, which persisted when neuronal
firing was inhibited using TTX, indicating that NMDARSs are being activated by ambient
extracellular glutamate which does not have an immediate action potential-dependent origin
(Wild et al. 2015). It is possible that some of this glutamate is present as a result of previous
firing before application of TTX; though the bath perfusion and the endogenous activity of
glutamate reuptake transporters might be expected to reduce this to zero. It is possible that
this glutamate may be released from glial cells as has been suggested in the hippocampus
(Parpura et al. 1994; Bezzi et al. 1998; Angulo et al. 2004; Fellin et al. 2004), and therefore it
may be useful in future to ascertain whether this is the case in the SN¢ by application of the
glial toxin fluoroacetate (Muir et al. 1986; Tremblay et al. 2011). It is also possible that the
source of ambient glutamate in the SNc could be presynaptic, but in the form of non-action
potential-dependent spontaneous release leading to miniature EPSCs. The vacuolar H+-
ATPase pump establishes the proton gradient across the vesicular membrane which drives
transmitter uptake into synaptic vesicles (Le Meur et al. 2007): it may be prudent to inhibit
H+-ATPase activity using bafilomycin A1 (Drose & Altendorf, 1997) in order to elucidate
whether ambient glutamate in SNc-DA neurons is of vesicular origin. Indeed, in the
hippocampus this compound had no effect on ambient glutamate, which may again indicate a

glial origin (Le Meur et al. 2007).

In mice lacking the GIuN2D subunit, there was no significant effect of D-AP5 application,
and indeed there was significantly less D-APS-sensitive tonic current in comparison to wild
type mice. This is a novel result, and suggests that specifically GluN2D-containing NMDARSs
have a role in mediating tonic NMDAR activity in response to ambient glutamate in SNc-DA
neurons. The difference in DAP5-blockable current observed between genotypes may suggest
that it is the increased glutamate affinity and low Mg”" block characteristics conferred by the
presence of GIuN2D which allows it to contribute significantly to baseline levels of current in
response to low levels of ambient glutamate; a function which has previously been predicted
(Wyllie et al. 1998). When GIuN2D is removed, potentially replaced with GIuN2B, these
properties are altered. This sensitivity of GIuN2D to ambient glutamate may have a function
in maintaining a tonic level of excitability in SNc-DA neurons, and/or in allowing modulation

of neuronal excitability by glial cells.
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4.3.2 Ambient glutamate in the SNc is regulated by glutamate reuptake transporters

Pharmacological inhibition of glutamate transporter activity using TBOA led to significant
increases in inward current in SNc-DA neurons, suggesting that glutamate reuptake is very
important under baseline conditions to prevent increased NMDAR activity. The amplitude of
the current change elicited by TBOA was highly variable, which indicates that cells are not
exposed to similar levels of ambient glutamate, or that they have varying numbers of nearby
tonically active GluTs. This variability may also be an artifact of working in slices, where
some neurons are more likely to be exposed to surface bath flow (and therefore wash away

ambient glutamate) than others deeper in the tissue.

Application of TBOA caused similar increases in inward current in both wild type and
Grin2D-null mice. Whilst there was no difference based on genotype on the overall change in
current based on glutamate transporter blockade, the variability in the data means it was more
difficult to detect a difference. Results Figure 3.28A suggests that in some neurons, all of
which were wild type, there was a much greater influx of current in response to GluT
blockage than in others. However, this current included activity from both NMDARs and
AMPARSs (though as above these rapidly desensitise): in these same experiments there was in
fact a significantly lower amount of D-AP5-sensitive current under conditions of GluT
inhibition in Grin2D-null mice (Figure 3.28B), implying that there in indeed still a difference
in NMDAR-mediated currents under these conditions. Therefore, GluN2D-containing
NMDARs are mediating cation influx into SNc-DA neurons under conditions of GluT
blockade: this is further evidence that GluN2D is a good potential target for inhibition in
neurodegenerative illnesses (such as PD) which may include GluT dysfunction as part of their
pathophysiology (Lipton 2004; Kotermanski and Johnson 2009; van Marum 2009; Emre et al.
2010; Wild et al. 2013, 2015).

