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Abstract

The NR1 subunit of N-methyl-D-aspartate receptors (NMDARs) and the GluR3 subunit of o-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) have been identified as targets of
autoantibodies (Aabs) in autoimmune encephalopathy, whereby seizures, cognitive impairment and memory
loss are key symptoms. Recent studies have proposed mechanisms by which these Aabs act on their
respective receptors, but their role in neuronal excitability, seizures and autoimmune epilepsy is yet to be
established. Patient Aabs have been shown to bind to specific regions within the NR1 and GluR3 subunits.
Therefore, peptide immunisation was used to generate Aabs in rabbits against these specific sequences, and
‘protein A’ purification to obtain total IgG, or peptide purification to obtain target specific Aabs. Binding
and specificity of these Aabs were determined using a range of methodologies including enzyme-linked
immunosorbent assay (ELISA), immunocytochemistry (ICC) and immunohistochemistry (IHC). Functional
effects were determined using a range of in vitro electrophysiology techniques, including two-electrode
voltage-clamp on Xenopus oocytes, long-term potentiation (LTP) in hippocampal brain slices using multi-
electrode arrays, and excitatory postsynaptic currents (EPSCs) from primary hippocampal neurons using
whole-cell patch-clamp. This study has shown NMDAR and AMPAR Aabs generated from peptide
immunisation demonstrated specificity for NR1 and GluR3 immunisation peptides as well as target-specific
binding to their native proteins in ELISA, IHC and ICC. Upon further purification, NMDAR Aabs were
shown to prevent the induction of LTP at Schaffer collateral-CA1 synapses, supporting the proposed Aab-
induced internalisation of NMDARs mechanism of action. Acute and chronic application of AMPAR Aabs
elicited a reduction in spontaneous and miniature EPSC frequency in hippocampal neurons. Our data is
consistent with NMDAR Aabs decreasing the number of synaptic NMDARs via internalisation, and
AMPAR Aabs acting via an inhibitory mechanism at the synaptic level, in both cases an effect consistent
with a disruption to the excitatory/inhibitory network. This work provides a solid basis to address outstanding
questions regarding the mechanism of both these Aabs; for example, future work using internalisation assays
or applying Aabs to in vitro models of epileptiform activity to determine their roles on network activity. The

basic science presented here can contribute to the development of novel AEDs with respect autoimmune

epilepsy.
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1. Introduction

1.1  Autoimmune encephalitis

Autoimmune encephalitis encompasses a range of disorders where the body’s immune system
mistakenly targets self-proteins within the central nervous system (CNS), leading to
inflammation of the brain (Uy et al., 2021). The underlying causes of autoimmune encephalitis
and autoantibody generation are not well understood, in some cases occurring due to neuronal
receptor presence in peripheral tumours (Dalmau et al., 2007), following an infection such as
herpes simplex virus (Alexopoulos et al., 2018) or in some cases sporadically. Patients with
autoimmune encephalitis often present with neurologic symptoms such as impaired memory
and cognition, psychiatric symptoms and seizures, with current treatments focussing on the
removal of any autoantibodies and suppressing the immune system (Uy et al., 2021). However,
due to the lack of understanding of the underlying cause of these conditions, and the lack of
specific treatments, conditions can worsen and result in progressive neurologic deterioration

and status epilepticus (SE).

In addition, and increasing number of patients with epilepsy have been shown to have an
autoimmune component to their disorder, whereby patients harbour autoantibodies (Aabs)
(Bien and Holtkamp, 2017), similar to autoimmune encephalitis but without the accompanying
neurological symptoms. Aabs are antibodies produced by the body to self-proteins, in this case,
self-neurotransmitter receptors such as N-methyl-D-aspartate receptors (NMDARs), a-amino-
3-hydroxy-5-methyl-4-isoxazoleproprionic acid receptors (AMPARs), and gamma-
aminobutyric acid receptors (GABARs) (Dalmau et al., 2017). This increasing prevalence of

autoimmune encephalitis, autoimmune epilepsy and Aabs has sparked interest into



investigating the functionality of Aabs (Dalmau et al., 2007; Bauer et al., 2017). Here, the
current evidence behind autoimmune epilepsy will be discussed, with a focus on two of the

most common Aab targets: NMDARs and AMPARs.
1.2 Epilepsy

Epilepsy, a disease encompassing many neurological syndromes, is one of the most common
neurological disorders, affecting approximately 50 million people worldwide (WHO, 2019).
Epilepsy has been defined by the International League against Epilepsy (ILAE) as “a disorder
of the brain characterised by an enduring predisposition to generate epileptic seizures, and by
the neurobiological, cognitive, psychological, and social consequences of this condition”
(Fisher et al., 2005; Fisher et al., 2014). Approximately 10% of the population will have at least
one seizure in their lifetime, many of which do not result in an epilepsy diagnosis. A seizure
alone can be defined as the abnormal synchronous neuronal activity within the brain resulting
in transient symptoms such as jerking and loss of consciousness (Fisher ef al., 2014). In these
cases, seizures may be caused by other physical conditions such as diabetes, or may have an
underlying psychological cause (Mellers, 2005). Broadly speaking, epilepsy is characterised
by recurrent seizures, resulting from a hyper-excitable neuronal network, which occurs due to
an imbalance of excitatory and inhibitory neurotransmission. This can arise from an alteration
in brain function at several different levels (Engelborghs et al., 2000): (1) a dysfunction at the
genetic level (for example, a mutation in the SCN/A4 gene encoding the neuronal voltage-gated
sodium channel (Navl.l) most commonly results in non-functional sodium channels on
inhibitory neurons and therefore causes seizures in 70-90% of patients with Dravet Syndrome
(Dravet and Oguni, 2013)), (2) a modification in protein expression may lead to changes in

signalling cascades, resulting in a hyper excitable network (one example has been shown



following the reduced intensity status epilepticus (RISE) model, whereby an increase in
hippocampal PSD95 was observed (Needs et al., 2019)). This hyper-excitable state, regardless
of underlying cause, can occur in different regions of the brain and with different patterns of
propagation, thus presenting different seizure types and clinical symptoms (Stafstrom and

Carmant, 2015).

1.2.1 Classification of epilepsy

Due to a better understanding of epilepsy and ongoing research into the area, a revision of the
definitions, terminology and classification of both epilepsy and seizures was undertaken in
2017 by the ILAE (Fisher et al., 2017). Epilepsy can be classified by seizure type or by
underlying aetiology, both of which are investigated on diagnosis as this impacts the choice of

treatment.

1.2.1.1 Seizure classification

Seizures can be classified into three main categories: focal, indicating seizures that originate in
one hemisphere or region within the brain (and in some cases can evolve to bilateral);
generalised, seizures that occur suddenly and affect both hemispheres at once; and unknown
onset (Scheffer et al., 2017) (Figure 1.1). This can be further characterised by awareness level
(awareness of self and environment during a seizure) as well as by motor or non-motor
presentation (Stafstrom and Carmant, 2015). Motor seizures involve muscle movement and
may be due to either an increase or decrease in muscle contraction. Briefly, myoclonic seizures
involve sudden involuntary movements that are not associated with a loss of consciousness.
Tonic-clonic seizures are the most well-known type of generalised seizure, involving bilateral
convulsive movements accompanied by a loss of consciousness, where tonic is defined by a

stiffening in muscle tone, and clonic is regular, repetitive myoclonus (Blume ef al., 2001). Non-



motor seizures can be generalised, including absence seizures, identified by an abrupt onset
and offset of altered awareness without any changes in muscular tone, or focal, non-motor
seizures, including emotional seizures. Emotional seizures are characterised by alterations in
mood or emotion without the subjective emotion at seizure onset, e.g., focal emotional seizure

with laughing without the appropriate related emotion of happiness (Fisher et al., 2017).



Focal

Motor Onset:

- Automatisms
- Atonic
- Clonic
- Epilpetic spasms
- Hyperkinetic
- Myoclonic
- Tonic

Non-Motor Onset:

- Autonomic
- Behviour arrest
- Cognitive
- Emotional
- Sensory

Figure 1.1: Classification of different seizure types.

(Scheffer et al., 2017).

Seizures

Generalised

Motor:
- Tonic-clonic
- Clonic
- Tonic
- Myoclonic
- Myoclonic-tonic-clonic

- Myoclonic-atonic

- Atonic
- Epileptic spasms

Non-motor:
- Typical
- Atypical
- Myoclonic
- Eyelid myoclonia

Unknown Unclassified

Motor:
- Tonic-clonic
- Epileptic spasms

Non-motor:
- Behaviour arrest

Adapted from the ILAE Revised Terminology for Organisation of Seizures and Epilepsies 2011 — 2013



Seizures can vary in length, depending upon the type (Jenssen et al., 2006). Generally, the
seizure will self-terminate via several mechanisms, returning the neuronal network to a non-
seizing state. These mechanisms can be at the neuronal level, such as activation of potassium
channels and/or a diminishment of adenosine triphosphate (ATP) to limit further excitability,
or the self-termination can occur at a network level, including glutamate depletion, glial

buffering and GABAergic inhibition (Lado and Moshé¢, 2008).

1.2.1.2 Classification by aetiology

In recent years, epilepsy has been classified as idiopathic, cryptogenic or symptomatic (Fisher
et al.,2014). However, with increasing understanding of the aetiologies underpinning epilepsy,
these terms have been replaced with more suitable categories based on the underlying cause,
importantly including immune (and autoimmune) as well as genetic, metabolic, structural,
infectious or unknown (Scheffer et al., 2017). The ‘genetic’ category replaces idiopathic, where
a known gene is the primary cause of the syndrome, such as in Dravet syndrome, where a
mutation in the SCN/A gene causes seizures (Dravet and Oguni, 2013). ‘Unknown’ replaces
the classification of cryptogenic and is only used when there is no evidence for any cause of
seizures. The categories ‘metabolic’, ‘structural’, ‘infectious’ and ‘immune’ replace the
previous classification of ‘symptomatic’ when there is a suspected cause of the syndrome, of
which infectious is the most common etiology of epilepsy worldwide. In the case of immune
(or autoimmune) causes of epilepsy, antibodies targeting brain proteins are the cause of the

observed seizures (Scheffer et al., 2017; Husari and Dubey, 2019).



1.2.2 Current management of epilepsy

At present, there are more than 20 AEDs that can be used for the treatment and management
of epileptic disorders (Ldscher ef al., 2013; Ghosh ef al., 2021). Current AEDs work generally
to reduce seizure frequency by decreasing the electrical activity of the brain, although due to
the multi-causal aspect of epilepsy and inter-individual variability, these do not treat the
underlying pathological cause. The decision of which drug to use is dependent on the seizure
type, patient age and whether the disorder has been identified as having a genetic/symptomatic

cause, or whether its cause is unknown (Stafstrom and Carmant, 2015; (NICE), 2021).

