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Summary
The N-methyl-D-aspartate receptor (NMDAR) is a glutamate-gated ion channel that mediates

the late component of excitatory neurotransmission and contributes to synaptic plasticity,
processes of learning and memory and excitatory-inhibitory balance. Many diverse
combinations of NMDAR subunits can assemble to form the heteromeric structure and each
subunit provides unique functional characteristics, creating a heterogeneous receptor pool.
Mutations in the GIuN2A and GIuN2B subunits, which are highly populated in the hippocampus
and forebrain, have been found in various seizure and mental disorders. An increasing volume
of research to uncover the mechanisms that lead from a genetic alteration to the disease
phenotype has so far focused largely on the use of heterologous expression systems, from
which, human disease mutants have been characterised into two sub-types: gain-of-function
(GOF) and loss-of-function (LOF). GIuN2A GOF and LOF mutants have been both implicated in
seizure phenotypes whereas GIuN2B GOF and LOF mutants have been tentatively linked to
distinct phenotypes: seizure and mental disorders, respectively. Despite this, there is still a
limited insight into the effects on neuronal and synaptic mechanisms. In this thesis, using the
CA3-CA1 synapse in organotypic hippocampal mouse slices and dissociated neuronal cultures, it
was found that GIUN2A GOF and LOF mutations produced a common synaptic phenotype of
prolonged NMDAR-mediated synaptic currents through either an increase in receptor functional
properties (GOF) or diminished expression (LOF). GIuN2B mutants also exhibited a common
synaptic phenotype of rapidly decaying NMDAR-mediated synaptic currents due to a defective
expression even for so-called GOF mutants. These findings caution the translation of results
from non-neuronal systems into neurons and for predictions of synaptic properties that could
influence the disease management in human patients. Instead of counting on the gain/loss
distinction of individual subunits, the results suggest that focus should be placed more broadly

on the changes in synaptic transmission that result from GluN2 subunit mutations.
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Chapter 1 Introduction



The neurotransmitter glutamate mediates most of the excitatory signalling in the brain and can
act on several receptor classes, which include the ionotropic glutamate receptor family
consisting of the N-methyl-D-aspartate receptors (NMDARs), alpha-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid receptors (AMPAR) and Kainate receptors (Cull-Candy and
Leszkiewicz, 2004). Upon binding glutamate, ionotropic glutamate receptors undergo a
conformational change that opens a channel in the protein that is capable of conducting ions
(Jones et al., 2002). For activation, NMDARs also require the binding of a co-agonist, either
glycine (Mayer et al., 1989) or D-serine (Fadda et al., 1988), and removal of pore-blocking
magnesium by post-synaptic membrane depolarisation (Mayer et al., 1984, Nowak et al., 1984).
The requirement for both agonist binding and membrane depolarization makes the NMDAR a
coincidence detector for pre- and post-synaptic activity (Shipton and Paulsen, 2014, Seeburg et
al., 1995). This property has made the NMDAR a fundamental component of excitatory
synapses, it being essential for many mechanisms regulating synaptic efficacy including the
induction of long term potentiation (LTP), which has long been suggested a cellular process

underlying learning and memory (Nicoll, 2017).

An imbalance in synaptic excitation and inhibition is generally considered to result in seizure
disorders and NMDARs play a large role in excitability (Raol et al., 2001). Sustained states of
depolarisation that are mediated through NMDAR plateau potentials lasting hundreds of
milliseconds contribute significantly to the supralinear summation of synaptic inputs (Antic et
al., 2010) and can contribute to synaptic plasticity (Augusto and Gambino, 2019).
Hyperexcitability is thought to be a cause for seizures and epileptic syndromes, where elevation
of intracellular calcium can cause neurotoxicity and neurodegeneration (Frasca et al., 2011). In
contrast, disrupted NMDAR-mediated synaptic transmission or over-inhibition has been
associated with learning and memory impairments (Fernandez and Garner, 2007, Gecz, 2010,
Sakimura et al., 1995). Furthermore, many forms of synaptic plasticity and learning behaviours
are attenuated when synaptic NMDAR currents are lost (Brigman et al., 2010, Sakimura et al.,

1995, Tsien et al., 1996).

In recent years, the number of mutations identified in the GIUN2A and GIuN2B subunits of the
NMDAR have increased dramatically. More than 200 mutations have all been found in patients
with various forms of seizure and mental disorders such as intellectual disability, autism
spectrum disorders and developmental delay (Lee et al., 2015b, Sun et al., 2017, Dimassi et al.,
2013) (see open-access online GRIN database - www.grin-database.de). Investigations into the

functional impact of mutations have been performed mainly in non-neuronal, heterologous cells



due to the ease of expression in these systems and the lack of endogenous ion channels that
could complicate interpretation of current measurements (Thomas and Smart, 2005). Various
studies have reported data for a range of characteristics altered by GIuN2 mutants, including
agonist potency, peak amplitude, decay time course, sensitivity to magnesium block, proton
sensitivity, surface or total expression (Addis et al., 2017, Serraz et al., 2016, Swanger et al.,
2016). However, there is often no common method of characterisation between different
studies as they do not always use the same expression systems, protocols, concentrations of
agonists or co-agonists, so much information is lacking for a lot of mutants. As well as this, very
few labs (Fedele et al., 2018, Liu et al., 2017, Ogden et al., 2017) have attempted to extend this
research into neurons and to study the impact of human disease NMDAR mutants on synaptic
transmission. The aim of this thesis is to study how and to what extent human disease mutations
in GIuUN2A and GIuN2B perturb excitatory synaptic currents. This chapter will provide a
background overview of the properties and differences between NMDAR subunits GIuN2A and

GIuN2B and will review the current literature on GIuN2 human disease mutants.

NMDAR structure and composition

The NMDAR is formed by the oligomerization of four subunits into a tetrameric complex (fig.
1.1a,b). The NMDAR subunits can be split into three different sub-types: GIuN1, GIuN2 and
GluN3. GluN1 subunits are encoded by the GRIN1 gene which can be alternatively spliced into
eight different isoforms that each differ in their functional properties and regional expression
(Laurie and Seeburg, 1994, Laurie et al., 1995, Tolle et al., 1995, Yi et al., 2018). GIuN2 subunits
are subdivided into GIUN2A, GIuN2B, GIuN2C and GIuN2D and are encoded by four different
genes: GRIN2A, GRIN2B, GRIN2C and GRIN2D, respectively. The remaining type of NMDAR
subunits, the GIuN3, are GIUN3A and GIuN3B, which are encoded by the GRIN3A and GRIN3B

genes, respectively.

Two glycine- or D-serine-binding GIluN1 subunits are obligatory for the formation of the
complete receptor (Incontro et al., 2014, Vyklicky et al., 2014). Each obligatory GIuN1 subunit
interacts with a regulatory subunit, either GIuN2 or a GIuN3, which then oligomerise as a dimer-
of-dimers (Karakas and Furukawa, 2014, Schiiler et al., 2008). NMDARs can assemble as either
di- or triheterotetramers (Paoletti et al., 2013): Diheterotetramers are composed of two GluN1
subunits along with two of the same GIUN2 or GIuN3 subunits whereas triheterotetramers are
composed of two GluN1 subunits and a different combination of GIuN2 or GIuN3 subunits. Due
to the high diversity of possible subunit combinations, NMDARs can have very different

functional properties and can be used to mediate very diverse signalling processes (Sanz-



Clemente et al., 2013). In the hippocampus, the NMDAR composition: di- or triheterotetramers
is still a matter of debate, although it is likely that triheterotetramers of GluN1, GIuN2A and
GIuN2B are the major NMDAR type expressed (Gray et al., 2011, Paoletti et al., 2013, Stroebel
et al., 2018).

Each NMDAR subunit has four domains, each specialized for different tasks ultimately giving the
receptor its unique function (Lee et al., 2014). These are: the amino-terminal domain (NTD),
ligand-binding domain (LBD), transmembrane domain (TMD) and carboxy-terminal domain
(CTD) (fig. 1.1). The NTD (fig. 1.1c) is an extracellular domain that is important for modulating
receptor activity as it binds many allosteric ligands. This includes protons which inhibit NMDARs
by binding to GluN1a subunits (Traynelis et al., 1995) and polyamines which relieve proton
inhibition of NMDARs due to their positive charge (Huggins and Grant, 2005, Traynelis et al.,
1995). Zinc ions also modulate NMDAR activity by causing a conformational change in the
protein through closure of the NTD clamshell that is transmitted to the LBD to narrow the pore
size and inhibit the passage of ions (Jalali-Yazdi et al., 2018, Mayer and Vyklicky, 1989, Vergnano
et al., 2014). GIuN2A is more sensitive to block by zinc as nanomolar concentrations affectively
inhibit currents whereas micromolar concentrations are required to inhibit GIuN2B (Paoletti et
al., 1997). At micromolar concentrations, zinc may also have potentiating effects on GIuN2B-
containing NMDARs thereby enhancing LTP through activation of the Src family of tyrosine
kinases (Sullivan et al., 2018). The NTD is also the site of binding for many pharmacological tools
that are used to manipulate NMDAR activity, such as the GIuN2A selective blocker TCN-201

(Hansen et al., 2012) and the GIuN2B selective blocker, ifenprodil (Perin-Dureau et al., 2002).

The NTD and LBD are large structures present in the extracellular region and protrude a total of
10-12 nm into the synapse which can be roughly 40 nm wide (Zhu and Gouaux, 2017). The LBD
forms a clamshell-like structure (fig. 1.1a,b) that contains the binding sites for glutamate (GluN2)
or the co-agonist (GIuN1, GIuN3) required for receptor activation (Lu et al., 2017). The glutamate
binding site in the GIuN2 subunit contains positively charged residues that guide the glutamate
molecule into its binding pocket through several ligand-protein interactions (Yu and Lau, 2018).
The glycine binding site is present in GIuN1 and glycine binding differs in that the process is less
controlled by surrounding residues and the molecule diffuses into place at random (Yu and Lau,
2018). Binding of the agonists induces closure of the cleft structure of the LBD and through this
conformational change, pulls the connected M3 helices in the TMD away from the pore axis
(Suzuki et al., 2013, Twomey and Sobolevsky, 2017, Zheng et al., 2017). In particular, the GIuN2

subunits are closer to the central axis and have a privileged role in gating the channel (Karakas



and Furukawa, 2014, Lee et al., 2014, Twomey and Sobolevsky, 2017). Interactions between the

LBDs of different subunits are also crucial for receptor function (Bledsoe et al., 2017).

The TMD contains the channel pore, which allows ions to traverse the neuronal membrane. The
channel is formed from the TMDs of the four NMDAR subunits; three transmembrane segments
(M1, M3, M4) from each subunit form the TMD and the M2 re-entrant loops form the pore (Cao
et al., 2011) (fig. 1.1d). This pore is normally blocked by a magnesium ion at resting membrane
potential (Mayer et al., 1984, Nowak et al., 1984) as the positively charged large cation cannot
pass through the ~0.5 nm diameter of the constricted region of the pore (Villarroel et al., 1995).
Membrane depolarization releases the magnesium block at resting membrane potential by
providing a driving force to repel the cation from its binding site in the pore (Zarei and Dani,
1994), thus permitting smaller cations (i.e. sodium, potassium and calcium) to permeate.
Magnesium is particularly potent at blocking the channels containing GIUN2A or GIuN2B,
whereas magnesium block is weaker for GIuN2C, GIuN2D and GIuN3A-containing channels. The
whole TMD seems necessary for the NMDAR to form a functional receptor since subunits that
are truncated before the final TMD (M4) show no currents when expressed in HEK cells (Sceniak

et al., 2019, Schorge and Colquhoun, 2003).

The CTD (fig. 1.1d) is an intracellular domain that is responsible for interacting with intracellular
proteins such as PSD-95, SAP102 and calmodulin and also has a role in the trafficking of the
receptor and incorporation into the post synaptic density (Sans et al., 2003, Shipton and Paulsen,
2014, Wenthold et al., 2003a, Wenthold et al., 2003b), as well as affecting receptor function
(Maki et al., 2012). NMDARs with truncated CTDs have irregular localisation at the synapse
(Mohrmann et al., 2002, Steigerwald et al., 2000) and also show some functional abnormalities
(Maki et al., 2012). Mice that have a truncated GIuN2B CTD die perinatally and those with a
truncated GIuN2A CTD have impaired synaptic plasticity and altered kindling behaviour
(Sprengel et al., 1998). The C-terminal tails of GIuN2A and GIuN2B have been found to have
diverse roles in signalling processes, including regulation of receptor biophysics (Aman et al.,

2014, Murphy et al., 2014), excitotoxicity (Martel et al., 2012), and learning (Ryan et al., 2013).

GIuN2A and GIuN2B function

Neurons in the adult forebrain tune NMDAR properties largely by controlling the relative
expression of the regulatory subunits, GIuUN2A and GIuN2B (Gray et al., 2011, Monyer et al,,

1994, Watanabe et al., 1992). The extracellular and membranous regions of the two subunits



‘@1D 40[nJja3043u) 3Y1 pub “(a4od |auubyd ayl swuof yarym) dooj Zin Y1 LN ‘EN ‘TN :aupiquiaw ay3 uods Alnf yoiym suipwiop

234431 Jo pasodwiod AL ‘S34n3IN.3S [[aYSWOI WIOL YdIym ggT pup dLN 40[njjaIniIxa Yum YyYanN J0 2110wayas (p ‘syungns 1uaiaffip fo uoipidosso qiN 3y buimoys
N0GD WOIf M3IA (I 'SHUNGNS OM] BY] UIBM]BG 34n3aNJ1s Ul A3IpfIulS YBly 3yl moys auojn gzNnis pup YZNNnD fo s|apo 1ybiy (G pub b "maia Juolf ur gzNnjo

Y (D SD BWIDS (q “M3IA JUOLL Ul YUNGNS YZNNID 3Y1 YUM (§ZNNID-TNNJD pupb YZNND-TNNID) S4awip-fo-1awip b fo pasodwiod Jawn.iial HyYAnN fo |apon “YaT (o

103d222.4 QNN 3y1 Jo a4n1ana3s :T°T a4nbi4

aLw an.iL

HYINTTIDVYLNI

aa
HVINT130VYHLX3

aiN

q
g9ZNND ]
VZNN|D

anL

ey
L P
e a8

................ e ...\.._.1 & JRRR——

ain




have an overall sequence similarity and identity of 85% and 72% respectively in humans, and
their structures have a root mean squared deviation of the backbone alpha carbon atoms of 4.2
A (pdb 5uow). Despite this similarity, the GIuN2A and GIuN2B subunits differ in their agonist and
modulator affinities, channel kinetics, open probabilities and desensitisation (Gray et al., 2011,
Kohr et al., 1994, Wright et al., 1999, Yuan et al., 2015, Zhou et al., 1999) (fig. 1a,b). Compared
to GIuN2B, GIuN2A has a higher open probability, lower affinity for glutamate and glycine, faster
glutamate unbinding and deactivation (Sheng et al.,, 1994, Vicini et al., 1998), while both
subunits have similar conductance, magnesium sensitivity and calcium permeability (fig. 1.2)
(see Paoletti et al. (2013) for review). The properties of different GIuN2 subunits can also be
modulated by the GIuN1 isoform present. GluN1a and GluN1b differ in a 21 amino acid sequence
encoded by exon 5 of the GRIN1 gene (Yi et al., 2018), which is present in GIuN1b but spliced
out from the GluNla isoform. This leads to large changes in the deactivation kinetics of
GIuN1/GIuN2B receptors — more than 3 times slower decay with GluN1la. In contrast, the
differences in deactivation are less marked for GluN1/GIuN2A receptors containing GluNla or b
(fig. 1.2) (Rumbaugh et al., 2000, Yi et al., 2018). Expression of both GluN1a and GluN1b has
been detected in embryonic stages in rat at low levels that increase as development progresses
into adult; the levels of GluN1la are higher than GIuN1b at all stages and in the hippocampus
(Laurie and Seeburg, 1994).

Due to these diverse functional properties within the NMDAR population, different NMDAR
compositions can be utilised to achieve various signalling outcomes (Wyllie et al., 2013). In
different brain regions and at different time points throughout development, distinct NMDAR
compositions are expressed and these correlate with changes in synaptic responses (Gray et al.,
2011, Hestrin, 1992, Sanz-Clemente et al., 2013). It has been observed in the forebrain that the
subunit composition switches from predominantly GIuN2B containing receptors to GIUN2A
during the early post-natal period (McKay et al., 2012, Punnakkal and Dominic, 2018, van
Zundert et al., 2004); GIuN2B is already expressed during embryonic stages and is maintained
into adulthood whereas GIUN2A expression begins after birth and increases dramatically in the
early post-natal period (fig. 1.2) (Monyer et al., 1994, Sheng et al., 1994). The increase in GIUN2A
content into synapses containing NMDARs leads to developmental speeding of NMDAR-
mediated EPSCs (Hestrin, 1992, McKay et al., 2018). This switch is thought to be activity-
dependent (Audinat et al., 1994, Matta et al., 2011) and result more from increasing GIuN2A
expression rather than GIUN2B expression repression or removal from synapses (McKay et al.,
2018). The NMDAR subunit composition may have a role in determining the direction of synaptic

plasticity, as suppression of GIUN2B subunits prevents long term depression (LTD) but



suppression of GIuUN2A prevents long term potentiation (LTP) at CA1 synapses (Liu et al., 2004).
Furthermore, synapse development in the critical period may also depend on the GIuN2B to
GIuN2A switch since cortical neurons from a mouse line that do not undergo the subunit switch
have immature dendritic spine morphology, neurodegeneration and increased susceptibility to
excitotoxicity (Koster et al., 2019). The switch may also be involved in synapse elimination,
pruning of existing synaptic connections and the development of the inhibitory neuronal
network; GIuN2B levels are reduced in spinal cord synapses at the end of the synapse elimination
critical period, while the inhibitory network activity is enhanced (Isoo et al., 2016). This period
is extended when GIuN2B decline is prevented and can be triggered after the normal cessation
with GIuN2B overexpression. Inhibition of inhibitory interneurons in the spinal cord also leads
to aberrant GIuN2B activity and prolonging of the critical period (Isoo et al., 2016). Roles in
synaptogenesis and synapse maturation and stabilization have also been implicated for the
subunit switch as earlier GIUN2A expression onset results in fewer synapses that are of lower

volume and less dynamic (Gambrill and Barria, 2011).

Changes in the function or expression of GIuUN2A or GIuN2B during the critical period will likely
lead to severe consequences for the development, maturation and pruning of neuronal circuitry
(Baez et al., 2018), synapse number and morphology (Gray et al., 2011, Koster et al., 2019), and
the excitatory-inhibitory (E-1) balance (Mori et al., 2019). Changes to these processes in
development may be implicated in the pathogenesis of disorders whose features include
developmental abnormalities or delays and seizure disorders (Zhou et al., 2015). This can be
appreciated from knock-out (KO) studies of NMDAR subunits, which have severe effects on
behaviour and development. Null deletion of GIuN1 in mice causes death within 8-20 hours of
birth due to respiratory failure and inability to suckle or feed (Forrest et al., 1994, Li et al., 1994).
The GIuN1 subunit is essential for the formation of functional NMDARs thus implicating GIuN1

in neonatal survival.

GluN2A KO mice are capable of surviving after birth and many have found that they do not
exhibit any morphological abnormalities (Kadotani et al., 1996, Kannangara et al., 2015,
Sakimura et al., 1995) as GIuN2A begins to be expressed after birth and development seems
more dependent on GIuN2B (Koster et al., 2019). However, a more recent study found various
abnormalities in the brain microstructure of the cortex, hippocampus, thalamus and corpus
callosum transiently occurring at P30, which were no longer present when mice were a month
older (P56) (Salmi et al, 2018). In addition, epileptiform activity was present in

electroencephalography (EEG) recordings during slow-wave sleep by the third post-natal week



(Salmi et al., 2019). GIuN2A KO mice also have impairments in spatial learning and have been

reported to be ‘jumpy’, although no behavioural hallmarks of seizures were reported by these

research groups (Kannangara et al., 2015, Sakimura et al., 1995). In addition, GIuUN2A subunits

with truncated CTDs have irregular kindling behaviour where more stimulations are required to

induce seizures but once initiated, seizures last twice as long (Sprengel et al., 1998).
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The GIuN2B subunit seems to play a larger role in development than GIuN2A, consistent with

the higher expression of GIUN2B in the forebrain at embryonic stages. The GIuN2B KO mice die
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shortly after birth due to absence of a suckling response unless supported by hand feeding
(Kutsuwada et al., 1996). Due to the obligatory heteromeric assembly of NMDARs, knock-out of
GIuN2B results in a significant loss of NMDARs, particularly during early developmental stages,
with the residual NMDARs largely containing GIuN2D or GluN3 (Ciabarra et al., 1995, Kehoe et
al., 2013, Monyer et al., 1994, Watanabe et al., 1992). Mice generated to have a replacement of
GIuN2B with GIUN2A through the germline also die perinatally due to an impaired suckling
response implicating GIuN2B-containing receptors in supporting this behaviour (Wang et al.,
2011). These mice also had impaired homeostatic synaptic plasticity, specifically a defective
upscaling of synaptic transmission following pharmacological silencing of network activity. In the
absence of GIuN2B, the AMPAR component at glutamatergic synapses was greater as was
observed by larger miniature excitatory post-synaptic current (mEPSC) amplitudes (Gray et al.,
2011, Wang et al., 2011). GIuN2B loss has also been associated with hippocampal LTP and LTD
impairments and reduced spine density, as well as deficits in performance on behavioural tests
such as the Morris water maze (Brigman et al., 2010). As LTD but not LTP was found to be
impaired with GIUN2B loss previously (Liu et al., 2004), it is likely due to the varying protocols

used for the induction of either phenomenon by different research groups.

GIluN2A and GIuN2B trafficking

Tight control of NMDAR subunit composition is regulated by a combination of gene expression
and sequence motifs within the subunit proteins. The main NMDAR subunits expressed in the
hippocampus are GIuN2A and GIuN2B, in complex with the obligatory GIuN1 (Gray et al., 2011,
Monyer et al., 1994, Watanabe et al., 1992). The hippocampus is focused upon as CA1 receives
input from a recurrent network implicated in seizure generation; kindling models of epilepsy
have shown high susceptibility of seizure induction and spread in the hippocampus (Bertram,
2007). The tri-synaptic pathway, and in particular, the Schaffer collaterals, have been studied
extensively in the field of synaptic plasticity (Knierim, 2015, Neves et al., 2008). While the total
expression of GIuN2B has been found to be higher than that of GIUN2A in the hippocampus
(Coultrap et al., 2005, Pian et al., 2010), the surface expression of GIUN2A was higher than
GIuN2B in the adult CAl region as assessed by immunoblotting (Sun et al.,, 2016),
pharmacological blockade of field EPSPs using subunit specific blockers (Le Bail et al., 2015) and

conditional subunit deletion (Gray et al., 2011).

Triheteromeric GIuN1/GIuN2A/GIuN2B NMDARs have unique functional and pharmacological
properties compared to GIUN2A or GIuN2B diheteromeric receptors — deactivation rate is

intermediate and modulation by subunit-selective antagonists and their binding sites is
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distinctive (Hansen et al.,, 2014). Whether the GIUN2A and GIuN2B subunits exist in
diheteromeric or triheteromeric structures continues to be a subject of debate; Al-Hallaq et al.
(2007) have suggested that less than 20% of NMDARs at P7 and only one third at P42 are
triheteromeric in the CA1/CA2 region of the rat hippocampus from immunoprecipitation. Thus,
the majority of receptors were considered to be diheteromeric GIuN1/GluN2A or GIuN1/GluN2B
receptors. Recently, using super resolution microscopy in cultured hippocampal neurons, it was
found that GIuN2A and GIuN2B cluster in separate, mostly non-overlapping nanodomains that
have different properties, including size and shape (Kellermayer et al., 2018). Specifically, only
20-40% of GIuN2A and GIuN2B nanodomains overlapped, suggesting that most NMDAR in the
hippocampus are diheterotetramers, although this was based on overexpression of epitope-
tagged GIuN2 subunits (Kellermayer et al., 2018). Conversely, using comparisons of voltage
dependent decay times of NMDAR EPSCs in mouse neurons, others have found that at least 50%
of NMDARs at CA3-CA1 synapses in adult mice are triheteromeric (Rauner and Kohr, 2011) or
even two thirds of receptors are triheteromeric GIuN1/GIuN2A/GIuN2B in hippocampal neurons
taken from PO-1 mice and cultured for 10-16 days in vitro (Tovar et al., 2013). The most widely
held view currently is that triheteromeric receptors form a major proportion of NMDARs (Gray
et al., 2011, Paoletti et al., 2013, Stroebel et al., 2018). By selectively expressing recombinant
triheteromeric GIuN1/GIuN2A/GIuN2B receptors at the membrane, distinct pharmacological
properties have been found from the respective diheteromeric receptors for subunit selective
antagonists (Hansen et al., 2014, Stroebel et al., 2018), which will aid in interpreting studies

evaluating subunit composition using these antagonists.

Expression of the GIuN1 or GIuN2 subunits alone does not lead to the formation of functional
receptors capable of trafficking to the neuron surface and to synapse; instead, the subunit is
retained in the endoplasmic reticulum (ER) (Mcllhinney et al., 1998). Co-expression of GluN1
with a GIuN2 subunit results in surface detection through a mechanism by which the receptor is
forward trafficked from the ER (Barria and Malinow, 2002). Both GIuN1 and GIuN2 subunits
contain specific sequences that determine this trafficking behaviour. An ER retention sequence
is present in the NTD of GIuN2A (Qiu et al., 2009) which is thought to be masked by subunit
assembly, allowing the NMDARs to be exported to the Golgi where they are processed and
packaged into vesicles to be delivered to the plasma membrane (Cao et al., 2011, Horak et al.,
2014). The CTD of GIuN2B also contains ER retention signals and a sequence motif that acts as a
signal for release from the ER (Hawkins et al., 2004). The latter is a four amino acid sequence
(HLFY) in the GIuN2B CTD, which when mutated results in accumulation of the assembled,

functional receptor in the ER, suggesting that it is necessary for export out of the ER (Hawkins
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et al., 2004). However, Yang et al. (2007) found that truncated GIuN2A and GIuN2B constructs
with only three amino acids after M4 were capable of surface expression. In fact, these M4
proximal amino acids were necessary for escaping the ER since GIuN2 subunits truncated only
two amino acids after M4 could not be detected at the surface. Furthermore, the amino acid
residues after M4 did not need to be HLFY as alanine mutants (AAAA) did not alter the surface
trafficking compared to HLFY. Others have found ER retention signals to also be present in the
M3 TMD of GIuN2B since GIuN2B truncated before M3 and expressed alone in heterologous
cells can be detected at the cell surface whereas GIuN2B truncated after M3 is ER-retained
(Horak et al., 2008). GIuN1 also contains ER retention sequences in the M3 and M4 TMDs and
CTD (Horak et al., 2008, Horak and Wenthold, 2009, Standley et al., 2000). Masking of the
retention sequences in both GIuN1 and GIuN2 by their association is the mechanism by which

the complex is released from the ER (Horak et al., 2014).

The mechanisms of trafficking of GIuN2A- and GIuN2B-containing receptors also seem to differ
from one another. GIuN2B is constitutively expressed owing to the M3-M4 segment of the LBD
harbouring an N-glycosylation site (Storey et al., 2011). In contrast, in GIuN2A this N-
glycosylation site is absent and GIUN2A is expressed in an activity-dependent manner (Barria
and Malinow, 2002, Storey et al., 2011). The CTDs have been suggested to play a role in
determining the localisation and binding to post-synaptic density (PSD) proteins; different
subunits interact with different PSD proteins (see Sanz-Clemente et al. (2013) for review).
GIluN2B is thought to diffuse more freely on the neuronal surface and its incorporation and
removal from the synapse is at a higher rate than GIuN2A, which are more stable at synapses
(Groc et al.,, 2006b, Lavezzari et al.,, 2004). Antibody labelling of chimeras of major
histocompatibility complex class Il alpha or beta chains and GIuN2A or GIuN2B CTDs showed
that recycling and internalisation of GIuN1/GIuN2A/GIuN2B triheteromers is indistinguishable
from that of GIuN1/GIuN2B diheteromers in hippocampal neurons, and is distinct from the
processes for GIuN1/GIuN2A (Tang et al., 2010). This suggested that unlike for functional
properties, such as zinc inhibition and the decay time course (Wang and Furukawa, 2019),
GIluN2B is dominant in the triheteromeric complex for processes involving receptor trafficking
and the membrane-distal portion of the CTD of GIuN2B was responsible for this (Tang et al.,
2010). Sanz-Clemente et al. (2010) showed that phosphorylation of the GIuN2B CTD at $1480
(but not but the equivalent position S1460 in GIUN2A) caused the GIuN2B subunit to dissociate

PDZ-domain proteins that otherwise anchor NMDARs at the synapses.
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GIluN2 impact on AMPAR-mediated synaptic transmission

NMDAR signalling is implicated in the regulation of postsynaptic AMPARs, which together
mediate the majority of excitatory synaptic transmission (Groc and Choquet, 2006). AMPARs are
from the same family of glutamate-gated ion channels and form as tetramers composed of
either GluAl, GIuA2, GIuA3 or GluA4 subunits, either as homomers or heteromers (Groc et al.,
2006a). LTP, a widely-known phenomenon whereby synaptic strength can be enhanced by high-
frequency stimulation, is accomplished through modifications to AMPAR function and
expression and results from activation of NMDARs (Lu et al., 2001). Strong activation of synaptic
NMDARs results in calcium influx and to the activation of multiple intracellular signalling
pathways, some of which, can regulate how AMPARs behave and traffic to synapses (Benke et
al., 1998, Halt et al., 2012). The enhancement of AMPAR levels and signalling in the adult brain
by LTP is opposed to the inhibitory effects of NMDAR signalling on AMPAR recruitment to
synapses during development (fig. 1.3) (Hall and Ghosh, 2008).

In the adult, NMDAR activation and calcium influx activates protein kinases such as
calcium/calmodulin-dependent kinase Il (CaMKIl), which phosphorylates AMPARs to increase
their conductance and the insertion of AMPARs into the post-synaptic membrane from
extrasynaptic reserve pools and intracellular stores (Granger et al., 2013, Luscher and Malenka,
2012, Penn et al., 2017, Wu et al., 2017) (fig 1.3). Long-term depression, a phenomenon caused
by prolonged low frequency synaptic stimulation, can also be triggered by NMDARs in the adult
brain. The resulting lower NMDAR channel activity and calcium influx activity is associated with
de-phosphorylation of AMPARs and their subsequent removal from synapses by internalisation

(Luscher and Malenka, 2012).

Early postnatal genetic deletion of either GIUN2A or GIuN2B in mice results in enhanced evoked
AMPAR peak amplitudes in CA1 pyramidal neurons (Gray et al., 2011, Lu et al., 2011) and basal
NMDAR activity inhibits AMPAR incorporation into the synapse (Kannangara et al., 2015, Sutton
et al.,, 2006). GIuN2A KO also resulted in an increase in mEPSC amplitude and GIuN2B KO
increased mEPSC frequency (Gray et al., 2011), suggesting that these subunits normally act to

suppress the strength and number of AMPAR-containing synapses during development (fig. 1.3).

In agreement, both GIuN2B inhibition with ifenprodil and GIuN2B knockdown produced an
increase in surface AMPAR subunit GIluAl levels and overexpression of GIUN2B produced
reduced GluAl levels, probably because GIUN2B is upstream of AMPAR internalisation (Kim et
al., 2005). In contrast, although GIuN2A knockdown reduced surface GIuA1l (Kim et al., 2005),
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Figure 1.3: Effect of NMDAR activation on AMPAR expression during development and in
adult neurons

Activation of NMDARs by glutamate (with concurrent post-synaptic depolarisation) causes the
permeation of calcium ions through the channel into the post-synaptic neuron. Calcium is an activator of
many intracellular signalling processes, some of which, can lead to regulation of AMPAR expression at
the post-synaptic membrane by mobilising AMPARs into and out of intracellular pools. During
development, NMDAR signalling acts as a suppressor of synaptic AMPAR expression to regulate
excitatory signalling whereas in adult neurons, NMDAR signalling can enhance AMPAR expression or
function, leading to phenomena such as LTP.

GIuN2A overexpression had no effect on GIuA1 expression. Overall consistent with these results,
knock-in (KI) mice with GIuN2B replaced with GIuN2A exhibited an increase in the number of
functional AMPARs at the synapse — both GIuAl protein levels and mEPSC amplitude were

increased, as well as the number of TARP proteins which regulate AMPAR trafficking (Hamada
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et al., 2014). Furthermore, in wild-type (WT) mice the switch from GIuN2B to GIuN2A during
early post-natal development removes the inhibitory influence of GIuUN2B on synaptic AMPAR
content (Hall et al., 2007). Together, this evidence demonstrates diverse roles for GIuN2A and

GluN2B in the regulation of synaptic AMPARs.