TBOA was always applied with compound LY 341495 (‘LY”), an antagonist of Group II
mGluRs: this is because it has been found that increased extracellular glutamate caused by
application of TBOA activates these receptors and inhibits presynaptic glutamate release
(Wild et al. 2015). This does not occur in response to small events such as that resulting in a

single EPSC, as they have been found to be unmodified by LY; but only in conditions where
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extracellular glutamate increases dramatically, such as when reuptake is compromised (Wild
et al. 2015). Therefore to assess directly the role of glutamate transporters, this presynaptic

feedback mechanism was inhibited.

4.4  Bath application of NMDA elicits larger currents in Grin2D-null mice in
comparison to wild type at very high concentrations only

The dose-response data obtained from bath application of NMDA (Figure 3.30) appears to
show no difference based on genotype at low or moderate concentrations, which may suggest
that numbers of NMDARSs across the cell are similar. However, an interesting result here was
that as the curves begin to plateau at high concentrations of NMDA the curves separated, with
Grin2D-null animals displaying larger peak current in response to these concentrations (1-10
mM). If GIuN2B is indeed replacing GIluN2D within the receptor in these animals, it is likely
that due to the larger peak current and shorter timeframe required for GluN2B to become
ready to reopen (at peak agonist concentrations where immediate reopening is likely), it
confers a capability for greater conductance at the highest levels NMDA/glutamate saturation,
despite a lower affinity for NMDA and glutamate (Hess et al. 1998). GIuN2D on the other
hand has a lower conductance, and also much slower channel kinetics (2000 ms to deactivate,
as opposed to 300 ms for GIuN2B), meaning that immediate reactivation is not possible.
Therefore GluN2D, with its lower Mg®" block and higher glutamate affinity, is ideally suited
to maintaining a baseline current flow in response to low levels of ambient glutamate, and its
presence in a triheteromeric receptor may = attenuate peak current flow in response to very

high agonist concentrations.

The results in P21 mice exploring NMDAR desensitisation response to 10 mM NMDA
showed that desensitisation was significantly increased in mice lacking GIluN2D (Figure
3.31). This is a good indicator of the presence of GluN2D within NMDARs on SNc-DA
neurons, and indeed that they are replaced with diheteromeric GluN1/GluN2B NMDARs in
Grin2D-null animals, as previous studies have shown that, overall, GluN2B subunits

desensitise to a much higher extent than GluN2D (Wyllie et al. 1998; Vance et al. 2011).
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4.5  Hypoxic conditions cause significant but comparable cell death in both wild
type and Grin2D-null mice

Hypoxic conditions, such as may be caused by ischemia, quickly leads to metabolic stress and
excitotoxicity in neurons (Lai et al. 2014). Low oxygen availability prevents replenishment of
ATP levels, thereby disrupting ionic gradients maintained by ATP-powered Na'/K ' pumps
and so causes depolarisation. Because of this excitation, glutamate is also released from
excitatory neurons leading to increased extracellular glutamate and therefore an increase in
NMDAR-mediated Ca*" influx, and consequent neuronal cell death (Dugan and Choi 1999;
Lai et al. 2014).

GIluN2D-containing NMDARSs decrease their Pgpen in response to low O, (Bickler et al. 2003),
a property which is likely to confer hypoxic resistance in neonates, and also in the naked mole
rat, a creature which has evolved to survive in a low oxygen and high CO, environment
(Larson and Park 2009; Schuhmacher et al. 2015). Therefore, the question of whether its
presence in SNc-DA neurons conferred any additional resistance to hypoxia-related
excitotoxicity was explored using a previously tested hypoxic treatment protocol in acute
slices in both wild type and Grin2D-null animals, along with a propidium iodide cell viability
assay and anti-tyrosine hydroxylase fluorescent staining in order to identify dopaminergic

neurons.