AEDs work to decrease the activity of the neuronal networks within the brain via an array of
mechanisms, via inhibition of glutamate-mediated excitatory pathways through blockade of
NMDARs or AMPARs (using antagonists such as felbamate or perampanel, respectively
(Figure 1.2) (Rho et al., 1994; Greenwood and Valdes, 2016)). Voltage-gated Na' channels are
also common targets, with different drugs such as phenytoin and carbamazepine acting to
prolong the duration for which sodium channels are inactivated (Macdonald and Kelly, 1995).
Alternatively, hyper-excitability can be treated by augmenting GABA-mediated inhibitory
neuronal pathways, for example by enhancing the inhibitory effect of GABA (e.g.,
benzodiazepines in status epilepticus)or by enhancing potassium channel function (Stafstrom
and Carmant, 2015), as also shown in Figure 1.2. Currently, AEDs prescribed as first-line
therapy are dependent upon the type of seizures/epilepsy, as well as the demography of the
patient. For example, for focal seizures first line treatment involved carbamazepine,
lamotrigine, levetiracetam or oxcarbazepine, whereas for generalised seizures the current first
line treatment is sodium valproate, for boys, men and women not of childbearing potential,

with lamotrigine being the next choice when valproate is not applicable. NICE guidelines in



the UK advise prescribing a single drug to control newly developed seizures, and progressing

to combination treatment where necessary ((NICE), 2021).

Despite the range of available AEDs, approximately 30% of epilepsy patients are resistant to
the current therapies, with the mechanisms underlying this resistance still unknown. This has
led to the development of many new AEDs over recent decades that aim to target the
pathological cause rather than the symptoms, but these have shown no greater efficacy than
previous AEDs due to a lack of understanding of the underlying pathophysiology of a lot of
epilepsy conditions (Perucca et al., 2007; Schmidt and Schachter, 2014). In addition, it has
been shown that seizures themselves can increase disease progression, due to seizure-induced
excitotoxicity; therefore, if AEDs fail to control seizure occurrence and frequency,
breakthrough seizures may occur, which can exacerbate the disease and develop into refractory

seizures (Kwan and Brodie, 2000; Lee, 2014; Zeiler et al., 2014).

AEDs are also associated with a variety of adverse effects, some of which can be severe enough
to cause the patient to discontinue the drug treatment completely. These effects can include
sedation, cognitive dysfunction, psychiatric effects, appetite and weight variability and

cardiovascular risks (Perucca et al., 2009; Perucca and Gilliam, 2012; Lee, 2014).
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Figure 1.2: Mechanism of action of anti-epileptic drugs. AEDs target and inhibit voltage gated Na* channels and Ca?" channels to reduce excitability, as well
as activating K* channels and GABAARSs to augment inhibition. Glutamate receptors AMPAR and NMDAR are also targeted with less success. GABA-T: GABA

aminotransferase, GAT: GABA transporter, Adapted from (Loscher et al., 2016).
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1.3 Autoimmune Epilepsy

At present, there is a large and complex body of literature describing the presence of
inflammation and immune activation in many disorders of the central nervous system (CNS)
(Billiau et al., 2005; Hammer et al., 2014). In recent years, it has been recognised that immune
dysfunction and autoimmunity can be a cause of epilepsy, especially drug-resistant epilepsy
(Ong et al., 2014; Ramanathan et al., 2014; Fang et al., 2017). Despite this, the mechanisms
and causes of this immune dysfunction are not well understood, and thus the prevalence of
epilepsies with an associated immune component remains poorly defined and is likely to be

underestimated (Greco et al., 2016).

The recognition and diagnosis of autoimmune epilepsy has improved substantially over recent
years owing to the landmark discovery of potentially pathogenic Aabs, which have the ability
to be discriminating biomarkers of disease (Chefdeville et al., 2016). Patients with autoimmune
epilepsy often do not respond well to conventional AEDs, but may respond to immunotherapy,
thus it is necessary to identify those patients with suspected autoimmune epilepsy for rapid,
optimum treatment (Bien, 2013; Ekizoglu et al., 2014; lorio et al., 2015a). Importantly, an
ever-growing number of Aabs have been observed in patients with epilepsy. Much of what is
known thus far about autoimmune epilepsies originated from studies of paraneoplastic
syndromes affecting the CNS. These diseases are caused by peripheral tumours, which express
CNS proteins. The immune system identifies these CNS proteins as foreign, and generates
Aabs which target these proteins, and hence an autoimmune response against the brain follows.
Classic examples of these syndromes are teratomas that cause paraneoplastic anti-NMDAR
encephalitis (ANRE) and small-cell lung carcinoma that causes limbic encephalitis (Dalmau et

al.,2007; Dalmau et al., 2017).
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1.4 The immune system

Physiologically, the immune system is a complex network that aims to protect the body against
foreign pathogens via the production of antibodies. However, the immune system occasionally
produces an abnormal response to self-proteins in the body, resulting in the production of Aabs,

which can then bind to these self-proteins and alter their function (Elkon and Casali, 2008).

Under normal circumstances, the mechanisms by which the body’s immune system fights
pathogens can be broadly divided into two systems: innate and adaptive. Innate immunity is a
cell-mediated, non-specific response to foreign cells and includes internal systems such as
phagocytosis and cell lysis. The body has also developed external barriers such as skin and
mucous membranes that prove effective against environmental agents. The adaptive immune
system can be further divided into humoral, and cell mediated systems, and in contrast to the
innate system, the effectiveness of the adaptive immune system improves with re-exposure to

foreign molecules (Alberts et al., 2014).

1.4.1 Adaptive immune system

The adaptive immune response is the body’s second line of defence, which is often activated
by specific cells of the innate immune system. The main cells involved in adaptive immunity
are the T and B lymphocytes. B lymphocytes originate from hematopoietic stem cells in the
bone marrow, which give rise to immature B cells (Bonilla and Oettgen, 2010). These B cells
migrate to the spleen, where further differentiation occurs into mature naive B cells, which
circulate peripherally through the lymphatic system where they interact with foreign antigens,
which once encountered gives rise to a plasma B cell or a memory B cell. Memory B cells have
surface bound antibodies, whereas plasma B-cells secrete antibodies that are specific for the

activating antigen (Janeway et al., 2001).
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1.4.2 Antibody structure

Antibodies are Y-shaped glycoproteins of the immunoglobulin family, with three functional
domains, two fragment antigen binding domains (Fabs) and the fragment crystallisable (Fc)
region. All immunoglobulins (Igs) are formed from four polypeptide chains comprising of two
identical light chains (~25 kDa each) and two identical heavy chains (~50 kDa each) as shown
in Figure 1.3. There are two types of light chain; kappa and lambda, and five main heavy chains:
i, 8, Y, a and &, where the heavy chain determines the overall class and function of antibody
(IgM, IgD, IgG, IgA and IgE respectively) (Schroeder and Cavacini, 2010). All Igs have two
domains termed the variable and constant domains. The variable domain is located at the N-
terminus and is designated as VL in the light chain, and VH in the heavy chain. Similarly,
constant domains are designated CL in the light chain, and CH for those in the heavy chain.
The hinge region is a short amino acid sequence that permits flexibility of between 60-180
degrees of the two Fab arms and is located between the CH regions of the Ig heavy chains and

is composed primarily of proline and cysteine residues (Janeway et al., 2001).
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Figure 1.3: Structure of a typical antibody. Antibodies are Y-shaped, flexible molecules consisting of two heavy
and two light chains linked together by disulphide bonds. Hypervariable regions make up the antigen binding sites.
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1.4.2.1 Autoantibodies

Currently, more than 2.5% of the population is estimated to be affected by an Aab-driven
autoimmune disease, although with increasing knowledge, this percentage is rapidly rising
(Ludwig ef al., 2017). Aabs to neural antigens have been found to arise idiopathically (as a
result of breaches in central or peripheral tolerance), paraneoplastically (immune responses to
neural proteins expressed on peripheral tumours, such as ANRE), or as a result of bacterial or
viral infections (lorio et al., 2015b; Alexopoulos et al., 2018). There are multiple mechanisms
in place to limit B-cell self-reactivity: receptor editing, clonal deletion and anergy. However,
in autoimmune conditions, a breakdown in self-tolerance and a persistent immune response
against self-proteins is observed, resulting in the production of Aabs (Parkin and Cohen, 2001;

Medina, 2016; Silosi et al., 2016).

Aabs have been identified against many neuronal proteins, including extracellular epitopes of
membrane proteins such as NMDARs, voltage gated potassium channels (VGKCs), AMPARs
and GABARs, as well as intracellular proteins such as Hu (RNA-binding proteins involved in
post-transcriptional regulation) (Gold et al., 2012). The most common neuronal Aabs target
NMDARs and VGKCs (Suleiman et al., 2013; Pollak et al., 2016). Aabs against neuronal
proteins such as NMDARs and AMPARs have been identified in epileptic patients, where
seizures are a symptom of other neurological disorders as well as healthy volunteers (Ludwig
etal.,2017). These Aabs can cause pathogenic effects via several pathways, dependent on their
target protein (Bien, 2013; Toledano and Pittock, 2015; Bauer et al., 2017). Generally,
pathogenic effects of all Aabs can be classified into seven main groups: 1) mimicking of
receptor stimulation, 2) blockade/alteration of neural transmission (e.g., anti-nicotinic
acetylcholine receptor (nAChR) Aabs bind to and cause internalisation of nAChRs in
myasthenia gravis), 3) induction of altered signalling, 4) causing micro-thrombosis, 5) causing

cell lysis, 6) neutrophil recruitment and activation, and 7) induction of inflammation (e.g., anti-
14



rheumatoid factor Aabs in rheumatoid arthritis, triggering complement prolonging B-cell

survival, maintaining their own production) (Ludwig et al., 2017).

At present, the majority of evidence for all Aab types suggests a pathogenic, causal role in in
vivo mouse models, whereby removal of Aabs via plasmapheresis results in a temporary
alleviation of symptoms, such as that observed in myasthenia gravis (Vincent, 2005). However,
not all Aabs are pathogenic, with Aabs being detected in healthy people without any associated
symptoms; whether these Aabs target different epitopes or are present in lower levels is unclear
(Ludwig et al., 2017). In addition, it has been shown that natural, autoreactive IgM antibodies
can protect from autoimmune diseases (Mannoor et al., 2013). Therefore, it is necessary to
establish whether Aabs associated with epilepsy are pathogenic or are produced as a

compensatory mechanism in an attempt to reduce hyper-excitability.