Human disease mutations in GIuN2A and GIluN2B NMDARs

More than 200 single amino acid substitutions, frameshift mutations, duplications, insertions,
truncations and deletions have been observed in the genes encoding human GIuN2A and
GluN2B NMDAR subunits, GRIN2A and GRIN2B, respectively (Burnashev and Szepetowski, 2015,
Hu et al., 2016, Strehlow et al., 2019). All these genetic abnormalities are heterozygous and have
been discovered in the past decade. These mutations have been found to affect all domains and
regions of the GIuN2 subunits and the effects on receptor activity and expression have been very
diverse when investigated in heterologous expression systems (Addis et al., 2017, Endele et al.,
2010, Platzer et al.,, 2017, Swanger et al., 2016). However, despite the heterogeneity at the
molecular level in non-neuronal models, mutations in GIUN2A exhibit a common disease
phenotype and GIuN2B mutations exhibit a different disease phenotype. The majority of
mutations in the GIUN2A subunit (~90 %) have a link to seizure and epilepsy disorders (fig. 1.4a,c)
whereas those in GIUN2B (~70 %) are linked to a variety of mental disorders (including
intellectual disability (ID), autism spectrum disorders (ASD) and developmental delay) and the

majority do not exhibit seizures (fig. 1.4a,b,c) (www.grin-database.de, CFERV database

http://functionalvariants.emory.edu/). Many patients with GIuN2A mutations also exhibit ID
(~80 %) (fig. 1.4b) but a much smaller proportion have ID only compared to GIuN2B and a much
smaller proportion of patients with GIUN2B mutants only display seizures without ID (fig. 1.4b).
In many cases, ID and epilepsy are co-present in patients (fig. 1.4b) (Brooks-Kayal, 2010,
Canitano, 2007, Canitano et al., 2005, Gillberg and Billstedt, 2000, Rubenstein et al., 2018,
Tuchman and Cuccaro, 2011) and the prevalence of epilepsy in ID populations is significantly

greater than in the general population (McGrother et al., 2006).

Understanding how GIluN2 missense mutations disturb the function of NMDARs and lead to
synaptic dysfunction may provide clues for understanding the pathogenesis of NMDAR-related
disorders. Several studies have attempted to characterise the impact of many different GIuUN2A
and GIuN2B mutations on NMDAR function and expression (Adams et al., 2014, Addis et al.,
2017, Amin et al., 2017, Amin et al., 2018, Carvill et al., 2013, Endele et al., 2010, Fedele et al.,
2018, Lemke et al., 2013, Lemke et al., 2014, Lesca et al., 2013, Ogden et al., 2017, Pierson et
al., 2014, Serraz et al., 2016, Swanger et al., 2016, Vyklicky et al., 2018, Yuan et al., 2014, Yuan
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et al., 2015). However, each study has focused on a certain aspect of NMDAR function so that

comparisons between the effects of different mutations have been difficult to make.

Based on the existing available data on mutations in recombinant receptors in heterologous cells
at the time, Lemke et al. (2014) suggested a genotype-phenotype correlation for GIuN2B
mutations where the GOF/LOF distinction correlated to disease outcome — seizure/mental
disorders, respectively. This hypothesis arose because the LOF mutation E413G in the LBD from
a patient with ID (Adams et al., 2014), led to a fifty times reduction in glutamate potency,
reducing receptor activity. Also, truncating, frameshift and deletion mutations which are
predicted to have LOF effects from lack of receptor expression had only been found to occur in
patients with ID and ASD (Kenny et al., 2014). In contrast, the GOF mutations N615I and V618G
discovered in West Syndrome patients and R540H from a patient with both focal epilepsy and
ID all resulted in a reduction in the voltage-dependent magnesium block of the channel and thus
had increased calcium permeability (Lemke et al., 2014). N615I and V618G were located in the
ion channel forming region of the transmembrane domain (TMD) and R540H in the S1 domain
of the LBD. R540H was more modest and did not alter glutamate binding efficacy, despite its
location in the LBD, and interestingly, the severity of the disease was correlated to the degree
of GOF (Lemke et al., 2014). The functional data on mutants was very limited; several mutants
had been identified, however, the functional characterisation had been done for few (Awadalla
et al., 2010, Conroy et al., 2014, de Ligt et al., 2012, DeVries and Patel, 2013, Epi et al., 2013,
Freunscht et al., 2013, Girirajan et al., 2013, Hamdan et al., 2011, Kenny et al., 2014, Klassen et
al., 2011, Myers et al., 2011, O'Roak et al., 2012, Talkowski et al., 2012, Tarabeux et al., 2011,
Venkateswaran et al., 2014, von Spiczak et al., 2011). Since that time, many mutants have been
identified but have also not had their effect on receptor function characterized (Bobbili et al.,
2018, Bowling et al., 2017, Butler et al., 2017, D’Gama et al., 2015, Della Mina et al., 2015,
Dyment et al., 2015, Farwell et al., 2015, Kyriakopoulos et al., 2018, Lelieveld et al., 2016, Lionel
et al., 2018, Nilsson et al., 2017, Pan et al., 2015, Retterer et al., 2015, Takasaki et al., 2016,
Trujillano et al., 2017, Sculier et al., 2017, Vissers et al., 2017, von Stulpnagel et al., 2017, Wang
et al., 2016, Yu et al., 2018, Zhang et al., 2015).

Early discovery and characterisation of GIuUN2A mutants identified six mutants that increased
receptor activity, albeit through different mechanisms. N615K located in the P-loop that
regulates voltage-dependent magnesium channel block resulted in a reduction in this blockade
leading to current influx at resting membrane potentials (Allen et al., 2016, Endele et al., 2010).

A243V in the NTD impaired the negative allosteric modulation by zinc, thereby enhancing
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receptor activity (Lemke et al., 2013). LBD mutations R518H and T531M and TMD mutation
F652V all led to a lengthened mean duration of channel opening (Carvill et al., 2013, Lesca et al.,
2013). L812M in the linker region before TMD M4 caused a greater agonist potency, reduced
response to negative modulators and increased channel opening (Pierson et al., 2014, Yuan et
al., 2014). These mutations were all in patients with various epileptic syndromes, including early
onset epileptic encephalopathy, Rolandic epilepsy and epilepsy with continuous spike-waves

during slow wave sleep.

Despite evidence for GOF mutations in GIUN2A in epilepsy patients, many LOF mutations have
also been documented. Deletions in the chromosome region 16p13 which encompassed GRIN2A
were one of the first seizure-related GRIN2A mutations discovered (Reutlinger et al., 2010).
Carvill et al. (2013) identified epilepsy-aphasia patients with GIUN2A mutations at the
methionine translation initiation codon (pM1T) and at a splice site which both likely cause
haploinsufficiency. pM1T produces either an absence of the GIuUN2A protein or a truncated,
probable non-functional form, from translation initiation at a downstream methionine and the
splice site mutation likely results in nonsense-mediated mRNA decay. Furthermore, Lesca et al.
(2013) discovered several truncating mutations, frameshift mutations and GRIN2A deletions in
patients with epileptic syndromes also predicting haploinsufficiency. Therefore, unlike GIuUN2B,
there appeared to be no genotype-phenotype correlation for GIuUN2A mutations, as both LOF

and GOF are associated with epilepsy.

The contribution of GIuUN2A LOF mutations to seizure disorders is supported by efforts to
systematically examine mutation effects on NMDAR function in heterologous expression
systems. Addis et al. (2017) studied ten GIUN2A mutations in patients with epilepsy-aphasia
spectrum disorders. The mutations P79R, C231Y, C436R, G483R, M705V, and D731N prevented
glutamate-mediated toxicity of HEK-293 cells by diminishing receptor trafficking and expression
or reducing receptor function. P79R, C231Y, C483R and M705V caused reduced agonist potency
whereas C436R and D731N were unresponsive to glutamate and glycine. All these mutants also
had reduced surface expression. E714K was also trafficking and expression impaired and C436R
had almost no surface expression. Therefore, all the epilepsy-associated mutations exhibited

LOF.

While evidence accumulates linking NMDAR mutations to mental and seizure disorders, some
groups have reported not finding any effects for some missense mutations from patients with
NMDAR-related disorders. Serraz et al. (2016) investigated one LBD mutation (C436R), seven
new missense NTD mutations (P79R, F183l, 1184S, C231Y, A290V, G295S, R370W) and further
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examined A243V in GIuN2A. Six of those from the NTD, including A243V, showed no altered
effect on current amplitude, glutamate and glycine sensitivity or channel open probability, so
had no known effects, although, R370W caused a greater sensitivity to inhibition by zinc. This
was in contrast to Addis et al. (2017) for P79R who found reduced agonist potency. Surprisingly,
A243V did not appear to have an effect on zinc inhibition, in contrast to the findings by Lemke
et al. (2013). LOF mutations P79R, C231Y in the NTD and C436R in the LBD produced a reduced
expression of GIuUN2A-containing receptors, in agreement with Addis et al. (2017). Moreover,
P79R receptors also had a decreased sensitivity to allosteric modulation by zinc, a more
complicated effect on NMDAR characterisation results. These mutations were also all present in
patients with diverse epileptic phenotypes. If and how these mutations contribute to the

patients’ disorders is still poorly understood.

Comprehensive studies into the effects of missense mutations within the glutamate-binding
domains of GIuN2 subunits have confirmed the wide-ranging effects seen in case studies.
Swanger and colleagues characterised the peak amplitudes, decay time constants and glutamate
and glycine potencies for 18 GIuN2A and 7 GIuN2B LBD missense mutations as well as the
expression for a subset of these mutations (Swanger et al., 2016). All GIuN2A mutations were
epilepsy related, except V452M which was implicated in schizophrenia. These mutations
exhibited diverse GOF and LOF effects on the parameters investigated in HEK-293 cells and
Xenopus oocytes, including complete abolishment of currents (C436R, R518H, T531M),
prolonged current decay (K669N), reduced glutamate potency (G483R, V685G, D731N), with the
remaining mutants exhibiting milder effects and affecting multiple NMDAR properties, including
expression. The GIuN2B mutants were all linked with ID, with three also exhibiting epilepsy
(C436R, C461F, R540H). C436R, a mutant also present in GIUN2A, had diminished current
amplitude, as did C456Y and C461F. GIuN2B mutants also had very diverse decay profiles with
some causing 2-3 times slower decay (R540H, R696H) while others had much faster decay
(E413G, C461F), and varying glutamate and glycine potencies and expression profiles too. So,
despite common disease phenotypes associated with mutants in each GIuN2A and GIuN2B
subunit (GIUN2A — seizures, GIuN2B — ID), effects of mutants on NMDAR function and expression

were extremely divergent from these studies.

The wide ranging effects of GluN2 mutations on NMDARs have been a common theme in most
studies where characterisation has been performed in heterologous expression systems (Adams
et al., 2014, Addis et al., 2017, Amin et al., 2017, Amin et al., 2018, Carvill et al., 2013, Chen et

al., 2017, Endele et al., 2010, Fernandez-Marmiesse et al., 2018, Gao et al., 2017, Lemke et al.,
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2013, Lemke et al., 2014, Lesca et al., 2013, Mullier et al., 2017, Platzer et al., 2017, Serraz et al.,
2016, Sibarov et al., 2017, Swanger et al., 2016, Vyklicky et al., 2018, Wells et al., 2018, XiangWei
et al., 2018, Xu and Luo, 2018, Xu et al., 2018, Yuan et al., 2014). A lot of information is now
present on the effects of mutant NMDAR subunits when overexpressed in isolation, however,
very few studies have extended this research into more biologically relevant model systems: at
synapses and in neurons. Only recently has the focus for GIuN2 mutants been shifted into
neurons, mainly using dissociated neuronal culture, although the characterisation has been
mostly limited and uncomprehensive. Ogden et al. (2017) reported the reduced neuronal
viability of GIuUN2A mutant P552R associated with epilepsy and the EPSP rise time of the
equivalent mutant engineered in GIuN2B (P553R), in order to investigate the role of this proline
across the NMDAR subunits and found that the rise time was slower than WT. Marwick et al.
(2015) studied cortical primary neurons in culture transfected with the epilepsy-associated
N615K mutant in GIuN2A where magnesium block and current density were reduced compared
to WT GIuN2A neurons. Marwick et al. (2017) found that the epilepsy-associated R586K mutant
in GIUN2A did not affect any property tested in oocytes or cultured neurons (magnesium block,

current density and ifenprodil sensitivity) and concluded that it was unlikely to be pathogenic.

One group investigated the effects of West syndrome GIuN2B GOF mutants N6151 and V618G in
hippocampal neuronal dissociated cultures in greater detail and found an intriguing result
(Fedele et al., 2018). N615I and V618G were previously found to have abolished sensitivity to
magnesium block (Lemke et al., 2014) and the same was found by Fedele et al. (2018) in HEK-
293 cells. Magnesium ions were even found to permeate through the NMDAR pore with the
V618G mutant. When overexpressed in neurons, magnesium was still capable of inhibiting the
currents for both mutants, although to a lesser degree (~90% inhibition for WT GIuN2B and ~70%
inhibition for the mutants). In HEK-293 cells, magnesium had no effect on the glutamate
activated currents of these receptors (Fedele et al., 2018), but in neurons the NMDAR response
is mediated by both GIuUN2A and GIuN2B NMDARs so there was still some inhibition by
magnesium. Instead of overexpression, one recent study used molecular replacement to study
GluN2 mutants in acute brain slices (Liu et al., 2017). The authors examined the effects of three
CTD GIuN2B ASD- and schizophrenia-associated mutants: S1415L, L1424F and S1452F. Although
in Xenopus oocytes and HEK-293 cells, no differences to WT were found for any of the mutants
for the range of properties investigated (agonist potencies, magnesium inhibition, proton
sensitivity, current amplitudes, deactivation, rise time and charge transfer), in neurons,
transfection with S1413L (rodent equivalent of human S1415L) only rescued currents to ~60%

of WT. This reduction in current amplitude corresponded to the reduced surface expression of
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this mutant found in dissociated rat hippocampal cultures in the same study. Despite the
unaltered functional properties of the S1413L mutant NMDARs in heterologous expression
systems, the incomplete rescue of synaptic currents emphasises the importance for study of
both functional and expression/trafficking mechanisms that may be impaired by disease

mutants and the value of assessing the effects of ion channel mutants in their native setting.
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Figure 1.4: Phenotypes of GIuN2A and GIuN2B mutants

a) and b) All variant types include missense, frameshift, deletions, insertions, duplications, nonsense and
splice-site mutations. c) Null mutations include frameshift, deletions, insertions or duplications that alter
the open reading frame and nonsense. Data collected from an open-access online database: www.grin-
database.de.

In summary, the research field has struggled to associate GIuN2 mutation effects with clinical
phenotypes. There may be a number of reasons for this: trafficking differences in heterologous
cells compared to neurons, not accounting for the other GIuN2 subunits that are typically
expressed in neurons and the issue of overexpression. NMDAR functional effects of GOF or LOF
GluN2 mutations measured in heterologous cells may be concealed by attenuated trafficking of

receptors containing the mutant subunit. For example, mutants that show GOF effects or are
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not different to WT with overexpression may in fact present as LOF if they do not actually
incorporate into the synapse in neurons. Conversely, mutants which exhibit LOF effects on
receptor function may appear similar to untransfected cells if their trafficking is enhanced in

neurons.

Hypotheses and Aims

It is clear that there is a large gap in the literature and in our understanding of how human
disease mutations in GIuN2A and GIuN2B contribute to disease phenotypes. Although there has
been extensive characterisation of mutant NMDAR subunits, investigation into the synaptic
consequences and the overall impact on signalling in neurons has so far been minimal. It also
remains unclear why such diverse functional alterations to NMDAR activity in GIUN2A can
converge to produce a common underlying disease phenotype and why for GIuN2B, different
clinical phenotypes may present depending on the GOF/LOF distinction.

The work of Gray et al. (2011) showed KO of GIuN2A led to a higher charge transfer, slower
decay kinetics and increased mEPSC amplitude. Based on this, the link between LOF mutants
which either prevent GIUN2A expression or cause it to be non-functional and elevated neuronal
activity that is found in seizure disorders is conceivable. They also observed reduced peak
amplitudes and charge transfer and faster NMDAR-EPSCs with GIuN2B KO, as would be expected
from LOF mutants (Gray et al., 2011). This would produce a diverging consequence for synaptic
transmission than GIluN2B GOF mutants which expectedly enhance NMDAR activity. Hence, loss
of GIUN2A, but not GIuUN2B subunits can lead to greater NMDAR and AMPAR-mediated
transmission which is consistent with the genotype-phenotype relationships across patients

with GRIN2 mutations.

Based on these KO experiments which, to some extent model LOF GluN2 mutants, the following

hypotheses are made:

Hypothesis 1: Both GIuUN2A GOF and LOF mutations will prolong the duration of the NMDAR
component of synaptic transmission. The mechanisms for GOF and LOF GIuN2A mutants in

producing this common synaptic phenotype are expected to differ.

Hypothesis 2: GIuN2B GOF and LOF mutations will have opposing effects on the duration of
NMDAR-mediated synaptic currents in neurons owing to the diverse disease phenotypes they

are associated with and each phenotype results from distinct mechanisms.

To address these hypotheses, this thesis aims to:
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Aim 1: Replicate the findings by Gray et al. (2011), with respect to the effects of GIuN2A and
GluN2B KO on NMDAR mediated EPSCs, using organotypic hippocampal slices from Grin2A- or
Grin2B-flox mice (Chapter 2).

The majority of disease-associated GIuN2 mutations are deletions, frameshift, premature stop
codons or splice site mutations (Burnashev and Szepetowski, 2015, Hu et al., 2016, Strehlow et
al., 2019). These will likely have consequences on GIUN2 expression that resemble null alleles.
As a first approximation, one can model these by genetically knocking-out expression of GIuN2
alleles. This will allow investigation of how NMDAR synaptic currents change upon GIuN2 allele

deletion.

- Does GIuN2 KO, which models the effects of LOF GIuN2 mutations, produce
enhanced NMDAR activity with GIuN2A and reduced NMDAR activity with GIuUN2B?

Patients with NMDAR-related disorders only carry a single mutated allele of the NMDAR subunit

genes. To what extent is there haploinsufficiency at the level of synaptic transmission?

- How does a homozygous deletion differ to a heterozygous deletion, considering

that human disease mutations in GIuN2A and GIuN2B are all heterozygous?

Aim 2: Investigate the synaptic phenotypes of selected human disease mutations in CA1

pyramidal neurons of organotypic hippocampal slices (Chapter 3).

A significant fraction of disease-linked mutations in NMDAR subunits exchange an amino acid
with another (i.e. missense mutation) with different physicochemical properties. Many of
these mutations are de novo and evidence for them being disease causing is limited.
Furthermore, the consequences of missense mutations can vary substantially, leading to no
effect or loss or gain of protein function. What impact do missense mutations, with severe and
contrasting effects on NMDARs, have on synaptic NMDAR currents? What is the impact of the
altered NMDAR signalling on the regulation of synaptic efficacy?

- Can a mouse KO of GIuN2A or GIuN2B be rescued by the human WT subunits in
order to investigate the impacts of human disease mutants on synaptic
transmission?

- Select missense mutations that are predicted to have a significant impact on the
functioning or expression of NMDARs using bioinformatics tools and the current

literature on GluN2 disease mutants.
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- Investigate the impacts on NMDAR- and AMPAR-EPSCs, when mutants are
transfected into CA1 neurons, using dual whole-cell patch clamp recordings of a
transfected neuron and an adjacent control untransfected neuron to assess the

synaptic phenotypes produced by GIuN2A and GIuN2B mutants.

Aim 3: Investigate the mechanisms by which the observed synaptic phenotypes (in aim 2 —

Chapter 3) are produced by GOF/LOF GluN2A and Glun2B mutants (Chapter 4).

There are numerous possibilities by which NMDAR subunits could be affected by missense
mutations. LOF mutations could lower NMDAR protein expression, stability or the ability to fold
and assemble into functional receptors. Some LOF mutants may assemble well but may fail to
be delivered to the neuronal surface or synapse. Alternatively, mutant NMDARs may be
delivered to synapses but may fail to respond normally during synaptic transmission, either
having GOF or LOF. What are the consequences of NMDAR mutations on the delivery of NMDARs
to synapse and what is their effective functional incorporation? How do these relate to the
synaptic phenotypes observed in addressing aim 2?

- Study the expression and trafficking of GIuN2 GOF and LOF mutants to differentiate
between synaptic phenotypes caused by changes to receptor function or changes in
receptor expression/trafficking.

» Use pharmacological tools to assess the relative expression levels of GOF
and LOF mutants at the synapse and their relative contribution to synaptic
currents in slices.

» Express mutant GIuN2 subunits in Glun2A-GIuN2B double floxed mice to
observe the extent of functional rescue of current by mutant subunits.

> Investigate receptor trafficking in dissociated hippocampal cultures using
the ability of different GIuN2 subunits to take fluorescent GIuN1 subunits to

the synapse

The overall aim of this thesis is to better understand the effects of human disease mutants in

neurons on synaptic signalling.
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Chapter 2 Dual or single allele deletion of GIuN2A or GluN2B
subunits perturbs the NMDAR component of synaptic
transmission.
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Abstract

The NMDAR subunits GIuN2A and GIuN2B are widely expressed in the adult hippocampus and
forebrain and their dysfunction is linked to various neurological diseases. Mouse KOs have been
used as models for human disease mutations in the respective genes: GRIN2A and GRIN2B. The
majority of the mutations characterized thus far are associated with a loss of NMDAR subunit
expression, for example through impaired gene expression or aberrant protein folding, stability
or trafficking. With the growing discovery and characterization of GIuN2 disease mutations, it is
becoming apparent that LOF mutants of GRIN2A and GRIN2B are associated with different brain
disorders. With the main role of NMDARs played at excitatory synapses, the effect of reduced
GIuN2A and GIuN2B subunit expression on synaptic transmission could provide important
insight into the pathogenesis of these disorders. This chapter investigates properties of NMDAR-
EPSCs after homozygous or heterozygous deletion of GIuUN2 subunits from neurons within CA1
of the hippocampus. Findings initially described by others in the homozygous GIuN2 KO using
acute slices were largely reproduced here after postnatal GluN2 deletion in the more
experimentally tractable organotypic hippocampal slice. Consistent with earlier reports, smaller
and faster decaying NMDAR currents were observed in GIuN2B KO neurons. In the GIuN2A KO,
NMDAR current decays were more prolonged, but the NMDAR charge transfer was not
enhanced since the amplitudes of the currents were smaller. The heterozygous KOs showed an
intermediate effect to the homozygous KOs, indicating that GIuN2 mutants would still produce
an observable dysfunctional synaptic phenotype. In summary, the results of this chapter reveal:
1) The power of using single-cell transfection in organotypic slices for the control of gene
expression; 2) The major contributions of both GIUN2A and GIuN2B subunits to the NMDAR-
component of synaptic transmission at Schaffer collateral synapses in organotypic hippocampal
slices; and that 3) Haploinsufficiency is evident from the properties of NMDAR-mediated
synaptic currents following deletion of a single allele of both GIuN2A and GIuN2B. Therefore,
synaptic disruption resulting from GluN2 mutations, which are all heterozygous, cannot be

compensated for by the remaining WT allele and is likely to contribute to disease pathology.
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Introduction

The majority of disease-linked mutations found in the NMDAR subunits have demonstrated or
predicted LOF (Burnashev and Szepetowski, 2015, Hu et al., 2016, Strehlow et al., 2019). LOF
mutations by definition reduce the capability of a protein to perform its normal function. More
than half of the mutations identified in GRIN2A and GRIN2B are putative protein-truncating
mutations, either due to microdeletions, nonsense mutations that lead to incorporation of a
premature stop codon, mutants that disrupt splicing, or insertion/deletion (indels) that cause a
shift in the open reading frame (Kenny et al., 2014, MacArthur et al., 2012). The remaining
(missense) mutations reflect substitutions of amino acids in the coding sequence. The majority
of the GRIN2A and GRIN2B missense mutants characterized thus far exhibit some LOF either
through attenuating NMDAR function directly or impairing expression or trafficking (Addis et al.,
2017, Endele et al., 2010, Lemke et al., 2013, Lemke et al., 2014, Lesca et al., 2013, Serraz et al.,
2016, Swanger et al., 2016, Yuan et al., 2014). In summary, a large majority of NMDAR mutations
appear to result in LOF.

Patients with putative LOF mutations in human GRIN2B most often present with intellectual
disability (<80 %) and their clinical features resemble some of the phenotypes observed in
germline Grin2b KO mouse models, including a range of learning impairments (Sakimura et al.,
1995, Wang et al., 2011) and memory deficits (Brigman et al., 2010). Spatial working memory
and recognition memory impairments were also observed in mice with conditional KO of GIuN2B
from excitatory neurons in the forebrain (von Engelhardt et al., 2008). Examination of the
synaptic currents in CA1 of these mice revealed that synapses had 50% smaller NMDAR/AMPAR
ratios and NMDAR currents that decayed more than 2-fold faster. Qualitatively similar results
were obtained by Gray et al. (2011) using sparse transfection of Cre recombinase in floxed
Grin2b mice (Grin2b™") to KO expression of GIuN2B in individual CA1 pyramidal neurons. The
critical role of NMDARs in the induction of synaptic plasticity has prompted researchers to
examine synaptic plasticity following conditional Grin2b KO (Akashi et al., 2009, Brigman et al.,
2010, von Engelhardt et al., 2008), Grin2b knockdown by RNA interference (Clayton et al., 2002)
or overexpression of GIUN2B (Cao et al., 2007, Cui et al., 2011, Tang et al., 1999, Wang et al.,,
2009). Together with clinical phenotype data of patients with putative LOF mutations in GRIN2B,
these findings indicate a positive correlation between GIuN2B expression level, LTP and learning

and imply that attenuated GIuN2B expression is sufficient to cause intellectual disability.

While intellectual disability is also found in about two-thirds of patients with mutations in

GRIN2A, the most common clinical features in about 90% of patients are epilepsy and language



27

disorders (www.grin-database.de). In fact, GRIN2A mutations currently represent the best-

known genetic cause of Epilepsy-Aphasia Spectrum (EAS). Various phenotypes in Grin2a KO mice
support the causative role of GIUN2A in EAS. Similar to the patients, GIUN2A KO mice exhibit
epileptiform activity in EEG recordings, including spontaneous spike-wave discharges during
slow-wave sleep (Salmi et al., 2019). Further comparisons can be made between the frequently
observed language impairments in patients and the abnormal vocalizations in Grin2a KO mice
(Salmi et al., 2018, Salmi et al., 2019), or the patient’s intellectual disability and poor
performance of the mice in hippocampal-dependent learning tasks (Kiyama et al., 1998,
Sakimura et al., 1995). The GIuN2A KO mice also have abnormalities at the level of excitatory
synaptic transmission. GIuN2A KO is associated with more than a 50% reduction in
NMDAR/AMPAR ratios (Sakimura et al., 1995) but single-cell deletion of Grin2A resulted in
similar size NMDAR currents but enhanced NMDAR-EPSC charge transfer due to currents
persisting for much longer (Gray et al., 2011). This characteristic slow decay time was proposed
to result from activation of the remaining NMDARs which are composed of mainly GIuN2B and
provides a mechanism by which a loss of GIUN2A could lead to enhanced NMDAR-mediated
synaptic conductance (Gray et al., 2011). The smaller NMDAR/AMPAR ratios may actually reflect
a larger AMPAR-mediated synaptic conductance since GIuN2A subunit deletion was associated

with increased strength of unitary synaptic connections (Gray et al., 2011).

An important distinction to make is that patients with mutations in GRIN2 subunits are
exclusively heterozygotes and the disorder is transmitted with autosomal dominant inheritance.
Yet almost all data using KO mouse models has come from those with a homozygote genotype.
This chapter sets out to confirm key observations made for NMDAR-EPSCs in homozygotes and
test the hypothesis that heterozygotes exhibit haploinsufficiency. The experimental approach
used single-cell conditional KO of Grin2A and Grin2B in CA1 pyramidal neurons of organotypic

mouse hippocampal slices.

Overall, the findings are as follows: 1) The effects of a GIUN2B KO in CA1 pyramidal neurons in
organotypic slices are consistent with those seen in acute slices where NMDAR-EPSCs are
smaller and faster decaying than WT; 2) GIuN2A KO exhibited prolonged decay of NMDAR-EPSCs
but peak amplitudes of GIuUN2A KO were reduced and this observation was reproducible even
after extended periods of expression and across slices obtained from either brain hemispheres;
3) The effects observed were intermediate in the heterozygous KOs, thus demonstrating

haploinsufficiency.


http://www.grin-database.de/
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Methods

Animals
WT mice used were C57BIl/6)J and were purchased from Charles River Laboratories (UK).

Heterozygous Grin2A-flox (Grin2AW™) and Grin2B-flox (Grin2B"™) mice were a gift from Kenji
Sakimura (Niigata University, Japan). Generation of these mice is described by Akashi et al.
(2009) and Gray et al. (2011). Homozygous Grin2A-flox (Grin2A™") and Grin2B-flox (Grin2B"")
mice were generated by mating the respective heterozygous mice. The colonies were
maintained as homozygous lines taking care to avoid brother-sister matings. Ear clip biopsies
obtained for identification and genotyping were incubated in lysis buffer (100 mM NaCl, 10 mM
Tris-HCI (pH 8), 0.3 mg/ml Proteinase K) and shaken (1100 rpm) at 55°C until the tissue was
digested (typically 1 hour). Following this, proteinase K in the sample was heat-inactivated by a
10 minute incubation at 95°C and insoluble tissue was pelleted by centrifuging the samples at
13,000 rpm for 5 minutes. Genotyping with 3 uL supernatant was achieved by polymerase chain
reaction (PCR) in a 25 pL volume using KOD XL DNA polymerase (0.05 U/uL final concentration)
with buffer for KOD XL DNA polymerase (Merck KGaA, Germany), 0.2 mM dNTPs and 0.2 uM of
each primer. Primers used for Grin2A-flox genotyping were: 5’-GAAATGTGGTAAAATCCAGTTAG-
3’ (forward), and 5’-TAGGCAGTAAACTTTCCTCATC-3’ (reverse). Primers used for Grin2B-flox
genotyping were: 5’-CCCCACTGTCTATAAAATAGAGG-3’ (forward) and 5’-
GCCACATAAGTTGGTCTCTT-3’ (reverse). Genotyping PCRs were run on a ProFlex PCR system
(Thermofisher Scientific, UK) with ramp rate adjusted to 3°C/s. The PCR cycle conditions are
shown in table 2.1. Reaction products were run on 1% agarose gels stained with ethidium
bromide. Product sizes for Grin2a-flox genotyping were 800 bp for the WT allele and 1100 bp
for the Grin2a-flox allele. Product sizes for Grin2b-flox genotyping were 900 bp for the WT allele
and 600 bp for the Grin2b-flox allele.

Hippocampal slice culture preparation

The hippocampi were dissected from Grin2A- and Grin2B-floxed mice at postnatal age 6-8 days
in cold sterile filtered dissection medium composed of (in mM): CaCl, (0.5), KCI (2.5), KH;PO4
(0.66), MgCl; (2), MgS0, (0.28), NaCl (50), Na;HPO,4(0.85), glucose (25), NaHCO; (2.7), sucrose
(175) and HEPES (2) (pH 7.3, 330 mOsm). Hippocampi were sliced into 350 um transverse
sections using a Mcllwain tissue chopper (Abbotsbury Engineering Ltd., UK), placed on quartered
membranes (FHLC01300, Millipore, UK) in Millicell cell culture inserts (PICM03050, Millipore,
UK) and cultured in 6-well plates (fig. 2.1) (0030720113, Eppendorf). Slices were taken from all

along the rostral-caudal axis. The culture medium (1 ml per well) was composed of Minimum
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Essential Medium (MEM) supplemented with 15% heat-inactivated horse serum (26050-088,
Gibco), B27 supplement (17504044, Gibco), 25 mM HEPES, 3 mM L-glutamine, 1 mM CaCl,, 1
mM MgS0,, 0.25 mM ascorbic acid and 5 g/L glucose. Slice culture plates were kept in an
incubator at 34°C with 5% CO; and 95% humidity. The culture medium was changed twice a

week, with pre-warmed slice culture medium supplemented with 10 pg/ml gentamicin.

Table 2.1: PCR protocols for genotyping Grin2A-flox and Grin2B-flox mice.

Grin2A Grin2B

Initial Denaturation 98°C-10s 94°C—10 m

98°C-15s

Denaturation

5 CYCLES Annealing 60°C-2s

Extension 74°C-2m

Denaturation 94°C-30s

35 CYCLES Annealing 47°C-5s

74°C-4m

Extension

Single-cell electroporation

At 6-8 days in vitro (DIV) CA1 pyramidal neurons in organotypic slices were transfected with 3
ng/uL pLenti CMV Cre-eGFP plasmid (gift from Christophe Mulle, IINs, Bordeaux, France) by
single-cell electroporation (SCE; fig. 2.1). pLenti CMV Cre-eGFP plasmid DNA was transformed

into chemically competent E. Coli (NEB Stable competent E. Coli, NEB Inc, UK) and prepared from
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Single cell Whole cell Patch
electroporation clamp recordings
6-8 DIV 14-22 DIV

Hippocampal
slice culture

Figure 2.1: Experimental procedure.

The hippocampus is dissected out from P6-8 floxed mice and sliced into 350 uM sections. Slices are
cultured at 34°C with 5% CO: for 6-8 days, after which, CA1 pyramidal neurons are electroporated
with pLenti CMV Cre-eGFP to KO the floxed GIuN2 gene. The slices are then maintained in culture till
the day of recording. NMDAR-EPSCs are recorded by dual whole cell patch clamp of a transfected
neuron and a neighbouring untransfected neuron.

bacterial cultures using EZNA Endo-free Plasmid Maxi kit (VWR International, UK). Plasmid DNA
was precipitated upon addition of 0.5 volume of PEG solution (30% PEG 8000 (w/v) in 30 mM
MgCl; to isolate it from residual lipopolysaccharide endotoxin. The DNA precipitate was pelleted
by centrifugation at 10,000 rcf for 15 minutes, washed with 70% ethanol and the air-dried pellet
was redissolved in TE buffer (10 mM Tris-HCI, 1 mM EDTA). This protocol for plasmid preparation
was followed for all plasmid DNA constructs used for experiments in this thesis. Within a week
of transfection, plasmid DNA was diluted to 0.53 nM (3 ng/uL) in intracellular solution containing
(in mM): CHsSOsH acid (135), KOH (135), NaCl (4), MgCl, (2), HEPES (10), Na-ATP (2), Na-GTP
(0.3), spermine dihydrate (0.15), EGTA (0.06) and CaCl, (0.01) (pH 7.25, 285 mOsm). DNA-

containing intracellular solution was centrifuged at >10,000 rcf for 15 minutes at 4°C to pellet
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debris before using it to fill patch pipettes (8-10 MQ), which were pulled with a Flaming/Brown
Micropipette puller from thick-walled borosilicate glass capillaries (GB150F-8P, Science
Products).