After fixing and labeling, the SNc¢ region was identified as in previous experiments using
proximity to MT, and fluorescent imaging clearly identified dopaminergic neurons within.
Much thinner slices were used here in order to facilitate counting of all SNc-DA neurons
within each slice. A non-stereological method was used as the applied insult was relatively
mild (15% O; for 40 minutes): instead, for each slice produced, a cut was made along the
midline and one hemisphere randomly assigned to the high oxygen treatment group, and one
to the hypoxic treatment group. This method prioritised the sensitivity afforded by being able
to pair the results above analysis of total SNc volume. Previous research recording whole cell
electrophysiological data showed that the hypoxic treatment applied here still allowed 60% of
mouse hippocampal neurons to recover, regaining fully functional EPCS transmission after
high O; is restored (Larson and Park 2009). Importantly then, the results presented in this

thesis showed that the hypoxic treatment had no effect on the mean number of SNc-DA
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neurons per 100 pm slice, indicating that all neurons affected by the treatment were still

available for counting.

Paired two-factor ANOVA analysis revealed that the hypoxic treatment had the desired effect
in that it caused a very highly significant yet submaximal increase in the percentage of SNc-
DA neurons displaying fluorescent PI nuclear staining (Figure 3.32). The same test also
revealed that the presence or absence of GluN2D had no effect on SNc-DA cell survival,
which may mean that this subunit confers no practical resistance to these neurons under
hypoxic conditions, for example in ischemia. However, there is no data on the precise
threshold that oxygen levels must reach in order to alter the Pyen of GluN2D-containing
NMDARs: therefore, it is very possible that by using a relatively mild hypoxic insult Popen
remained unchanged. When originally demonstrating the effect in NMDARSs in xenopus
laevis oocytes, Bickler et al. saturated the perfusate solution with a very low concentration of
oxygen (3 % O2 /estimated 20-25 mm Hg in solution; Bickler et al., 2003), whereas the
method used in this thesis was chosen as it had previously been shown to lead to partial
recovery in mouse neurons (Larson and Park 2009). It is possible that, whilst the method does
begin to cause damage to mouse neurons, 15 % O, does not in fact lower the saturation
enough to effect a change in the GIuN2D subunit. In support of this, a recently performed
study has found that SNc-DA cells are surprisingly resistant to episodes of complete anoxia
(Karunasinghe et al. 2017), though subunit composition was not a factor examined in this
work. Further experiments should be performed using very low or complete anoxia in order to
confirm whether a GluN2D-mediated resistance to these conditions is inherent in SNc-DA
neurons. It is also possible that GluN2D may be less likely to alter the overall physiological
properties of the NMDAR if it is present in a triheteromeric GluN1/GluN2B/GluN2D

configuration, which is most likely in SNc-DA neurons of older mice (Brothwell et al. 2008).

In conclusion, the results presented in this thesis have provided evidence that the GluN2D
subunit expressed within NMDARSs both synaptically and across the neuronal surface, and
investigated how they may allow SNc-DA neurons to react to various potentially excitotoxic
conditions. A form of synaptic plasticity has been demonstrated in SNc-DA neurons which
results in downregulation of NMDARS in response to high frequency excitatory burst input,

and in which GIuN2D does not play a mechanistic role. GluN2D-containging NMDARs are
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shown to have a role in detection of ambient extracellular glutamate, and indeed mediate
larger currents in response to reuptake dysfunction. Lastly, a hypoxia study showed that the
subunit does not confer a practical resistance to lowered oxygen levels, though further
investigation is called for in this area. In summary, NMDARSs have diverse roles in SNc-DA
neurons which may both serve to maintain normal function and protect the cell in potentially

pathological conditions.
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