1.4.3 Autoimmune diseases

1.4.3.1 Anti-NMDAR Encephalitis

ANRE, officially described as a singular disease in 2008, has been increasingly recognised as
a neurological disorder in both adults and children, and as one of the most common causes of
encephalitis (Gable ef al., 2012). In 2007, Dalmau et al, described a paraneoplastic syndrome,
based on 12 women with an ovarian teratoma, with high levels of IgG Aabs against the NR1
subunit of NMDARSs in serum and cerebrospinal fluid (CSF) (Dalmau et al., 2007). Clinically,
ANRE occurs in two main stages: the initial stage is characterised by flu-like symptoms, while
the subsequent phase is characterised by neuropsychiatric symptoms (Dalmau et al., 2008).
These symptoms can include confusion, hallucinations and personality changes as well as
memory loss and seizures (Dalmau et al., 2008; Dalmau et al., 2011; Bapka et al., 2016). In

addition, distinct patterns in electroencephalogram (EEG) and in glucose metabolism have
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been identified in patients. A distinguishing EEG pattern has been detected in the most severe
cases, known as ‘extreme delta brush’, consisting of rhythmic delta activity with superimposed
beta frequency (Dionisio et al., 2013; Wright and Vincent, 2016). Changes in glucose
metabolism have been identified by fluorodeoxyglucose positron emission tomography (FDG-
PET), showing an increased fronto-temporal to occipital gradient that correlates with disease
severity (Leypoldt et al., 2012). As not all patients display teratomas and/or Aabs, knowledge
of these characteristics may be helpful in both the diagnosis and treatment of ANRE and may
be translated to those cases where patients display only seizures without other symptoms of

encephalitis.

It is known that the Aabs target the NR1 subunit of NMDAR. Whether the origin of the
antibody is solely intrathecal (in CSF), peripheral or both, is still not fully understood
(Gleichman et al., 2012). In vitro studies have demonstrated that patient NMDAR Aabs bind
to NMDARSs and cause internalisation of the receptor, and thus a reduction in NMDAR currents
(Hughes et al., 2010). Additionally, it has also been shown that Aabs have the ability to activate
membrane attack complex on NMDAR-expressing cells, which may be responsible for a subset
of symptoms observed in patients (Irani et al., 2010). Patients often seek treatment prior to the
onset of seizures but are misdiagnosed as having schizophrenia or bipolar disorder and placed
on anti-psychotic medications, which have little or no effect (Dalmau et al., 2011). As the Aabs
target the extracellular domain of surface-expressed receptors, immunotherapy is the first line
treatment, with steroids, intravenous immunoglobulin (IVIg) and plasmapheresis working to
suppress the immune system and physically remove the pathogenic Aabs (Vincent et al., 2006).
If first line therapy is ineffective, second line therapies may be employed; these includes
rituximab and cyclophosphamide. Rituximab is a monoclonal antibody therapy that targets
CD20-expressing B-cells, thus destroying the ‘self-reactive’ B-cells (Yeshokumar and Pardo,

2017), and cyclophosphamide targets several immunomodulatory mechanisms such as
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suppression of lymphocyte proliferation to decrease the immune system response (Shin et al.,
2018). These treatment protocols have been demonstrated to be effective in several case studies
where the patient seizures were uncontrolled with any currently available AEDs but were
effectively controlled using either first or second-line immunotherapy (Toledano ef al., 2014;

Lee and Lu, 2016).

1.4.3.2 Rasmussen’s encephalitis

Rasmussen’s encephalitis (RE) is an extremely rare neurological disease affecting
approximately 2 per 10 million people aged 18 years or under (Varadkar et al., 2014). RE has
been linked with Aabs against glutamate receptors. This neurological disease usually presents
in children around 6 years of age. There are two main stages, which in some cases is preceded
by a prodromal phase. The first stage, typically lasting 4-8 months, can be characterised by
inflammation, weakening of one side of the body (hemiparesis), loss of vision of one side of
the visual field (hemoanopia), cognitive difficulties and focal seizures (Bien ef al., 2002). In
the second (residual) stage, the peak inflammatory response is reached, and progression of the
diseases slows, but the patient is left with some or all of the symptoms because of the damage
caused by inflammation. In the long-term, most patients are left with epilepsy, paralysis, and
cognitive problems, but the severity among patients varies (Granata et al., 2003). Magnetic
resonance imaging (MRI) and EEG are the two main ways in which RE is diagnosed. Within
months of onset of the acute stage, most patients show unilateral enlargement of the ventricular
system and mild focal cortical atrophy (Granata and Andermann, 2013). These changes occur
alongside changes in EEG, whereby a slowing of background activity and epileptic
abnormalities are observed, which progressively worsen over time (Longaretti et al., 2012;

Granata and Andermann, 2013).
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The exact mechanism underlying RE is not fully understood. Over the years, there have been
many hypotheses regarding the primary cause of RE, including T-cell and microglial activation
(Bauer et al., 2002; Wirenfeldt et al., 2009) as well as GluR3 (a subunit of AMPARSs)-targeted
Aabs (Rogers et al., 1994; Levite and Hermelin, 1999). However more recent studies have
shown GIluR3 Aabs to be present in patients with other types of epilepsy, as well as Aabs
targeting other neurotransmitter receptors in RE patients, hence these are not specific to RE
(Wiendl et al., 2001; Mantegazza et al., 2002; Watson et al., 2004). As the mechanism
underlying RE is not fully understood, no specific treatment targeting the primary cause is
currently available, with all available therapeutics focusing on alleviating the inflammation and
subsequent symptoms (Varadkar et al., 2014). Similar to ANRE, corticosteroids, IVIgs and
plasmapheresis are all used throughout the acute stage of RE. All have shown some efficacy,
but none are able to permanently alleviate the patient’s symptoms (Varadkar et al., 2014). Once
the patient enters the residual stage, these therapeutics have minimal effect due to the lack of
inflammation. If seizure occurrence remains severe, a hemispherectomy is one of the remaining
effective treatments whereby the affected hemisphere is surgically removed (Bien and

Schramm, 2009) (Varadkar et al., 2014).

1.5 Glutamate receptors
Glutamate is the major excitatory neurotransmitter in the mammalian central nervous system
(Zhou and Danbolt, 2014) The glutamatergic system is important for synaptic plasticity, which
underlies many advanced brain functions such as learning and memory. To use glutamate as a
neurotransmitter, it must first be synthesised from local precursors, such as glutamine, which
is released by glial cells, and subsequently taken up by neurons via excitatory amino acid
transporters (EAATs). Once in the presynaptic terminal, glutamine is metabolised into
glutamate (Anderson and Swanson, 2000), packaged into synaptic vesicles and awaits release

(Purves et al., 2004). Once released, glutamate binds to its receptors on the postsynaptic
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membrane. These receptors can be classed into ionotropic and metabotropic glutamate
receptors. NMDARs, AMPARs and kainate receptors make up the ionotropic receptors, and
are named after the agonists that activate them. All three are non-selective cation channels,
allowing the passage of both sodium and potassium ions (Na" and K" respectively), and in
some cases (for NMDARs and GluR2-lacking AMPARS), calcium ions (Ca*") (Dingledine et
al., 1999). The metabotropic receptors are G protein-coupled receptors (mGluRs), of which
there are 8 types, named mGluR1-8. These are divided into three major groups, based on their
structure, location and function (Niswender and Conn, 2010). Group 1 mGluRs include
mGluR1 and mGIluRS, Group 2 mGluRs include mGluR2 and mGluR3 and Group 3 mGluRs

include mGluR4, 6, 7 and 8 (Niswender and Conn, 2010).
1.5.1 NMDA Receptors

NMDARs belong to the class of ionotropic glutamate receptors (Traynelis ef al., 2010), which
are physiologically activated by glutamate, with glycine acting as a co-agonist, resulting in an
opening of the channel and increased permeability to Ca?*, Na*, and K* (Vyklicky et al., 2014).
NMDARs are widely distributed throughout the CNS and play important roles in neuronal
excitability, synaptic plasticity and learning and memory (Hedegaard et al., 2012; Hansen et

al., 2017).
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1.5.1.1 NMDAR Structure

NMDARSs are hetero-tetrameric receptors that consist of NR1, NR2 or NR3 subunits (Karakas
and Furukawa, 2014). All NMDAR subunits share a common topology, with a large
extracellular amino-terminal domain (ATD), transmembrane domains (M1, M3 & M4), a re-
entrant loop M2, and an intracellular C-terminal domain (CTD), that can vary in size depending
upon the subunit (Figure 1.4). The ion channel is formed when the transmembrane domain
(TMD) of the four subunits come together, with the M3 segment and the M2 re-entrant loop
being the major pore lining structures. All these domains are critical to the normal physiology
of NMDARs (Paoletti and Neyton, 2007; Paoletti, 2011; Paoletti et al., 2013; Hansen et al.,

2018).

Figure 1.4: Structure of NMDAR, including the amino terminal domain (ATD), ligand binding domains
(LBD) and transmembrane domains (TMD). Adapted from (Amin et al., 2017).
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The ATD and CTD modulate the core gating function, as well as roles in receptor assembly
(Hansen et al., 2010), trafficking to the membrane and downstream signalling (Gladding and
Raymond, 2011). The ligand binding domain (LBD) and the short polypeptide chains
connecting these domains (LBD-TMD linkers) are directly involved in converting agonist
binding into ion channel opening, as well as participating in receptor assembly and trafficking.
In the absence of agonist, the ligand binding domains are in the open configuration, and the
M3 gate is closed. Agonist binding induces LBD closure which translates into movement away
from the membrane via LBD-TMD linkers, opening the M3 gate, thus opening the ion channel

pore (Kazi et al., 2014; Twomey and Sobolevsky, 2018).