Slices were then transferred to the recording chamber on an upright microscope (BX51,
Olympus) containing room temperature HEPES-buffered aCSF solution composed of (in mM):
NaCl (140), KCI (3), MgCl, (1), CaCl; (2), glucose (10), Na-pyruvate (1), NaHCOs (2), HEPES (6), Na-
HEPES (4) (pH 7.35, 300 mOsm). The patch pipette was positioned in the slice under visual
guidance using a mechanical manipulator (PatchStar, Scientifica). CA1 pyramidal cells were
approached with positive pressure (20 mbar). Upon dimple formation, the pressure was
released to form a loose-patch seal. Immediately, a 12 V stimulus train was applied (100-200 Hz
for 0.25-0.5 s; pulse-width 0.25-0.5 ms) from a stimulus isolator (IsoFlex, A.M.P.l.) triggered by
ACQ4 (Campagnola et al., 2014) through a USB-X Series Multifunctional DAQ interface (National
Instruments). Ten CA1 pyramidal neuron transfections were attempted in each slice. Average

success rate of transfections was 50%.

Cortex

CAl
| DG ..jc_:_'l_'_]affer collaterals

o CA3

Figure 2.2: Schematic of the recording and stimulation sites in the hippocampal slice
cultures.

The pre-synaptic CA3 axons — the Schaffer collaterals — were stimulated with a stimulation electrode
to elicit the post-synaptic response in CA1 neurons which were patched in whole-cell mode. The CA3
cell body layer was cut prior to recording to prevent re-current excitation (red dashed line) (Dumas et
al., 2018).

Slice preparation and recording solutions
The electrophysiology method utilized was whole-cell voltage clamp using patch clamp. The CA3

cell body layer of the hippocampal slice was cut off using a blade (fig. 2.2) and the slice was
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placed into the chamber under a SliceScope Pro 2000 upright microscope (Scientifica). The tissue
was held down with a slice anchor and perfused with artificial cerebrospinal fluid (ACSF) solution
containing (in mM): NaCl (125), KCI (2.5), NaHCOs (25), glucose (10), Na-pyruvate (1), MgCl, (1)
and CaCl; (2). To isolate NMDAR current, the ACSF included 50 uM picrotoxin (ab120315,
Abcam) and 10 uM gabazine (SR95531, Abcam) to block gamma-amino-butyric acid receptors
(GABARs) and 10 uM NBQX (1044, Tocris Biosciences) to block AMPARs. 5 uM 2-chloroadenosine
(ab120037, Abcam) was also added to prevent seizure activity. The ACSF was bubbled with
carbogen (95% oxygen, 5% cardon dioxide) and maintained at 30°C with an in-line heater and
heated chamber. A stimulation electrode was placed to stimulate the Schaffer collateral
pathway (fig. 2.2). 2-4 MQ patch pipettes for whole-cell patch clamp recordings were filled with
intracellular solution composed of (in mM): CH3SOsH (120), CsOH (120), CsCl (20), MgCl, (2.5),
HEPES (10), Na-ATP (4), Na-GTP (0.4), phosphocreatine disodium salt (5) and EGTA (0.2) (pH
7.25) and coated with Sigmacote (Sigma-Aldrich, SL2). Osmolarity of intracellular and
extracellular solutions was checked and adjusted on the day of each experiment (NaCl or water

was added to the ASCF and CsCl or water was added to the ICS).

Electrophysiological recordings

Two CA1 neurons were patched simultaneously — one transfected (fluorescence of Cre-GFP seen
under blue light (475 nm) and one neighbouring untransfected neuron (fig. 2.1). The procedure
for patching was as follows: upon formation of a gigaseal, the fast and slow pipette capacitances
were compensated using MultiClamp Commander software controlling a Multiclamp 700B
(Molecular Devices, LCC). The cell was broken into using light suction and the ‘zap’ feature (a
+1V pulse which aids breaking into whole-cell mode).

Once two cells were successfully patched in whole-cell mode and the access resistance and
holding current were stable, the membrane potential was raised from -75 mV to +20 mV at a
rate of 0.5 mV per second. Once held at +20 mV, a stimulation of a 20-40 V pulse was applied at
the Schaffer collaterals for 50 ps, where the intensity and polarity were adjusted to obtain
reliable NMDAR EPSCs <200 pA in untransfected neurons. Recorded signals were low-pass
filtered (4 kHz, 4-pole Bessel) and digitized (25 kHz) directly to hard disk. The stimulation was

repeated 30 times with a 10 s cycle time.

Statistical Analysis
Recordings were discarded if the access resistance between two cells differed considerably (5-8
MQ). Stimfit 0.13 (Guzman et al., 2014) was used to obtain an average of the 30 traces recorded

at +20 mV and weighted decay time constant tau (tw), peak amplitude and charge transfer values
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were obtained from the averaged trace using a custom python module available at

https://github.com/acp29/penn/blob/master/analysis.py. For tw, the non-linear exponential

(with offset) fitting problems were solved initially by the Chebyshev algorithm and the fit values
were used as starting values for iterative least-squares minimization by the Levenberg-
Marquardt algorithm. The fit began from the peak of the current and ended 900 ms after the
stimulus artefact for NMDAR-EPSCs. For AMPAR-EPSCs, the fit ended 100 ms after the stimulus
artefact. If the fit failed, (this usually occurred when the decay could be fit well with a single
exponential with offset) the time constant for a single exponential was used. Amplitudes from
the pre-stimulus baseline were measured to the average of the peak +/- 5 sample points. Charge

transfer was measured by trapezoidal numerical integration.

g

5 / ] x / Figure 2.3: ROBPCA method for detection of
/ outliers.

/ Figure taken from Hubert et al. (2005). Hubert et al.
/ describe four types of data observations:
/ a) Regular observations that cluster together and form a
R :' . / homogenous group that are close to the PCA space
.. . / (rectangle). b) Good leverage points that do not lie within
/e o, / the regular observations, but are on the same plane (eg.
: / 1 and 4). c) Orthogonal outliers which have a large
/ orthogonal distance from the PCA space but project
/ / outwards from the regular observations (eg. 5). d) Bad
o / leverage points which both do not lie within the regular
/ / observations and have a large orthogonal distance (eg. 2
/ N/ and 3). c and d are considered outliers. b are not
. /\\ considered outliers as they follow the pattern of the
[ 4 o3 majority of the data (Alguraibawi et al., 2015).

Outliers

Outliers were identified using the robust principle component analysis (ROBPCA) developed by
Hubert et al. (2005). This outlier detection method was utilised because it is a multivariate
approach which is advantageous over univariate outlier detection because instead of discarding
outlying values from a cell for each parameter measured, e.g., peak amplitude, decay, charge,
etc., it instead highlights individual cells that have outlying responses over the range of
parameters measured. Outliers highly influence the values of the principle components (PCs) in
a regular PCA. ROBPCA excludes outliers to produce PCs that are representative of the trend of

the majority of the data with lower influence from extreme values. The output of ROBPCA
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includes an outlier map which is a plot of score distance and orthogonal distance to identify
irregular observations. Values with a high orthogonal distance (orthogonal outliers) and values
with both high orthogonal and score distances (bad leverage points) are considered outliers (fig.
2.3).

To perform the ROBPCA analyses for KO experiments the variables included were: whole-cell
properties (WCP), NMDAR peak amplitude, decay, charge and 20-80% rise times. WCPs were
obtained for each cell at +20 mV in Stimfit 0.13. The WCPs included series resistance (Mohm),
cell capacitance (pF), input resistance (Mohm), and specific membrane resistance (kohm.cm?) -

see https://github.com/acp29/penn/blob/master/analysis.py. Relative values (the log ratio of

transfected/untransfected) were calculated for all features and absolute values (log average
(transfected + untransfected)) were also calculated for all features except for peak amplitudes
and charge as absolute values of these depend on the stimulation intensity, which is
manipulated by the experimenter. There were 14 relative and absolute values for KO data.
Multivariate outlier detection was applied because pairs of neurons were used for comparing
multiple AMPAR and NMDAR features; instead of univariate outlier detection for each feature,
outlying responses across the range of features examined were identified. The ROBPCA was
applied in MATLAB 9.2. The number of PCs used was the number that explained 90% of the
variance. The output produced a plot which shows the outlier values. These values were

excluded from the dataset for further statistical analyses.

Statistical testing and data presentation

Following multivariate outlier removal, each NMDAR-EPSC variable (peak, tau, charge) was
compared between matched transfected and untransfected cells by univariate multilevel
modelling (MLM) in MATLAB 9.2 using the general linear modelling function ‘anovan’. Analyses
were performed on log-transformed data. The model built resembled a paired t-test with
nesting included to account for the hierarchical data structure: Groups of matched cell
recordings (i.e. cell pairs) were nested in slices, slices were nested in hemisphere or animal.
Fixed-effect factors were condition (transfected or untransfected) and hemisphere (left or right).
Random-effect factors were pair, slice and animal. Paired responses were tested for an
interaction for hemisphere, but this was not significant (interactions were considered significant
at a level of 0.1 because the power is lower for evaluating interactions as the central focus is
assessing the impact of main effects (Marshall, 2007)). The sum-of-squares type (sstype) used
was type Il as nesting was used, taking into account interactions between main effects. p values

were adjusted for multiple comparisons with MATLAB 9.2 using ‘multicmp’ Holm-Bonferroni


https://github.com/acp29/penn/blob/master/analysis.py

35

method (https://uk.mathworks.com/matlabcentral/fileexchange/61659-multicmp). p values of

all three variables (peak, decay, and charge) were adjusted for each condition separately.
Information was not available for the allocation of slices to animals in one recording set (Cre-
GFP in WT slices), in which case only nesting in slices was considered. All error bars shown are
standard error of the mean (SEM) unless stated otherwise. For paired or matched data, within-

subjects standard error bars were calculated (Cousineau, 2005).
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Figure 2.4: Kernel density plots

a) example kernel density plot with sample data from untransfected neurons
and neurons transfected with Cre-GFP from WT mice (fig 2.5). b) The distribution
of untransfected values (two headed arrow) for a given transfected value (red
line) using a kernel density estimate. Darker colours indicate higher probability.

A paired t-test in GraphPad Prism 7 was used for the before and after AP5 experiment. One-way
ANOVA was performed to compare different time points of GIuUN2A KO also using GraphPad
Prism 7. One-way MANOVA was performed in SPSS for the multiple NMDAR-EPSC properties
(charge, amplitude, decay time constant) between hippocampi from left and right brain
hemispheres. The reported Wilk's A is an indication of the variance in the NMDAR properties
that are not explained by the independent variable (hemisphere). Values closer to zero would
indicate that the variance is due to the independent variable. The partial n2 is a measure of
effect size for differences between the hemispheres. p < 0.05 was considered to be significant.

All statistical tests were two tailed and p<0.05 was considered to be significant.

In this thesis, some of the data is presented as a scatter plot with a kernel density plot overlay
(eg. fig. 2.4). These figures show the individual data points (white circles) of the responses from
the transfected neurons plotted against the responses of untransfected neurons. The dashed

line represents the line of unity, which reflects no difference between the responses of
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transfected and untransfected neurons. As the response differs more between transfected and
untransfected cells, the data points become further from the line of unity. The data points are
overlaid with a 2-D kernel density estimate (fig. 2.4), which estimates the probability density
function (PDF) for the bivariate data sample. The probability is colour coded low-to-high as light-
to-dark colours. These plots were generated in MATLAB 9.2 using the kde2d function (Botev et
al., 2010).
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Results

Single-cell conditional KOs were utilised to investigate the cell autonomous effects of
manipulating GIuN2 subunit expression while avoiding the problems with viability of germline
GIluN2B knockout mice. The conditional KO system used was the Cre-Lox system, which relies on
the Cre recombinase enzyme to detect and bind to specific DNA sequences known as LoxP sites.
LoxP sites are 34 bp sequences which flank the gene(s) of interest, Grin2A and/or Grin2B, and
are joined together through a recombination reaction by Cre recombinases to KO the gene
(Nagy, 2000). The Grin2B-flox mice used for the experiments in this thesis contained LoxP sites
that flanked exon 14 of Grin2B which encodes the M4 TMD. GIuN2B subunits that lack the M4
segment are non-functional (Akashi et al., 2009) and in the presence of Cre, Akashi et al. (2009)
showed no detectable GIUN2B expression by immunohistochemistry and immunoblots. For
Grin2A-flox, LoxP sites flanked exon 10 of the Grin2A gene that encodes TMD segments M2 and
M3 (Gray et al., 2011). The result of recombination at the two LoxP sites was a frameshift
mutation in Grin2A that resulted in a non-functional protein that was degraded, leading to loss
of the GIuN2A subunit. Crossing of these two floxed mice resulted in completely abolished
NMDAR-mediated currents, suggesting that all GIuUN2A and GIuN2B subunits are lost by the

implementation of the Cre-Lox system (Gray et al., 2011).

For the application of the Cre-Lox system in this thesis, organotypic hippocampal slices were
prepared from homozygous Grin2A- or Grin2B-floxed mice and individual CA1 pyramidal
neurons were transfected with Cre-GFP by single-cell electroporation after 6-8 DIV (fig. 2.1).
After 14-22 days of culture (8-14 days after transfection), Cre-containing CA1 neurons (identified
with the green fluorescence emission of GFP upon excitation with blue light) were patched in

whole-cell configuration, along with a neighbouring control untransfected neuron (fig. 2.1).

The Cre-Lox system has been known to result in off-target effects and even toxicity in some
tissues (Heffner et al., 2012). To confirm that Cre recombinase does not modify NMDAR-
mediated EPSCs by means not attributable to the specific KO of the targeted floxed gene, Cre-
recombinase was first transfected into CA1 neurons of slices prepared from WT mice on the
same background (C57BI/6J) as the Grin2 floxed lines. Between one and two weeks after
transfection, electrophysiological recordings were performed. Figure 2.2 shows a schematic of

the hippocampal slice with the location of recording electrodes and stimulation site.
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Figure 2.5: Validation of experimental approach.

a) Peak amplitudes of NMDAR-EPSCs before and after the addition of NMDAR antagonist AP5 (100
uM), with representative traces (before — black, after — purple). Data from 1 mouse. b-d) bar charts of
peak amplitudes, tau and charge transfer for untransfected neurons (UnT) and neurons transfected
with Cre-GFP from WT mice that do not have any floxed genes. Data from 3 mice. e-g) Kernel density
plots corresponding to b-d, showing individual data points.
Post-synaptic responses were recorded from CA1 neurons in voltage clamp after stimulation of
the Schaffer collateral pathway, which are axons originating from CA3 neurons. NMDAR-EPSCs
were isolated by including AMPAR blocker NBQX and GABAAR blockers picrotoxin and gabazine
in the ACSF and compared between simultaneously recorded Cre-GFP-expressing CA1 neurons

and neighbouring untransfected neurons. Fig. 2.5e-g shows the individual data points with the

response from the transfected neuron plotted against the response from the untransfected
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neuron with a kernel density estimate overlaid representing the 2D-distribution of the sample
points. These graphs show that the data points are clustered around the line of unity, suggesting
similar responses from transfected and untransfected neurons for all properties measured.
These observations were also borne out with statistical hypothesis testing (MLM): there was no
significant effect on the NMDAR-EPSC peak amplitude (mean % within-subjects SEM:
untransfected 81.73 + 4.89 pA, transfected 82.21 + 4.89 pA, p = 0.7101), decay time constant
(tw) (mean + within-subjects SEM: untransfected 92.64 + 1.98 ms, transfected 87.42 + 1.98 ms,
p = 0.1922), or charge transfer (mean + within-subjects SEM: untransfected 7.179 + 0.38 pC,
transfected 7.078 *+ 0.38 pC, p = 0.4475) (fig. 2.5b-d). This data indicated that the Cre-
recombinase construct used in these and further experiments does not alter NMDAR-EPSC

properties through non-specific off target effects in CA1 pyramidal neurons.

To ensure that recordings were pure NMDAR-EPSCs, EPSCs were recorded from WT
untransfected neurons before and after the addition of an NMDAR antagonist, D-AP5. Fig. 2.5a
shows the peak amplitude of responses before (- AP5) and after addition of 100uM D-AP5 (+
AP5). A complete inhibition of current to baseline was observed with the addition of AP5 (mean
+ SEM: - AP5 136.70 + 13.51 pA, + AP5 2.87 £ 0.47 pA, p < 0.0001, paired t-test), showing that

the current recorded was solely NMDAR-mediated.

GIluN2A homozygous KO produces smaller, slower NMDAR-EPSCs

Once it was confirmed that the Cre-GFP construct had no undesirable effects and that the
evoked EPSCs recorded were in fact NMDAR mediated, a homozygous KO of GIuN2A was
performed in CA1 pyramidal neurons by single-cell electroporation of Cre-GFP in hippocampal
slices from homozygous Grin2A-flox mice. As previously described (fig. 2.1, 2.2), both a
transfected and untransfected neuron were recorded simultaneously after stimulation of the
Schaffer collaterals. Fig. 2.6a shows the timeline from dissection to recording. NMDAR-EPSCs
from GIuN2A KO had a significantly lower peak amplitude than control (mean * within-subjects
SEM: untransfected 99.85 + 3.06 pA, transfected 61.68 + 3.06 pA, p < 0.0001, MLM) (fig.
2.6b,d,g). Whilst the smaller NMDAR-EPSC amplitude is at odds with similar amplitudes reported
in a similar experiment in acute slices (Gray et al.,, 2011), it is consistent with the smaller
NMDAR/AMPAR ratios and indistinguishable input-output curves of (presumably AMPAR-
mediated) fEPSPs in germline GIuN2A KO mice (Sakimura et al., 1995). Similar to Gray et al.
(2011), a prolonged current decay time constant was observed in GIuN2KO cells (mean * within-
subjects SEM: untransfected 80.52 + 2.66 ms, transfected 155.7 + 2.66 ms, p < 0.0001, MLM)

(fig. 2.6¢,e,h). The resulting charge transfer, which is dependent on both peak amplitude and
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decay time, was consequently not significantly different to control (mean + within-subjects SEM:

untransfected 8.18 + 0.37 pC, transfected 9.03 + 0.37 pC, p = 0.8103, MLM) (fig. 2.6f,i).

Peak scaled

S
= 400 ms 400 ms
dissection SCE Recording
TP1 p 6-7 DIV 7-8 DIV 15-20
d 1504 € 2004 f
— * % % %
< —
o * % % %
; _— 1501 —_
-g 100+ = (_é
E= £ p
= = 100+ g
< 50- = 5
x 50+
@
o
0- 04
unT KO unT KO
€ 01 02 03 04 05 h s 1 1.5 2 25 I 01 02 03 04 05 06
\ T l T
a0 , 30 L
Vd
E // //
(1] o 7/ =25 Ve
T 200 o e té_ e
= o o] s ° o L7
o R it o 0 3 p
£ 150 4 ] 4
< 4 P o s
& [e] 4 Q o 7
4 15 s
g s g s
o 100 e 5 . ©
3 = <A 2 1
B 4 2 2
L 5t e ] o©
2 7’ F 5 Ie) /éo
@ e Q0 %
i s ’
0 0
0 50 100 150 200 250 0 50 100 150 200 350 300 00 5 10 15 20 25 30
Untransfected Peak Amplitude {pA) Untransfected tau {(ms) Untransfected Charge (pC)

Figure 2.6:GluN2A KO produces smaller and slower currents in CA1 pyramidal neurons in
organotypic hippocampal slice culture.

a) Timeline of procedure for recording NMDAR-EPSCs from hippocampal neurons from Grin2A-floxed
mice. TP1 = time point 1. b) representative traces from untransfected (black) and GIuN2A KO (red).
¢) Peak scaled traces highlighting difference in decays from two conditions. d-e) bar charts of peak
amplitudes, tau and charge transfer for untransfected neurons (UnT) and GIuN2A KO. g-i) Kernel
density plots corresponding to d-e, showing individual data points. Data from four mice (10 cell pairs
each from mice 1, 2, 3, and 7 pairs from mouse 4), ****p<0.0001, n.s., non-significant.

As there was some discrepancy with the results seen for single-cell GIuN2A KO in acute slices
(Gray et al., 2011), it was next investigated whether these differences were due to the time
points in development when the KO was performed. There is known to be a developmental

switch that occurs during early post-natal life where the NMDAR subunit composition shifts from
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Figure 2.7:GIluN2A KO in CA1 pyramidal neurons behaves similarly at different time
points.

a) Timeline of four different GIuUN2A KO procedures that vary in mouse age, slice age and transfection
time. TP = time point. b) Peak amplitudes of varying GIuN2A KOs. c) Decay times of varying GIuN2A
KOs. Data from 4 mice (TP1), 2 mice (TP2), 3 mice (TP3), 1 mouse (TP4). n.s., non-significant. Error
bars are SEM.

containing predominantly GIuN2B to GIuN2A subunits (Monyer et al., 1994). Therefore, the
length of time the culture is maintained before recording could determine the properties of
NMDAR-EPSCs if the switch was still in progress and had not already been complete. Whether
the subunit switch occurs or the time at which it is complete in mouse organotypic slices is not
yet known, but is reported to quantitatively differ in cultured dissociated neurons compared to
in vivo (Corbel et al., 2015). Therefore, the length of time the culture is maintained before
recording could determine the properties of NMDAR-EPSCs if the switch was still in progress and
had not already been complete. The expression levels of GIuUN2B remaining after GIuN2A KO

could differ through the ‘switch’ period, so it was next examined whether any differences were
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Figure 2.8: GIuN2B KO produces smaller and faster currents in CA1 pyramidal neurons in
organotypic slice culture.

a) Timeline of procedure for recording NMDAR-EPSCs from hippocampal neurons from Grin2B-floxed
mice. TP1 = time point 1. b) representative traces from untransfected (black) and GIuN2B KO (blue).
c) Peak scaled traces highlighting difference in decays from two conditions. d-e) bar charts of peak
amplitudes, tau and charge transfer for untransfected neurons (UnT) and GIuN2B KO. g-i) Kernel
density plots corresponding to d-e, showing individual data points. Data from four mice (8 cell pairs
from mouse 1, 13 pairs from mouse 2, 6 pairs from mouse 3, and 10 pairs from mouse 4),
***%p<0.0001.

present in evoked NMDAR-EPSCs in GIuN2A KO when measured at different time points. Gray
et al. (2011) transfected at p0O and recorded from acute slices taken from p16-25 mice; at this
time in vitro, GIuUN2A expression levels in cultured hippocampal neurons are known to exceed
those of GIuN2B (Corbel et al., 2015). The time of the GIuN2A KO recordings in fig. 2.6 (Time
Point 1 —TP1) are similar to this time period (21-27 days after birth — fig. 2.7a) however, a lot of
this time is in vitro and the time between transfection and recording is shorter. To address this,

GluN2A KO was tested using slices that were cultured for a longer time after transfection (26-28



43

DIV: TP3; and 36 DIV: TP4) and using slices prepared from younger mice that were transfected

earlier and cultured for longer (TP2) (fig. 2.7a).
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Figure 2.9: GIuN2A and GIuN2B KO in CA1 pyramidal neurons do not show hemispheric
differences.

a) and b) Schaffer and commissural fibre pathways in acute and organotypic hippocampal slices,
respectively. DG, dentate gyrus; MF, mossy fibres. c) Peak amplitudes, decay times and charge
transfer of GIuN2A KO in the left and right hippocampal hemispheres. d) Same as c) for GIluN2B. Data
from 4 mice for GIuN2A and 4 mice for GIuN2B. n.s., non-significant; TP, time point.

At all of the time points examined, the same results as TP1 were observed; NMDAR-EPSC peak
amplitude was reduced compared to control and there was no significant difference between
each time point (one-way ANOVA on transfected/untransfected peak amplitude ratio, F (3, 67)
= 1.258, p = 0.2960) (fig. 2.7b). EPSC decay was also significantly slower in GIuN2A KO neurons
than in untransfected neurons with no difference between each time point (one-way ANOVA on
transfected/untransfected tau ratio, F (3, 67) = 0.4334, p = 0.7298) (fig. 2.7c). This suggested
that the GIuUN2 subunit expression was not fluctuating during this time period and that GIUN2A

and GluN2B levels were stable around the DIV 15-20 time point (TP1).
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GIluN2B homozygous KO produces smaller, faster NMDAR-EPSCs

After the unexpected findings for the GIUN2A KO, the next aim was to discover whether a
GIuN2B KO would show behaviour in organotypic slice culture consistent with published
findings. A homozygous KO of GIuN2B was performed in the same procedure as that of GIUN2A,
except with slices dissected from homozygous Grin2B-flox mice (fig. 2.8a). This GIuN2B KO
resulted in NMDAR-EPSCs with significantly smaller peak amplitudes compared to control (mean
+ within-subjects SEM: untransfected 113.3 + 3.71 pA, transfected 61.44 + 3.71 pA, p < 0.0001,
MLM) (fig. 2.8b,d,g).

Synaptic currents from GIuN2B KO were also much quicker to decay to baseline compared to
WT untransfected cells (mean * within-subjects SEM: untransfected 80.79 + 1.38 ms, transfected
46.78 £ 1.38 ms, p < 0.0001, MLM) (fig. 2.8c,e,h). This resulted in a subsequent reduction in
charge transfer (mean * within-subjects SEM: untransfected 9.09 + 0.29 pC, transfected 2.94 +
0.29 pC, p < 0.0001, MLM) (fig. 2.8f,i). These results observed for GIuN2B KO in organotypic
hippocampal slices are identical to those found previously in acute slices (Gray et al., 2011) and
consistent to findings in the conditional GIuN2B KO in forebrain excitatory neurons (von

Engelhardt et al., 2008).

No Left/Right differences in NMDAR-EPSC properties in GIuN2A or GIluN2B KO

Asymmetrical CA1 synaptic glutamate receptor expression has been found depending on the
origin of synaptic inputs; synapses formed from CA3 neurons projecting to CA1 from the left and
right hemispheres differ in their GIuN2A and GIuN2B densities (Kawakami et al., 2003, Shinohara
et al.,, 2008). CA3 projections form two major pathways in the hippocampus, one pathway
innervates the CA1 of the ipsilateral hippocampus and is termed the Schaffer collateral pathway
and the other projects to the CA1 neurons in the hippocampus of the contralateral hemisphere
— the commissural fibre pathway. Inputs that originate from the left CA3 form synapses with a
high GIuN2B density (Kawakami et al., 2003, Shinohara et al., 2008) — these pathways are the
Schaffer collaterals in the left hippocampus and the commissural fibres in the right
hippocampus. These two synaptic inputs are present in CA1 of acute hippocampal slices (fig.
2.9a) and both GIuN2B dominant and GIuN2B non-dominant synapses could be stimulated in
slices from both hemispheres (Kohl et al., 2011). However, organotypic slices undergo processes
of reorganisation and pruning of axonal projection pathways while being maintained for several
days in culture, unlike acute slices. In organotypic slices, the commissural fibre pathway that
innervates CAl from the contralateral CA3 degenerates as the fibres are severed and are

thought to be no longer present after several days of culture (Frotscher et al., 1997, Humpel,
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2015) but the Schaffer collateral pathway from the ipsilateral CA3 to CA1 remains intact (fig.
2.9b). This means that activation of the left Schaffer collateral pathway, which is GIuN2B dense,
may have a different current profile compared to activation of the Schaffer collateral fibre
pathway in the right hemisphere of GIuUN2A or GIuN2B KO in organotypic slices.

In the results presented in fig. 2.6g and fig. 2.6i, there was an overall reduction in peak amplitude
and no overall difference in charge transfer between GIUN2A KO and control. However,
responses from cell pairs were quite varied, particularly for the amplitude measurement.
Therefore, it was explored whether the different extremes of responses could be due to a
difference in the hemispheres the recordings were taken from. The responses were separated
from the GIuN2A KO TP1 (fig. 2.6) from the left and right hippocampi and the EPSC properties
were compared for each hemisphere. No significant differences were found in the responses for
NMDAR-EPSC peak amplitude, decay or charge transfer from the left and right hemispheres
(one-way MANOVA, F (3,37) =1.82, p =0.161; Wilk's A = 0.871, partial n? =0.129) (fig. 2.9¢).

It was also examined whether the GIuN2B KO effect would be more prominent in one
hemisphere over another due to the lateralised GIuUN2B densities. Responses were separated
from the GIuN2B KO (fig. 2.8) from the left and right hippocampi, but once again, no left/right
differences were found for NMDAR-EPSC peak amplitude, decay time or charge transfer (one-
way MANOVA, F (3, 36) = 1.92, p = 0.144; Wilk's A = 0.862, partial n2 = 0.138) (fig. 2.9d).
Although there may be small differences in the densities of receptor expression at synapses from
the left and right hemispheres in organotypic slices, the effect size may not be big enough to
detect as significant with the sample size used (n=18-23). It also cannot significantly account for
the variability in responses seen for GIuN2A KO or why differences to KO in acute slices were

observed.

GIluN2 Heterozygous KO displays haploinsufficiency

Homozygous KOs are a very valuable technique for inferring the functions or characteristics of
individual proteins. Although they provide a sense of the possible consequences of LOF GluN2
mutations, human disease mutations in GIuUN2A and GIuN2B subunits are all heterozygous
mutations. Thus, it still remained elusive as to whether a single WT allele was sufficient to
maintain normal synaptic NMDAR currents. Therefore, the effects of a heterozygous GIuN2A
and GIuN2B KO in CA1 pyramidal neurons on evoked NMDAR currents where investigated next.
For GIUN2A, the heterozygous KO produced similar effects as the homozygous KO, but with a
more mild effect: the peak amplitude appeared reduced but was no longer significant (mean +

within-subjects SEM: untransfected 83.25 + 2.51 pA, transfected 71.5 £ 2.51 pA, p = 0.1262,
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Figure 2.10: Heterozygous GIluN2A and GluN2B KO show a similar trend to the respective

homozygous KOs, but with a reduced, intermediate impact.

a-c) bar charts of peak amplitudes, tau and charge transfer for untransfected neurons (UnT) and neurons
with a heterozygous GIuN2A KO. d-f) Kernel density plots corresponding to a-c, showing individual data
points. g-i) bar charts for GIuN2B heterozygous KO. j-I) Kernel density plots corresponding to g-i. Data
from six mice for GIuN2A and six mice for GIuN2B, **p<0.01, ***p<0.001, n.s., non-significant.
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Figure 2.11: The decay kinetics of heterozygous KOs are intermediary but not completely
halfway.

a) peak scaled representative traces from homozygous (red), heterozygous (orange) GIuN2A KO and
untransfected neurons (black). b) same as a) for GIuN2B, homozygous (dark blue), heterozygous
(light blue) and untransfected (black). c) transfected/untransfected ratio of NMDAR-EPSC decay time
showing range of NMDAR decay kinetics.

MLM) (fig. 2.10a,d), the current decay time constant was still significantly longer (mean £ within-
subjects SEM: untransfected 93.81 + 2.76 ms, transfected 109.1 £ 2.76 ms, p = 0.0027, MLM)
(fig. 2.10b,e) and the charge transfer was similar to WT (mean * within-subjects SEM:
untransfected 7.58 + 0.29 pC, transfected 7.85 + 0.29 pC, p = 0.5805, MLM) (fig. 2.10c,f).
Similarly, heterozygous GIuN2B KO also showed a smaller, milder effect compared to
homozygous KO; there was no longer a significant effect on peak amplitude (mean * within-
subjects SEM: untransfected 116.6 * 3.56 pA, transfected 108.3 + 3.56 pA, p =0.2563, MLM) (fig.
2.10g,j), but decay and charge transfer were still reduced (MLM, decay mean * within-subjects
SEM: untransfected 91.97+ 2.16 ms, transfected 76.31 + 2.16 ms, p = 0.0003, (fig. 2.10h,k),
charge transfer mean + within-subjects SEM: untransfected 10.32 + 0.29 pC, transfected 8.564

1 0.29 pC, p = 0.009) (fig. 2.10i,1). In summary, while the effects produced by the heterozygous
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KOs were not all significant, the effects appeared to be intermediate between WT and
homozygous. This is illustrated for the decay kinetics in fig. 2.11.

GluN2 heterozygous gene deletion appears to result in haploinsufficiency. Although, the
currents produced by the remaining WT allele in each case was very close to the WT
(untransfected) level and was not half-way between (fig. 2.11c), this suggests that there may
have been a certain — yet incomplete — degree of compensation by the remaining WT allele.
From these results, it would be expected that the effects for heterozygous missense mutations
in GIuN2A and GIuN2B to also have a more subtle outcome than a homozygous mutation would
show. The mild deficiencies in NMDAR-EPSCs observed for the heterozygous GIuN2 KO and the
neurological phenotypes of patients with GIuN2 mutations suggest that forebrain circuits are

particularly sensitive to perturbations of NMDAR-mediated synaptic transmission.



49

Discussion

The main aims of this chapter were to replicate the findings of homozygous GIuN2A and GIuN2B
KO in organotypic hippocampal slices and to determine whether single allele expression would
result in haploinsufficiency, as an indication of the effects of heterozygous LOF human disease
mutations. It was found that homozygous GIuN2A KO produced prolonged, yet smaller NMDAR
currents, consistent along different time points in in vitro development and different brain
hemispheres. In contrast, homozygous GIuUN2B KO produced currents that were brief and small,
identical to the characteristics observed previously in acute cultures. Heterozygous GIluN2
deletion resulted in intermediate effects that indicated that both functional alleles are required
for normal NMDAR currents. The results imply that heterozygous LOF mutations are capable of
producing alterations in NMDAR-mediated synaptic currents and that even small perturbations

to synaptic NMDARs likely have pathological consequences.