NMDAR composition can vary by brain localisation and by different variants of each subunit.
Post-translational RNA splicing results in eight splice variants of NR1, whereas subunits NR2
and NR3 are encoded for by six separate genes (4 genes for NR2 and 2 genes for NR3).
Different combinations of these subunits result in specificity among different brain regions,
with the NR1 subunit being obligatory for a fully functioning receptor (Paoletti and Neyton,
2007). The NMDAR tetramer most often consists of two NR1 subunits and two NR2 subunits,
both of which are needed for agonist binding (glycine to NR1 and glutamate to NR2). The
presence of a NR3 subunit in place of an NR2 subunit decreases the functional channel activity
and creates a functional glycine receptor that cannot be activated by glutamate due to the lack

of an NR2 subunit (Levite, 2014).
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1.5.1.2 NMDAR CNS distribution

As the NR1 subunit is obligatory for fully functional NMDAREs, it is ubiquitously expressed
throughout the CNS, both in the embryonic and adult brain, although the NR1 splice variant
expressed can vary. For example, the NR1a isoform is expressed abundantly in principal layers
throughout the hippocampus, while NR1b isoforms are restricted to principal cells of Cornu
Ammonis (CA3) (Paoletti, 2011). NR2 subunit expression changes with developmental stage.
In the embryo, only NR2B and NR2D are expressed while NR2A and NR2C expression
increases rapidly with development (Dalmau et al., 2007; Paoletti, 2011), where NR2A is
abundantly expressed, NR2B is restricted to the forebrain, with NR2C and NR2D localised
prominently in the cerebellum and select populations of interneurons (Szczurowska and Mares,
2013). NR3A expression is low embryonically, peaks in the first few postnatal weeks, and then
gradually decreases to low levels in adulthood (with widespread expression). Whereas NR3B
is expressed in low levels in early life, increasing throughout adulthood, where it is expressed

ubiquitously in the CNS (Paoletti, 2011; Szczurowska and Mares, 2013).

1.5.1.3 Physiological function of NMDARs

In the brain, NMDARs (generally consisting of NR1 and NR2 subunits) are activated by the
binding of glutamate to the ligand binding site on the NR2 subunit and glycine to the binding
site located on the NR1 subunit. However, unlike AMPARs, low levels of glutamate cannot
elicit a response due to the presence of a magnesium ion (Mg?") block within the channel pore.
The presence of the magnesium block ensures only a full depolarisation and sufficient
glutamate binding allows the entry of permeable cations (Vyklicky et al., 2014).

NMDARs are necessary for excitability and synaptic plasticity, as well as being involved in

processes such as learning and memory. Once a full depolarisation occurs, there is an influx in
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cations; Ca*" and Na" where this increase in intracellular Ca®* triggers multiple downstream
signalling events in the post-synaptic neuron, leading to both short-term and long-term effects.
The strength and duration of NMDAR activation can result in potentiation or depression of
synaptic events (Hansen ef al., 2017); such plasticity can be measured as long term potentation
(LTP) and/or long term depression (LTD) (Bliss and Collingridge, 1993). Evidence has shown
that hyper-activation of NMDARs mediates acute neuronal death and chronic
neurodegeneration, whereas hypo-activation of NMDARs can lead to the development of
psychiatric states, the mechanisms of which are not yet fully understood (Miya et al., 2014).
This evidence has strengthened the hypothesis that NMDAR Aabs represent a pathogenic cause
of seizures and epilepsy, with the mechanisms of how these Aabs implicate network activity

being increasingly studied (Fang et al., 2017).
1.5.1.4 Autoantibodies against NMDARs

Aabs of the IgG class directed against the NR1 subunit of NMDARs were originally linked
with ANRE, a condition characterised by seizures, psychosis, and cognitive deficits, often with
the presence of Aabs in both serum and CSF (Dalmau et al., 2007). Increasing numbers of
patients have been identified with anti-NMDAR Aabs who present with seizures without the
array of other symptoms that are usually associated with ANRE. However, the prevalence of
autoimmune epilepsy (seizures without other encephalitis symptoms) and the presence of

NMDAR Aabs is likely to be highly underestimated due to the lack of testing and diagnosis.

1.5.1.4.1 Binding of Aabs to NMDARs

Human Aabs targeting NMDARSs from patients with ANRE have been shown to recognise the
amino acids N368/G369 of the amino-terminal domain of NR1 subunit of the NMDAR (Figure
1.5) (Gleichman et al., 2012). Experiments including site-directed mutagenesis detected two

amino acids near the hinge region within the ATD as being crucial for antibody recognition
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and binding, confirmed by functional studies, whereby when one of the amino acids was altered

(G3691), patients Aabs no longer bound to the receptor (Gleichman ez al., 2012).
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Figure 1.5: Schematic identifying location of the immunogenic amino acids within the NR1

subunit, in relation to the transmembrane domain and ligand binding domain, where glycine (Gly)
binds.
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1.5.1.4.2 In vitro effects of NMDAR Aabs

Since the identification of NMDAR Aabs, several studies have been performed to identify
potential pathological mechanisms by which they may cause the clinical phenotypes seen in
patients. Early in vitro studies showed that incubation of primary hippocampal neurons with
patient anti-NMDAR Aabs resulted in a significant reduction in the synaptic density of
NMDARs on both excitatory and inhibitory neurons in a titre-dependent manner (Hughes et
al., 2010). This resulted in a subsequent reduction in NMDAR synaptic current when isolated
using pharmacological agents and measured via whole-cell patch-clamp (Hughes ef al., 2010;
Kreye et al., 2016). Following these findings, NMDAR Aabs were found to bind to NMDARs,
crosslink and cause receptor internalisation and consequently degradation (Moscato et al.,
2014), therefore, reducing total number of synaptic NMDARs on both excitatory and inhibitory
neurons. This is hypothesised to subsequently reduce feedback inhibition, which may
contribute to a hyper-excitable network (Wright ef al., 2015). There has been some evidence
to support this hypothesis, via in vivo micro-dialysis studies where patient NMDAR Aabs were
infused into the CA1 region of the hippocampus and premotor cortex of rats (Manto et al.,
2010). Analysis identified that patient Aabs, but not control IgG, caused high concentrations

of glutamate to accumulate in the extracellular space following an infusion of NMDA.

These alterations in synaptic expression of NMDARs were also shown via a reduction in
synaptic plasticity following NMDAR Aab application (Zhang ef al., 2012; Wiirdemann et al.,
2016; Blome et al., 2018; Kersten et al., 2019). Treatment with patients Aabs specifically
decreased synaptic NMDAR-specific currents, without affecting AMPAR specific currents,
consistent with a reduction in surface NMDARs, however no change in miniature excitatory
postsynaptic current frequency of hippocampal neurons was observed, indicating a lack of

presynaptic effect (Hughes et al., 2010). Some of these findings have been confirmed in a study
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using post-mortem hippocampus from human patients with ANRE, who had significantly less
NMDARs than age-matched controls (Hughes et al., 2010). However, these effects have not
been investigated with respect to epilepsy or seizures, so the pathway that occurs between the
reduction of NMDARs and the development of seizures remains unknown (Hughes et al., 2010;

Dalmau, 2017).

Whether these Aabs mediate their effects primarily via synaptic NMDARs or extra-synaptic
NMDARs, or whether this binding is preferentially to NMDARSs on excitatory or inhibitory
neurons is not yet fully understood and needs further investigation. Both circumstances would
ultimately result in reduced NMDAR synaptic density, but their downstream effects and hence

therapeutics would be opposing in mechanism (Hunter ef al., 2021).

1.5.1.4.3 In vivo effects of NMDAR Aabs

In vivo experiments in mice and rats have been performed with results that recapitulate some
of the specific features of ANRE. The experiments performed used either a passive transfer
model, whereby CSF from patients was infused into the animals, which were subsequently
monitored for any functional effects (Planaguma et al., 2015), or an active immunisation
model, where peptides or full receptors were used to immunise the animals, generating their
own immune response and Aabs (Jones et al., 2019). Continuous intracerebroventricular (icv)
infusions in mice of CSF pooled from individuals with ANRE reproduced some of the
neuropsychiatric features observed in patients such as memory deficits and depressive-like
behaviours (Planaguma et al., 2015), however, no seizures were observed. NMDAR Aab
binding and a subsequent decrease in NMDAR clusters on hippocampal neurons were detected
in NMDAR Aab-injected mice, which was reversed following the termination of infusion
(Planaguma et al., 2015). This binding of Aabs to NMDAR clusters was shown to disrupt the
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normal interaction of NMDARs with other synaptic proteins, in particular the Ephrin B2
receptor (EPHB2R) (Planaguma et al., 2016); an interaction, which normally stabilises
NMDARs at the membrane surface, hence promoting internalisation of NMDARs. When the
Ephrin B2 ligand was co-administered with CSF infusion, the pathogenic behavioural effects
seen previously (memory deficits and depressive like behaviours) were prevented and cell-
surface levels of NMDARs were maintained (Planaguma et al., 2016). Electrophysiological
analysis further supports the internalisation findings described previously, where a reduction
in the amplitude of NMDAR-mediated excitatory post-synaptic potentials (EPSPs) was seen
following bilateral stereotactic injection into rat dentate gyrus (DG) with patient NMDAR Aabs
(Wiirdemann et al., 2016), an effect that has also been seen in other groups (Hughes et al.,

2010).

In another mouse model, icv injection of NMDAR Aabs from individuals with ANRE was co-
administered with a subthreshold dose of pentylenetetrazol (PTZ), a GABAAR antagonist,
which is regularly used as a drug to induce seizures/epilepsy. This resulted in increased
frequency and severity of seizures when compared to those injected with control IgG (Wright
et al., 2015). In addition, human NMDAR Aabs were bound to CA1, CA3 and DG regions
within the hippocampus at 48 h post-icv infusion, where NMDAR expression is high, with
minimal binding in areas where NMDAR expression is lower (e.g., cortex) compared to control
IgG, which showed little binding within the hippocampus. In addition, binding intensity of
NMDAR Aabs from ANRE patients correlated to the number and severity of seizures seen.
Despite this, no internalisation of NMDARs was observed following NMDAR Aab infusion
(Wright et al., 2015), which is in contrast with previous studies in vitro and in vivo (Hughes et
al., 2010; Planaguma et al., 2015). In a more recent study, EEG recordings of mice infused
intraventricularly for 14 days with ANRE patient CSF showed a higher frequency of seizures

compared with control mice, associated with variable behavioural effects (Taraschenko et al.,
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2019). Subsequent studies infused C57BL6 mice with purified serum IgG from patients with
ANRE, which exhibited increased seizure frequency and a subsequent increased mRNA
expression of hippocampal CCL2, a pro-inflammatory cytokine (Taraschenko et al., 2021a).
In addition, NMDAR Aab-infused mice were subsequently treated with anakinra (a selective
interleukin-1 (IL-1) receptor antagonist) to assess the role of IL-1 in antibody-induced seizures.
It was shown that anakinra significantly decreased the frequency and duration of seizures
induced by NMDAR Aabs as well as improving memory behaviour, suggesting that IL-1 may

be implicated in Aab-induced seizures (Taraschenko et al., 2021b).