Using KO as a model for LOF mutations

The extent to which the KO model suitably reflects the effects of LOF mutations is limited. For
truncations, frameshifts, indels, splice site, nonsense, missense and deletion mutations, the
protein expression can be lost through rapid decay of the mRNA, complete lack of protein
trafficking from the ER, or rapid targeting and degradation of the protein. In these situations,
the KO could appropriately model the effects of the mutation. However, some LOF mutations
could potentially have much milder phenotypes that result in only partial LOF on NMDAR
properties. Such mutations include those affecting only the terminal tail of the protein, which
may still produce a receptor that is trafficked and expressed at the synapse, but may have
functional aberrations. Another example is CTD mutations that may reduce subunit expression
but not completely abolish it (such as GIuN2B-S1415L, (Liu et al., 2017)). Other examples include
mutants that may affect both receptor function and expression to reduce the activity of the
mutant subunit, but not completely, resulting in a moderate LOF phenotype. Mutants may cause
a more severe defect in NMDAR-EPSCs by acting in a dominant negative fashion, where the
presence of the mutant may affect the activity or delivery of normal native proteins. This could
occur if the mutant subunit accumulates in the ER and sequesters GIuN1 from assembling with
other GIuN2 alleles. In cases such as these, the presence of a dominant negative mutant protein
could cause more severe consequences than complete lack of the protein. Therefore, the KO
model used in this chapter applies to only specific cases and it was used to test the hypothesis

that enhancement of some properties of NMDAR-EPSCs could result from LOF of GIuUN2A. It is
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interesting to speculate whether the observed prolongation of NMDAR-EPSCs could contribute

to the seizure phenotypes associated with GIuUN2A LOF mutations (Liu et al., 2019).

Conflicting GIuN2A KO observations

In contrast to GIuUN2A KO in acute slices with viral injection where the peak amplitude was
unchanged, leading to an enhanced charge transfer from prolonged receptor opening (Gray et
al., 2011), in organotypic slices using SCE, this effect was not seen. GIUN2B is expressed highly
during embryonic stages and is gradually replaced with GIUN2A through the course of
development, a phenomena termed the ‘switch’ (McKay et al., 2018). GIuN2A expression
emerges during the first few post-natal days and is maintained into adulthood, mostly in the
hippocampus, cerebellum and cortex. GIuN2B expression is high throughout the brain and spinal
cord in the embryo and declines but still persists in the hippocampus and cortex in the adult
(Monyer et al., 1994, Watanabe et al., 1992). The switch begins in the early post-natal days and
takes between 3-5 weeks in rodents (Corbel et al., 2015, Monyer et al., 1994, Watanabe et al.,
1992). Experiments in acute slices were performed at P16-25 with injection of viral Cre-GFP at
PO whereas the experiments in this thesis were performed on P6-7 mice cultured for 15-20 DIV.
The switch is known to occur in vitro, as well as in vivo (Corbel et al., 2015, Li et al., 1998, Stocca
and Vicini, 1998). In case the differences were due to different relative expression levels of
Glun2A and GIuN2B, the culture duration and transfection duration were increased. However,
no significant change in the peak amplitudes or decay kinetics of the GIUN2A KOs was seen,
suggesting stable levels of GIUN2A and GIuN2B at these times, and that the switch was already
completed. This is consistent with the timings of stable GIuN2 protein expression levels in
dissociated hippocampal culture which were found to be around 15-20 DIV (Corbel et al., 2015).
More recent GIUN2A homozygous KO in rat cortical culture also found no compensation by

GIuN2B with regards to protein expression with western blotting (Strehlow et al., 2019).

No hemispheric differences in GIuN2 subunits

Due to the putative degeneration of the commissural fibre pathway in organotypic hippocampal
slices (Frotscher et al., 1997, Humpel, 2015), which remains intact in acute slices, differences
were expected in the NMDAR mediated currents that originated in either brain hemisphere.
Research into left/right NMDAR asymmetries is limited. Publications show that the GIuN2B
density in the left CA3-to-CA1 Schaffer collateral synapse on apical dendrites is higher than in
the right CA3-to-CA1 synapse (Kawakami et al., 2003, Shinohara et al., 2008). The overall GIuN2B
expression is similar in neurons of both hemispheres, however the density is greater in the left

due to the number of other glutamate receptors. GIuN2A, on the other hand, is expressed at a
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higher level in the right CA3-to-CAl Schaffer collateral synapse in apical dendrites, but the
overall densities are equivalent in the two hemispheres (Kawakami et al., 2003, Shinohara et al.,
2008). Furthermore, the GIuN2B antagonist Ro 25-6981 blocked NMDAR current to a greater
degree in the left than in the right hippocampal hemisphere in acute slices (Kohl et al., 2011).
Despite these observations, no detectable differencesin the NMDAR currents were found in this
thesis in either GIuUN2A or GIuN2B KO (fig. 2.9). KO of GIuN2B in the left would have been
expected to eliminate a higher proportion of the current than in the right; for GIUN2A, the
opposite would have been expected. These asymmetrical differences have been reported in the
apical dendrites of CA1 neurons in the stratum radiatum; it is possible that the current results
do not show the same trends due to the activation of both apical and basal dendritic synapses
in the current experimental procedure of this thesis. The glutamate receptor densities and
morphological features of basal dendritic spines have not been as extensively studied, in fact,
Kawakami et al. (2003) show that the inhibition by Ro 25-6981 is greater in the right hemisphere
when examining basal dendrites in the stratum oriens. This may result in a similar level of
inhibition if both apical and basal dendrites are activated, as would be the case in the current
experiments as there is no selectivity towards certain dendritic compartments. An alternative
explanation could be that competing inputs from contralateral and ipsilateral CA3 may be

required to maintain input specific GIuN2 content in the left and right hippocampi.

The heterozygous condition

GRIN2A mutations in human patients are associated with clinical phenotypes despite the
patients still having one copy of the mutant allele. In this thesis, neurons heterozygote for a
Grin2a null allele exhibited NMDAR-EPSC properties intermediate between WT and homozygous
knockout. Intermediate effects have been reported for the epilepsy-associated GIuUN2A mutant
L812M when expressed in both HEK293 cells and Xenopus oocytes. In these systems, the
glutamate and glycine potencies are enhanced to a greater degree with two mutant alleles
compared to one. This is also true for the current decay which is more prolonged in the
homozygous condition than in the heterozygous (Yuan et al., 2014). The P552R mutant in
GIuN2A in epilepsy patients also exhibited an intermediate effect when heterozygous for
glutamate and glycine potencies, decay time course and charge transfer, although, the rise time
was only affected when the mutant was homozygous (Ogden et al., 2017). In dissociated
hippocampal neurons, overexpression of four heterozygous GIuN2B mutants with WT subunits
still produced aberrant NMDAR currents (Fedele et al., 2018). Together with the findings in this

thesis, this supports the idea that heterozygosity for mutant GIuN2 alleles may cause a
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significant defect in NMDAR currents. Heterozygous mutants may even have dominant negative
effects, as seen for the GIuUN2A mutant R518H which produces severely reduced peak
amplitudes in both heterozygous and homozygous conditions in HEK293 cells. Interestingly, the
decay kinetics of R518H were found to be more perturbed with a single mutant allele than with
two, producing an even longer channel opening with heterozygous than homozygous (Sibarov
etal., 2017). Itisimportant to note that the NMDAR population in neurons will consist of various
combinations of WT and mutant GIuN2 subunits in diheteromeric or triheteromeric receptors.
Therefore, the overall effect observed in neurons is difficult to predict but will be dictated by
the dominating NMDAR subunit composition (Vyklicky et al., 2018), which may differ depending

on the neuron type.
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Conclusions

Using single-cell conditional KO of GIuN2A or GIuN2B genes in the CA1 area of the hippocampus
in organotypic slice culture, it was found that GIuN2A KO produced prolonged currents but with
a smaller amplitude and GIuN2B KO produced faster and smaller currents than WT neurons.
Using KO as a model for LOF mutants, the observation was reproduced that loss of GIuN2A and
GIluN2B could result in opposite synaptic phenotypes. It was also shown, for the first time, that
heterozygous GIuN2 KOs produce an intermediate effect, suggesting that one WT allele is not
sufficient to fully compensate for the loss of the second allele and expect heterozygous GluN2
mutants to still produce an observable dysfunctional synaptic phenotype. Since patients with
GRIN2-related disorders have a single mutant allele, the findings here suggest that relatively

small perturbations to NMDAR-EPSCs have profound pathological consequences.
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Chapter 3 synaptic phenotypes arising from diverse
mutations in the NMDAR subunits GIuN2A and GIuN2B.
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Abstract

Recent published work describes experiments performed in heterologous expression systems
being used to characterize disease-linked mutants of recombinant human GIuN2A and GIuN2B
subunits. The mutations lie on a spectrum with the extremes of GOF and LOF, depending on how
they affect NMDAR biophysics or expression. Both types of mutations in GIUN2A are implicated
in various seizure-related disorders, however, for GIuUN2B, a genotype-phenotype correlation
has been suggested where: GOF and LOF mutations are associated with seizure and mental
disorders, respectively. These mutations have not been extensively studied in neurons and the
synaptic phenotypes of LOF vs GOF have not been identified. In order to understand the
underlying mechanisms of GIuUN2 mutants in relation to the respective disease phenotypes, the
endogenous mouse GluN2 was knocked out and replaced with the WT or mutant human GluN2
subunit and the cell-autonomous effects on NMDAR- and AMPAR-mediated currents were
examined at the Schaffer collateral synapses in the hippocampus. In this chapter, it is shown
that most GIuUN2A mutations produced a similar synaptic phenotype, irrespective of the GOF-
LOF distinction, of prolonged NMDAR-mediated current decays. However, GIluN2B GOF and LOF
mutations also exhibited a common synaptic phenotype of brief NMDAR currents, despite the
differences in their associated disorders. Instead of a distinction in synaptic phenotype between
GOF and LOF, there is a strong effect on NMDAR-mediated synaptic currents depending on the
subunit affected — mutations in GIuUN2A vs GIuN2B produce opposing synaptic phenotypes. The
results question the validity of classifying GIuN2 mutations based on their expression and

function in heterologous systems.
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Introduction
In an attempt to determine how GIuN2A and GIuN2B missense mutations affect NMDAR

signalling and how they may be related to certain disease phenotypes, many research groups
have adopted the use of heterologous expression systems, namely Xenopus oocytes and HEK-
293 cells (Addis et al., 2017, Serraz et al., 2016, Swanger et al., 2016). Mutations that have been
observed to increase NMDAR activity, either through longer channel opening, reduced
magnesium block, enhanced glutamate and glycine potencies, etc., have been termed GOF
mutations while those that reduce receptor activity or reduce receptor trafficking have been
termed LOF mutations (Lemke et al., 2014). Interestingly, the majority of mutations in GIuN2A,
irrespective of their effect on the NMDAR, are implicated in seizure disorders, so that both
GIuN2A hypofunction and hyperfunction are potentially pro-epileptic. On the other hand, the
majority of LOF GIuN2B mutations have been found in patients with ID without the incidence of
seizures, while those with mutations classed as GOF exhibit seizure disorders (Lemke et al.,
2014). These classifications have been useful in order to understand why some of these
mutations may converge to produce a similar phenotypic consequence. As these mutations are
all very diverse, identifying groups of mutations with similar overall effects on individual subunit
characteristics may aid in determining disease mechanisms. However, this has not been yet
possible as classifications based on single subunit outcome may not reflect the wider impact to
NMDAR function or synapse function. Swanger et al. (2016) have attempted to incorporate data
from heterologous expression systems into models to address the consequences on synaptic
properties of mutant NMDAR transmission. However, their predictions have not yet been
validated because of the current focus of research which has barely entered into neuronal
territory. A characterisation based on synapse function may be beneficial in dissecting the

mechanisms leading to dysfunction for NMDAR mutations.

Mutations in the NMDAR subunits have been identified throughout the protein sequences,
spanning all domains, and cause a variety in aberrant NMDAR biophysics and expression.
Although many functional characterisations have now been done on numerous GIuN2 mutants
(see chapter 1 for review of current characterised mutants), it still remains elusive as to why
disruption to GIuUN2A, in seemingly opposite and divergent ways, is pro-epileptic and how the
GOF-LOF alterations to GIuN2B function result in a distinction in clinical phenotypes.
Heterologous expression systems have not provided answers to these questions, but have
shown the diversity in consequences than can result from mutations in NMDARs. Whether the

effects observed in these models persist in neuronal cells has also not been extensively studied.
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The impact of mutations in receptors and ion channels has been studied in non-neuronal cells
which has been useful in identifying the biophysical properties of subunit mutants and how they
differ to WT subunits (Addis et al., 2017, Serraz et al., 2016, Swanger et al., 2016). However,
these studies have been limited by the fact that regulatory and auxiliary proteins which are
normally involved in receptor function are absent in these systems. Another approach that does
not have this drawback is the use of WT neurons as expression systems for mutant receptors
(Fedele et al., 2018, Marwick et al., 2015, Marwick et al., 2017, Ogden et al., 2017). In these
experiments, mutant subunits are overexpressed on the background of endogenous WT
subunits, making it hard to determine whether native receptors may be contributing or
compensating for the effects of observed. As seen in the previous chapter, KO of endogenous
subunits can be used to model LOF mutations. As germline KOs are problematic due to their
potential lethality — such as GIuUN2B KO (Kutsuwada et al., 1996) — and the possibility of
developmental compensation (Granger et al., 2011), a cell-autonomous KO was utilised to
model LOF mutants. However, KO models become limited if LOF mutations do not cause a
complete and total loss of the subunit or GOF mutants are also to be studied. For this purpose,
molecular replacement of endogenous subunits with mutants is essential. Conditional KI mice
have been used to study certain GIUN2A and GIuN2B mutants (Sprengel et al., 2017) but these
have the same disadvantages as germ-line KO, as well as having large time and cost concerns.
Therefore, this limits the feasibility of this approach for large-scale mutant studies. Cell-
autonomous molecular replacement in single neurons overcomes these limitations. Animals will
still develop normally and survive post-natally, no opportunity for developmental compensation
is permitted, native receptors will not intervene once the replacement has been achieved, and
the issue of overexpression can be overcome by using the appropriate concentrations of the

selected mutant subunits.

In this chapter, the aim was to study the impact of selected human mutant GIuN2 subunits in
neurons and the consequences to synaptic transmission. Whether the WT mouse GIuN2 could
be replaced with WT human GIuN2 was first tested in order to assess the effects of the human
disease variants. After a successful replacement of the mouse to human proteins, single-cell
conditional replacement with the mutant variants in CA1 pyramidal neurons of organotypic
mouse hippocampal slices was performed. Mutants were assessed for their effects on AMPAR-

and NMDAR-mediated synaptic currents.

The findings were as follows: the properties of the individual mutant GIuN2A or GIuN2B subunits

identified in isolation in heterologous expression systems were not apparent when studied in
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neurons. In neurons, the overall synaptic responses were not completely dominated by the
mutant. As a result, many differences to the reported characteristics of mutant NMDAR currents
were present. Both GIuN2A and GIuN2B mutants showed a common synaptic phenotype;
GluN2A mutants led to slower NMDAR decay kinetics whereas GIuN2B mutants displayed faster
decay kinetics. Despite the wide varieties of effects on NMDARs reported for GIuN2A mutants,
a common synaptic phenotype is fitting with the common disease phenotype reported.
However, for GIuN2B, this result was surprising and shows the value of expression and function
studies of ion channel mutants in neuronal systems that cannot always be modelled well by

heterologous systems.
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Methods

Mutation selection

Homology modelling

Multiple template homology modelling using full length GIuN2B crystal structures 4PES5 (rat) and
4TLL (Xenopus) chains B and D were used to build a model of the soluble, human GIuN2B LBD
using Modeller 9.13. Since 4PE5 and 4TLL are low resolution (3.96 A and 3.59 A, respectively),
the soluble ligand-binding domain structure of GIUN2A 4NF8 (rat, 1.86 A) chain B was also
included in the alignment. This is justified by GIuUN2A and GIuN2B having highly conserved
sequences (~80 % LBD protein sequence identity in humans). The human GIUN2A model was
built using 4NF8 chain B and 5H8F (human, 1.81 A) chain A as templates. Alignment of GIuN2A
and GIuN2B structure sequences was performed using MAFFT (Katoh et al., 2002) and their
quality was inspected manually. Initial structures were created using automodel function with a
slow automatic schedule of the variable target function method with conjugate gradients. This
was followed by refinement using molecular dynamics (CHARMM 22 forcefield) with simulated
annealing at the very slow refinement level in Modeller. For each subunit, 20 models were made
and the best model (lowest DOPE score; DOPE assesses the quality of structural models) was
selected. Models were built by Dr Andrew Penn. Note that 4PE5, 4NF8 and 5H8F are crystal
structures of the receptor bound to its endogenous agonists and the agonists were not included
in the templates used for homology modelling. The models created will be referred to as

hGIuN2A S1S2 and hGIuN2B_S1S2.

Bioinformatics

The homology models or their primary sequences were used to obtain features that predicted
how damaging GIuN2 mutations were on the structure and function of NMDARs. Mutations that
would have a greater impact on NMDAR properties were more likely to be disease-causing.
Disease-associated mutations were more desirable to study and this method reduced the
possibility of investigating false positive mutations that do not actually link to the presence of
disease. Below, methods are presented relating to data gathering and prediction of the static
and dynamic features used in the mutation selection. Static refers to the property that the
feature remains fixed regardless of what the amino acid is mutated to. Three categories of static

features were considered:

Sequence features. Highly conserved amino acid positions are typically intolerant to mutation
(Choi et al., 2012). Consurf normalised conservation score (Ashkenazy et al., 2010) and HSSP

sequence entropy (Schneider and Sander, 1996) are sequence-based bioinformatics metrics
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related to sequence conservation at amino acid positions within proteins. These metrics are
calculated through alignment of sequences of related proteins or of the same protein across
different species. Consurf gives a conservation score for an amino acid in a protein calculated
from phylogenetic trees of sequence homologues, while inversely HSSP sequence entropy is a
measure of sequence variability at each position in the amino acid chain. Consurf scores were
derived from the full length human GIuN2A and GIuN2B FASTA sequences using default settings
(freely available at http://consurf.tau.ac.il/) and HSSP sequence entropy scores were derived
from GIuN2A chain B of crystal structure 4NF8 and GIuN2B chain D of crystal structure 4TLL
(freely available on the MRS search engine for biological and medical databanks at
http://mrs.cmbi.ru.nl/). Z-scores of these metrics were calculated by subtracting the mean and

dividing by the standard deviation for residues within the LBDs.

Structural features. c-beta accessibility and c-beta density are structure-based estimates that
provide information about the relative accessibility/exposure of each residue when mutated to
an alanine and the number of carbon-betas within a diameter of 10 Angstroms, respectively, in
the 3D protein structure. These were calculated with the WHATIF server (Vriend, 1990) (freely
available: http://swift.cmbi.ru.nl/servers/html/index.html) and the custom script cbhdensity
written in python using the hGIuUN2A_S1S2 and hGIuN2B_S1S2 model structures as input. These
measure how much amino acid positions are exposed or buried within the protein, where more
buried amino acid positions are more likely to be destabilizing upon mutation (Saunders and
Baker, 2002). The WT residue’s solvent accessibility was also calculated using PoPMuSiC v2.0 for
hGIuUN2A_S1S2 and hGIuN2B_S1S2 (Dehouck et al, 2011), freely available at

http://www.dezyme.com/.

The B-factor conveys the uncertainty of an atom position due to the spread of electron density
and it is deposited in the coordinate files for crystal structures. Since B-factors increase with
local disorder and flexibility they can be used as a metric for how integral the residue is for the
protein’s structure. Normalised B-factors were obtained for the c-alpha positions of residues in
GIuN2A chain B of 4NF8 and GluN2B chain D of 4TLL from the B-factor column of the PDB files
using the custom python script cabfactor. Z-scores of the B-factors were calculated by
subtracting the mean and dividing by the standard deviation for residues within the LBDs. c-beta

values and b-factors were obtained by Dr Andrew Penn.

Energy features. The tolerance of an amino acid to mutation can be estimated in a protein by
mutating residues one at a time to all 20 amino acids (a.k.a. saturation mutagenesis) and then

predicting the change in the free energy of unfolding, denoted AAG. Amino acid positions
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predicted to result in greater variation of AAG upon saturation mutagenesis have greater
mutational sensitivity and are thus likely to result in deleterious effects upon mutation. FOLDX
Saturation mutagenesis (Schymkowitz et al.,, 2005) (freely available tool at:
http://foldx.embl.de/) and MAESTRO Saturation mutagenesis (Laimer et al., 2016) (freely
available tool at: https://biwww.che.sbg.ac.at/maestro/web) were used to calculate changes in
protein stability. For each position in the LBD, the median absolute deviation (MAD) of AAG
predictions for all 20 mutations was calculated. Both FOLDX and MAESTRO use protein structure
to obtain AAG values, but use different algorithms to do so; MAESTRO uses statistical potentials
whereas FOLDX uses a forcefield for calculation. hGIuN2A S1S2 and hGIuN2B_S1S2 model
structures were used. Saturation mutagenesis and energy predictions were obtained by Dr

Andrew Penn.

Dynamic features. Dynamic features are features that change in value depending on what the
amino acid is mutated to. Generally, the tools available predict whether or not mutations are
deleterious. SIFT (Sorts Intolerant From Tolerant amino acid substitutions) uses alignments of
homologous sequences to construct position specific probabilities for amino acid changes (Ng
and Henikoff, 2001). Similarly, PROVEAN (Choi and Chan, 2015) (freely available at:
http://provean.jcvi.org) uses alignments and a weighted set of scores, including gap penalties
and the BLOSUM®G62 substitution matrix to predict whether sequence changes in proteins will
have deleterious consequences. Polyphen-2 uses probabilistic classifier that was trained to
identify structural and sequence features associated with disease-causing mutations annotated
in the UniProt database (Adzhubei et al., 2013). SIFT and Polyphen-2 predictions were obtained
from the VEP server (freely available at: http://www.ensembl.org/Tools/VEP). These methods
do not include a prediction of protein stability, so the PoPMuSiC v2.0 tool
(http://www.dezyme.com/) was employed for a prediction of the change in free energy
resulting from substitution of WT to mutant residues (AAG) in the hGIuN2A S1S2 and
hGIuN2B_S1S2 model structures (Dehouck et al., 2011).

Mutation selection

A literature search identified 20 GRIN2A and 6 GRIN2B LBD mutations. The LBD was chosen
because sufficient structural data was available in the public domain for model building of the
domain structure for the use of in silico programmes that could predict mutation effects. In
comparison, no NTD structure was available for GIuN2A, all TMD structures were incomplete

and of low resolution and no CTD structural data was available. The LBD also has a big effect on


http://foldx.embl.de/
https://biwww.che.sbg.ac.at/maestro/web
http://www.dezyme.com/

62

how the receptor can assemble, its function and its expression/trafficking to the cell surface

(Adams et al., 2014, Carvill et al., 2013, Lemke et al., 2014, Lesca et al.,, 2013, She et al., 2012).

20 6
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LBD LBD
mutations mutations
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Figure 3.1: Mutation selection procedure.

A literature search identified 20 GIuN2A and six GIuN2B mutations. Six mutations were
selected based on their predicted propensity to disturb NMDAR function from in silico
programmes. LBD, ligand-binding domain; PCA, principle component analysis; SD,
standard deviation.

Static features were obtained for all LBD residues and dynamic features were obtained for the
26 mutations (Appendix A). After tied rank transformation of the data for each feature
(Appendix A), a principle component analysis (PCA) was implemented to perform data reduction
using IBM SPSS Statistics 23. This analysis reduces a large dataset of many variables, each with
many observations, into a fewer number of principle components (PCs) that explain most of the
variance in the original dataset. Data reduction is used as it is easier to identify or analyse trends

when working with fewer variables compared to the original high dimensional data.

PCAs were performed separately for static and dynamic features. Assumptions of sampling
adequacy and correlated variables were met for the statistical analysis, measured using the

Kaiser-Meyer-Olkin Measure of Sampling Adequacy and Bartlett’s test of sphericity,
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respectively. Two PCs were produced from the static features data and two from the dynamic
features data (Appendix B), so for each mutation there were a total of four PCs. PCs with
negative values corresponded to more deleterious effects upon mutation - high sequence
conservation, low solvent accessibility, high beta density, low B-factors, positive AAG, low SIFT
and PROVEAN and high PolyPhen2 (Appendix C). Using the PCs for each mutation as coordinates
in 4D space, the distance from 3 standard deviations (SD) of the mean (-3,-3,-3,-3) was
calculated. PCs are z-scores so have a mean of zero and a SD of one. The distance from 3 SDs
was used because within a normal distribution, 99.7% of data points lie within 3 SDs of the mean.
Those at the extreme negative end of the scale (more deleterious) would be closer to this value.
The mutations were reordered according to their distances (Appendix B, fig. 3.1). The top six
mutations were selected: GRIN2A-C436R, GRIN2B-C461F, GRIN2B-C456Y, GRIN2A-R518H,
GRIN2A-T531M, GRIN2A-1694T. Fig. 3.2 shows the location of these mutants in the GIUN2A or

GIuN2B structures.

NTD

LBD

T™MD

Seizure disorder Gain of function mutation

@ Intellectual disability/ Autism spectrum disorder Loss of function mutation

Figure 3.2: Location of GluN2 mutants and their associated phenotypes.

The mutation selection procedure above preceeded the recent boom in experimental studies
systematically evaluating the functional effect of multiple mutations (Serraz et al., 2016,
Swanger et al., 2016), CFERV database http://functionalvariants.emory.edu/. To assess the

ability of the mutation selection approach to reliably predict the ranks of mutants based on
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damaging effects, the ranks of the mutants were correlated to the ranks of a PCA performed on
mutant data from Swanger et al. (2016) (Appendix D). This showed a significant positive
correlation between predicted and actual effects of mutations in heterologous cells (n =22, r =
0.748, p < 0.001), suggesting that this in silico method based on unsupervised statistical
techniques could efficiently determine possible deleterious effects of mutations in GIUN2A and

Glun2B.

The PCA identified mutations which were predicted to have deleterious (damaging) effects on
NMDAR properties to cause an altered protein expression or function. These mutations selected
using PCA were all LOF mutations, based on the research in heterologous cells (Swanger et al.,
2016). To effectively test the hypotheses that:
- Both GOF and LOF GIuN2A mutations would have similar effects on NMDAR properties
- GOF and LOF GIuN2B mutations would have opposing effects on NMDAR properties,
a mixture of GOF and LOF mutations were needed. A literature search identified putative GOF

mutations:
GRIN2A-K669N (LBD), which had markedly slower NMDAR decay (Swanger et al., 2016).

GRIN2A-L812M (in linker between LBD and TMD), produced multiple effects to enhance NMDAR
functional activity, including increased agonist potency, slower deactivation, abolished

magnesium block and reduced susceptibility to negative modulators (Yuan et al., 2014).

GRIN2B-R540H (LBD), reduced magnesium sensitivity, however, had a relatively mild effect

(Lemke et al., 2014). This mutation was included in the PCA analysis but had a low ranking.
GRIN2B-R696H (LBD), produced significantly slower current decay (Swanger et al., 2016).

In addition, GRIN2B-C436R (LBD), a LOF mutation with almost no response to agonist and almost

absent current (Swanger et al., 2016) was also chosen as it is also present in GIUN2A.

These mutants are shown in fig. 3.2 in the GIuUN2A and GIuN2B structures.

Molecular Biology

Mutagenesis

Mutagenesis was performed on the pCl-Neo GRIN2A and pCIl-Neo GRIN2B plasmids to create
single nucleotide changes in the gene’s coding sequence and substitutions of single amino acid
residues in the peptide sequence, i.e. missense mutations. Primers were designed that contain

a single base substitution using the GeneArt® Primer and Construct Design Tool, available at
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http://www.thermofisher.com/order/oligoDesigner/mutagenesis. Primers were synthesised by

Integrated DNA Technologies (IDT, Belgium) and the cloning of the selected mutations was
performed using the GeneArt® Site-Directed Mutagenesis Kit (Invitrogen, A13282). The primers
used are listed in Table 3.1. The presence of each desired mutation was confirmed by DNA
sequencing and the whole coding sequence was also examined to ensure that no other
alteration (e.g. PCR error) was present. Plasmids were transformed and prepared as described

in chapter 2.

Table 3.1: Primers used to generate mutant GluN2A and GluN2B constructs from WT pCIl-Neo
GRIN2A and pCI-Neo GRIN2B, respectively.

MUTATION FORWARD PRIMER (5' TO 3') REVERSE PRIMER (5' TO 3')

GRIN2A

C436R AGGAACACCGTGCCACGTCGGAAGTTCGTCA TGACGAACTTCCGACGTGGCACGGTGTTCCT
R518H CCATCAATGAGGAACATTCTGAAGTGGTGGA  TCCACCACTTCAGAATGTTCCTCATTGATGG
T531M TGCCCTTTGTGGAAATGGGAATCAGTGTCAT  ATGACACTGATTCCCATTTCCACAAAGGGCA
K669N CCTCAGTGACAAAAATTTTCAGAGACCTCAT  ATGAGGTCTCTGAAAATTTTTGTCACTGAGG

1694T GCACGGAGAGAAACACTCGGAATAACTATCC GGATAGTTATTCCGAGTGTTTCTCTCCGTGC
L812Mm GTGATGAGCAGCCAGATGGACATTGACAACA TGTTGTCAATGTCCATCTGGCTGCTCATCAC
GRIN2B

C436R AGGAACACAGTCCCCCGCCAAAAACGCATAG CTATGCGTTTTTGGCGGGGGACTGTGTTCCT
Cc4a56Y GTTACATCAAAAAATACTGCAAGGGGTTCTG  CAGAACCCCTTGCAGTATTTTTTGATGTAAC
C461F GCTGCAAGGGGTTCTTTATTGACATCCTTAA  TTAAGGATGTCAATAAAGAACCCCTTGCAGC
R540H GTGTCATGGTGTCACACAGCAATGGGACTGT ACAGTCCCATTGCTGTGTGACACCATGACAC
R696H CAGAGAGAAATATTCACAATAACTATGCAGA  TCTGCATAGTTATTGTGAATATTTCTCTCTG

HEK-293 cell culture, transfection, RNA extraction and cDNA synthesis

The transcription of all mutant plasmids was assessed and confirmed as follows. The plasmids
with the WT and mutant GRIN2A and GRIN2B cDNAs contain a vector-derived chimeric intron
after the CMV promoter sequence. In cells that express these cDNAs, the mature mRNA will
have the intron spliced out. This provided a means to determine whether the plasmids could be
transcribed. A primer pair was thus designed to yield two different sized PCR products (fig. 3.3):
—afirst sequence that included the intron, amplified from plasmid DNA (GRIN2A 439 bp, GRIN2B
477 bp)


http://www.thermofisher.com/order/oligoDesigner/mutagenesis

66

-asecond, shorter sequence that did not contain the intron, amplified from cDNA of the mature
MRNA (GRIN2A 306 bp, GRIN2B 344 bp)

The forward primer annealed to the sequence after the CMV promotor but before the chimeric
intron and the reverse primer annealed to the 5’end of the GRIN2 coding sequence.

Forward primer 5-AGCCTTGCAGAAGTTGGTCG-3’

GRIN2A Reverse primer 5-TGTCACGTCGTGGCTGTGA-3’

GRIN2B Reverse primer 5’- TCGGAAGTGCCCACGAGGAT-3

Presence of the shorter PCR product would indicate that the gene was being expressed at the
transcription level.

For this purpose, HEK-293T cells were plated in 6-well plates and cultured for 48 hours at 37°C
and 5% CO; in DMEM+ (supplemented with 10% foetal bovine serum (FBS) and 100 U/ml
penicillin/streptomycin). The medium was changed two hours before cells were transfected
using Polyethylenimine (PEIl) (linear 250kDa, Polysciences, Cat. No. 24314-2, Machida et al.,
2012). For one well of a 6-well plate, 2.3 pg/pl total plasmid DNA was added to 100pul DMEM-
(no FBS or Pen/Strep). 4.8 ug/ul PEI was added to 100ul DMEM- in a separate tube. Both tubes
were vortexed thoroughly and the PEI-DMEM- solution was added to the DNA-DMEM:- solution
dropwise and incubated for 15 minutes at room temperature. After the incubation, the DNA-PEI
solution was added to the cells dropwise and cells were incubated at 37°C and 5% CO2 for 6-8
hours.

The medium was then replaced with fresh DMEM+ with 100 uM 7-chlorokynurenic acid and 50
UM D-APS. 48 hours after PEI transfection, RNA was extracted from HEK-293T cells using the
Invitrogen PureLink® RNA Mini Kit (Cat. 12183018A). The extracted and purified RNA was then
converted to cDNA with the Invitrogen SuperScript™ IV First-Strand Synthesis System (Cat.
18091050) using Oligo-d(T),0 primers included in the kit. DNase I, Amplification Grade (1 unit/pL)
(Cat. 18068-015) was used only in control experiments to remove plasmid DNA from the RNA
sample and confirm the identity of bands on the gel at later steps.

After cDNA synthesis (with or without DNase treatment), a PCR was performed on the samples
with WT or mutant cDNA. cDNA was quantified using Qubit ssDNA Assay Kit (Life Technologies,
Q10212) with a Qubit 3.0 fluorometer (Life Technologies) and 14 ng was added as template for
PCR. The PCR thermocycling conditions were as follows: Denaturation 94°C for two minutes, 30
cycles of denaturation, annealing and extension (94°C — 15s, 58.5°C — 30s, 74°C — 1 min,
respectively) and a final extension at 74°C for 5 mins. PCR products were analysed on 2% agarose

gel and imaged using DNR Bio-Imaging systems F-ChemiBIS 3.2M.
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Slice preparation, SCE, and electrophysiological recordings
Hippocampal slice culture preparation and SCE were identical to the methods described in
chapter 2 for Grin2A- and Grin2B-floxed mice, with the following exceptions:

- Rescue experiments had the addition of the WT GIuN2A or GIuN2B plasmid during the
electroporation procedure, as well as the pLenti CMV Cre-eGFP.