Using active immunisation of four peptides against epitopes within the NR1 ATD, Pan et a/
(2018) showed that mice immunised against NMDAR did not show behavioural changes. Only
when these mice were treated concomitantly with MK-801 (an NMDAR antagonist) was a
psychosis-like phenotype observed in NMDAR-immunised mice, an effect not observed in
control mice. In addition, no T-cell or microglial activation was detected on immunopathology
(Pan et al., 2018). In contrast, immunisation with purified NR1/NR2B fully assembled
NMDARs embedded in liposomes induced a phenotype similar to that in patients (Jones et al.,
2019); this phenotype was characterised by hyperactivity and seizures in association with
neuroinflammation and immune cell infiltrates. Distinct from the passive transfer models, these
immunised mice produced NR1 and NR2 antibodies that reacted with the linear epitopes of the
NMDAR protein, and not the amino terminal domain of NR1 seen with the human-derived
antibodies (Gleichman et al., 2012). Nevertheless, this model may prove useful for testing
novel treatments acting on the cellular inflammatory component of the disease. In line with
Jones et al (2019), a subsequent study using active immunisation of NR1 amino acids 359-378,
resulted in mice developing cognitive, emotional, and behavioural impairments, including
anxiety- and depressive-like behaviours, as well as increased seizure activity two weeks after

immunisation (Wagnon et al., 2020). Interestingly, this immunisation also induced a B-cell
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mediated autoimmune response, where infiltrates into the meninges, periventricular spaces and
ventricles was observed, followed by a differentiation into plasmacytes. When the B-cell
response was blocked using a depleting cocktail of antibodies, a reduction in the severity of
symptoms was observed, confirming the role of B-cells in the development of symptoms, and

that intervening in this B-cell response is a suitable therapeutic option.

1.5.2 AMPA Receptors

AMPARs are also ionotropic glutamate receptors that are physiologically activated by
glutamate and responsible for the primary depolarisation in glutamate-mediated
neurotransmission (Traynelis et al., 2010). Similar to NMDARs, AMPARs are widely
distributed throughout the CNS and play pivotal roles in basal synaptic transmission and
synaptic plasticity, with their dysfunction being implicated in many disease states, such as

epilepsy (Gouaux, 2004).
1.5.2.1 AMPAR structure

All AMPARs share a common topology, similar to NMDARSs, consisting of an extracellular
ATD, a LBD, three TMDs (M1, M3 and M4), a cytoplasmic facing re-entrant loop (M2) and
an intracellular CTD (Figure 1.6) (Amin et al., 2017; Greger et al., 2017). AMPARSs can be
made up of GluR1-4 subunits (which are encoded for by four separate genes), which assemble
as tetramers, with a pore diameter of approximately 0.8mm permitting the movement of Na*

and K*, AMPARs lacking the GluR2-subunit are also permeable to Ca?* (Dravid, 2009).
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Figure 1.6: Structure of a hetero-tetrameric GluR2/GluR3 AMPAR highlighting the amino-
terminal domain (ATD), ligand binding domain (LBD) and trans-membrane domains
(TMD). Taken from (Amin et al., 2017).

All domains within the receptor have different functions. The ATD makes up approximately
45% of the mature polypeptide and is involved in receptor assembly and trafficking (Dravid,
2009), the LBD is required for agonist (and antagonist) binding, TMDs are vital to the central
pore-forming channel, and the CTD is implicated in receptor localisation (Sukumaran ef al.,

2012).

Typically, AMPARSs are hetero-tetrameric, consisting of a dimer of dimers, however homo-
tetrameric complexes can occur. Different combinations of these subunits result in variations
in their properties and in specificity within different brain regions (Cantanelli ez al., 2014). In
addition, alternative splicing produces two variants for each GluR gene, known as ‘flip’ or
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‘flop’ forms, resulting in 8 possible subunits for receptor assembly. This splicing involves a
38-amino acid sequence found prior to M4 in all four subunits that determines the speed of
desensitisation and re-sensitisation of the receptor, whereby ‘flop’ isoforms exhibit faster
desensitisation (Sommer et al., 1990). In embryonic and early postnatal development, the ‘flip’
isoforms predominate, whereas the ‘flop’ isoform begins to be expressed during the early
stages of postnatal development, meaning a difference in receptor kinetics is observed at
different ages (Miller, 2017). A clear understanding of the different isoforms at different ages

is vital to understanding any electrophysiological experiments performed involving AMPARsS.

1.5.2.2 AMPAR CNS distribution

AMPARSs are abundant and widely distributed throughout the CNS. GluR1, 2 and 3 subunits
are enriched in the hippocampus, outer layers of the cortex, basal ganglia, olfactory regions,
lateral septum and amygdala, whereas the GluR4 subunit is expressed at lower levels in most
regions except in the cerebellum, thalamus and brain stem where expression is high (Dravid,
2009). Studies have shown that the hippocampus predominantly expresses AMPARs
composed of GluR1/2 with a smaller proportion composed of GluR2/3 subunits (Lu et al.,

2009; Schwenk et al., 2014; Renner et al., 2017).

1.5.2.3 Physiological function of AMPARs

Each AMPAR subunit has an agonist binding site for glutamate which, when bound, promotes
a movement in the LBD, which is stabilised by the formation of several hydrogen bonds
between glutamate and the LBD (Dravid, 2009). Briefly, the LBD is formed by two
extracellular stretches of amino acids, named S1 and S2. LBDs form a clamshell-like
conformation, where the polypeptide segment S1 forms one half of the clamshell (Domain 1;
D1), and segment S2 forms the opposite half of the clamshell (Domain 2; D2), with these

domains linked to the TMDs via short linker segments (Figure 1.7). The agonist binding pocket
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is located within the cleft between D1 and D2, whereby a conformational change occurs upon
agonist binding, closing the clamshell structure. This triggers re-arrangement of the linker
segments and subsequently TMDs, resulting in channel opening (Traynelis et al., 2010;
Twomey and Sobolevsky, 2018). AMPARs open and close quickly (~1 ms) and are responsible
for most of the fast excitatory synaptic transmission in the CNS (Platt, 2007), although once

open, the channel may undergo rapid desensitisation, closing the pore (Armstrong ef al., 2006).

AMPAR permeability to Ca*" and other cations, such as Na* and K*, is governed by the GluR2
subunit. If an AMPAR lacks GluR2, it will be permeable to Na*, K" and Ca?", whereas those
containing GIuR2 will only be permeable to Na" and K'. This characteristic of GIuR2 is
determined by post-transcriptional modification of Q/R (Q607), promoting a glutamate to
arginine substitution in the channel forming section of TM2, the presence of which inhibits

permeability to divalent cations (Dravid, 2009).

AMPARSs are vital for physiological functions within the CNS, such as neurotransmission and
synaptic plasticity (Gouaux, 2004). The most heavily studied form of plasticity is LTP, which
is an increase in EPSP size due to postsynaptic upregulation of AMPARs (Bliss and
Collingridge, 1993). Glutamate binding to postsynaptic AMPARs causes the opening of
AMPARSs, and hence an influx of Na" and subsequent depolarisation. Binding of glutamate to
NMDARSs and postsynaptic depolarisation caused by AMPAR opening then relieves the Mg?*
block on NMDARs, allowing the influx of both Na" and Ca?’. Influx of Ca®" triggers the
activation of calmodulin-dependent kinase II (CaMKII), thus phosphorylating AMPARs and
increasing their conductance as well as the number of AMPARSs inserted into the postsynaptic

membrane (Malenka, 2003; Malinow, 2003). As well as being vital for basal neurotransmission
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and physiological functions, AMPARs are also heavily implicated in disease states such as

epilepsy due to their key role in the generation of seizures (Chater and Goda, 2014).
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Figure 1.7: Schematic identifying the location of the immunogenic GluR3B peptide within the
ATD. The GIluR3 subunit is composed of an ATD where the GluR3B peptide is located, a ligand binding
domain (which is composed of two domains: domain 1 and 2), four transmembrane domains and an
intracellular C terminal.

33



1.5.2.4 Autoantibodies to AMPARs

Anti-GluR3 Aabs were originally discovered in patients with RE (Rogers et al., 1994). Further
studies showed that these were not exclusive to RE patients but were also present in patients
with other types of epilepsy (Wiendl et al., 2001; Mantegazza et al., 2002; Watson et al., 2004).
It has been estimated that GluR3 Aabs are present in up to 20-30% of epilepsy patients (Levite,
2014), as well as in 20-25% of patients with frontotemporal dementia (FTD) (Borroni et al.,

2017).
1.5.2.4.1 Binding of Aabs to AMPARs

The key antigenic epitope recognised by human GIluR3 Aabs is a 24 amino acid sequence
within the GluR3 ATD (372-395; NEYERFVPFSDQQISNDSSSSENR), termed the GluR3B
peptide (Figure 1.7) (Stern-Bach et al., 1994; Levite ef al., 1999). A number of studies have
assessed binding, including generation of recombinant Aabs, site-directed mutagenesis and
immunostaining to determine the functional effects of GluR3 Aabs (Rogers et al., 1994;
Twyman et al., 1995; Levite et al., 1999). One particular study identified key residues within
the GluR3B sequence necessary for Aab binding using deletion mapping and site-directed
mutagenesis, whereby amino acids 375 and 378-380 were preferred for binding (Carlson et al.,
1997). These GluR3B Aabs have been shown to have an agonistic-like effect on GluR3B-
containing AMPARSs; co-application of Aabs with the GluR3B peptide blocked any Aab
agonist-like activity (Twyman et al., 1995). Taken together, these data indicate the GluR3B
sequence as being the active epitope for patient anti-GluR3 Aabs, being important for both

binding and functionality on native AMPARs.
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1.5.2.4.2 In vitro effects of AMPAR Aabs

In recent years, it has been shown that several neurotransmitters, such as dopamine, can interact
with their respective receptors on T-cells, and subsequently trigger T-cell functions (Levite et
al., 2001). Therefore, human peripheral T-cells were used to assess whether this was also the
case of GluR3B Aabs, and if so, could this be one mechanism for how these Aabs originate. A
high expression of GluR3 was identified on human peripheral T-cells, which could be directly
activated by the addition of glutamate, resulting in T-cell adhesion to extracellular matrix
proteins (Ganor et al., 2003). It was also identified that the GluR3 Aab antigenic epitope, i.¢.,
the GluR3B peptide, can be generated by specific cleavage of GluR3 via granzyme B (a serine
protease released by activated immune cells) (Gahring et al., 2001; Ganor et al., 2003).
Therefore, it has been hypothesised that Aabs may be generated against a peripheral GIuR3
and subsequently enter the CNS and, from there, disrupt neuronal signalling via binding,
activation and killing AMPAR-expressing neurons. This hypothesis involves peripheral T-cells
being exposed to foreign antigen, thus activating, and releasing granzyme B. This cleaves any
GluR3 from the surface of neighbouring T-cells, solubilising GluR3 protein containing the
GIluR3B peptide. This soluble peptide is detected by immune cells as a foreign antigen, where

Aabs are then generated (Ganor et al., 2007).