- Mixed AMPAR and NMDAR recordings had the addition of the mutant GIuN2A or
GIuN2B construct during the electroporation procedure, as well as the pLenti CMV Cre-
eGFP.

For rescue experiments, electrophysiological recordings were also identical to those previously
described (Ch2).
For mixed AMPAR- and NMDAR-mediated EPSCs (mutant experiments), the following

alterations were made:

- 3mM QX314 was added to the intracellular solution to block sodium channels.

- 2uM CGP52432 was added to the ACSF solution that perfused the slice to block GABAg
receptors.

- NBQX was not included in the ASCF.

- EPSCs were recorded at the following holding potentials: -100, -40, 0 and 20 mV. At each
holding potential, 10 EPSCs were recorded from patched neurons after a 20-40 V
stimulation pulse of the Schaffer collaterals for 50 us, 10 s cycle time.

Recordings for mutant NMDAR responses were randomized and performed blind.

Statistical analysis

Recordings were discarded if the access resistance between two cells differed considerably (5-8
MQ). Analysis including Stimfit 0.13 procedures, outlier tests, anovan (MLM) and multicmp in
MATLAB 9.2 were also identical to those described in chapter 2 for rescue experiments.

For mixed AMPAR- and NMDAR-mediated EPSCs (mutant experiments), averaged current traces
were converted to conductance traces in Stimfit 0.13 using a custom python module available

at https://github.com/acp29/penn/blob/master/analysis.py. To obtain the NMDAR component

from the mixed traces, the conductance of the -100 mV trace (assumed to be solely AMPAR
conductance) was subtracted from the conductance traces at all other holding potentials (since
GluA2-containing AMPARs have a linear current-voltage relationship and so should have the
same conductance at each holding potential). Note that even GluA2-lacking AMPARs should

have a near linear |-V relationship since no spermine was included in the patch pipettes and


https://github.com/acp29/penn/blob/master/analysis.py
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endogenous spermine is washed out during whole-cell recording (Rozov et al.,, 2012). This
method was chosen, as opposed to the alternative method of measuring the amplitude at +40
ms where AMPAR responses would have seized, as the mutants could potentially affect the
NMDAR decay, and so the amplitude at +40 ms would be inaccurate. tw, peak amplitude and
charge transfer values were taken for the AMPAR current traces at -100 mV and for the
NMDAR conductance at +20 mV. Peak amplitudes were also taken for the NMDAR
conductance at -40 mV for calculation of the rectification indices which measure the relative
contribution of responses at negative and positive holding potentials and can be used as an
indirect measure of mutants on the magnesium block of NMDARs. This was calculated by: the

peak amplitude at -40 mV divided by the peak amplitude at +20 mV.

Outlier detection

ROBPCA analysis was performed as described in chapter 2. For rescue experiments, the
procedure was identical to the outlier tests in chapter 2. For mutant experiments, the variables
used were: WCPs, NMDAR peak amplitude, decay, charge, AMPAR peak amplitude, decay,
charge, AMPAR 20-80% rise time, AMPAR/NMDAR ratio, latency of AMPAR peak, latency of
beginning of AMPAR event and baseline at -100 mV. These extra variables were included
because of the addition of the AMPAR component to these recordings, which was not present
for the KO or rescue experiments.

Latency of the AMPAR peak measures the time between the stimulation (the stimulus artefact)
and the peak of the AMPAR current. Latency of beginning of AMPAR event measures the time
between stimulation and the onset of AMPAR current. These were obtained in Stimfit 0.13.
Relative values (the log ratio of transfected/untransfected) were calculated for all features and
absolute values (log average (transfected + untransfected)) were also calculated for all features
except for peak amplitudes and charge, AMPAR/NMDAR ratio and baseline at -100 mV. Peak
amplitudes and charge were not included in absolute values because they depend on the
stimulation. AMPAR/NMDAR ratio was not included because this is already a relative value.
There were 14 relative and absolute values for rescue data and 24 for mutant data. The ROBPCA
was run in MATLAB 9.2. As previously mentioned, the number of PCs used was the number that
explained 90% of the variance. The output produced is a plot which showed the outlier values.

These values were excluded from the dataset for further statistical analyses.

Hypothesis testing
Analyses were performed on log-transformed data. A nested ANOVA was performed in MATLAB

9.2 as in chapter 2 for both rescue and mutant experiments. p values were adjusted for multiple
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comparisons  with  MATLAB 9.2  using multicmp  Holm-Bonferroni  method
(https://uk.mathworks.com/matlabcentral/fileexchange/61659-multicmp). p values of all six
variables (+20 mV peak and decay, -40 mV peak, AMPAR peak and decay, and RI) were adjusted
for each mutant separately (a MC test was performed for each mutant: each row of table 3.3).

p < 0.05 was considered to be significant.
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Results

To be able to examine the effects of human missense mutations on synaptic transmission, it was
necessary to establish whether WT human GIuN2 subunits are capable of rescuing NMDAR-
EPSCs in the respective mouse GIuN2 KO. A rescue was first attempted of the GIUN2A and
GluN2B homozygous KOs in mice with human WT GIuN2A or GIuN2B. It was also necessary to
establish the concentration of GIUN2A and GIuN2B required for this effective molecular
replacement. The homozygous genetic manipulation was chosen instead of heterozygous due
to the much larger effect sizes observed with the homozygous KOs in chapter 2. This allowed

the use of smaller sample sizes and therefore, more ethically, fewer animals for the experiments.

Table 3.2: transfected/untransfected ratio of peak amplitudes and decay time
constants for the range of WT GIuN2A and GIuN2B concentrations tested for
rescue of KO.

[ng/ul] [nM] Transfected/Untransfected Ratio (Mean + SEM)
[GIuN2A] Peak amplitude Decay n slices animals
11 0.2 0.74 +£0.08 1.69+0.18 9 5 1
3.3 0.5 0.95+0.07 1.29+0.13 14 6 2
3.8 0.6 1.12+0.14 1.08 £ 0.10 15 8 3
4.4 0.7 1.00 £ 0.09 0.80 + 0.05 15 7 2
5.6 0.9 0.68+0.10 0.79 £ 0.05 16 9 2
10.9 1.7 0.93+0.10 0.81 +0.06 16 6 2
[GIuN2B]
3 0.4 0.82 +0.08 0.88 + 0.07 14 7 2
10 1.5 0.82+0.11 1.11+0.08 16 8 3

GIluN2A Rescue

CA1 hippocampal neurons in organotypic slice culture from Grin2A-flox mice were co-
transfected with Cre-GFP and human WT GIuN2A. Multiple rescue experiments were performed

with varying WT GIuN2A concentrations and the simultaneous postsynaptic responses (NMDAR-
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EPSCs) from stimulation of the Schaffer collateral pathway were compared between transfected

and untransfected neurons.
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Figure 3.4: NMDAR-mediated currents are very sensitive to the amount of GIuN2A transfected
into CA1 neurons.

a) NMDAR currents from untransfected (black) and transfected (green) neurons with 3.8 ng/ul GIuN2A
which successfully rescued responses. b) Peak scaled NMDAR responses from the range of GIuN2A
concentrations tested which shows the changes in decay at each concentration. c) Plot of amplitudes and
decays of GIuN2A concentrations tested, mean and SEM shown. n.s., non-significant.

It was found that human WT GIuN2A could successfully rescue NMDAR-EPSC decay and peak
amplitude in mouse KO when cells were electroporated using intracellular solution containing
3.8 ng/ul (0.62 nM) pCI-Neo WT GRIN2A (peak mean + within-subjects SEM: untransfected 97.38
+ 7.78 pA, transfected 85.55 + 7.78 pA, p = 0.2998, paired t-test, decay mean within-subjects
SEM: untransfected 85.01 = 6.85 ms, transfected 93.55 + 6.85 ms, p = 0.3919, charge mean *
within-subjects SEM: untransfected 8.52 + 0.82 pC, transfected 8.47 + 0.82 pC, p = 0.9653) (fig.
3.4a,c). Interestingly, the NMDAR-EPSC decay was especially sensitive to the amount of WT
GIuN2A transfected, where small differences in the concentration resulted in large effects on
the kinetics of current decay (fig. 3.4b, table 3.2). The decay time decreased in transfected cells
with increasing GIuN2A concentrations (from ~1 to ~4.5 ng/ul), consistent with the idea that
GluN2B dominates at the synapse with absent or low GIuN2A levels (to produce NMDARs with
slow EPSCs) and as the concentration of GIUN2A increases (which increases GIUN2A
incorporation at the synapse), the decay becomes less slow as GluN2A-containing NMDARs have

faster currents. At concentrations above ~4.5 ng/ul, there was no further change in the decay
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and it remained constant (table 3.2, fig. 3.4c), suggesting that there is a limit to the amount of

GIuN2A that can be inserted at the synapse.

GluN2B Rescue

Neurons from Grin2B-flox mice transfected with Cre-GFP and 10 ng/ul (1.57 nM) WT GIuN2B
resulted in a successful rescue; NMDAR-EPSCs were not significantly different from control
untransfected cells (peak mean + within-subjects SEM: untransfected 100.78 = 9.40 pA,
transfected 72.57 + 9.40 pA, p = 0.0509, paired t-test, decay mean within-subjects SEM:
untransfected 95.15 + 4.64 ms, transfected 106.00 £ 4.64 ms, p=0.1191, charge mean + within-
subjects SEM: untransfected 8.95 + 0.84 pC, transfected 6.99 + 0.84 pC, p = 0.1210) (fig. 3.5). To
assess whether currents were also sensitive to the amount of GIuN2B transfected, 3 ng/ul WT
GluN2B was also examined. In contrast to GIuUN2A, NMDAR-EPSC decay was not observed to be
as affected by the amount of GIuN2B transfected. Both 3 ng/ul and 10 ng/ul produced a
successful rescue of GIuN2B decay time (3 ng/ul paired t-test, peak p = 0.0744, decay p = 0.1489,
charge p = 0.0744) (fig 3.5a, b), and responses were not significantly different to each other
(unpaired t-test, peak p = 0.4036, decay p = 0.077). This may be a result of GIUN2B having
occupied all available positions at the synapse and increasing the amount of GIuN2B could not
cause any further incorporation. It is possible that in transfected cells decays may be faster and
resemble the GIuN2B KO at lower concentrations of GluN2B cDNA. However, currents slower
than untransfected cells do not seem likely as both 3 and 10 ng/ul concentrations of GIuN2B
produced decay similar to untransfected cells. This is unlike GIUN2A where the decay time
constant in untransfected neurons was approximately midrange of the decay time constants
measured across the GIUN2A concentrations tested, and was at the steepest part of the
relationship between GIuN2A concentration and transfected cell decay time constants. This
suggests a capability of adding GIuN2A into the synapse at levels higher than there normally

would be, but this may not be possible for GIuN2B.

Mutant RNA expression

After successfully rescuing NMDAR currents with human GIuN2A or GIuN2B in the corresponding
GluN2 subunit KO, selected human mutations (see methods) were cloned into the pCI-Neo
GRIN2A or GRIN2B plasmids using site directed mutagenesis and the mutation and integrity of
the remaining coding sequence was confirmed by DNA sequencing. The GRIN2A mutations
generated were GOF L812M, K669N and LOF C436R, T531M, R518H and 1694T. GRIN2B
mutations were GOF R540H, R696H and LOF C461F, C456Y and C436R (see fig. 3.2).
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Figure 3.5: Neurons show saturation with the amount of GIuN2B that can be incorporated
into the synapse at concentrations tested.

a) Representative peak scaled current traces from untransfected neurons (black) and transfected
neurons (green) with 3 and 10 ng/ul GIuN2B. b) Plot of amplitudes and decays of GIuN2B
concentrations used, mean and SEM shown. n.s., non-significant.

Although the coding sequence and untranslated regions of the GRIN2 cDNAs appeared as
expected by DNA sequencing, it is possible that PCR errors elsewhere in the plasmid may perturb
transcription of the cDNA. To ensure that these mutant constructs were capable of being
transcribed, the polyadenylated mRNA levels were examined using RT-PCR when mutant
plasmids were transfected into HEK-293T cells as a verification of successful transcription. The
pCl-Neo GRIN2A WT, pCI-Neo GRIN2B WT and mutant plasmids all contain a chimeric intron
after the CMV promotor which enabled an assay for detection of the mature mRNA as the
chimericintron would be spliced out during mRNA processing (fig. 3.3). RNA extracted from HEK-
293 cells transfected with WT or mutant GIuN2 was converted to cDNA (without DNase |
treatment) and RT-PCR products were run on an agarose gel. This showed two bands, a band
that corresponded to the size of plasmid DNA (containing the chimeric intron) and a second
band, which corresponded to the size of an amplicon of the mature mRNA (without the intron).
For GRIN2A contructs, the plasmid and cDNA bands were 439 and 306 bp, respectively. For
GRIN2B constructs, the plasmid band was 477 bp and the cDNA was 344 bp (fig. 3.6a). Different
sized bands were produced for GRIN2A and GRIN2B due to a different reverse primer that was
used for each construct. A third (much weaker) band was also present in all GRIN2A and GRIN2B

constructs that got weaker but persisted with DNase | (amplification grade) digestion (fig. 3.6b),
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so it was uncertain whether this was plasmid DNA or transcript or a combination. The cDNA
band was detected for all the mutants, indicating that all constructs were being transcribed and
the pre-mRNA processed into its mature form (fig 3.6c,d). Overall, this indicated that the

integrity of mutant construct transcription is unaffected and that any defects we may observe

will be at the level of the protein.
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Figure 3.6: Mutant constructs are all expressed at the mRNA level.

a) Fragments generated from amplification of the plasmid DNA (long fragment) and cDNA (short
fragment), CDS, coding sequence. b) Plasmid and cDNA bands with and without DNase and reverse

transcriptase (RT) treatment. c,d) Short and long fragments for GIuN2A and GIuN2B mutants,
respectively. Data from 3 experiments.

Synaptic Phenotypes of GIuN2A and GluN2B mutations

All electrophysiological experiments shown so far in this and in the previous chapter were
performed with the voltage clamped at +20 mV and currents recorded were isolated NMDAR-
EPSCs. In the next series of experiments shown in this chapter, a mixed current mediated by
both AMPAR and NMDARs was recorded at four different holding potentials (-100, -40, 0, +20
mV) to examine the wider possible impacts of GIuN2A and GIuN2B mutations on basal synaptic
transmission. Excitatory postsynaptic currents were recorded from CA1 pyramidal neurons after
stimulation of the Schaffer collateral pathway, as previously described. To isolate the NMDAR
component from each current trace, the AMPAR conductance was subtracted from the mixed
AMPAR+NMDAR conductance, as the AMPAR conductance can be assumed to be approximately

the same at all holding potentials (linear |-V curve and no spermine used in patch pipette) (fig
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Figure 3.7: NMDAR conductances are isolated from mixed AMPAR/NMDAR conductances
by subtraction of AMPAR conductance.

a) representative traces of mixed EPSCs recorded at -100, -40 and +20 mV. b) currents are converted
to conductances using G=1/V. c) assuming a linear I/V relationship for AMPAR, the AMPAR
conductance is subtracted from the mixed AMPAR/NMDAR conductance to produce NMDAR
conductance. d) NMDAR decay from isolated NMDAR-EPSCs recorded in the presence of AMPAR
blocker NBQX compared to NMDAR decay using subtraction method of a-c. e) peak amplitude of
EPSCs at — 100 mV before and after addition of NMDAR blocker AP5 (100 uM). n.s., non-significant.

3.7a,b,c) (Boulter et al., 1990). AMPAR currents and NMDAR conductances were compared
between mutant-transfected and WT untransfected cells. To confirm that the NMDAR decay
was not disrupted with this subtraction procedure, the NMDAR decays in untransfected neurons
were compared between the conditions of pharmacologically isolating NMDAR currents (using
10 uM NBQX, 50 uM picrotoxin and 10 uM gabazine) to those obtained through subtraction of
the AMPAR conductance (ACSF did not include AMPAR blocker NBQX). There was no significant
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difference in the NMDAR decays between the two conditions (unpaired t-test, p = 0.4289,
pharmacologically isolated NMDAR-EPCS n = 293, conductance subtracted n = 139) (fig. 3.7d).
To further justify the procedure, synaptic currents were also recorded at -100 mV before and
after the addition of NMDAR blocker D-AP5 (100 uM), and there was no difference in current
amplitude (paired t-test p = 0.3250) (fig. 3.7e), confirming that no NMDAR current was

subtracted off in the procedure.

GluN2A GOF mutations

Expression of GIUN2A GOF mutations K669N and L812M altered the properties of typical evoked
EPSCs and showed some dissimilarities to each other. There was no difference in the NMDAR-
EPSC peak amplitude at +20 mV for K669N compared to WT, and L812M expressing neurons had
NMDA-EPSCs with lower NMDAR peak amplitude (fig. 3.8a,c, table 3.3), resembling more the
current amplitude of GIuN2A KO. The decay of the NMDAR response was prolonged for both
GOF mutants (~1.5 times slower than WT NMDARs) (fig 3.8b,d, table 3.3), suggesting that
receptor activity that was aberrantly sustained, albeit to a lesser extent than the decay of
GluN2B-only NMDARs in the GIuN2A KO. However, the prolonged decay for K669N was no
longer significant after correcting for multiple comparisons (MCs) (see methods and table 3.3;
Appendices E and F for unadjusted and adjusted p values, respectively).

The rectification index (RI) of NMDAR peak amplitudes (G.s0mv / G+20mv) was measured to identify
any possible alterations to current ratios between mutant and untransfected neurons at
different holding potentials where the magnesium blockade of the NMDAR would normally
differ. Changes in the ratios of peak amplitudes at -40 mV to +20 mV would indicate altered
current flow through the receptor compared to WT, which could suggest that mutants may
change the degree of magnesium block at the channel pore. There was no significant deviation
in the rectification index for K669N (fig. 3.8e, table 3.3), suggesting it did not alter the
magnesium block of the channel pore, and the currents at -40 mV were similar to untransfected
neurons. However, L812M was found to have an increased rectification index compared to
NMDAR-EPSCs in untransfected neurons (fig. 3.8e, table 3.3), indicating that there are larger
currents at negative holding potentials compared to positive potentials. Previous work on
L812M has also found this effect with expression in Xenopus oocytes (Yuan et al., 2014). To see
whether this enhanced rectification index reflected enhanced current at negative holding
potentials and therefore reduced magnesium block, the peak amplitudes were compared at -40
mV between L812M-transfected and neighbouring untransfected neurons. There was no
significant difference in the peak amplitudes at -40 mV (fig. 3.8g, table 3.3), indicating that

although the currents were greater when normalised to the +20 mV conductance, the increased
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Figure 3.8: GIluN2A GOF mutations produce prolonged NMDAR decay at depolarised
potentials.
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a) Representative NMDAR traces from GIuN2A GOF mutations and untransfected (black). b) Peak scaled
traces demonstrating prolonged decay time. c) NMDAR peak amplitude ratio of
transfected/untransfected of mutants compared to WT and GIuN2A KO. d) NMDAR decay ratio of
transfected/untransfected of mutants compared to WT and GIuN2A KO. e) Normalised rectification index
of GOF mutants (-40 mV / +20 mV, normalised to untransfected). f) Representative traces of GOF
mutants at -40 mv and +20 m V. g) Peak amplitudes of GOF mutants at — 40 mV. h) Peak amplitudes and
decays of GOF mutants at — 100 mV (AMPAR mediated). Data from 3 mice for K669N and 4 mice for
L812M.

Rl was actually due to the reduced amplitude at +20 mV only (fig. 3.8f). Studies that describe
relative currents at negative potentials versus positive potentials (i.e. rectification indices) have
not reported the actual currents observed at depolarised potentials for mutants vs WT (Pierson
et al., 2014, Yuan et al., 2014). Although the peak amplitudes of L812M NMDAR-EPSCs are
similar to untransfected cells at -40 mV, because the decay kinetics are slower, the overall
conductance (using the integral) is actually enhanced (mean + SEM: untransfected 644.49 +
146.53 pS.ms, transfected 832.31 + 184.06 pS.ms, p = 0.0196). As predicted by the rectification
index, K669N-transfected neurons had peak amplitudes (at either holding potential) that were

not significantly different to untransfected (fig. 3.8g, table 3.3).

Since NMDARs are key regulators of synaptic AMPAR content and function, AMPAR-EPSC
properties were also assessed. No changes were found in AMPAR peak currents for K669N or
L812M, and the decay of AMPAR-EPSCs with the K669N mutant was also not altered (fig. 3.8h,
table 3.3). However, L812M-transfected neurons had a slower decay of AMPAR-EPSCs (~1.7 fold
slower decay), although this did not survive correction for MCs (fig. 3.8h, table 3.3). This raises
the question of whether there may be some small NMDAR component contaminating the
AMPAR current at -100 mV. However, since the current at -100 mV is still very brief compared
to the currents at +20 mV, this would likely have very little effect on the subtraction method to

obtain pure NMDAR conductance traces.

In summary, L812M resulted in slower NMDAR-EPSC decays but produced smaller NMDAR
currents at positive holding potentials. At these depolarised potentials, the net effect is
ambiguous as slower responses are a GOF whereas the reduced amplitude is a LOF. However,
neurons will not likely spend much time at extremely depolarised potentials and will more
likely be at a more physiologically relevant potential such as -40 mV. At this potential, a GOF
effect is seen as although the peak amplitudes are similar to untransfected cells, the charge is

enhanced due to the slower decay kinetics of L812M mutant GIuN2A NMDARs. K669N also
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Figure 3.9: GIuN2A LOF mutations produce prolonged NMDAR decay at depolarised
potentials.

a) Representative NMDAR traces from GluN2A LOF mutations and untransfected (black). b) Peak scaled
traces demonstrating prolonged decay time. c) NMDAR peak amplitude ratio of
transfected/untransfected of mutants compared to WT and GIluN2A KO. d) NMDAR decay ratio of
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transfected/untransfected of mutants compared to WT and GIuN2A KO. e) Normalised rectification index
of LOF mutants (-40 mV / +20 mV, normalised to untransfected). f) Peak amplitudes of LOF mutants at —
40 mV. g) AMPAR-EPSC peak amplitudes of LOF mutants h) AMPAR-EPSC decays of LOF mutants. Data
from 3 mice for T531M, 6 for C436R, and 4 mice for R518H and 1694T.

showed slower NMDAR decay at +20 mV (although no longer significant) and maintained its

amplitude. However, overall, the charge transfer was unchanged (Appendix G).

GluN2A LOF mutations

All GIuN2A LOF mutations studied — T531M, C436R, R518H and 1694T — had a reduced NMDAR
peak amplitude that was similar to the response in the GIuN2A KO (fig. 3.9a,c, table 3.3). T531M,
C436R and R518H also phenocopied the GIuN2A KO with respect to the decay of the NMDAR
response, which was approximately doubled in both KO and mutant conditions compared to
untransfected (fig. 3.9b,d, table 3.3). Thus, an enhanced NMDAR function was observed, despite
these mutations having only ‘LOF’ effects in heterologous expression systems. However, NMDAR
decay was not altered with the 1694T mutation as it was not significantly different to NMDAR

decay in untransfected neurons (fig. 3.9b,d, table 3.3).

The rectification index of NMDAR peak amplitudes (G.40 mv / Gs20 mv) was reduced for T531M,
suggesting that the conductance at -40mV is even lower than the diminished peak amplitude at
+20 mV; however, this did not survive correction for MCs. There was no significant change in the
rectification index for the remaining LOF GIuUN2A mutations (fig. 3.9e, table 3.3, Appendix H).
This index suggested that an equivalent reduction in peak amplitude was present at negative
holding potentials to that seen at +20 mV. To confirm this, the -40 mV NMDAR peak amplitudes
of mutant-transfected vs untransfected were compared (fig. 3.9f, table 3.3) and showed an
agreement with this index; amplitudes were reduced at -40 mV, although not significantly for
C436R, R518H and 1694T after correction for MCs. This indicated that NMDAR dysfunction was
present and equivalent at both positive and negative holding potentials, in contrast to the
GluN2A GOF mutation L812M which appeared to show reduced amplitudes only at positive

holding potentials.

Finally, the AMPAR currents were assessed from mutant vs untransfected neurons and no
significant differences were present in the AMPAR current amplitude or decay for LOF GIuN2A
mutants (fig. 3.9g,h, table 3.3), indicating preserved AMPAR function, even with conditions that
are thought to mimic GIuN2A KO.
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Figure 3.10: GIuN2B LOF mutations produce brief NMDAR decay at depolarised

potentials.
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a) Representative NMDAR traces from GIuN2B LOF mutations and untransfected (black). b) Peak scaled
traces demonstrating faster decay time. c¢) NMDAR peak amplitude ratio of transfected/untransfected of
mutants compared to WT and GIluN2B KO. d) NMDAR decay ratio of transfected/untransfected of
mutants compared to WT and GIuN2B KO. e) Normalised rectification index of LOF mutants (-40 mV /
+20 mV, normalised to untransfected). f) Peak amplitudes of LOF mutants at — 40 mV. g) AMPAR-EPSC
peak amplitudes of LOF mutants h) AMPAR-EPSC decays of LOF mutants. Data from 3 mice for C461F, 6
for C456Y, and 3 mice for C436R.

GluN2B LOF mutations

GIuN2B LOF mutants were expected to phenocopy the responses of GIuN2B KO as all three
mutants were predicted to abolish GIuUN2B expression, however, C461F produced similar
NMDAR peak amplitudes as WT and the peaks for C456Y and C436R were not significantly
different to WT after correction for MCs (fig. 3.10a,c, table 3.3). However, the decay time
constant was significantly reduced for all these mutants (fig. 3.10b,d, table 3.3), resulting in
currents that resembled the brief-decaying characteristic of a GIuN2A-only population.
Remarkably, for C436R, the decay was even slower than in the GIuUN2B KO.

The rectification index suggested no differences in the NMDAR peak amplitudes at positive and
negative holding potentials for all LOF GIuN2B mutations (fig. 3.10e, table 3.3, Appendix H). In
agreement, currents at -40 mV were also not significantly different to untransfected neurons
(fig. 3.10f, table 3.3). Thus, unlike the LOF GIuN2A mutants which had altered peak amplitudes
at both positive and negative holding potentials and reflected the synaptic phenotype of a loss
of GIuN2A, GIuN2B LOF mutants appear to produce a more complex result than a simple loss of

the GIuN2B subunit.

Gray et al. (2011) showed that homozygous null alleles of GIUN2B increased evoked AMPAR-
mediated EPSCs. Here, AMPAR-mediated currents were unaffected by LOF GIuN2B mutations
(fig. 3.10g,h, table 3.3), again producing an unexpected result as mutants which mimic a loss of

GluN2B were anticipated to impact AMPAR function or expression.

GluN2B GOF mutations

No GOF effects were seen on the peak amplitudes of GIuN2B GOF mutations R540H and R696H,;
the peak was unaffected with R540H (not significant after MC correction) and was actually
reduced with R696H (fig. 3.11a,c, table 3.3). Most unexpectedly, the NMDAR decay properties
from mutants transfected into hippocampal neurons show stark contrasts to the NMDAR
properties observed when GIuN2B GOF mutants were overexpressed on their own in

heterologous systems. In these heterologous systems, R540H and R696H showed NMDAR
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Figure 3.11: GIuN2B GOF mutations produce brief NMDAR decay at depolarised

potentials.
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a) Representative NMDAR traces from GIuN2B GOF mutations and untransfected (black). b) Peak scaled
traces demonstrating prolonged decay time. c) NMDAR peak amplitude ratio of
transfected/untransfected of mutants compared to WT and GluN2B KO. d) NMDAR decay ratio of
transfected/untransfected of mutants compared to WT and GluN2B KO. e) Normalised rectification index
of GOF mutants (-40 mV / +20 mV, normalised to untransfected). f) Peak amplitudes of GOF mutants at —
40 mV. g) AMPAR-EPSC peak amplitudes of GOF mutants h) AMPAR-EPSC decays of GOF mutants. Data
from 4 mice for R540H and R696H.
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Figure 3.12: A subunit specific effect observed by GIuN2A and GluN2B mutants.

a) NMDAR decay comparison between GIuN2A and GIuN2B that contain the same C436R
mutation, with KO for comparison. This mutant behaves in an opposite manner depending
on the subunit it is present in. b,c) Individual responses of transfected vs untransfected
decay for C436R in GIuN2A and GluN2B, respectively.
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currents that were extremely prolonged. Here, faster NMDAR currents were observed in

neurons with GIuN2B ‘GOF’ mutations, similar to GIuN2B KO (fig. 3.11b,d, table 3.3).

From the RI, no differences in the peak amplitudes at -40 mV compared to +20 mV were evident,
suggesting no change to the magnesium blockade properties of the receptor as a result of these
two mutants (fig. 3.11e, table 3.3, Appendix H). R696H peak amplitude at -40 mV was reduced,
but was not statistically significant and the peak for R540H at -40 mV was unaffected, in
accordance with the RI (fig. 3.11f, table 3.3).

Lastly, GIuN2B GOF mutations had no significant effects on AMPAR peak amplitude or decay

time constant (fig. 3.11g,h, table 3.3), as exhibited by almost all other mutants.

Subunit-specific consequences of GIuN2 mutations

These data have shown that most GIuUN2A and GIuN2B mutations phenocopy the respective
subunit’s KO. For GIuN2A, this resulted in slowed NMDAR decay kinetics while in GIuN2B, the
decay kinetics were faster. No genotype-phenotype correlation was observed for GIuN2B
mutations, but instead, it appeared that the consequences on synaptic transmission were a
result of the specific subunit affected. This is demonstrated well by the mutation C436R which
is present in both GIuUN2A and GIuN2B, and caused completely opposite outcomes for NMDAR
activity in each subunit (fig. 3.12). The NMDAR-EPSC decay was slow when C436R occurred in
GIuN2A (fig. 3.12b), but fast when GIuN2B was affected (fig. 3.12c), and these decay speeds

were similar to the decays of the KO for each subunit (fig. 3.12a).
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Discussion

A successful molecular replacement of endogenous mouse GIuN2A and GIuN2B subunits was
performed with the respective human variants and similar characteristic NMDAR-EPSC
properties were obtained compared to untransfected neurons. This allowed examination of the
cell autonomous effects of human disease mutations using the mouse hippocampal circuitry as
a model to compare evoked NMDAR- and AMPAR-mediated transmission between mutant and

WT neurons.

NMDAR-mediated currents are very sensitive to the amount of GIuN2A, but not
GIluN2B, transfected into CA1 neurons

The amount of GIuN2A transfected into pyramidal neurons for the rescue was highly impactful
on the NMDAR-EPSC decay especially, whereas for GIuN2B, relatively large differences in the
amount transfected did not significantly alter NMDAR properties. This resulted from the GIuN2A
successful rescue concentration lying within the steepest part of the curve (fig. 3.4), with the
numbers of GIUN2A at the synapse readily adjusted and changed. However, for GIuN2B, the
decay kinetics were similar at both 3 and 10 ng/ul concentrations tested, which may be due to
a limit in the amount of GIuN2B that could be incorporated into the synapse. It has been
observed that the total expression levels of GIuUN2B are higher than GIuN2A (Coultrap et al.,
2005, Pian et al., 2010), but the surface expression of GIUN2A is higher than GIuN2B in the CA1
region (Le Bail et al., 2015, Sun et al., 2016). This also implies that the post-synaptic density is
capable of incorporating more GIuN2A than GIuN2B, even though higher non-synaptic levels of
GIuN2B exist, possibly due to the higher turnover and mobility of GIuUN2B subunits than GIuN2A
(Groc et al.,, 2006b, Lavezzari et al., 2004, Sanz-Clemente et al., 2010). Recently, the
developmental switch from GIuN2B to GIuN2A has been suggested to occur through the increase
in expression of GIUN2A (McKay et al., 2018), which also shows the capacity for the post-synaptic

density to alter its GIuUN2A content.

GluN2A mutants and NMDAR currents

It was hypothesised that GIUN2A mutants would show a common synaptic phenotype of
enhanced synaptic activity since the majority of GIUN2A mutations are associated with seizure
disease phenotypes. In agreement with this, it was found that five out of the six mutations
investigated had a sustained NMDAR channel opening by 1.5-2 times more than WT.

The K669N mutant results in alterations to the charges of the residue at position 669, from a

positively charged lysine to a smaller and neutral asparagine. Furthermore, the 669 residue is
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located in a region that forms an a-helix, whereas asparagine does not favour the formation of
this secondary protein structure (Venselaar et al., 2010). Therefore, it is likely that both the
structural formation of the GIUN2A subunit and its functional properties will be affected. K669N
was the only GIuN2A mutant investigated in this chapter that did not show any LOF effects on
NMDAR-EPSC properties. The decay was ~1.5 times slower than WT NMDARs, less than would
have been expected from previous reports in HEK-293 cells where the decay of K669N mutants
was four times slower than WT GIuN2A subunits (Swanger et al., 2016). Although there is a
difference in the two experimental conditions — the presence of the GIuUN2B subunit which
contributes to the overall decay profile — the degree to which this mutant alters NMDAR
properties is less than anticipated from studies in heterologous cells. The prolonged decay may
affect the degree of summation of post-synaptic potentials. Slower postsynaptic currents can
more readily summate at lower rates of transmission across synapses during on-going synaptic
activity, and therefore lead to a greater probability of postsynaptic firing (Augustinaite and
Heggelund, 2007, Hunt and Castillo, 2012). At the network level, GluN2A-NMDARs are highly
expressed in hippocampal neurons and in the cortex (Monyer et al., 1994), so mutant GIUN2A
subunits are present in a high proportion of neurons in the brain. Global increases in neuronal
activity in large populations of neurons may be a likely result. However, for the remaining
mutations (L812M, C436R, T531M, R518H) exhibiting reduced peak amplitude, as well as a
prolonged decay, the overall effect that may be produced by these mutations is more difficult
to interpret. While prolonged events increase the probability of the membrane depolarisation
of successive events to accumulate, those membrane depolarisations are smaller than normal;

reaching a threshold for neuronal firing may require more of these small inputs to summate.