Several studies have investigated the binding specificity and functionality of both patient and
recombinant GluR3B Aabs in in vitro experimental setups. Immunohistochemistry and
electrophysiology studies have demonstrated the ability of these Aabs to not only bind to both
GluR3-transfected cells (Rogers et al., 1994) and cultured neurons (Twyman et al., 1995), but
also to activate and evoke GluR3-specific currents in GluR3-expressing oocytes (Malina et al.,
2006), primary neurons and rat neocortical slices (Levite et al., 1999). In addition, it was shown

that incubation of primary neurons with GIuR3 Aabs resulted in increased cell death, which
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was apoptotic in nature, as identified by the positive labelling with Annexin V, and a lack of
binding with propidium iodide (PI) (Levite et al., 1999). More recent studies have revealed the
presence of GluR3 Aabs (selective for both GluR3 peptide A and B) in 20-25% of FTD
patients, providing further mechanistic insight into the pathogenic role of Aabs (Borroni ef al.,
2017). In vitro studies have shown that acute treatment with GluR3 Aabs results in a reduction
in GluR3-containing AMPARs and a reduction in dendritic spine density in rat hippocampal

neuronal primary cultures and human iPSC-derived neurons (Borroni et al., 2017).

Whether these Aabs mediate their effects primarily via an agonistic-like effect and subsequent
neuronal death (Levite et al., 1999), via a presynaptic mechanism of action (Palese et al., 2020)
or via an internalisation of GluR3-containing AMPARs, as detailed more recently in FTD

patients (Borroni et al., 2017) is yet to be fully determined and needs further investigation.

1.5.2.4.3 In vivo effects of AMPAR Aabs

The pathogenic features associated with GluR3B Aabs such as cognitive deficits and seizures
are in line with behaviours seen in previous mouse models of GluR3 deficiency. These GluR3-
deficient mice showed reduced exploratory behaviour (Sanchis-Segura et al 2006), hypo-
activity in open field (Steenland, 2008) and minor deficits in motor and balance (Adamczyk et

al., 2012).

GluR3B Aabs have been studied in several animal models using Aabs generated by
immunisation with GluR3-specific peptides (Rogers et al., 1994; Ganor et al., 2014; Goldberg-
Stern et al., 2014). Rogers et a/ immunised rabbits with a portion of the GluR3 subunit (aa245-
457); rabbits subsequently developed seizures and behavioural abnormalities, accompanied by
inflammatory pathology in the brain (Rogers et al., 1994), similar to that of RE. However, this

has not been fully reproducible in subsequent studies, and has generated conflicting results

36



(Levite and Hermelin, 1999; Levite et al., 1999). Immunisation with GIluR3B peptide in rats
led to the generation of highly specific GluR3 Aabs, which were present in both the serum and
CSF (Ganor et al., 2005). In line with in vitro studies (He et al., 1998; Levite et al., 1999),
histopathology showed an increase in neuronal death and associated reactive gliosis. As the
rats did not spontaneously generate seizures as previously observed in rabbits by Rogers et a/
(1994), multiple doses of PTZ were administered to lower the seizure threshold. Unexpectedly,
GluR3B Aabs were shown to confer partial protection from seizures when compared to control
rats (Ganor et al., 2005). In a subsequent study in mice, animals immunised with a GluR3B
peptide to generate Aabs also did not exhibit seizures spontaneously, thus several doses of PTZ
were administered to see if the seizure threshold was altered. In this case, mice with GluR3B
Aabs developed more seizures compared to control mice and the severity of seizures correlated
to the titre of Aabs in the serum (Ganor ef al., 2014). Taking these studies together, the precise
effects of GluR3B Aabs remain unclear with regard to seizure generation across different
species. Several hypotheses have been made that might explain the conflicting results. Firstly,
GluR3B Aabs confer partial protection from PTZ-induced seizures via a chronic depolarisation
of GABAergic inhibitory neurons or via excitatory neuronal death, leading to an over-
inhibition of neuronal networks (Ganor et al., 2005). However, it has also been postulated that
GluR3B Aabs lower seizure threshold via over-activating and subsequently killing GluR3-
expressing neurons (Ganor et al., 2014). It is clear that future in vivo studies are required to

fully understand the impact of GluR3B Aabs on network activity.

1.6 Aims

Much of the information in the current literature is conflicting with regards to the mechanism
of action of patient Aabs associated with seizure and epilepsy. We hypothesise that Aabs

directed against NMDARs and AMPARs are largely pathogenic in nature and contribute to
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seizures identified in patients with autoimmune epilepsy and autoimmune encephalitis.

Therefore, taking all the above into consideration, this PhD project aimed to:

1) Design and generate Aabs targeting the GluR3 subunit of AMPARs, and NR1 subunit

of NMDARs.

2) Purify and characterise Aabs using techniques such as enzyme linked immunosorbent
assay (ELISA), immunofluorescence, and western blot to ensure specificity for the

target receptor.

3) Test functional effects of Aabs on synaptic and network activity using a range of in
vitro electrophysiological techniques, including two-electrode voltage clamp (TEVC),

multi-electrode arrays (MEAs) and whole-cell patch-clamp.

Together, this will aim to provide information regarding the functional effects of anti-glutamate
receptor Aabs on neuronal excitability and determine any putative link with seizure activity

observed in patients, thus supporting or disproving the hypothesis outlined above.
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2 Materials and Methods

2.1 NRI and GluR3 autoantibody production and purification

Human Aabs against the NR1 subunit of NMDARSs are known to bind to two amino acids
within the NR1 ATD (Gleichman et al., 2012). These data, combined with the known structure
of NMDARs, enabled the design of peptides to be used for immunisation. Extracellular
protruding loops within the NR1 subunit are expected to be of high immunogenicity and were
used as targets for the design of 9 peptides (Table and Table for NMDARI and 2 respectively;
design and generation of peptides performed by UCB and Peptide Synthetics, UK). In an effort
to increase the immune response, peptides 2, 4, 5 and 8 were cyclised via a thioester, improving
the metabolic stability of the peptides as well as mimicking the natural 3D structure
(Skwarczynski and Toth, 2016), therefore increasing the chances of generating Aabs that bind
to the NR1 subunit in its natural conformation. In addition, all peptides were modified with N-
terminal acetylation and C-terminal amidation to help prevent degradation (Purcell et al.,
2007). A mixture of peptides 1-5 and peptides 6-8 were injected into two separate rabbits to

generate anti-NMDAR Aabs (NMDARI1 and 2 Aabs respectively).

39



Table 1: NMDAR peptide sequences used for the immunisation of rabbit #1. All peptides were
generated and modified with N-terminal acetylation and C-terminal amidation. Peptides 2, 4 and 5
were cyclised via a thioester to aid in mimicking the natural 3D structure of their respective epitopes.

2 (aa249-266)
3 (aa272-281)
4 (aa353-363)

5 (aa365-375)

Peptide Sequence
number
1 (aal25-135) | MSIYSDKSIHL

Cyclo-VGEREISGNALRYAPDGI
INGKNESAHI
Cyclo-IMNLQNRKLVQ

Cyclo-GIYNGTHVIPN

Table 2: NMDAR peptide sequences used for the immunisation of rabbit #2. All peptides were
generated and modified with N-terminal acetylation and C-terminal amidation. Peptide 8 was cyclised
via a thioester to aid in mimicking the natural 3D structure of the epitope.

8 (aa488-497)

9 (aa685-710)

Peptide Sequence

number

6 (aa34-53) STRKHEQMFREAVNQANKRH
7 (aa386-399) | TEKPRGYQMSTRLK

Cyclo-ERVNNSNKKE

KQSSVDIYFRRQVELSTMYRHMEKHN

Table 3: AMPAR peptide sequence used for the immunisation of rabbit #3. The peptide was
generated and modified with N-terminal acetylation and C-terminal amidation.

Peptide

number

Sequence

10 (aa372-395)

NEYERFVPFSDQQISNDSSSSENR
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The exact amino acids to which patient anti-GluR3 Aabs bind is less well-known than for
NMDAR Aabs, therefore a longer sequence was used for peptide immunisation (Table). This
sequence also corresponds to an extracellular hinge region within the GluR3 ATD considered
to be an immunogenic region capable of stimulating an immune response (Levite and
Hermelin, 1999). This sequence has been used in previous studies (Ganor et al., 2005), whereby
anti-GluR3 Aabs were successfully generated following peptide immunisation; therefore, no
cyclisation of the immunising peptide was carried out. As for NR1 peptides, the GluR3 peptide
was modified with N-terminal acetylation and C-terminal amidation to help prevent
degradation by exopeptidases. Despite these Aabs being generated this way by previous

studies, no conclusive mechanism has been determined.

2.1.1 Rabbit immunisation and antibody production

To elicit an immune response, an antigen must possess three characteristics: a high molecular
weight, a degree of ‘foreignness’ to the host and chemical complexity. Adjuvants (e.g.
Complete Freund’s Adjuvant (CFA) or Incomplete Freund’s Adjuvant (IFA)) and carrier
proteins (e.g. keyhole limpet hemocyanin, KLH) were both used in this protocol in order to
increase the immunogenicity of the NMDAR and AMPAR peptides (Janeway et al., 2001).
Peptides were designed and subsequently conjugated to three different carrier proteins: KLH,
bovine serum albumin (BSA) and ovalbumin (OVA) (Peptide Synthetics, UK). These carrier
proteins were chosen due to their large and complex structures, conferring immunogenicity to

the conjugated peptide.

Three female New Zealand rabbits (>2kg) were immunised subcutaneously with 3-4
immunisations of either NMDAR or AMPAR peptides (Tables 1-3) at UCB Slough, in

accordance with the UK Animals (Scientific Procedures) Act 1986. For each immunisation,

41



peptides were mixed in a 1:1 ratio with either CFA or IFA. In addition, for each immunisation
dose, the peptides were conjugated to a different carrier protein, ensuring a minimal immune
response to the carrier protein. Dosing was carried out every 21 days and blood samples were
taken before initial immunisation and 14 days post immunisation. Rabbits were sacrificed 14
days after the final immunisation by Schedule 1 methods in accordance with the UK Animals
(Scientific Procedures) Act 1986, at which time the spleen, bone marrow, peripheral blood

mononuclear cells (PBMCs) and lymph nodes were taken, along with the terminal serum.
2.1.2 Serum screening and antibody titre

To determine the immune response and analyse the specificity of antibodies produced, ELISAs
were carried out after each immunisation boost. 96-well microtiter plates were coated with
streptavidin (2ug/mL; Jackson ImmunoResearch, Cambridge, UK) and incubated overnight at
4°C. The contents of the plates were emptied and washed (3x) with 1% PBS-Tween20 (PBS-
T) using an automatic plate washer (BioStack 3 Microplate Stacker: BioTek). To block any
uncoated sites, plates were incubated with 1% casein (VWR, UK) for 1 h at room temperature.
Following three washes, biotin-tagged peptides (1uM) were added to the wells and incubated
at room temperature for a further hour. Bleed 0, 1, 2, 3 (pre-immunisation, post 1% 2" and 3™
boost) and terminal serum were added to the wells as a half-log dilution series, incubated for 1
h and subsequently washed (3x) with 1% PBS-T. Any peptide-sera complexes were detected
using an HRP-conjugated secondary antibody (1:4000; Jackson ImmunoResearch, Cambridge,
UK). Following a final three washes, the peptide-sera complexes were detected using 3,3',5,5'
tetramethylbenzidine (TMB; Sigma Aldrich, UK) substrate, incubated at room temperature
until the blue colour developed. The reaction was stopped by the addition of 2.5% NaF, and
the level of absorbance was measured at 630nm using a microplate reader (Synergy 5; BioTek).