The putative GIUN2A LOF mutants, C436R, T531M and R518H phenocopied the GIuN2A KO,
whereas the decay for L812M was also prolonged but not as slow. In HEK-293 cells, the peak
amplitudes of currents in response to 1 mM glutamate were similar to WT for both L812M
mutant receptors with one and two mutant GIUN2A subunits in the NMDAR complex. In
addition, the decay of the homozygous L812M mutant NMDAR was ~10 times slower than WT
GIuN2A-comprising NMDARs, with the heterozygous WT/L812M exhibiting almost three times
slower decay than the WT (Yuan et al., 2014). Considering that the GIuN2B subunits, which are
also present in CA1 pyramidal neurons (Gray et al., 2011), have slower decay kinetics than
GIuN2A, it suggests that the L8 12M mutant is either not well modelled in heterologous systems,
or that the contribution of current by this mutant is very low and that the majority of current is
mediated by native healthy receptors. In this case, the expression of this mutant would give a

good indication of the relative contributions to NMDAR currents it provides.
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L812M is a mutation which occurs in the LBD-TMD linker in a highly conserved region and
although both amino acids have the same properties of being non-polar and hydrophobic,
methionine has a larger side chain (Venselaar et al., 2010). This may impact the folding and
structural properties of the subunit, leading to alterations in the protein’s functions.
Interestingly, as others have reported, L812M produced larger currents at negative compared
to positive holding potentials. This has been interpreted as a reduction in the magnesium
sensitivity of L812M, leading to enhanced activity at resting membrane potentials. However, it
was found that at negative holding potentials, the recorded current amplitude was not
significantly different to WT untransfected neurons. The difference between positive and
negative holding potentials that many have observed actually reflects a marked reduction in the
currents at positive potentials, rather than an enhancement at negative potentials. All studies
(Pierson et al., 2014, Yuan et al., 2014) that have reported L812M as having reduced magnesium
block have all concluded this from plots of current normalised to the current at more depolarised
states (around + 20 mV) or to the maximal current in response to agonists, failing to account this

to the much smaller response of L812M at ~+20 mV than WT.

C436R, T531M and R518H have been predicted to abolish subunit expression, owing to the
complete lack of currents when expressed in HEK-293 cells (Swanger et al., 2016). As a result,
measures of decay with these mutant subunits have not been possible. All three residues are
conserved amino acids; the C436R mutations disrupts the formation of a cysteine-cysteine
disulphide bridge with C456 and likely results in severe misfolding and degradation. It also
introduces a larger positively charged and less hydrophobic residue in place of the neutral WT
residue that is buried within the core of the protein. T531M occurs in a B-strand region, a
secondary structure that is not favoured by methionine residues (Venselaar et al., 2010).
Additionally, the methionine is a larger more hydrophobic residue. The likely result is a
destabilised and misfolded conformational structure that is likely to also be degraded. R518H
results in an incorporation of an amino acid with a smaller side chain that could impact protein
folding and conformation as well (Venselaar et al., 2010). Therefore, lack of GIuUN2A expression
is highly likely with these LOF mutations, in a manner similar to a complete GIuN2A KO.
Validation through expression studies would help to confirm these ideas. Although, the aberrant
NMDAR properties at both negative and positive holding potentials for LOF mutants would
support this, in contrast to the GOF mutants which showed more aberrant effects at positive

holding potentials, suggesting a functional alteration as a consequence of these mutants.
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1694T did not follow the pattern shown by all other GIuN2A mutants studied; 1694T results in a
smaller more hydrophobic threonine residue in place of the highly conserved isoleucine
(Venselaar et al., 2010). It showed a phenotype of a reduced synaptic activity — reduced peak
amplitudes, without any observable GOF. This mutation is also associated with seizure disorders
including Landau-Kleffner syndrome, Benign epilepsy with centrotemporal spikes, epileptic
encephalopathy with continuous spike and wave during slow-wave sleep and autosomal
dominant Rolandic epilepsy (UnitProtKB/Swiss-prot Q12879). Previously, this mutant was found
to have a reduced peak amplitude in HEK-293 cells, with no effect on current decay (Swanger et
al., 2016), consistent with the results found in this chapter. With regard to epilepsy disorders,
one simple explanation is that this mutation is not the direct cause of this disease phenotype
and other factors may contribute to the development of seizures. 1694T is also implicated in
mental retardation and speech dyspraxia and the observed synaptic phenotype may relate to
these instead. Another possibility, which is the drawback of the current experimental design, is
that these mutations may alter the splicing instead of the mature cDNA sequence. In this case,

the current design would not detect the possibility of these effects.

GluN2B mutants and NMDAR currents

It was surprising that for GIuUN2B mutants, a common synaptic phenotype was also present: all
mutants had brief decaying currents compared to WT. This was surprising, firstly, due to the
diverse disease phenotypes that are associated with these mutations - all share the association
with ID, but C461F, R540H and C436R also present with seizure disorders whereas C456Y and
R696H do not. Secondly, these mutants did not fit into the classification of ‘GOF’ and ‘LOF
subtypes as the individual properties of each mutant subunit identified in isolation were not
reflected in the overall synaptic activity that was observed. These receptor subunits do not exist
in solitude and contribute only a portion to the overall synaptic transmission that is mediated
by a collection of different receptor types, each with several isoforms or subunit combinations.
Therefore, the results from studies in heterologous expression systems were not reflective of

the results in neurons.

The first note is that GIuN2B LOF mutations did not fully phenocopy the KO, with respect to the
peak amplitudes, as they would have with a complete lack of trafficking and expression. This
was surprising, especially for C436R and C456Y which are known to disrupt the formation of
disulphide bridges (C436-C457 and C456-C429) that will all be expected to lead to a complete

misfolding of the protein with severe consequences for stability and trafficking (Venselaar et al.,
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2010). C436R also alters the charge of the buried residue at the core of the protein from neutral

to positive (Venselaar et al., 2010). These residues, as well as C461F, are all conserved residues.

If expression of these subunits is diminished in neurons, as is predicted from the above
mentioned changes to properties of residues, their disruption to structural bonds, and as was
found in HEK cells (Swanger et al., 2016), then it could suggest that the remaining receptors at
the synapse have compensated, either through the number of remaining receptors or the size
of responses, to produce an amplitude of receptor signalling that is closer to the regular state.
Compensatory mechanisms involving NMDARs have been reported in many circumstances,
including potent block of NMDARs, KO of individual subunits or KO of the obligatory GIuN1
subunit and is exhibited through upregulation of the NMDAR itself or through non-NMDAR
pathways (Gray et al., 2011, Nagy et al., 2005, Reiprich et al., 2005). However, it is surprising as
to why possible compensatory mechanisms could be present for the LOF mutants but not for
the GIuN2B KO. It has been found that some ion channel mutants show a more damaging effect
on signalling than having a total loss of the protein in KOs of ion channel genes (Single et al.,
2000). This is possible due to the mutant subunit having adverse effects on the folding, assembly
and trafficking processes so that the WT protein is unable to be processed as the cellular
machinery is saturated with the dysfunctional variant. This may be the case for the LOF
mutations studied, especially C456Y and C436R, which show a more severe effect on the decay
of NMDARs than the GIuN2B KO, and could result in a greater likelihood that compensatory
pathways would be activated as the intensity of dysfunction is much larger. Although how, if at
all, this putative compensation may occur or which channels may be involved is for future

research to uncover.

Alternatively, if the mutant subunits have defective trafficking and are stuck in the ER, but the
CTD is still contributing to NMDAR signalling, this could explain the fast decay of NMDARs with
the maintained peak amplitude. While in the ER, NMDARs are membrane bound with the NTD
in the ER lumen and the CTD in the cytoplasm (Fukaya et al., 2003). The CTD is involved in many
downstream signalling processes, including activation of CAMKII-alpha (McKay et al., 2018) and
MAGUK (membrane associated guanylate kinase) binding proteins (Ryan et al., 2008). CTD

signalling from the ER for NMDARs has not been reported or investigated.

The other possibility is that mutant GIuN2B subunits are still trafficked to the synapse and form
heterotetramers so that the amplitudes of currents are maintained but the kinetic properties of
GIuN2B have been functionally altered. However, this possibility is less likely considering the

severe consequences to structure, folding, and stability caused by these mutants. The decays of
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C436R and C456Y have not been reported due to the complete lack of current when these
mutants are transfected into HEK-293 cells, however, C461F still produced a very small current
that had 20 times faster decay than WT GIuN2B receptors and twice as fast as GIuN2A receptors
(Swanger et al., 2016). Considering the decay of C461F-transfected neurons in this chapter had
a similar decay to GIuN2A subunits (GIuN2B KO), it again suggests that this mutant subunit is not

contributing to NMDAR-mediated currents.

Next, ‘GOF’ mutants did not show any GOF effects, but in fact, had LOF NMDAR-EPSC properties
such as reduced peak amplitude of R696H and faster decays of both R540H and R696H. Both
these mutants affect conserved residues and R696 also forms a salt bridge with E692 and is in
contact with other domains in the subunit (Venselaar et al., 2010); substitution to the histidine
will likely result in an impairment to the integrity of the structure and stability of the subunit.
R540H showed an unaltered peak amplitude, but is known to have a more mild dysfunctional
effect on both receptor properties and disease phenotype (Lemke et al., 2014). In HEK cells,
R540H and R696H were found to have roughly a 50% and 20% reduction, respectively, in total
and surface/total expression (Swanger et al., 2016). Furthermore, in HEK cells, both these
mutants had slower NMDAR decays of 2 times longer (R540H) and 3.6 times longer (R696H) than
WT GIuN2B NMDARs. If the expression and trafficking of these mutant subunits in heterologous
cell lines is assumed to be translatable to the processes in neurons, decay that is close to that of
GluN2A-containing NMDARs at the synapse would not be expected. With a 50% reduction in
surface expression compared to WT but double the decay time of those subunits, the expected
overall outcome would be decay that resembles untransfected neurons. In the case of R696H,
an overall slower decay would be expected. The current results suggest that the trafficking and
expression of these ‘GOF’ mutants in neurons may be diminished — to a greater degree than
seen in HEK cells, leading to an overall GIuN2B KO-resembling phenotype. The fact that the
mutants’ decay is very slightly slower than the KO would suggest that there is still some
expression present at the synapse, but despite the mutant subunits having a GOF effect
individually, these effects are not dominant as other receptor subunits (GIuN2A) are mediating

the majority of NMDAR responses.

An important point to realise is that expression of GIUN2A and GIuN2B in heterologous cells is
most commonly done with co-expression of the GluN1a isoform. There are eight different GIuN1
isoforms that exist that are generated through alternative splicing and all display varied kinetic
properties. In particular, exon 5 of the GIuN1 gene is a vital decider of the kinetic and gating

properties that the subunit will have; exon 5 is present in the 1b isoforms but is spliced out of
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the 1a isoforms and leads to 1a having much slower rates of decay (Rumbaugh et al., 2000,
Vance et al., 2012). Research by Yi et al. (2018) investigated the differences in decay kinetics
between the 1a and 1b GluN1 isoforms in both GIuN2A and GIuN2B NMDARs and found that the
decay of diheteromeric GIuN2B-NMDARs differed immensely depending on the GluN1 isoform
present: GluN1a/GIuN2B receptors were much slower (~500 ms) than GluN1b/GIuN2B receptors
(~150 ms). Conversely, the diheteromeric GIuUN2A-NMDAR decay was less significantly impacted
by the GIuN1 isoform (~50 ms with 1a, 30 ms with 1b). From P7 to adult stages in rat, both 1a
and 1bisoforms are expressed in the CA1 of the hippocampus, although GluN1a levels are higher
(Laurie and Seeburg, 1994). For mouse and human, it is still undetermined; if it is similar to the
rat, and both 1a and 1b isoforms are present, then the degree of the decay kinetics measured
in HEK cells with only the GluN1a isoform may be an overestimation of the effect sizes that the
mutants produce on NMDAR decay. This has major impacts on interpreting the results of these
mutations in systems that do not model well the endogenous native environment in which these

genetic abnormalities develop.

Mutant GIuN2A and GluN2B effects on AMPAR currents

The effects of human disease mutants on AMPAR transmission have not been studied; the focus
so far, has been on NMDAR properties. As NMDAR signalling is known to affect the numbers of
AMPARs at the synapse and their function, and many groups have found changes to AMPAR
properties with NMDAR KO, inhibition or overexpression (Gray et al., 2011, Hall et al., 2007, Hall
and Ghosh, 2008, Hamada et al., 2014, Kim et al., 2005), it was surprising to find that all mutants
had no discernible effects on AMPAR properties. The only exception was the GOF mutation in
GIuN2A, L812M, which exhibited slower current decay, although this was no longer a significant
change after multiple comparison correction. As similar effects that were exhibited by L812M
were also exhibited by other mutants — decay and peak amplitude, it is puzzling why only L812M
showed a trend in altered AMPAR properties. However, no other mutants exhibited this
combination of properties, as the LOF GIuN2A mutants had a slower decay than L812M. It may
be that this combination of effects was capable of activating the pathways leading to alterations
in AMPAR behaviour. Alternatively, it may be due to a property which was not examined; the
downstream effectors activated by NMDAR signalling are diverse and involve many different
pathways, including CaMK, CREB, ERK1/2, nNOS, Akt, which may alter the activity of certain
proteins or induce changes in gene expression leading to many more diverse outcomes (Papadia

and Hardingham, 2007).
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One possibility is that the AMPAR current was contaminated by NMDAR activity if the L812M
mutant results in NMDAR activation at negative holding potentials and from interference with
magnesium block. If this is the case, this may impact the AMPAR conductance subtraction
procedure to obtain pure NMDAR traces (fig. 3.7). However, since the -100 mV current is small
compared to the +20 mV current (Appendix E) and the -100 mV current is much more brief, this

does not pose a huge problem and not a lot of current is subtracted off erroneously.
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Conclusions

Both GIuN2A LOF and GOF mutants, with the exception of 1694T, exhibited a common prolonged
decay of NMDAR currents, which are expected to enhance neuronal excitability and contribute
to the seizure phenotypes associated with these mutations. Unexpectedly, both LOF and GOF
GIluN2B mutations also showed a common synaptic phenotype where decays were briefer. This
was surprising as diverse disease phenotypes are associated with GIuUN2B mutations so diverse

consequences at the synapse were expected.

How these synaptic phenotypes are caused: through functional changes to the mutant subunit
or changes in expression, and whether this differs for GOF and LOF mutants are the next
unanswered questions. GIUN2A mutants that do not express may be capable of producing
prolonged postsynaptic responses due to the remaining population of GIUN2B receptors which
are known to have slow kinetics. On the other hand, those that do express may alter the kinetic
properties of the subunit itself. For GIuN2B, there is the possibility that although certain
mutations overexpressed in isolation produce a GOF phenotype, in neurons, it may be that the
LOF effect seen is due to diminished expression. The distinction between these mechanisms or
whether other processes are occurring to result in the observed synaptic phenotypes for GIUN2A

and GIuN2B mutants are the next focus and will be addressed in the next chapter.
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Chapter 4 Mechanisms underlying synaptic phenotypes of
GIluN2A and GluN2B NMDAR mutants
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Abstract

In the previous chapter, it was shown that the NMDAR-mediated component of synaptic
transmission in neurons expressing GIUN2A and GIuUN2B human disease mutants within the
ligand-binding domain and linker phenocopied the respective subunit KOs. In particular, there
was no genotype-phenotype correlation for GIluN2B mutants, as originally suspected from work
in non-neuronal systems. Instead, it was observed that mutation effects on synaptic currents
segregated by subunit: prolonged currents when GIuN2A was mutated and more rapidly
decaying currents when GIuN2B was mutated. In this chapter, the mechanisms by which GluN2
mutants produce their respective synaptic phenotypes are investigated to distinguish between
alterations in NMDAR function or aberrant expression at the synapse. To assess functional
incorporation of mutant receptors, the CA3-to-CAl1 synapse was used in cultured mouse
hippocampal slices and the cell autonomous effect of GIuUN2 mutants were examined on the
decay of NMDAR-mediated synaptic currents in CA1 neurons, where the mutant GIuN2 subunit
was expressed following deletion of both the native GIuUN2A and GIuN2B. To examine the
expression and trafficking competence of the mutant GIuN2 subunits, the synaptic localization
of NMDARs was imaged in cultured hippocampal neurons overexpressing GIuUN2 mutants
together with a Super Ecliptic pHluorin (SEP)-tagged GIuN1. It was found that the GIuN2A GOF
mutation K669N enabled robust expression of NMDARs at synapses and directly enhanced the
GIluN2A kinetics. In contrast, the LOF GIuN2A mutation C436R had poor synaptic expression
implying that the more prolonged NMDAR component in the GIuUN2A-C436R rescue experiment
of Chapter 3 was mediated by GluN2B-containing NMDARs. For GIuN2B, both GOF and LOF,
R696H and C456Y respectively, resulted in defective functional incorporation of the NMDAR
subunit GIuN2B. This suggests that the NMDAR-EPSC phenotype measured in the GIuN2B
mutant rescue experiments in Chapter 3 were mediated by remaining GIuN2A-containing
NMDARs. Interestingly, the ‘GOF’ R696H mutant, produced severely prolonged currents in
isolation, however, its contribution to the overall current at regular synapses was negligible,
producing an overall ‘LOF’ phenotype in neurons. These results highlight the importance of using
more biologically relevant model systems to understand disease-associated ion channel
mutations, and the importance of studying both function and expression phenotypes of disease

mutants.
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Introduction

The last chapter showed subunit specific synaptic phenotypes for GIuUN2A and GIuN2B human
disease mutations expressed in CA1 pyramidal neurons. The GOF/LOF distinction that has been
adopted from research in heterologous expression systems was not reflective of the effects that
these mutant subunits have on the NMDAR-EPSCs in neurons and on synaptic function. Mutants
that exhibit strong alterations in the individual subunit’s characteristics, such as ‘GOF’ GIuN2B
mutants R540H and R696H which have 2x and 3.6x slower NMDAR currents when expressed in
isolation, respectively (Swanger et al., 2016), produced an unexpected synaptic phenotype with

faster NMDAR-EPSC decay when expressed in neurons.

In order to fully understand the mechanisms behind the association between GluN2 mutations
and disease phenotypes, it is also necessary to examine the trafficking and expression profiles,
as well as the electrophysiological properties of mutant subunits in their native environment.
The amount of mutant subunits that are incorporated into the synapse can indicate the degree
to which synaptic currents are functionally altered by the mutant and to what extent the current
is mediated by alternate healthy native NMDAR compositions. Furthermore, measuring
NMDARs at synapses implicitly captures mutation effects on allosteric modulation by small
molecule endogenous ligands, including Zn?* co-released with glutamate (Paoletti et al., 2009),
pH changes in the synaptic cleft (Low et al., 2003, Regan et al., 2019), and cholesterol content in

the plasma membrane at synapses (Korinek et al., 2015).

In this chapter, the synaptic expression and functional incorporation of select GOF and LOF
GIuN2A and GIuN2B mutants are examined. The hypothesis was that GOF GIuN2A mutations
would produce an enhancement in the GIUN2A functional properties leading to prolonged
current decay whereas LOF GIuN2A mutations would have defective functional incorporation,
trafficking or expression. For GIuN2B, the hypothesis was that both GOF and LOF mutants would
have defects in functional incorporation or trafficking to synapses, leading to faster NMDAR
currents mediated by the remaining GIUN2A subunits at the synapse. Even though GOF GIuN2B
mutations have an enhanced NMDAR function when expressed in heterologous expression
systems, it is possible that they do not contribute significantly to the overall currents in neurons,

due to their low or absent numbers at the synapse, and so, actually produce a LOF phenotype.

To test these hypotheses, three different experiments were performed, using one GOF and one
LOF mutant from each GIuN2 subunit — K669N (GOF) and C436R (LOF) from GIuN2A, and R696H
(GOF) and C456Y (LOF) from GIuN2B. The first experiment involved pharmacological block of
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GluN2 subunits to get an indication of the relative expression levels of GIuUN2A and GIuN2B at
the synapse with GOF or LOF mutants. The second experiment involved expression of a single
mutant subunit after KO of both endogenous GIuN2A and GIuN2B subunits and using the
amount of current that was rescued as an indication of the mutant’s expression levels at the
CA3-to-CA1 synapse. The final experiment focused on the trafficking of mutant subunits using
the GluN1 subunit with a Super Ecliptic pHluorin (SEP) tag as a readout of receptor expression

in dendritic spines.

It was observed that the GIUN2A GOF mutation K669N was expressed at the synapse and
contributed a significant proportion of the total NMDAR current, whereas LOF GIuN2A mutation
C436R and both GOF and LOF GIuN2B mutations R696H and C456Y were not functionally
incorporated into synapses. Where mutants made little or no functional contribution to NMDAR-
EPSCs, the properties of the remaining NMDAR subunit(s) will have sole influence on the

synaptic currents.
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Methods

Animals

For the pharmacological experiments with GIuN2 blockers, homozygous Grin2a-flox (Grin2a™")
and Grin2b-flox (Grin2b™") mice were used (see chapter 2).

For the expression of single GIuN2 mutant subunits alone in neurons, Grin2a-Grin2b double
floxed mice (both Grin2a and Grin2b genes are floxed - Grin2a™"Grin2b™") were generated by
mating homozygous Grin2a-flox mice with homozygous Grin2b-flox mice (see chapter 2). This
generated mice which were heterozygous for the Grin2a-flox gene and heterozygous for the
Grin2b-flox gene (Grin2a”f'Grin2b*). Subsequently, Grin2a”fGrin2b* mice were mated
together and the offspring were genotyped (see chapter 2 methods for genotyping) to identify
the homozygous Grin2a-Grin2b double floxed mice (Grin2a™/Grin2b"7).

WT Sprague-Dawley rats aged P1-P2 were used for dissociated hippocampal cultures for

trafficking experiments.

Pharmacology experiments

Hippocampal slice culture preparation and SCE were identical to the methods described in
chapter 2 for Grin2a™" and Grin2b™" mice, with the following exceptions: the cotransfection of
the mutant or WT GIuN2A or GIuN2B and plLenti CMV Cre-eGFP construct during the
electroporation procedure.

Electrophysiological recordings were also identical to those previously described in chapter 2,
with the following differences in the procedure. A stimulation of 20-40 V for 50 us (20
repetitions; 10 s cycle time) was applied to the Schaffer collaterals and NMDAR-EPSCs were
recorded postsynaptically from only transfected CAl neurons. For GIUN2A mutants, after this
first recording, 3 UM Ifenprodil hemitartrate (Abcam ab120111) was added to the ASCF and
allowed to perfuse through the tissue for 12 minutes. One recording was taken every 30 seconds
during this period (20-40 V for 50 pus) and another recording of 20 traces was taken after the 12
minutes. For GIuN2B, the slices were perfused with 10 uM TCN-201 (Tocris 4154) instead of
Ifenprodil.

Double KO recordings
Hippocampal slice culture preparation, SCE and electrophysiological recordings were identical
to the methods described in chapter 2 for Grin2a-Grin2b double floxed mice. The transfected

neurons from these slices expressed either GIUN2A or GIuN2B WT or mutant subunits only.
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Primary neuronal culture, transfection and imaging

Sprague-Dawley rats aged PO-P2 were used for dissociated hippocampal cultures. The
hippocampus was dissected on ice and the meninges were removed in dissection medium
composed of HBSS (Invitrogen 14155048) with 10 mM HEPES (Sigma H0887) and 1% Pen/Strep
(Invitrogen 15140122). The hippocampi were then triturated in 2 ml of pre-warmed plating
medium which was composed of MEM (GIBCO 51200087) supplemented with 20 mM glucose,
1% Pen/Strep, 1 mM sodium pyruvate (Sigma S8636), 25 mM HEPES, 1x N2 (Invitrogen
17502048) and 10% HI-horse serum (Gibco 26050088). The homogenised tissue was then
diluted into 6.5 ml total volume of plating medium. 500 pl of this was plated per well into 12-
well plates that contained 16 mm diameter coverslips (ThermoFisher 10755354) that had been
previously coated (for 3 hours) with 50 pg/ml poly-D-lysine (Sigma P0899) and (overnight with)
2 ug/ml laminin (Sigma L2020). Neurons were allowed to settle and adhere for 3 hours at 37 °C,
5% CO,, after which, they were supplemented with culture medium containing: Neurobasal-A
(Fisher 12349), 1 ml B-27 (Gibco 17504044), 1% Pen/Strep, and Glutamax (Gibco 35050).
Cultures were returned to 37 °C, 5% CO, and fed twice a week with culture medium
supplemented with antimitotic agents: 0.1 uM uridine, 0.1 uM fluorodeoxyuridine and 0.1 uM
cytosine arabinoside. Neurons were transfected at 8 DIV with the calcium phosphate method.
For this, coverslips were transferred to a fresh plate containing 500 ul culture medium that
contained 1 mM kynurenic acid to acidify the medium for smaller precipitates. 50 pul 2.5M CaCl,
with DNA solution was added dropwise to 50 ul 2xHEPES buffered saline (Sigma-Aldrich). DNA
constructs used were pCaMKIllalpha-Homerlc tdTomato at 1 pg per coverslip with pCI-SEP-NRI
(Addgene plasmid #23999) at 1.5 ug per coverslip. This was used alone or in addition to one WT
or mutant GIuN2 at 1.5 pg per coverslip. The DNA/CaCl,-HEPES solution was incubated for 20
minutes at room temperature and then added to one well of the 12-well plate containing the
neurons. After a 90-minute incubation at 37 °C, 5% CO,, the coverslips were transferred to a
new 12-well plate that had been pre-incubated at 37 °C, 10% CO; and placed for 20 minutes at
37 °C, 5% CO,. Coverslips were transferred back to the original 12-well plate and incubated until

the day of imaging, DIV 11.

Neurons were imaged using a Zeiss AxioVert.Al/Jenoptik ProgRes GRYPHAX Arktur microscope
with a 40x objective; 0.65 numerical aperture. Coverslips were placed in HEPES ASCF with 4 mM
CaCl; and 4 mM MgCl,. Neurons were imaged for the GFP signal at 395 nm (fig. 4.1c) and the
tdTomato signal at 554 nm (fig. 4.1a). Five images were taken from each coverslip. These 8-bit

images were converted to grayscale in Image) (fig. 4.1d) and the fluorescence was normalised
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Figure 4.1: Image analysis procedure using ImageJ.
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a) Homerlc-tdTomato signal. b) ROIs selected in five dendritic compartments. c) SEP-GIuN1 signal. d)
GIluN1 converted to grayscale. e) fluorescence normalisation within image. f) background subtraction. g)
ROIs selected from Homerlc-tdTomato signal overlaid onto SEP-GIuN1 signal. The fluorescence of the
SEP-GIuN1 signal is measured at these ROIs. Figure used with permission from Daniel Hunter, University
of Sussex.

within each image using a custom built macro (fig. 4.1e) as the transfection efficiency between
neurons was variable. The background fluorescence was subtracted (fig. 4.1f) and the
Homerl1C-tdTomato signal was used to select five regions of interest (ROIs) that corresponded
to five different dendritic compartments that contained dendritic spines (fig. 4.1b). The ROls
were overlaid onto the SEP-GIuN1 signal (fig. 4.1g) and the fluorescence at these ROIs was

measured.

Statistical analysis
For pharmacology experiments with ifenprodil and TCN-201, recordings were discarded if the

access resistance between two recordings (before and after drug) differed considerably (5-8
MQ). In Stimfit 0.13, an average of the 20 traces was taken and the peak amplitudes were
compared before and after drug addition to obtain the percent block of the EPSC peak
amplitudes by Ifenprodil or TCN-201. A one-way ANOVA was used to compare the percent
inhibition by ifenprodil or TNC-201 for the GOF, LOF and WT subunits in GraphPad Prism 7.

For double KO experiments, a paired t-test was used to compare the double KO and
untransfected peak amplitudes and a one-way ANOVA was used to compare the various
constructs transfected into the double KO background. GraphPad Prism 7 was used for these
analyses.

For imaging experiments, one-way ANOVA in GraphPad Prism 7 was used to compare the
fluorescence with and without the WT subunits, a two-way ANOVA was used for the
fluorescence before and after the addition of trypan purple and a one-way ANOVA in GraphPad

Prism 7 was used for comparisons of fluorescence for the various mutants tested.
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Results

Pharmacological block as an indication of relative expression profiles of mutant GluN2
Mutant NMDAR subunits that still express and traffic to the synapse may be expected to have
similar relative synaptic expression of GIuN2A and GIuN2B to WT neurons (fig. 4.2a). With
GluN2A LOF mutants, which are predicted to reduce expression or trafficking of the subunit to
the synapse, the remaining GIuN2B subunit is expected to contribute relatively more to NMDAR-
EPSCs (fig 4.2c). In these situations, GIuN2B-selective antagonist ifenprodil should block a larger
proportion of the NMDAR current. Likewise, for GIuN2B LOF mutants, the relative contribution
of GIuN2A-containing receptors should be higher, so GluN2A-selective antagonist TCN-201
should block a larger proportion of the NMDAR current. Thus, experiments were designed to
use these negative allosteric modulators to assess the subunit composition of NMDARs
contributing to NMDAR-EPSCs. Negative allosteric modulators were selected to target the non-
mutated GIuN2 subunit (as described above), since interpretation of the block by antagonists
targeting the mutated subunit is arguably more likely confounded by direct effects of the

mutation on drug potency or efficacy.

NMDAR-EPSCs were recorded from CA1 neurons transfected with one GOF and one LOF mutant
for both GIuUN2A and GIuN2B, with and without ifenprodil or TCN-201 addition, respectively.
GOF and LOF mutants K669N and C436R respectively were characterized further in this chapter.
For GIuN2B, GOF mutant R696H and LOF mutant C456Y were chosen.

GIluN2A GOF and LOF mutant NMDAR subunits are differentially blocked by ifenprodil

The NMDAR-EPSC peak amplitude after the addition of ifenprodil to the ASCF was reduced to
61.92 + 7.11 % for K669N-transfected neurons and 30.94 + 2.20 % for C436R-transfected CA1
neurons in hippocampal slices. The GIUN2A human WT subunit was intermediate with an EPSC
peak amplitude of 41.49 £ 6.27 % in the presence of ifenprodil (fig. 4.3a,b). Fig. 4.3a shows the
EPSC size with increasing time exposure to ifenprodil. The two mutant responses were
significantly different to each other (one-way ANOVA with Tukey’s MC test F(50,2) = 8.38, p =
0.0007; C436R vs K669N p = 0.0006), however the WT response did not significantly differ to
either mutant (WT vs C436R p = 0.4801, WT vs K669N p = 0.0628). This result suggests a
difference in the GIuN2A and GIuN2B ratios at the synapse with the GOF and LOF GIuN2A
mutants where a higher proportion of the EPSC is mediated by GIuUN2B in cells expressing the
LOF mutant C436R. Although the WT GIuN2A was not significantly different to either mutant,

possibly due to the sample size.
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Figure 4.2: Hypothesised trafficking and expression of GOF and LOF GluN2 mutants and
their response to GluN2 blockers.

a) A regular synapse with GIluN1, GIuN2A and GIuN2B normally trafficked to the synapse. b) A GOF
GIuN2A mutation would be predicted to not disrupt the trafficking or expression of the GIuN2A
subunit, leading to mutant subunits present at the synapse. The block by ifenprodil would produce a
similar level of block as the normal synapse due to similar levels of GIuN2A and GIluN2B in both. c)
GIuN2A LOF mutations are predicted to disrupt the trafficking of the GIuN2A subunit to the synapse,
leading to a higher GIuN2B density at the synapse. EPSCs from this population of neurons are
predicted to be blocked by ifenprodil to a greater degree. d) GluN2B GOF and LOF mutations which
are both predicted to disrupt Glun2B trafficking to the synapse would both result in a GIuN2A rich
synapse, from which, EPSCs would be blocked to a greater degree by TCN-201 than the normal
synapse.

GluN2B GOF and LOF mutant NMDAR subunits are equally blocked by TCN-201

The percent block by TCN-201 for neurons transfected with GIuN2B mutants R696H and C456Y
were not significantly different to each other (NMDAR-EPSC size after TCN-201 addition: R696H:
43.52 +3.51 %, C456Y: 39.69 £ 3.41 %, one-way ANOVA with Tukey’s MC test F(37,2) =7.05, p =
0.0025; C456Y vs R696H p = 0.7764 Fig. 4.3c,d). The block recorded in cells transfected with the
human GIuN2B WT subunit was significantly lower than these (61.34 + 5.884 % EPSC size, WT vs
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C456Y p = 0.0026; WT vs R696H p = 0.0159), suggesting that for both of these mutants, there
was a greater proportion of GIuN2A-containing NMDARs contributing to the NMDAR-EPSC than
in neurons expressing WT human GIuN2B. Fig. 4.3c shows the EPSC size with increasing time
exposure to TCN-201. Despite R696H having a GOF characterisation, this experiment suggests
that its expression is similar to the LOF C456Y, and that both mutants likely have disrupted

expression and trafficking.
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Figure 4.3: Block of GluN2 by ifenprodil or TCN-201 in the presence of mutant subunits.

a) Size of EPSC (%) after the addition of ifenprodil for mutant or WT GIuN2A transfected into CA1
pyramidal neurons in hippocampal slices. b) Mean size of EPSC after the addition of ifenprodil at 12
minutes. Data from 3 animals for mutants and 2 for WT. c) Size of EPSC (%) after the addition of TCN-
201 for mutant or WT GIuN2B. d) Mean size of EPSC after the addition of TCN-201 at 12 minutes.
Data from 2 animals each.

This experiment supported the predictions of the expression profiles of different mutants in

heterologous expression systems — C456Y shows no current when transfected into HEK-293 cells
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and R696H shows 75% less current than GIuUN2B WT (Swanger et al., 2016). However, the
drawback of pharmacological readouts of mutant expression is that mutations may alter the
drug potency or efficacy through long-range allostery from the mutation site. This is possible
since GIuN2A and GIuN2B are capable of forming triheteromeric receptors, in complex with
GluN1, where they associate in close proximity. Single amino acid residue changes that lead to
a side chain with different hydrophobicity, polarity or charge, in the place of the original side
chain may alter the folding and structure of the receptor complex that may in turn alter the
conformations relevant to the pathway of inhibition. This may directly alter the potency or
efficacy of the drug, leading to errors in the interpretation of subunit expression. As a result,
experiments described next were conducted to investigate subunit trafficking/expression using

approaches that are not subject to these caveats.

Single mutant subunit expression in CA1 neurons

Grin2a-Grin2b double floxed mice were transfected with Cre-GFP and mutant GIuN2 subunits to
examine their functional incorporation and properties at synapses without interference from
the remaining GIuN2 subunits. First, double KO (without co-expression of any GIuN2A or GIuN2B
subunits) was done to confirm that the majority of the synaptic NMDARs are composed of
GluN2A and B subunits. Most of the current was abolished with the transfection of Cre-GFP only
(fig. 4.4a,b) and less than 20% of the current remained (fig. 4.4c). To determine whether this
residual current was due to an incomplete KO by Cre recombinase or whether it may be
mediated by non-GluN2A and GIuN2B currents, the double KO was repeated for a longer time
period (21 DIV instead of 8/13 DIV), but once again, a similar level of residual current was found
(fig. 4.4c). It may be possible that a small proportion of current is mediated by other receptor
subtypes in CA1 neurons or the efficiency of the KO is not complete. Since this current was
minimal, it was not expected to produce a large impact on the currents mediated by mutant

GIuN2 subunits.

GIluN2A GOF mutant, K669N, is expressed at the synapse whereas LOF mutant, C436R, is not
WT human GIuN2A expressed in slices from Grin2a-Grin2b double floxed mice rescued the
current to roughly 70 % of untransfected neurons (fig. 4.4d). This was not significantly different
to the peak amplitude of the NMDAR-EPSCs in GIuN2B KO neurons, which are thought to be
mediated by mostly GIuN2A-containing NMDARs (unpaired t-test, p = 0.1475) (fig. 4.4d) (Gray
et al., 2011). The decay of the human WT GIuN2A subunits also matched the fast decay of the
GIuN2B KO (unpaired t-test, p = 0.9873) (fig. 4.4e), supporting the notion that the receptors
remaining in the GIUN2B KO are GluN2A-containing NMDARs.
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Figure 4.4: Single mutant subunit expression shows diverse effects for GIluN2A but not
GIluN2B mutants.

a) Representative traces from untransfected neurons (black) and double KO neurons (purple) in
hippocampal slices at 8/13 DIV. b) Peak amplitudes of untransfected (black) and double KO (purple) at
8/13 DIV. Data from 2 animals. Paired t-test, p < 0.0001. c) Ratios of transfected/untransfected of peak
amplitudes for double KO at two different time points. 21 DIV data from 1 animal. Paired t-tests of
transfected vs untransfected p < 0.0001. d) Ratios of transfected/untransfected of peak amplitudes for
GIuN2A mutants and WT. GIuN2B KO: 4 animals; GIuN2A WT, K669N, C436R: 3 animals; double KO: 2
animals. e) Ratios of transfected/untransfected for tau of K669N and WT. f) Ratios of
transfected/untransfected of peak amplitudes for GIuN2B mutants and WT. GIuN2A KO: 4 animals;
GIuN2B WT: 2 animals; R696H, C456Y: 3 animals; double KO: 2 animals. g) Ratios of
transfected/untransfected for tau of R696H and WT. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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GluN2A K669N or C436R were then subsequently transfected into slices from the Grin2a-Grin2b
double floxed mice to compare their current profiles to the human GIUN2A WT (fig. 4.4d).
GIuN2A K669N rescued the current to roughly 40%; which was about 40% less than the WT
subunit rescue (one-way ANOVA with Tukey’s MC test F(78,3) =21.82, p <0.0001; K669N vs WT
p = 0.0005) and lower than predicted from the previous experiment in this chapter, but still
indicating that K669N is functionally incorporated into synapses, as this was significantly more
current than the KO (one-way ANOVA with Tukey’s MC test K669N vs KO p = 0.0019). In contrast,
C436R produced currents that were not significantly different to the double KO but reduced
compared to K669N (C436R vs KO p = 0.8336; C436R vs K669N p = 0.0273), indicating impaired
functional incorporation into synapses, as the previous experiment in this chapter suggested.
The decay of the GIuN2A K669N-containing NMDARs was slower than for the WT GIuN2A
expressed in the double KO background (unpaired t-test p < 0.0001) (fig. 4.4e), which supported
findings published by others showing enhanced functional properties for this GOF mutation
leading to prolonged current decay (Swanger et al., 2016). The decay of C436R was not included
as the currents were too small for reliable fits of exponential decay times, but the current
amplitude being comparable with the double KO (fig. 4.4d) is evidence for poor functional
synaptic incorporation. Since the decay of the K669N mutant was shown to be significantly
longer than WT in the double-flox in the current chapter (fig. 4.4), it further supports the trend

of prolonged current for the same mutant in the single-flox experiments (fig. 3.8).

GluN2B GOF and LOF mutants have impaired expression at synapses

Expression of human WT GIuN2B in hippocampal neurons from the Grin2a-Grin2b double floxed
mice produced currents that were roughly 60% the size of currents from untransfected neurons,
comparable to the peak currents of Glun2A KO (unpaired t-test p = 0.3018) (fig. 4.4f). The decay
of GIuN2B NMDARs expressed alone showed the characteristic slow kinetics of these subunits
and was not significantly different to the NMDAR-EPSCs recorded in the GIUN2A KO cells
(unpaired t-test p < 0.1631) (fig. 4.4g).

Consistent with the previous observations and predictions of the expression profiles for both
GOF and LOF GIuN2B mutants (Chapter 3), R696H and C456Y produced very small currents,
close to the double KO level (one-way ANOVA with Tukey’s MC test F(84,3) = 23.8, p < 0.0001;
R696H vs KO p = 0.3876; C456Y vs KO p = 0.9574; R696H vs C456Y p = 0.6215; R696H vs WT p <
0.0001; C456Y vs WT p < 0.0001) (fig. 4.4f), consistent with the hypothesis of disrupted
trafficking and expression. Interestingly, the decay of the small population of R696H NMDARs in

the double KO was roughly 3.5x slower than untransfected neurons (~1.5x slower than WT
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Figure 4.5: Trafficking of GIuN2A mutants to dendritic spines differs for a GOF and LOF

mutant.

a) representative images of the Homer1C-tdTomato fluorescence which labels post-synaptic densities
and SEP-GIuN1 signal for the various GIuN2 constructs. b) fluorescence, in arbitrary units, for the SEP-
GluN1 signal for WT GIuN2 subunits. c) fluorescence, in arbitrary units, before and after addition of
Trypan purple to estimate surface expression of SEP-GluN1/GIuN2 tetramers. d) Percent of GIuN2A
fluorescence for GIuN2A mutants. Data from three cultures of rat hippocampal neurons. *p<0.05,

**p<0.01, ***p<0.001, ****p<0.0001.
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GIuN2B) (unpaired t-test WT vs R696H p = 0.0003) (fig. 4.4g), which was different to the decay
found from overexpression in HEK-293 cells (~3.6x slower than WT GIuN2B) (Swanger et al.,
2016). Therefore, it seems that the functional enhancement to NMDAR time course did not
influence much the NMDAR-EPSC decay in the experiments in chapter 2 because GIuN2B R696H
subunits make little functional contribution to the currents. This suggests that a synaptic
expression defect may dominate in the effect of this mutation on NMDAR-EPSCs, thus leading

to a ‘LOF synaptic phenotype in neurons.

Trafficking to the synapse

In the above experiments, a functional signature of NMDAR trafficking to synapses was used.
However, such experiments cannot distinguish between those mutations that disrupt trafficking
to synapses, with those that disrupt the ability of NMDARs to function at synapses. To address
this, an imaging assay was carried out using SEP-GIuN1 as a reporter for synaptic delivery of
GluN2 mutants (Ogden et al., 2017). WT dissociated rat hippocampal neurons were transfected
with SEP-GIuN1, a GluN1 subunit tagged with a pH sensitive GFP that fluoresces at above pH 7,
the pH of the extracellular space, so that subunits in acidic intracellular compartments would
not fluoresce. The fluorescence of SEP-GIuN1 alone was compared to that of SEP-GIuN1 and WT
or mutant GluN2 to determine the trafficking profiles for each mutant compared to WT. GluN1
subunits are obligatory for the formation of a functional NMDAR, but they cannot assemble or
be expressed at the synapse as homomers in neurons; they have to be in a complex with GIuN2
or GluN3 for this to happen. Therefore, co-expression of SEP-GIuN1 with a WT GIuN2 subunit is
anticipated to increase the fluorescence in dendritic spines as GIuN1 would now be able to be
trafficked to the synapse. This assay was based on the work of Barria and Malinow (2002) and
has been used by others to establish the trafficking competence of GIUN2A mutants (Ogden et
al., 2017).

Homer1C-tdTomato was used as a synaptic marker as it is a protein that is highly present at the
post-synaptic density, and so is enriched in the heads of dendritic spines. The SEP-GIuN1
fluorescence was measured in the dendritic spine compartments that co-localised with the
Homer1C-tdTomato signal. With SEP-GIuN1 expression alone, there was very little fluorescence
in the dendritic spines, which were clearly visible with the Homerl1C signal, and mostly the
dendritic shaft was labelled (fig. 4.5a). This background fluorescence may be present due to the
endogenous GIuN2 subunits existing in hippocampal rat neurons that could assemble with SEP-
GluN1 and release it from the ER to the plasma membrane. Expression of WT human GIuN2A

with SEP-GIuN1 increased the trafficking of SEP-GIuN1 to spines, observed through the increased
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spine fluorescence (fig.4.5a,b), compared to SEP-GIUN1 expressed alone (one-way ANOVA with
Tukey’s MC test F(51,2) = 40.1, p < 0.0001, SEP-GIuN1 alone vs SEP-GIUN1+GIuN2A WT p
<0.0001). Expression of GIUN2B resulted in a much smaller increase in fluorescence than WT
GIuN2A (SEP-GIuN1 alone vs SEP-GIUN1+GIluN2B WT p = 0.0403, GIuN2A vs GIuN2B p < 0.0001)
(fig. 4.5a,b), suggesting that either the trafficking of GIuUN1 by GIuN2B is less efficient than
GIuN2A, or that the synapse has a greater capacity for GIUN2A expression than GIuN2B. This
effect has been observed by others (Barria and Malinow, 2002) and is similar to the synaptic

incorporation of GIUN2A and GIUN2B in the rescue experiment in chapter 3.

To determine the amount of surface expression of the SEP-GIuN1/GIuN2 receptors in dendritic
spines, the fluorescence was measured before and after the addition of Trypan purple to the
hippocampal cultures. Trypan purple is membrane impermeable and quenches GFP
fluorescence (Jullie et al., 2014); the remaining fluorescence after the addition of Trypan purple
would reflect fluorescence from any intracellular SEP-GIuN1 receptors. The majority of the
fluorescent signals from the GIuUN2A and GIuN2B WT subunits were abolished after the addition
of Trypan purple (fig. 4.5c), indicating that the receptors were expressed mostly at the plasma
membrane (two-way ANOVA, F(6, 2) = 109.60, p < 0.0001) (fig. 2.9c), and very little fluorescence

was from intracellular compartments.

The SEP-GIuN1 fluorescence with K669N was greater than with the human GIuUN2A WT subunit
— roughly 150% of WT (one-way ANOVA with Tukey’s MC test F(112,4) = 24.78, p < 0.0001;
K669N vs GIuUN2A WT p = 0.0005) (fig. 4.5a,d), suggesting an even greater enrichment at
synapses for this mutant compared to WT. This was similar to the expression levels predicted
from the ifenprodil inhibition in fig. 4.3, but unlike the peak amplitudes of currents for CAl
neurons that expressed the K669N mutant alone in fig. 4.4. C436R produced an equivalent
fluorescent signal to the SEP-GIuN1 transfected alone (C436R vs SEP-GIuN1 alone p > 0.9999;
C436R vs GIUN2A WT p = 0.0008; C436R vs K669N p < 0.0001 ) (fig. 4.5a,d), suggesting that this
mutant had a complete trafficking impairment. The trafficking of 1694T was measured, as it did
not fit the trend exhibited by all other GIUN2A mutants as it showed a decay time that was
comparable to WT untransfected neurons (chapter 3). It was found that 1694T had unperturbed
trafficking that was not significantly different to the trafficking of SEP-GIUN1 by WT GIuN2A
subunits (1694T vs GIUN2A WT p = 0.4608 (fig. 4.5a,d), as the decay would have suggested from

the previous experiment.
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Discussion

The key finding in this chapter in relation to GIuUN2A mutants is that similarities in the synaptic
phenotype of a GOF GIuN2A mutant, K669N, and LOF mutant, C436R, can be explained by
different mechanisms. The GOF mutant produced prolonged NMDAR currents by a functional
enhancement to the subunit’s properties whereas the LOF mutant produced this similar synaptic
phenotype through disruption of the trafficking of GIUN2A to the synapse, resulting in the
NMDAR-EPSC being mediated mostly by GIuN2B. This finding contrasted with what was
observed in GIUN2B. The putative ‘GOF’ GIuN2B mutant, R696H, and a LOF mutant, C456Y, both
exhibited poor functional incorporation into synapses leading them both to be associated with
faster decaying NMDAR currents. Despite the NMDAR-EPSC decay of the R696H being slower
when its properties were isolated in the GIuUN2A/GIuN2B double KO, the small functional
incorporation of this mutant meant that it did not significantly influence EPSC decay in the
molecular replacement experiments of chapter 3. The faster decay observed for the GIuN2B
mutants in those experiments could be explained by GluN2A-mediated currents over

representing the NMDAR-EPSC.

Limitations of trafficking and expression assays

The pharmacological blockade of GIuN2 subunits with ifenprodil or TCN-201 was used as a
measure of the relative expression levels of GIUN2A and GIuN2B at the synapse. The currents
that remained after blockade of one subunit were used as a measure of the expression of the
remaining subunit. In this experiment, the blockade with the GIuUN2A WT was not significantly
different to the GIuUN2A mutants, although the two mutants were significantly different to each
other. This could reflect the smaller sample size for the WT and therefore requires further
recordings to uncover whether statistically significant differences may be detected.

There was a significant latency to the blockade by both drugs so that the percent inhibition had
still not plateaued after several minutes of incubation of the hippocampal slice with either drug
(fig. 4.3a,c). Whether the total blockade could have differed for the WT or mutant subunits once
this plateau had been reached may be a possibility, especially as the differences in block

between the different constructs was not huge.

Another issue regarding the pharmacology is that no antagonists are available that offer
complete and specific block of either the GIUN2A- or GIuN2B-containing receptors, and their
action on triheteromers confounds interpretation. Ifenprodil (3 uM) was reported to block
currents mediated by GIuN1/2B diheteromers up to 88% but triheteromer-mediated currents

were blocked by only 32% (Hansen et al., 2014). In contrast, TCN-201 (10 uM) provided up to
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91% block of GIuN1/2A diheteromer mediated current while also blocking 72% of triheteromer-
mediated currents (Hansen et al., 2014). These issues could affect interpretation if the mutation
affected the ability of the mutated GIuN2 subunit to form triheteromers. There also remains the
potential long-range allosteric effect of the mutation to affect the potency or efficacy of the
antagonist to inihibit mutant triheteromeric receptors. For this reason, this experiment was used

in conjunction with others to confirm the results.

What the residual current is mediated by is currently unclear, especially as it remained
consistent even after longer durations of Cre expression. There is a possibility that the residual
current could be GIuN2D-, or even GluN3-mediated. GIuN2C is almost exclusively expressed in
the cerebellum (Watanabe et al., 1992). GIuN2D is expressed in hippocampal pyramidal neurons
in new-born mice (von Engelhardt et al.,, 2015) and is downregulated through development
(Monyer et al.,, 1994). GIuN3A and GIuN3B are expressed in early post-natal weeks in
hippocampus but later decline (Kehoe et al., 2013, Matsuda et al., 2002). In organotypic slices,
there is a possibility that they may persist in vitro but this is unknown. As the residual current is

small, it does not likely impact the results.

Finally, the overexpression of GIuN2 for the measure of assembly and trafficking competency of
GluN1 may have put pressure on the cellular machinery that is involved in transport of proteins
from the ER to the plasma membrane, especially as the endogenous subunits were still present
in these hippocampal neurons. However, as the fluorescence with WT GIuN2A increased
dramatically compared to the SEP-GIuN1 alone, it suggests that there was still a large capability
for incorporation of GIUN2A subunits into the synapse. This was also seen with the rescue
experiments in chapter 3 where increasing GIuUN2A concentrations produced progressively
faster NMDAR-mediated currents. In contrast, the fluorescence increase with expression of WT
GluN2B was much more minor, comparable to the saturated expression levels of WT GIuN2B in
the rescue experiment of chapter 3. Similar levels of expression for GIuUN2A and GIuN2B have
been observed before, where GIuUN2A levels are greater at synapses than GIuN2B, even though
the total level of the GIuN2B protein is higher (Coultrap et al., 2005, Le Bail et al., 2015, Pian et
al., 2010, Sun et al., 2016). This low propensity to traffic the GIuN2B subunit would make it
difficult to distinguish any effects of GIUN2B mutants as the fluorescence with and without

GIuN2B is very similar.

Overall, the experimental results agree that GIUN2A K669N is still expressed and contributes to
synaptic currents whereas GIuN2A C436R, GIuN2B R696H and GIuN2B C456Y have impaired

trafficking and expression in hippocampal neurons.
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LOF mutants

C436R in GIuN2A and C456Y in GIuN2B have been predicted to cause an impairment in
expression due to their effects on protein structure and folding; both mutants disrupt a
disulphide bridge which is integral for the stability of the subunit. In heterologous cells, currents
from C436R- or C456Y-transfected cells have been at or below the limit of detection and
surface/total protein levels have been very low — less than 10% for C456Y and C436R was close
to zero % (Swanger et al., 2016). C436R also showed no response to maximal concentrations (30
M) of glutamate and glycine and western blots showed ~20 % protein levels of WT for C436R,
as well as almost absent surface expression (Addis et al., 2017). Serraz et al. (2016) reported no
protein expression with immunoblots for C436R. No currents were detected for C456Y with up
to 3 mM glutamate in HEK-293 cells (Fedele et al. (2018). This data is consistent with the findings
in this chapter, and suggest that currents from neurons transfected with these two mutants is

mediated by the remaining GIUN2A subunits that are expressed at the synapse.

K669N expression

For C436R, R696H and C456Y, all three experiments produced a similar results of poor functional
incorporation at synapses. However, K669N expression was not as consistent between the
pharmacology, electrophysiology and imaging experiments. One possibility for why K669N
expression and trafficking was higher than WT GIuN2A subunits in two experiments but lower
in the double KO could be the difference in the ability of this mutant to assemble and express as
diheteromeric vs triheteromeric receptors. In the pharmacology experiment, endogenous
GIuN2B is present and in the dissociated neuronal cultures, both endogenous GIuN2A and
GIuN2B are present, however, in the double KO, receptors are forced into forming
diheterotetramers. In heterologous expression systemes, it is also diheterotetramers which are
formed as mutants are typically expressed without other GIuN2 subunits. The current view of
NMDAR subunit composition at neuronal synapses is that triheteromeric receptors dominate
(Paoletti et al., 2013, Stroebel et al., 2018). However, the possibilities of reduced ifenprodil
potency or efficacy are still present for the pharmacology experiment and the overexpression of
GIluN2 subunits in the imaging experiment with SEP-GIuN1 may contribute a degree of error, as
previously discussed. Despite this, it is clear that K669N is still capable of trafficking, assembly
and expression, whereas the LOF GIuN2A mutant is not. The population of diheteromeric K669N
NMDARs which made up 40% of the size of untransfected currents had a prolonged decay
compared to WT GIuN2A subunits, about two times longer. This is less than what was observed

in HEK-293 cells where the K669N subunit current was four times slower than WT GIuN2A
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subunits, but not different in amplitude to WT GIuN2A (Swanger et al., 2016). This difference is
odd, considering that in both systems, K669N is a diheteromer with GluN1, and the GluN1
isoform does not greatly impact the GIuN2A receptor properties like it does for GIUN2B (Yi et al.,
2018). The reason for this difference is unclear, as the number of receptors expressed would not

impact the biophysical properties such as decay time.

1694T did not exhibit a similar synaptic phenotype to other GIuUN2A mutants

One mutation was very unusual in that it did not present a common phenotype like the other
mutations. This mutation, 1694T, did not exhibit the trend in NMDAR-EPSC decay kinetics
exhibited by all other GIUN2A mutants studied in this thesis. This mutant was included in the
imaging experiments to determine whether synaptic expression levels could provide insights
into its mechanisms. 1694T was trafficked similarly to WT GIuN2A subunits, as the decay
suggested in the previous chapter. This suggests that the reduction in peak amplitude was a
functional alteration caused by 1694T, producing a much milder phenotype than all other tested
GIuN2A mutants. The patient with the 1694T mutation has Landau-Kleffner syndrome (Lesca et
al.,, 2013), which is a severe variant on the Epilepsy-Aphasia Spectrum, so a mild synaptic
phenotype would not be a convincing mechanism for this patient’s disorder. It may be that the
effects of this mutant are not detected in the experimental paradigm used in this thesis, such as
disruptions to splicing, or it may be that other factors contribute to the disease phenotypes in

these individuals.

Is GIuN2B impairment more susceptible to expression defects?

Since the putative GIuN2B ‘GOF’ mutation do not exhibit their GOF effects in neurons and the
overall postsynaptic response appears to be mediated by GIuUN2A receptors, it is possible that
the GIuN2B NMDAR subunit has an increased propensity to have disrupted trafficking and
expression when mutated in the LBD (She et al., 2012). Most studies on GIuN2B mutant
expression are conducted in heterologous cells. However, Swanger et al. (2016) showed that
GluN2B LBD mutant C461F had reduced total expression in cultured dissociated cortical neurons
and a reduced surface/total expression, indicating impaired trafficking. They also showed that
most GIUN2B mutants they investigated (five out of seven) had impaired expression and
trafficking in HEK-293 cells. Other studies have reported similar effects and found impaired
GIuN2B trafficking and expression also in heterologous expression systems (Liu et al., 2017,
Ogden et al.,, 2017). In COS-7 cells though, only two out of 11 de novo missense GIUN2B
mutations resulted in impaired trafficking, with no clues given on expression relative to WT

(Vyklicky et al., 2018). These discrepancies possibly reflect cell-type specific trafficking
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phenotypes. The data in neurons is very limited and whether the same trafficking and expression
profiles from heterologous cells will be observed is not certain. The reportedly GOF mutant,
R696H (Swanger et al., 2016), was investigated in this chapter and was found to have a poor
synaptic expression similar to the LOF mutant. Swanger et al. (2016) showed a reduction in peak
amplitude to roughly ~25% of WT GIuN2B receptors, which may have been a functional change
or an indication of poor expression. The decay of these currents was 3.6 times longer than WT
GIuN2B receptors, in contrast to the 1.5-2 times longer currents than WT GIuN2B observed in
this chapter (~3.5x slower than untransfected neurons). Once again, like the difference in decay
for the K669N mutant, there was a large difference in the decays for this GIuUN2B mutant,
however, in this case, the difference may be a result of the slow GluNla isoform used in
heterologous cells being different to the native GIuN1 isoforms in CA1 mouse neurons. In rat
hippocampal CA1 neurons, both 1a and 1b isoforms were detected (P7 to adult stages) (Laurie
and Seeburg, 1994), and this may also be likely for mouse. Alternatively, the effect of filtering
caused by limited space clamp may have selectively ‘slowed’ the kinetics of the faster NMDAR-
EPSCs, thereby making the effect size smaller.

One approach to determine whether the GIuUN2B subunit may be more susceptible to trafficking
and expression impairments would be to replicate a ‘GOF’ GIuN2B mutation, such as R696H
which displays poor trafficking and expression, in the GIUN2A subunit. Whether the mutant
would also disrupt the GIuN2A subunit’s trafficking and expression or would result in an

observable ‘GOF’ phenotype would elucidate this.

Further examination of mutants

To confirm that all GIuN2B mutations that were studied resulted in fast decay due to lack of
expression, further examination of the trafficking and expression profiles of the remaining
mutants will be necessary. This will also be necessary to confirm the diverse mechanisms for the
remaining GIuUN2A GOF and LOF mutants that lead to a common synaptic phenotype. It is highly
likely that the GIuUN2B mutants C436R and C461F have impaired expression due to the severely
diminished currents observed in HEK-293 cells (Swanger et al., 2016). This also applies to GIuUN2A
mutants T531M and R518H. This leaves GIuN2A L812M and GIuN2B R540H which are suspected
to have increased functional properties and diminished expression, respectively, but this needs
verification in order to fully establish their mechanisms. The expression of these mutants in the
double KO to uncover the single subunit decay properties would also be needed to determine
whether single subunit effects are present or overshadowed by other NMDAR subunit

compositions.
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Conclusions

To determine whether the synaptic phenotypes of GIuUN2A and GIuN2B mutants resulted from
altered NMDAR function or expression, the trafficking and expression levels were investigated,
relative to WT, for a GOF and a LOF mutant from each subunit. GluN2A GOF and LOF mutations
appeared to produce a slower decaying NMDAR-EPSCs through very different mechanisms; the
GOF mutant K669N increased the functional biophysical properties of the GIUN2A subunit,
whereas the LOF mutant C436R disrupted GIUN2A trafficking and expression leading to a
synaptic response that was dominated by slow decaying GIuN2B NMDARs. Conversely, for
GIuN2B subunits, both GOF and LOF, led to impaired trafficking and expression in neurons,
allowing the synaptic response to be dominated by fast decaying GluN2A NMDARs. It was found
that the GOF/LOF distinction, which was based upon research using heterologous expression
systems, was unsuitable when applied in neurons. Whether other LOF and GOF mutants also
exhibit these mechanisms will be crucial future research to determine whether these results are

applicable to the wider population of LBD mutations in GIuN2 subunits.
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Chapter 5 General Discussion
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Summary of results

The aim of the research presented in this thesis was to investigate the synaptic phenotypes
arising from human disease mutations occurring in the GIuN2A and GIuN2B NMDAR subunits.
Despite there being wide ranging effects of GIUN2A mutations on receptor expression or
function, these mutations ultimately converge on patients having an epilepsy phenotype. In
contrast, for GIUN2B, a genotype-phenotype correlation was postulated relating LOF and GOF
mutations to intellectual disability without or with a seizure disorder, respectively (Lemke et al.,
2014). Most published research into the effects of GIuN2 mutations focussed on the mutant
subunit properties when overexpressed in heterologous cells. This thesis describes and discusses
unexpected synaptic dysfunction arising from a range of different mutations in the LBD and LBD-

TMD linker regions of the GIuN2A and GIuN2B subunits.

In support of the first hypothesis, all GIUN2A mutants tested, with the exception of 1694T,
prolonged the duration of the NMDAR component of synaptic transmission. For mutants with
undisrupted trafficking and expression, such as the GOF mutant K669N, this occurred by a
functional increase in the receptor channel properties. For mutants with disrupted trafficking
and expression, such as LOF C436R, the prolonged decay was mediated through the remaining
GIluN2B-containing NMDARs at the synapse, which have characteristically slower decay than

GluN2A-containing NMDARs.

Surprisingly, the GIuN2B mutation data was in contradiction to the second hypothesis.
Specifically, it was found that both putative GOF and LOF GIuN2B mutations within the LBD
produced synaptic responses that decayed more rapidly than WT, essentially showing a LOF
synaptic phenotype. For the putative GOF mutation R696H, NMDAR expression and trafficking
was found to be impaired, as was found for the LOF mutation C456Y. Despite the GOF mutation
R696H showing prolonged NMDAR activity when studied in isolation in the Grin2A-Grin2B
double floxed background, these functional properties contributed a minimal amount in the
single gene-flox condition and so, the synaptic responses were dominated by the remaining

GIuN2A subunits at the synapse, which was also true for the LOF mutant.

Methodology: translating heterologous cell research into neurons

Predictions of neuronal and synaptic properties resulting from manipulations made in
heterologous expression systems seem to be inconsistent with the empirical measurements
described in this thesis. Swanger et al. (2016) predicted the synaptic charge transfer that would

result from a variety of GIuN2 mutations. The authors estimated the synaptic charge transfer
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(Q) from the product of the following parameters: deactivation time constant, channel open
probability, surface GIuN2 expression and relative agonist responses to peak cleft glutamate and
glycine concentrations. The comparison of these predictions by Swanger and colleagues with
the empirical measurements of charge transfer from this thesis are plotted in Fig 5.1 for six

mutants: K669N, 1694T, C456Y, C461F, R540H and R696H.

Discrepancies are clearly evident for the severe LOF GIuN2B mutants, C456Y and C461F. Both
of these mutants were shown to exhibit low surface/total GIuN2 expression ratios,
approximately 10-20% respectively relative to WT GIuN2B expressed in heterologous cells
(Swanger et al.,, 2016). Combined with effects on agonist potencies, these mutants have
miniscule predicted synaptic charge transfer (>1% of WT). This contrasts with the modest drop
(to 52-60%) in the measured synaptic charge transfer (fig. 5.1). These discrepancies are not
completely explained by trafficking differences of these mutants in heterologous cells compared
to neurons as the same authors compared the expression of GFP-tagged GIuN2B mutants in
neurons and found approximately 45% surface/total for C461F relative to WT GIuN2B (Swanger
et al., 2016). An alternative explanation for the discrepancy is that the predictions do not
account for the other GIuN2 subunits that are typically expressed in neurons and contribute to
overall synaptic charge transfer. A proportion of the synaptic charge transfer, in hippocampal
CA1 neurons, would be mediated by GIUN2A. Even with mutants that cause a complete loss of
GIuN2B so that the predicted charge transfer would be less than 1% of WT GIuN2B,
diheteromeric GIuN2A NMDARs would comprise the remaining charge transfer. The size of this
response would depend on the ratios of GIuN2B-containing and GIuN2B-lacking NMDARs at the

synapse.

The explanations for large discrepancies between predicted and observed charge transfer are
less clear for other mutants. The putative GOF GIuN2B mutant R696H exhibits only 26% lower
surface/total expression ratios relative to WT GIuN2B expressed in HEK cells (Swanger et al.,
2016). The 5-fold high glutamate potency and almost 5-fold slower deactivation of this mutant
compensate for the lower expression and are predicted to give a 1.9-fold increase in synaptic
charge transfer (Fig 5.1). Poor rescue of GIuN2B R696H in GIuN2A/GIuN2B double KO neurons
(Chapter 4) indicates that there is very little functional incorporation of this mutant at synapses.
The impact of this is emphasized by the rapid decay time constant of the NMDAR-mediated EPSC
in the GIuUN2B R696H molecular replacement experiment, which resembles more the GIuN2B KO
(Chapter 3) than the slow deactivation or EPSC decay of GIuN1/GIuN2B (R696H) (Chapter 4;

Swanger et al. 2016). Another explanation could be the parameterization of the model used for
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the predictions. Each of the parameters used in the model are equally weighted, which may not
be adequate to model changes in synaptic charge transfer. The model also does not account for
other factors known to modulate NMDARs, such as cleft pH, co-released zinc, calcium-
dependent inactivation, which could also be affected by the mutations. The relevant
contribution of these factors is implicit in measurements of NMDAR-mediated synaptic currents

following molecular replacement (Chapter 3).

Potential issues with the parametrization of the prediction model of Swanger and colleagues
may explain discrepancies for the 1694T mutant. Molecular replacement with GIuN2A 1694T
rescued all measured properties of NMDAR-mediated EPSCs similarly to GIUN2A WT, except
peak amplitude (Chapter 3). In HEK cells, 1694T expression was only modestly affected
(surface/total ratio ~75% of WT) (Swanger et al., 2016), and 1694T had little impact on the
synaptic delivery of GIuN2B 1694T in neurons (Chapter 4). The modest decrease in glutamate
potency together with a small drop in open probability combined to predict a 65% drop in
synaptic charge transfer for this mutant (Swanger et al., 2016). However, no change was found
in measured synaptic charge transfer (fig. 5.1), despite the drop in peak amplitude (Chapter 3).
This indicates that the agonist potency and open probability parameters may have a lesser
influence on the prediction than anticipated or that other parameters may be more impactful.
Alternatively, this mutant may behave differently at the synapse than in the conditions of the

experiments underlying the model used to predict synaptic charge transfer.

Together, these comparisons illustrate that to fully understand the impact of GIuN2 variants one
should not only rely on heterologous expression systems. By examining mutation effects on
NMDAR-mediated EPSCs, the receptor trafficking, stoichiometry and allosteric modulation by
endogenous ligands are taken into consideration, all within the native environment of the
receptor —in neurons at synapses. It is important to note that the effects of GIuN2 mutants will
be different in diverse neuronal populations that express varied combinations of GIuN2 or GIuN3
subunits. The influence of this will be most evident for LOF mutations, where the resulting drop
in the mutant subunit at the synapse will reveal more the properties of the receptors composed
of the remaining regulatory subunits, which can vary for deactivation, magnesium block and
open probability (Paoletti et al., 2013, Vicini et al., 1998). In contrast, if no other regulatory
subunits are expressed, then the LOF mutant would simply knockdown NMDAR content at
synapses. Parvalbumin- and somatostatin-positive interneurons in the hippocampus contain

GluN2A, GIuN2B and GluN2D NMDARs; block of GIuN2B resulted in slowing of NMDAR-EPSCs
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from P3-12 but not at P20-25 due to the higher GIuUN2A expression at the later age (von
Engelhardt et al., 2015).