The ELISA results following each immunisation identified any increases in binding to the
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immunisation peptides, and thus any changes in ECso values. These factors helped determine

how many immunisation boosts were given to each rabbit.
2.1.3 Protein A purification of polyclonal IgG antibody from rabbit serum

Immunised rabbit terminal serum was purified using protein A resin (GE Healthcare, UK) in
order to obtain total IgG. Protein A-Sepharose beads were added to a 20mL column, and
subsequently washed five times with 10mL PBS, where on the final wash a cap was placed on
the base of the column to prevent the column from drying out. Debris in the terminal serum
was removed by filtration prior to addition to the column. The resin was re-suspended and
mixed with the serum and left to mix gently on a roller overnight at 4°C. The serum and resin
were re-added to the column and the flow-through collected. The column was washed (2x) with
50mL PBS and any antibody captured by the resin was eluted with 0.1M sodium citrate (pH
3.5). 12 x 8mL fractions were collected in tubes containing 1.2mL 2M Tris-HCI (pHS8.4) for
pH neutralisation. The column was washed again with S0mL PBS and stored at 4°C. The
fractions were subsequently combined, washed, and concentrated through buffer exchange
with PBS using 10kDa molecular weight cut off (MWCO) filters (Amicon; Sigma Aldrich,
UK). Total IgG concentration was determined using absorbance at 280nm, and sodium dodecyl
sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) and ELISAs were performed and

compared to an IgG control to check accuracy and specificity of chromatography.
2.1.4 Peptide purification of polyclonal IgG from protein A purified Aabs

Protein A purified Aabs (NMDAR 1; generated via immunisation of peptides 1-5 into rabbit
#1) were purified further using high-capacity streptavidin agarose resin (Pierce; ThermoFisher
Scientific, UK). Biotin-bound peptides used for immunisation (133uM each, peptides 1-5;
Table 1) were mixed with SmL streptavidin agarose resin to create a mixed peptide specific

column. Once thoroughly mixed, the resin/peptide mix was combined with the protein A
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purified Aab material and left to incubate overnight on a roller at 4°C. This material was then
split over 4 separate columns and allowed to flow-through, collecting all material. The columns
were then washed with PBS and any peptide specific antibody captured by the resin was eluted
with 0.1M sodium citrate (pH 3.2). One pooled fraction was collected in a tube containing
1.2mL 2M Tris-HCI (pH 8.5) for pH neutralisation. The columns were washed once again with
PBS and stored at 4°C. The fractions were concentrated through buffer exchange with PBS
using 10kDa MWCO columns. Total peptide specific IgG concentration was determined using
absorbance at 280nm, SDS-PAGE and ELISAs were performed and compared to an IgG

control.
2.1.5 SDS-PAGE analysis of anti-NMDAR/anti-AMPAR antibody purity

To assess the quality of the chromatography, an aliquot from all stages of purification was kept
and analysed via SDS-PAGE to ensure all IgG had been removed from the starting material.
Samples from the starting material, flow-through, washes and eluates were all combined with
loading buffer (2x sample buffer; ThermoFisher Scientific, UK) and added to each well of a 4-
20% Novex Tris-Glycine gel (ThermoFisher Scientific, UK), along with a pre-stained marker
to determine band sizes (ThermoFisher Scientific, UK). The gel was resolved at 220V until the
blue tracker dye reached the bottom of the gel (approximately 40 min). The gel was removed
and stained with Coomassie Blue (Generon, UK) for 1 h. Subsequently, the gels were de-
stained overnight using ddH»>0 and visualised using an ImageQuant LAS 4000 mini (GE

Healthcare, UK).
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2.2 Binding specificity of generated autoantibodies

Both NMDAR and AMPAR Aabs were tested in multiple systems to determine binding

specificity. Aabs were tested via immunocytochemistry and -histochemistry (ICC/IHC) and

co-stained with a range of other neuronal/glial antibodies to determine specific localisation. In

addition, positive and negative control antibodies were also tested to compare specificity of

binding. Primary and secondary antibodies used are detailed in Tables 4 and 5 respectively.

Table 4: Details of primary antibodies used.

Primary antibody Supplier Catalogue no. Host Type ICCIHC Conc.
NMDARI Aabs UCB n/a Rabbit IgG 1:100-1:1000
NMDAR?2 Aabs UCB n/a Rabbit IgG 1:100-1:1000
AMPAR UCB n/a Rabbit IeG 1:100-1:1000
NMDAR Synaptic Systems 114 103 Rabbit IgG 1:100
NMDAR Synaptic Systems 114011 Mouse IgG2b 1:100
AMPAR Alomone AGC-010 Rabbit IgG 1:100

IgG Jackson ImmunoResearch 011-000-003 Rabbit IgG 1:100

IgG2b BioLegend 70-4732 Mouse IgG2b 1:100
BIII-tubulin BioLegend 801201 Mouse IgG2a 1:500

GFAP Millipore MAB3402 Mouse IgGl 1:400

NeuN Chemicon (Merck) MAB377 Mouse IgGl1 1:400
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Table 5: Details of secondary antibodies used.

Secondary antibody Supplier Catalogue no. Host Type Conc.
Anti-rabbit Alexa Fluor 488 Life Tech A11008 Goat IeG 1:1000
Anti-rabbit Alexa Fluor 594 Life Tech Al11012 Goat IeG 1:1000
Anti-rabbit Alexa Fluor 647 Life Tech A21244 Goat IgG 1:1000
Anti-mouse Alexa Fluor 488 Life Tech A21141 Goat IgG2b 1:1000
Anti-mouse Alexa Fluor 594 Life Tech A21145 Goat I1gG2b 1:1000
Anti-mouse Alexa Fluor 647 Life Tech A21242 Goat IgG2b 1:1000
Anti-mouse Alexa Fluor 488 Life Tech A21121 Goat IgGl 1:1000
Anti-mouse Alexa Fluor 594 Life Tech A21125 Goat IgGl 1:1000
Anti-mouse Alexa Fluor 647 Life Tech A21240 Goat IgGl 1:1000
Anti-mouse Alexa Fluor 488 Life Tech A21131 Goat IgG2a 1:1000
Anti-mouse HRP-conjugated SeraCare 5450-0011 Goat IeG 1:10,000
Anti-rabbit HRP-conjugated SeraCare 5450-0010 Goat IeG 1:10,000

2.2.1 NMDAR transfection in HEK cells

Human embryonic kidney 293 (HEK) cells were transiently transfected with plasmids
expressing the NR1 or NR2 subunit using polyethylenimine (PEI). PEI is a cationic polymer
that assembles positively charged complexes with DNA, which binds to the anionic surface of

the cell, resulting in DNA: PEI complex endocytosis (Boussif et al., 1995).

Cells were initially plated in 24 well plates at approximately 1.5x10° cells per 35mm well in
antibiotic-free DMEM (Gibco; ThermoFisher Scientific, UK) with 10% FBS (Sigma Aldrich,
UK), typically resulting in ~90% confluency the following day. Cells were divided into three
groups: (1) control group (transfected with an empty plasmid vector; pcDNA3.1(+)) and those

transfected with plasmids encoding either (i1) NR1 or (ii1)) NR2 subunit of NMDARs
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(pcDNA3.1(+) NR1-4a HS and pcDNA3.1(-) NR2B_HS respectively; vector maps shown in
Appendix 9.1). When the cells were ~90% confluent, medium was replaced with 1.5 ml fresh
antibiotic free medium (DMEM + 10% FBS) 2 h prior to transfection. The transfection mix
was prepared at a 2:1 ratio PEL:DNA (12 pg/well: 6 pg/well) in a total volume of 500ul
OptiMem (Gibco; ThermoFisher Scientific, UK) and incubated at room temperature for 20 min
to allow complex formation prior to being added to the cells. This mix was slowly added
dropwise into each well and cells were subsequently incubated for 6 h before sub-culturing on
coverslips for immunocytochemistry. Glass coverslips (13 mm; VWR, UK) were coated with
poly-D-lysine (PDL; 20 ug/ml; Sigma Aldrich, UK) for 20 min to facilitate the attachment of
cells. The coverslips were washed with PBS (3x) and cells were plated at 2.5x10° cells/well

and incubated for 24 h before fixing for immunocytochemistry experiments.
2.2.1.1  Immunocytochemistry on NRI-transfected HEK cells

The day after transfection, cells were washed (3x) with PBS, care was taken not to directly
pipette onto the cells to prevent cell detachment. Cells were then fixed with 4%
paraformaldehyde for 10 min (PFA; Sigma Aldrich, UK) and washed 3 x 5 min each with
blocking buffer (1x PBS, 0.1% Triton X-100, 1% normal goat serum) on a shaker and
subsequently transferred to a humid chamber. Primary antibodies (NMDAR Aabs, nMNMDAR,
rlgG and mIgG2b; Table 4) were added (in blocking buffer) and incubated overnight at 4°C.
Coverslips were washed with blocking buffer and specific Alexa Fluor-coupled secondary
antibodies were added (in blocking buffer) and incubated for 2 h at room temperature (Table
5). Following incubation, cells were washed 3x with blocking buffer and subsequently 3x PBS
(all 5 min each). Nuclei were counterstained using 4’°,6-diamidino-2-phenylindole (DAPI;
1:10,000, Thermo Fisher Scientific, UK) and coverslips were mounted in ProLong Gold anti-

fade mounting medium (Thermo Fisher Scientific, UK). Cells were visualised with an
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Axiolmager A1 microscope (Zeiss) and images acquired using Axiovision 4.6.3 imaging

software with a 20x or 40x objective lens.
2.2.2 Immunocytochemistry on primary neurons