[ 1.41
GRIN2A
| 1694T |
casey |
CA61EF [ Hl Modelled mutant Q
ORINZE Bl Observed total Q
R540H|
R696H | 1.9
I I .
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Synaptic charge transfer ratio to WT

Figure 5.1: Synaptic charge transfer predicted from heterologous cells (Swanger et al.,
2016) and observed charge transfer from mutants transfected into CA1 neurons.

Modelled synaptic charge (Q) was done using tau (t), open probability (Po), surface protein levels
(Surf) and relative response to agonist (R), all measured in Xenopus oocytes and HEK-293 cells, where
Charge transfersynaptic = Tmut/wt X Po mut/wt X SUrfmut/wt X Raly X R6iu,synaptic where

Ragonist = 1/(1+(agonist ECso/[agonist])™) and nH is the Hill slope, From Swanger et al. (2016).
Observed data: mean +/- SEM from mutants transfected into CA1 neurons in hippocampal slices.

GluN2B GOF mutants in the TMD have been found to still traffic and be expressed at the synapse
(Fedele et al., 2018), however the GIuN2B LBD mutants studied in this thesis impair NMDARs in
this sense. LBD mutations which cause a large change to the glutamate potency have a lower
surface/total expression compared to WT (Swanger et al., 2016). The glycine binding site in
GluN1 and glutamate binding in GIuN2B have been shown to regulate receptor surface
trafficking so that mutations which reduce glutamate potency result in reduced receptor
trafficking and retentionin the ER (Kenny et al., 2009, She et al., 2012). The same has been found
for AMPARs (Coleman et al., 2009, Coleman et al., 2010, Penn et al., 2008) and kainate receptors
(Gill et al., 2009, Mah et al., 2005). In the LBD, GIuUN2B mutants may affect the binding of
glutamate which facilitates trafficking of the NMDAR out of the ER (She et al., 2012). The present
findings may not be relevant to mutations in other subunit domains since they may not have an

impact on glutamate potency. Investigation beyond the LBD would help to determine this.
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Furthermore, whether binding of glutamate facilitates GIuN2A trafficking is unknown and the
GOF GIuN2A mutants do not suggest any trafficking impairments (chapter 4) so this may be a

specific case for GIuN2B LBD mutations.

Effect of decay and amplitude on neuron signalling/function for GIluN2A
mutants

Changes in decay kinetics of NMDAR-mediated EPSCs were a common feature of almost all the
mutations tested. The slow time course of NMDAR currents facilitates temporal summation of
EPSPs, which increases the probability of the postsynaptic neuron spiking to physiologically
relevant patterns of synaptic activity (Augustinaite and Heggelund, 2007, Hunt and Castillo,
2012). In the same way, due to their slower decay, neurons expressing GIuN2B subunits have a
greater ability to integrate synaptic inputs than those with GlunN2A subunits (Hildebrand et al.,
2014). In contrast, mice that have had the GIuN2B subunits switched for GIuN2A exhibit lower
levels of integrated synaptic currents, due to the faster deactivation time of GIuN2A containing
receptors (Wang et al., 2011). A similar result was observed from replacement of the GIuN2B for
GIuN2A in cortical cells induced by light exposure of dark-reared rats; temporal summation of
NMDAR-EPSCs was reduced after 40 Hz stimulation from faster decaying GIuUN2A NMDARs
(Philpot et al., 2001). Consistent with these findings, increased amounts of GIUN2B expression
levels in the CA1 of rat hippocampus after contextual fear learning resulted in greater EPSP-spike
coupling, which was inhibited by the GIuN2B-selective blocker ifenprodil (Sun et al., 2016).
Therefore, it is tempting to speculate that LOF and GOF GIuN2A mutations with prolonged decay
times will lead to an enhanced neuronal activity and spike generation. It will be important in
future experiments to evaluate how sensitive synaptic integration is to graded changes in the
time course of NMDAR-mediated EPSCs as it may be that over the population of excitatory
neurons, these effects may be sufficient to cause some circuits to undergo synchronous,

repetitive discharges, similar to those observed during seizures (Amakhin et al., 2016).

Alterations to the time course of NMDAR-mediated synaptic currents were often accompanied
by a reduction in the peak amplitude of currents in GIuUN2A KO and missense mutations studied
(L812M, C436R, T531M and R518H). On first sight this would seem consistent with the idea that
there is no compensation by synaptic recruitment of additional GluN2B-containing receptors.
However, this is difficult to establish firmly with the evidence presented here alone since GIuN2A
and GIuN2B differ in their open probability (Paoletti et al., 2013). GIuN2B-containing receptors
have a 5-fold lower open probability so even if GluN2B-containing receptors were to substitute

for the reduction in GIuUN2A, the peak amplitudes will likely be smaller anyway. This is further
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complicated by the different negative allosteric modulation of open probability of the GIuN2
subunits by zinc, which is co-released with glutamate at the Schaffer collateral synapses
(Vergnano et al., 2014).

For mutants with opposing effects on peak amplitude and decay of NMDAR currents, it would
be important to ascertain which altered property would have a greater impact on synaptic
signalling. One way to investigate this would be to measure the post-synaptic calcium entry
using a calcium indicator, such as GCamp, and imaging of the fluorescent signal upon activation
of NMDARs in cultured hippocampal neurons. The size of the calcium signal for the mutants,
relative to WT subunits, with recurrent activation of receptors would give an indication of the
level of activity of the mutant receptors and whether the reduction in peak amplitude seen for
some mutants would be sufficient to balance out the prolonged decay that is simultaneously
observed. Another approach could be employed using electrophysiology in organotypic
hippocampal slices where the Schaffer collateral pathway can be repeatedly stimulated with
high frequency and the summation of post-synaptic CA1 neuron currents or potentials can be
recorded. This would enable the detection of the efficiency of summation for each mutant and
whether the peak amplitude has any significant impacts that could attenuate the effects of the

decay time on synaptic integration.

LOF phenotypes of GluN2B mutants

The NMDAR component of EPSCs exhibited LOF for the full range of GIuN2B mutations tested.
The functional incorporation of GIuN2B mutants at synapses was tested for the putative GOF
mutant R696H and the LOF mutant C456Y and the results suggest that loss of synaptic function
may be a common phenotype for LBD mutants of GIuN2B. These mutations are associated with
a range of mental disorders that include intellectual disability, ASDs and neurodevelopmental
abnormalities. These disorders have a feature in common: that the E-I balance is disrupted
leading to aberrant neuronal network activity. Both enhanced and reduced activity levels
through dysregulation of both excitatory and inhibitory systems have been reported (Dani et al.,
2005, Frega et al., 2018, Kroon et al., 2013, Rubenstein and Merzenich, 2003, Tabuchi et al.,
2007, Takarae and Sweeney, 2017). The reduced NMDAR signalling likely has impact on both
intrinsic cell excitability and network level activity due to the possible impairment of synaptic
integration of inputs from much quicker and smaller NMDAR responses. A reduction in
summation, reduced intrinsic cell excitability and reduced network excitability will likely cause a
disruption to the E-l balance which is essential for the processes of neuronal maturation,

synapse maturation and dendritic spine formation during the critical periods in early
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development (Jedlicka et al., 2018, Lee et al., 2017, Subramanian and Nedivi, 2016). These
processes have been shown to be perturbed when the E-I balance is tipped during critical
periods as the specific time windows for structural development becomes disrupted, with either
delayed onset or complete disruption of these processes (Kroon et al., 2013). GIuN2B is known
to be involved in the critical periods of development and it is highly expressed at this time
(Gambrill and Barria, 2011, Monyer et al.,, 1994). With the disruption of these structural
developments, neuronal populations with aberrant spine morphology or density result, a widely
reported observation in many types of mental and neurodevelopmental syndromes that include
ID and ASD (He and Portera-Cailliau, 2013, Kaufmann and Moser, 2000, Koyama and lkegaya,
2015, Purpura, 1974). Ectopic early expression of GIuUN2A in CA1 of rat hippocampal slices
exhibited fewer dendritic spines, indicating fewer synapses, and a reduced spine density and
volume (Gambrill and Barria, 2011). Expression of GIUN2A also reduced spine motility — additions
and retractions of spines —whereas expression of GIuUN2B enhanced this, without affecting spine
density or volume (Gambrill and Barria, 2011). Knockdown of GIuN2B reduced the number of
functional spines, motility and spine density, whereas knockdown of GIuN2A during this period
had no significant effects due to the low expression of GIUN2A during early post-natal
development (Gambrill and Barria, 2011). In contrast, delayed GIuN2B to GIuN2A switch
(resulting from GluD1 KO) increased spine density and the number of spines (Gupta et al., 2015).
Eps8 KO mice, which lack an NMDAR-associated actin-regulating protein, show an impaired
GIuN2B to GIuN2A subunit switch and have neurons with immature filopodia-like spines (Morini
et al., 2018). A loss of GIUN2B, resulting from the missense mutations studied here would likely
alter many developmental processes, which include features of spine development and
maturation. Interestingly, a common observation in cases of ID and ASD is of thin immature
filopodia-like spines (Purpura, 1974), which is likely linked to the cognitive impairments and
intellectual deficits as spine morphology is thought to be the structural basis of learning and
memory. In the Fragile X mouse model, Fmr17Y, synaptic plasticity impairments are reversed by
inhibition of GIUN2A, but not GIUN2B (Lundbye et al., 2018), suggesting that enhanced GIuN2A
activity, as would occur with all studied GIuN2B mutations that showed a LOF effect in neurons,

could be linked to the ID and ASD exhibited in Fragile X syndrome.

Future research could focus on the longer term effects of GIuUN2 mutants on synaptic structure
and properties. Using the same methods as the trafficking experiments with SEP-GIuN1 in
chapter 4, the cotransfected Homer1C-tdTomato can be used to measure the spine densities
and spine lengths. As these mutants may have effects on developmental processes, long term

synaptic properties which includes structural features of synapses may be altered. The numbers
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of spines, which may reflect synapse number could provide an indication of the changes to
activity levels; a higher spine density, assuming mature functional synapses, could suggest the
propensity for greater levels of activity. In contrast, reduced spine density or the presence of

long, thin immature spines may be a sign of deficient neuronal signalling.

Reduced excitatory NMDAR-mediated transmission in pyramidal neurons is consistent with the
idea that deficits in synaptic signalling, learning and developmental abnormalities may underlie
the clinical phenotypes of ID and ASD (Guang et al., 2018, Verma et al., 2019). The findings for
the GIuN2B mutations paint a more complicated picture since some of the mutants tested
(C436R, C461F and R540H) are found in patients with seizure disorders. Many studies have
reported paradoxically intensified and increased duration of seizures and enhanced synaptic
connectivity in conditions of insufficient NMDAR activity, NMDAR antagonists, such as AP5, and
low extrasynaptic GIuUN2B-NMDAR activity (Bausch et al., 2010, McKinney et al., 1999,
Sveinbjornsdottir et al., 1993). The different genetic background of human patients may also
influence how the changes in NMDAR mutations ultimately affect excitability and plasticity
within cortical networks (Myers and Mefford, 2015, Noebels, 2015). Single-gene epilepsies
illustrate that many genes are involved in regulating E-I balance and seizure generation
(Noebels, 2015). Indeed, the potential of genetic modifiers to influence seizure phenotypes is
well illustrated by the effect of genetic background (mouse strain) on the seizure phenotype of
mice carrying a LOF allele for the sodium channel subunit (Nav1.1) (Miller et al., 2014, Yu et al.,
2006). This could contribute to the spectrum of phenotypes observed in epilepsy-aphasia

syndromes for GIuN2 mutations.

Epilepsy is often comorbid with other brain disorders with there being a particularly high
incidence of seizures in individuals who exhibit ID and ASD (Lee et al., 2015a, Rubenstein, 2010).
Published figures show that 80% of patients with ID and ASD have abnormal
Magnetoencephalography (MEG) activity and almost 70% exhibit epileptiform activity with
electroencephalography (EEG) (Lewine et al., 1999). The ID and ASD in syndromic disorders such
as Kleefstra syndrome, Rett syndrome, and Fragile X, are also associated with hyperexcitability
and loss of inhibitory signalling and synaptic strength (Doll and Broadie, 2014, Frega et al., 2018,
Lee et al., 2017, Takarae and Sweeney, 2017). In a Down’s syndrome mouse model, Ts65Dn
mouse model, general inhibition of NMDARs with memantine rescued learning and memory
impairments (Costa et al., 2008). In human patients, memantine was less affective but did have
some performance enhancement in memory recall assessment (Boada et al., 2012). In mouse

neurons with knockdown or KO of calcium/calmodulin-dependent serine protein kinase, a
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membrane-associated guanylate kinase, there is an impaired E-l balance associated with a
reduction in GIuUN2B expression (Mori et al., 2019). Knockdown of GIuN2B specifically disrupted
E-1 balance (increased frequency of mMEPSCs and reduced frequency of mlIPSCs) and
overexpression of GIUN2B rescued these E-I balance impairments (Mori et al., 2019). Gray et al.
(2011) also showed that mEPSC frequency is enhanced with a GIuN2B KO in acute slices and this
has been replicated in organotypic slices along with reduced mIPSCs frequency (unpublished —
Wajeeha Aziz, Penn Lab, University of Sussex). Although evoked NMDAR responses were
reduced with the GIuUN2B mutant subunits, spontaneous activity may thus be enhanced, through
regulation of AMPAR and GABAR-mediated synaptic transmission. However, the lack of effect
of any mutation on evoked AMPAR-mediated EPSCs in chapter 3 are not consistent with these

ideas.

An important limitation in the approach used here concerns the period of time that the mutant
GluN2 subunits were expressed in CAl hippocampal neurons. GluN2 disease mutations occur in
patients from the beginning of development, whereas here the replacement of endogenous to
mutant genes was two weeks after birth (1 week in vivo plus 1 week ex vivo). In the experimental
design, all developmental processes and neuronal maturation proceeded without disruption,
whereas in human disease patients it is highly likely that several processes or critical periods in
development are perturbed due to GIuN2 mutants altering the regular NMDAR activity and
function at these times. Since GIuN2B expression dominates in early development this is may be
more of an issue for the investigation of GIuUN2B mutants than for GIuN2A. Furthermore, in the
design, only a few cells — up to a maximum of ten per slice — contained mutant GIuN2 whereas
in disease patients, all neuronal cells that express GIuUN2A and GIuN2B subunits contain the
mutant variant. This means that the effects of GIuN2 mutants at the network or circuitry level
were not captured, which may play a large role in the disease occurrence and contribute to the
malfunctional processes involved. Using LOF mutants as an example, it is known that GIuN2B KO
is lethal (Kutsuwada et al., 1996) and associated with hippocampal plasticity impairments and
reduced spine density and GIuN2A KO is associated with transient abnormalities in the brain
microstructure (Salmi et al., 2018) and epileptiform activity (Salmi et al., 2019). These
macroscopic, multicellular changes are likely to alter network activity and development in ways
that cannot be replicated with sparse manipulation and the impacts of these may not be present
after normal development in the conditional KO mice. Seizure disorders and disorders involving
ID, ASD and related mental disorders are the result of a global network disruption and
understanding the mechanisms at this level will also be crucial, alongside the single-cell level.

Although examining the cell-autonomous effect of NMDAR mutants may pose difficulties in
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relating findings to the disease state, it provides the opportunity to deconvolve the effects
directly on NMDARs at synapses. This would be the foundation to uncovering disease

mechanisms.

Impacts of NMDAR mutants on inhibitory synapses

Studying excitatory neurons is an important path to understand how synaptic activity can be
perturbed by ion channel mutations. However, there is extensive and intricate modulation and
control of these neurons by the inhibitory neuronal network. Studying the effect of NMDAR
perturbations in only one of these systems provides only a partial image of their impact at a
network level. The E-I balance, when aberrant, is implicated in GIuN2 disease phenotypes that
range from seizure to mental disorders (Eichler, 2008, Ferguson and Gao, 2018). As a result, both
excitatory and inhibitory circuits are crucial to examine in order to fully grasp the underlying
changes to neuronal activity that may lead to disease states. As GIuN2 subunits are involved in
the regulation and development of inhibitory neuronal networks, the effect of mutants on this

system is crucial to understand.

While the work presented in this thesis focussed on hippocampal pyramidal neurons, it is
possible that NMDARs, either at inhibitory synapses or at excitatory synapses onto interneurons,
play a significant role in NMDAR related disorders. Immunocytochemical labelling and electron
microscopy revealed that both NMDAR subunits GIuUN2A and GIuN2B are present at somatic
GABAergic synapses pre- and post-synaptically in the mouse hippocampus (Paquet and Smith,
2000, Szabadits et al., 2011). Furthermore, it has been found that in neurons that lack NMDARs,
inhibitory synaptic transmission mediated through GABARSs is largely diminished, although, tonic
inhibition mediated through extra-synaptic GABARs is enhanced (Gu et al., 2016). Recently, it
was found that ambient synaptic glutamate levels are higher at inhibitory synapses than
excitatory synapses, and therefore NMDAR activation at either synapse differs; ambient
glutamate activated synaptic NMDARs more at inhibitory synapses (Yao et al., 2018). The effect
on inhibitory transmission by GIuN2B NMDAR mutants may be key to seizure incidence through
a reduced excitatory drive to inhibitory interneurons, resulting in possible greater network

excitability (Carlen et al., 2012, Korotkova et al., 2010, Su et al., 2018).

NMDAR activity is important for inhibitory synapse function as application of NMDA (NMDAR
agonist) to neurons of the superior colliculus caused a premature enhancement to GABAAR
currents at P12 instead of the regular P18 enhancement in rat, due to activation of NMDARs

(Aamodt et al.,, 2000). Although, it was unclear whether it was from NMDARs present on
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GABAergic neurons directly or indirectly by activation of NMDARs on other neuronal types.
Furthermore, NMDA application increased the size of GABAergic boutons in cerebellar cultures
and frequency of spontaneous GABA release (Fiszman et al., 2005). NMDAR signalling in
individual neurons in the hippocampus during development is crucial for the maturation of
GABAergic synapses (Wang et al., 1998) as both spontaneous and evoked GABAR-mediated
events are significantly impaired with NMDAR KO due to a reduction in GABAergic synapse
number, and increasing NMDAR activity enhances GABAR transmission (Gu et al., 2016). These
effects were also present in cortical and midbrain neurons and were not limited to the
hippocampus (Gu and Lu, 2018), suggesting a widespread role for NMDARs in the development
of GABAergic transmission. The balance between excitation and inhibition is crucial in the
maintenance of a regular level of circuit activity (Horn and Nicoll, 2018) and with the possible
stunted development of the inhibitory network or NMDAR hypofunction in inhibitory

interneurons, it is likely that this would tip the balance and result in aberrant levels of activity.

Since GIuN2B is crucial in development, whereas GIuN2A signalling begins after birth, GIuN2B
may have a more significant role in regulating inhibitory synapses. Pre-synaptic GIuN2B-
containing NMDARs on GABAergic neurons in P12-15 rat cortex act to enhance GABAR
transmission, with NMDAR and GIuN2B antagonists resulting in a block of this potentiation
(Mathew and Hablitz, 2011). Mice that lack GIuUN2B expression in hippocampal interneurons
develop seizures and die between P15-P20 when both alleles are affected; although
heterozygous deletion was not fatal for mice and the seizure incidence was not reported (Kelsch
et al., 2014). Since GIuN2B LBD mutations are likely LOF mutants from impaired trafficking or
expression, similar results may develop. Through a combination of reduction in activity of both
the inhibitory and excitatory neuronal networks, it is likely that multiple signalling pathways and
processes will be disrupted, affecting the E-I balance, basal synaptic signalling, and leading to

the presentation of many disease phenotypes, as occurs for GIuN2B missense mutants.

Treatment of patients carrying GluN2 mutations

From the mismatches in effects observed in heterologous expression systems and neurons, it
suggests that the characteristics of individual mutant subunits cannot be used to interpret the
effectin neurons. ‘LOF’ GIuUN2A mutations and ‘GOF’ GIuN2B mutations had the opposite effects
in neurons as they did in heterologous cells but GOF GIuN2A and LOF GIuN2B had the predicted
outcomes. Pharmacological treatment strategies to correct the activity levels for LOF GIuN2A
and GOF GIuN2B from data collected in heterologous cells may be unsuitable and may in fact

worsen disease symptoms. In the case of GIuUN2A-L812M which did show GOF effects in neurons,
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as it did it heterologous cells, treatment with memantine, an uncompetitive NMDAR antagonist,
reduced seizure frequency from roughly 11 seizures a week to 3 seizures a week in a patient
who exhibited early-onset epileptic encephalopathy and cognitive impairment (Pierson et al.,
2014). This strategy was suitable and proved effective for this particular mutant as L812M
enhanced GluN2A decay. Memantine has also been studied for its potency and efficacy when
applied to HEK-293 cells expressing either GIuUN2B-R696H or GIUN2A-K669N which exhibited
GOF in these cells (Swanger et al., 2016). Both potency and efficacy of memantine were similar
to WT for both mutants, and it was suggested that memantine could provide beneficial
treatment to patients with mutants that have these GOF effects. For K669N, this may, in fact, be
beneficial, however, R696H, which showed LOF in neurons, inhibition of NMDAR currents may
worsen the disease severity. For a patient with Rett syndrome and intractable epilepsy who had
a GIuN2B mutation L643P that had not been previously characterised, memantine was given as
an adjunctive treatment. This caused the patient to have more frequent seizures and memantine

use was therefore discontinued (Kyriakopoulos et al., 2018).

The use of positive allosteric modulators (PAMs) for the treatment of ‘LOF’ GIuUN2A mutants to
enhance NMDAR function, as proposed by Addis et al. (2017), is also likely to worsen disease
symptoms. Addis et al. (2017) found that GIuUN2A mutations C436R and D731N produced no
response to maximal glutamate and glycine application (30 uM) and several other mutants
showed reduced potencies. Therefore, they used the GIuN2A-selective PAM, Compound 275, to
increase responses to glutamate for the mutants that showed reduced glutamate potencies.
This may aid in correcting the reduced peak current amplitudes that were observed in neurons
for putative LOF GIuN2A mutations, although, the PAM was not at all effective for C436R and
D731N, possibly due to the almost complete absence of the GIuUN2A-C436R subunit at the
membrane. Therefore, this approach would only be efficacious for cases where the expression
is not completely lacking. Also, considering the disease phenotypes of epileptic disorders
exhibited by these mutants, PAMs may not be the ideal choice and may increase seizure
incidence as the prolonged NMDAR-mediated EPSC decay for LOF mutations may also be
intensified. In five patients with GRIN2A mutations that cause truncations,
duplication/deletions, and affected splicing, anti-epileptic drugs (AED) that reduced excitation
or enhanced inhibition resulted in an improvement in seizures (von Stulpnagel et al., 2017). All
patients that had these mutations exhibited epileptic syndromes and had moderate to severe
ID. In 3/4 patients who were given Valproic Acid, a GABAR enhancer and voltage-gated sodium
channel inhibitor (Drugbank DB00313), there was an improvement in the seizure conditions.

Sulthiame, which also blocks sodium channels (Fejerman et al., 2012), caused an improvement
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in 3/5 of patients. Clobazam, which enhances GABAergic transmission, improved symptoms for
3/5 patients. Reducing neuronal transmission would be the appropriate course of action for both
GOF GIuN2A mutants and ‘LOF’ mutants that still enhance NMDAR signalling. Despite the
improvement in the disease conditions for some patients that were given these AEDs, some
patients still do not respond well. This suggests that certain neuronal systems and circuitry need
to be targeted instead of general enhancement of inhibitory networks or inhibition of excitation,
for specific patients. Characterisation of the mutants in neurons will help to narrow the precise

pathways and systems that contribute to the disorder in each unique case.

Similar to the case of PAMs for GIuN2A mutants described above, negative allosteric modulators
(NAMs) for the treatment of GIUN2B ‘GOF’ mutants, such as radiprodil, proposed by Mullier et
al. (2017) may also be unsuitable. Mullier et al. (2017) investigated the properties of GIUN2B
‘GOF’ mutants R540H, N6151 and V618G. R540H showed a slight enhanced glutamate potency
whereas N6151 and V618G had completely abolished magnesium blockade and even had greater
currents in the presence of magnesiumin Xenopus oocytes. Therefore, the reasoned therapeutic
agent was a NAM to reduce the ‘GOF’ effects. Radiprodil retained its blocking effects on these
mutant GIuUN2B subunits and therefore was suggested as a ‘valuable therapeutic option’.
However, R540H showed a ‘LOF’ effect in neurons (Chapter 3) and the expression and trafficking
profiles for N615I and V618G would ultimately determine whether this may be a suitable
approach. It would seem that these channel mutants do traffic to synapses as evidenced by less
magnesium block of spontaneous NMDAR-mediated EPSCs in neurons overexpressing GIuN2B
N615I and V618G compared to WT (Fedele et al., 2018). Patients with GIuN2B mutants G611V,
N615I, V618G, or M818T that were predicted potential GOF mutants were given memantine as
part of an adjunctive anti-epileptic drug treatment, however, there were no changes to the

seizures that the patients exhibited (Platzer et al., 2017).

For LOF mutant C461F in GIuN2B, Pregnelonone sulphate potentiated currents in heterologous
cells similar to WT and prolonged the deactivation time course (Swanger et al., 2016). Drugs
which may prolong the deactivation kinetics, such as pregnelonone sulphate, may be suited for
GluN2B mutants which have brief currents. However, pregnelonone sulfate is also a potent
negative allosteric modulator of GABAaRs, and not surprisingly, is proconvulsant (Harteneck,
2013, Reddy, 2010). Some more specific, GIuN2A-selective PAMs also prolong deactivation
(Hackos and Hanson, 2017, Villemure et al., 2017, Volgraf et al., 2016), which may be used for
prolonging the decay of GluN2A-containing NMDARs if mutants abolish GIUN2B expression
(Chapter 3 and 4). A GIuN2A-selective PAM, GNE-8324, also prolongs NMDAR currents, although
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constant glycine application was required and the PAM selectively targeted inhibitory synapses
(Hackos et al., 2016). NTD ligands, such as GIluN2A-selective zinc and GluN2B-selective ifenprodil
have also been found to prolong NMDAR-mediated EPSCs, although, these results were
produced with an accompanying reduction in EPSC peak amplitude (Tovar and Westbrook,
2012). Furthermore, if GIUN2B expression is impaired, ifenprodil may be ineffective at producing
any of the desired effects. D-serine, a co-agonist of the NMDAR, has been shown to prolong
NMDAR currents in the CA1l in both pyramidal cells and interneurons (Martina et al., 2003) and
can be administered as a dietary supplement as L-serine. A patient with Rett-like syndrome with
severe encephalopathy harbouring a GIuN2B mutation, P553T, that exhibited smaller and faster
currents when expressed in HEK cells was given L-serine for treatment and showed
improvement in disease symptoms including motor and cognitive performance and
communication (Soto et al., 2019). For GIuN2A mutations that give rise to GIuN2A-containing
synaptic receptors with slower deactivation, a drug with the opposite action may provide
therapeutic results. For example, D-cycloserine which is a partial agonist at the NMDAR co-
agonist binding site has been found to reduce the decay time of NMDAR currents in post-
synaptic neurons but not affect the amplitude (Lench et al., 2015). As D-cycloserine is not
GIuN2A- or GIuN2B-selective and binds GIuN1, it can be used to treat both GOF and LOF GIuN2A
mutations with slower decay kinetics. It is critical that the expression of mutants is always
examined in order to determine whether the GOF or LOF effects observed will, in fact, persist or
whether an alternate synaptic phenotype is exhibited from loss of the mutant subunit from the

synapse. This will be crucial in selecting the appropriate treatment for GIuN2 mutants.

Regulation of synaptic efficacy

GIuN2A and GIuN2B NMDAR subunits are known to have diverse roles in the induction of LTP
and LTD (Shipton and Paulsen, 2014). A common hypothesis for the induction of either
mechanisms is that the amount of calcium that enters the post-synaptic terminal determines
the direction of plasticity: low calcium results in LTD expression and high calcium results in LTP
expression (Cummings et al., 1996). As Glun2A and GIuN2B have diverse decay kinetics, the post-
synaptic calcium concentration is therefore distinct upon activation of GluN2A-containing
NMDARs vs GIuN2B-containing NMDARs, with GIuUN2B permitting greater calcium entry due to
its slower decay and greater charge transfer. The NMDAR composition therefore allows precise
control of calcium levels in the post-synaptic compartment (Shipton and Paulsen, 2014). This is
due to the intracellular signalling cascades that can be activated by varying calcium

concentrations (Malenka and Bear, 2004, Sheng and Pak, 2000, Sprengel et al., 1998). Block of
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GluN2B-containing NMDARs prevents the induction of LTD but not LTP whereas block of
GluN2A-containing NMDARs results in the opposite of this (Liu et al., 2004). Similarly, activation
of GIuUN2A NMDARs enabled LTP whereas GIuN2B NMDAR activation facilitated LTD (Sil'kis,
2007). However, many contradicting results have been observed (Bartlett et al., 2007, Berberich,
2005, Fox et al., 2006, Ge et al., 2010) owing to the diverse drugs and concentrations used, as
well as the LTP/LTD induction protocols which are numerous. Therefore, the literature on
subunit-specific mechanisms for the induction and direction of synaptic plasticity is not unified.
The stimulation protocol used for the induction of synaptic plasticity can result in varying total
charge transfer from GIuN2A and GIuUN2B NMDARs so that with some types of stimulation,
GIuN2A contributes to a greater charge transfer, and with other protocols, GIuUN2B contributes
to greater charge transfer (Shipton and Paulsen, 2014). Therefore, the level of synaptic activity

can also influence the outcome of plasticity.

As well as the distinct calcium levels that GIuN2A and GIuN2B can contribute to, their diverse
CTD sequences can also influence the induction of plasticity (Foster et al., 2010). The GIuN2 CTDs
couple to distinctive intracellular signalling pathways that have different effects on the induction
of plasticity and regulation of synaptic strength (Shipton and Paulsen, 2014). These signalling
pathways may include protein kinases and phosphatases which regulate the phosphorylation of
AMPARs to alter their activity or insertion/removal from synapses to cause the changes in
synaptic efficacy (Malinow and Malenka, 2002). Alterations to either the kinetics of NMDARs or
the GIuUN2A-GIuN2B ratio at the synapse could therefore result in changes to the direction of
synaptic plasticity. These alterations can result from human disease mutations as shown in this
thesis. Mutants which have trafficking impairments may result in a shift in the plasticity to favour

the pathways activated by the remaining GIuN2 subunit at the synapse.

Alternatively, trafficking-competent mutants that alter subunit function and have slow
deactivation approaching that of GIuN2B, such as L812M and K669N, may result in a more
intermediate effect. The reason for this is that the kinetics of the receptor are altered, however,
the GIuN2A CTD remains to continue its interactions with its usual signalling molecules. These
mutants would be a good tool to examine synaptic plasticity, in comparison to a mutant which
does not traffic, such as C436R, T531M or R518H. This can be used to explore whether the
NMDAR-EPSC time course and calcium signal or GIuN2 subunit identity is more critical in

regulating the induction of synaptic plasticity.
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Final Conclusions

This research has demonstrated a synaptic phenotype of a GOF for GIuN2A and a LOF for
GIuN2B human disease mutants when expressed at the CA3-CA1l synapse in organotypic
hippocampal mouse slices. These mutants mostly impacted the decay time course of NMDAR
currents and resulted from either functionally enhanced NMDARs or diminished trafficking and
expression. The GOF/LOF distinction from characterisations of mutants in heterologous cells
did not accurately reflect the overall impact on NMDAR currents and the expression, as well as
function of mutant subunits, was found to be crucial in determining the synaptic properties
that resulted. Future work to investigate further NMDAR mutants in GIuN2A and GIuN2B will

reveal the extent of the common synaptic phenotypes in each subunit.
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Appendix C: Extraction Method for Principal Component Analysis.

Rotated Component Matrix Rotated Component Matrix
Static features PC1 PC2 Dynamic features | PC1 PC2

Consurf norm. 0.896 SIFT 0.866
score

HSSP sequence 0.820
entropy Polyphen2 0.610 0.697

c-beta 0.858 0.443
accessibility

PROVEAN 0.896

average 0.933
PoPMuSiC
c-beta density 0.812 0.397 residue’s AAG

average 0.924
PoPMusSiC solvent
accessibility

Normalized B- 0.749
factor

FOLDX Saturation | 0.765 0.372
mutagenesis
MAD

MAESTRO 0.635 0.520
Saturation

mutagenesis
MAD

PCs were rotated using the Varimax with Kaiser Normalization method in SPSS. This method

adjusts the data to identify the correlations of the generated PCs to the original variables.
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Appendix D: Correlation between rankings of predicted deleterious effects and

observed effects in heterologous cells of GRIN2A and GRIN2B mutations.
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A PCA was performed for data obtained from Swanger et al. (2016). This data included
glutamate and glycine ECsos, Tw and peak amplitudes for responses from NMDARs with
GRIN2A and GRIN2B mutations measured in heterologous cells. R504P, A778P and M788l from
GRIN2A and M789K from GRIN2B were not included in the analysis since they were not
included by Swanger et al. (2016). First, mutations were ranked for each feature (glutamate
and glycine ECsos, Tw and peak amplitude) based on the fold-change in mutant values with
respect to the WT values. A larger difference between the mutant and WT values was
equivalent to a more damaging mutation as it caused a greater perturbation in NMDAR
function. The PCA produced a single component that represented 70% of the variability within
the data. The rank of these mutations was then correlated to the rank produced by the PCA of

the in silico data from the various bioinformatics programmes (n =22, r = 0.748, p < 0.0001).
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Appendix G: Integral of conductance for mutant NMDAR subunits
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Paired t-tests used to compare transfeted vs untransfected values with MATLAB 9.2 multicmp,
Holm-Bonferroni correction for multiple comparisons
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