Primary neurons obtained from embryonic mice (E18), detailed later in section 2.3.1.2 were
used for immunocytochemistry at DIV7-14. Cells were washed (3x) with PBS and fixed with
PFA for 10 min and washed a further 3x with PBS. Primary antibodies (NMDAR Aabs,
mNMDAR, rlgG and mIgG2b; Table 4) were added (in blocking buffer; PBS; 10% normal
goat serum) and incubated for 2 h at room temperature. Coverslips were washed and
permeabilised using 0.1% Triton X-100 and subsequently washed again. Additional primary
antibodies were added (BIII tubulin, Glial fibrillary acidic protein (GFAP) or neuronal nuclei
(NeuN); Table 4) for 2 h at room temperature. The cells were subjected to three further washes
and subsequently specific Alexa Fluor-coupled secondary antibodies were added (in blocking
buffer) and incubated for 30 min at room temperature (Table 5). Following incubation, cells
were washed 3x with PBS. Nuclei were counterstained using DAPI and coverslips were
mounted in ProLong anti-fade mounting medium. Cells were visualised with Axiolmager A1l
microscope (Zeiss) and images acquired using Axiovision 4.6.3 imaging software with a 20x

or 40x objective lens.
2.2.3 Immunohistochemistry

Brains from male adult C57BL6/J mice (6-8 weeks) were removed (detailed further in section
2.3.1.1) and fixed/sectioned in two separate conditions. Brains were perfusion-fixed in 4% PFA
and cryopreserved in 30% sucrose/PBS and subsequently cryosectioned sagitally at 12pm,
collected and stored at -20°C until use (QPS Neuropharmacology Histology Services, Austria).
Alternatively, brains were immersion fixed in 4% PFA overnight at 4°C and cryopreserved in

30% sucrose/PBS for 2-3 days at 4°C; cryosectioning was performed, obtaining transverse
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sections at 12um, collected, and stored at -20°C. Sections were permeabilised and blocked
(0.3% Triton X-100, 10% normal goat serum in PBS: blocking buffer) for 1 h at room
temperature. Incubation with primary antibodies was carried out at 4°C overnight in blocking
buffer (Table 4); however, to test NMDAR staining, primary antibodies were added prior to
permeabilization with Triton X-100 and incubated overnight, followed by permeabilization and
subsequent co-labelling with neuronal and glial primary antibodies. Sections were then
incubated with appropriate Alexa Fluor conjugated secondary antibodies (Table 5), all
counterstained with DAPI (1:10,000; ThermoFisher Scientific, UK). Sections were mounted

with ProLong Gold anti-fade and visualised using a Zeiss Axiolmager A1 microscope.

IHC was also performed at UCB, where mouse brains were fixed and sectioned externally
(QPS Neuropharmacology Histology Services, Austria), and subsequently permeabilised and
blocked (0.3% Triton X-100, 5% BSA in PBS: blocking buffer) for 30 min at room
temperature. Incubation with primary antibodies was carried out at 4°C overnight in blocking
buffer (Table 4), followed by incubation with appropriate AlexaFluor conjugated secondary
antibodies (Table 5), all counterstained with DAPI (1:10,000; ThermoFisher Scientific, UK).

Sections were mounted with ProLong Gold anti-fade and visualised using a Zeiss AxioScan.

2.2.4 SDS PAGE and Western blotting

2.2.4.1  Cell lysate preparation

Western blotting was used to assess the specificity of NMDAR Aabs against protein lysate,
whereby all steps were conducted at 4°C to prevent protein degradation. HEK cells were placed
on ice and washed 3x with PBS (5 min each). Lysis buffer (Table 6) was added to each well in

a 6 well plate and rocked at 4°C for 20 min. Lysed cells were scraped from the wells and
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centrifuged for 10 min at 12,000rpm at 4°C. The supernatant was then removed and kept on

ice or kept at -20°C if not used immediately.

Table 6: Composition of lysis buffer for HEK cell lysates. pH was adjusted to 7.4 using HCI

Component Final concentration
Tris base 50mM
Sodium Fluoride 10mM

Sodium pyrophosphate | 10mM
Sodium orthovanadate | 0.1mM
Triton X-100 0.1%

2.2.4.2  Whole brain homogenisation and protein lysate preparation

Frozen hemispheres from adult male C57BL6/J mice were defrosted in 2mL ice-cold lysis
buffer (Table 7) and homogenised using an upright homogeniser. This was repeated several
times with samples being maintained at ice-cold temperature. Lysates were centrifuged at
14,000rpm at 4°C for 10 min, with the supernatant being removed, aliquoted and stored at -

20°C if not being used immediately.

Table 7: Composition of lysis buffer for mouse brain lysates.

Component Final concentration
NaCl 150mM
Triton-X-100 1% (v/v)

Glycerol 10% (v/v)

HEPES 30mM

SigmaFAST protease inhibitors 1 tablet/50mL
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2.2.4.3  Quantification of protein concentration

A bicinchoninic acid (BCA) protein assay kit (ThermoFisher Scientific, UK) was used to
determine the concentration of protein lysates. This method utilises the Biuret reaction; a
reduction of copper ions (Cu?" to Cu’) mediated by the peptide bonds present in protein
molecules. BCA chelates Cu" ions resulting in the formation of a purple-coloured complex that
absorbs light at 540nm (Smith et al., 1985). BSA (2mg/ml; ThermoFisher Scientific, UK) was
used as a protein standard and diluted to concentrations ranging from 0-2mg/ml; each of these
standards were pipetted in triplicate on a 96-well plate. Protein lysates were diluted 1 in 4 with
lysis buffer and pipetted in triplicate. BCA (Reagent A) and CuSO4 (Reagent B) were mixed in
a 50:1 ratio before subsequently adding to each well, incubating at 37°C for 30 min. The
absorbance for each well was then measured using Emax Precision Microplate Reader
(Molecular Devices, UK) at 540nm. Absorbance values were averaged and subtracted with the
value obtained from the blank standard. A standard curve was plotted and the protein
concentration for the lysate samples was determined via interpolation of the standard curve.
Lysate concentrations were multiplied by 4 to account for initial dilution. The samples were

stored at -20°C until needed.

2.2.4.4 SDS-PAGE Gel preparation

Polyacrylamide gels are extensively used for the separation and analysis of protein samples.
Polymerisation of these gels is initiated by the addition of ammonium persulfate (APS; Sigma
Aldrich, UK) and tetramethylenediamine (TEMED; Fisher Scientific, UK) via free radical
formation (Shi and Jackowski, 1998). The separating gel solution (Table 8) was gently pipetted
into the glass plates and left to polymerise for approximately 1 h. The formation of bubbles

was prevented by the addition of water-saturated butanol on top of the separating gel solution.
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Table 8: Composition of 10% separating gel. = Table 9: Composition of 3% stacking gel.
TEMED (2.5pul) was the last component to be TEMED (2.5pul) was the last component to be

added and was carried out in a fume cupboard. added and was carried out in a fume cupboard.
Component Volume per 10ml Component Volume per Sml
ddH>0 4.8ml ddH,0 3.275ml
1.5M Tris/HCl 2.5ml 0.5M Tris/HCl pH | 1.25ml
40% Acrylamide | 2.5ml 40% Acrylamide 0.375ml
10% APS (w/v) 100ul 10% APS (w/v) 50ul
10% SDS (w/v) 100ul 10% SDS (w/v) 50ul
TEMED 2.5ul TEMED 2.5ul

The stacking gel was prepared whilst waiting for the separating gel to set (Table 9). Upon
polymerisation of the separating gel, water-saturated butanol was removed, the top of the gel
was rinsed with ddH>O, and dried using strips of filter paper. The stacking gel was added and
the comb (1.5mm, 10 wells) was gently inserted into the plate ensuring that no air bubbles

were present. The gel was left to polymerise.
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2.2.4.4.1  Preparation of protein lysate samples

Table 10: Composition of 3x sample loading buffer.

Component Final concentration
0.5M Tris/HCI pH 6.8 150mM

DTT 300mM

Glycerol 30% (v/v)

SDS 6% (W/v)
Bromophenol blue 0.3% (w/v)

2-mercaptoethanol, a reducing agent was added to the 3x loading buffer (Table 10) in a fume
hood to a final concentration of 4% (v/v). Samples were made up to the appropriate

concentration using the loading buffer/2-mercaptoethanol mix and denatured at 90°C for 5 min.

2.24.4.2  SDS-PAGE Gel electrophoresis

Gels were inserted into a Mini-Protean Tetra cell electrophoresis tank (Bio-Rad) with the
combs removed and immersed in running buffer (Table 11), initially flushing the wells to
remove any unpolymerized acrylamide, and subsequently fill the tank. Lysate samples and
molecular weight markers (Precision Plus pre-stained marker; Bio-Rad, UK) were loaded into
appropriate wells and the gel was run at a constant current of 0.02A per gel for approximately

2-3 h until the dye front reached the bottom of the gel using a Bio-Rad power pack.

Table 11: Composition of 1X running buffer. ddH20 was added to make up to 1L.

Component Final concentration
Tris base 25mM

Glycine 190mM

SDS 0.10% (w/v)
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2.2.4.4.3  Wet transfer of gel to membrane

Prior to completion of gel electrophoresis, a 9 x 7.5cm piece of polyvinylidene fluoride (PVDF;
BioRad, UK) membrane was immersed in 100% methanol for approximately 15 s in order to
activate the membrane. This was transferred to ddH>O for 2 min and subsequently equilibrated
by soaking in transfer buffer (Table 12), along with two filter papers and two sponges for 10

min on a rocker.

Table 12: Composition of 1X transfer buffer. ddH20 was added to make up to 1L.

Component Final concentration
Tris base 25mM

Glycine 190mM

Methanol 20% (v/v)

Following electrophoresis, the gel was removed and equilibrated in transfer buffer on a rocker
for 10 min. The transfer cassette was assembled, sandwiching the gel and PVDF membrane
between two pieces of filter paper and two sponges (BioRad, UK), ensuring the cassette
remained wet at all times. The cassette was secured and placed into the transfer tank (Bio-Rad)
along with a magnetic stirrer and filled with transfer buffer. Wet ice was added to the tank for
the entirety of the transfer and replaced every ~30 min to prevent overheating. Transfer was
carried out at a constant current of 0.2A for 2 h. Following completion, the membrane was
fixed in methanol for ~15 s, followed by 5 min in 1x PBS on a rocker. PBS was replaced with
blocking buffer (PBS; 5% non-fat milk powder, 1% Tween 20) and the membrane was further
mncubated for 1 h at room temperature on a rocker. This was to prevent/minimise any non-

specific binding.
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Appropriate concentrations of primary antibody diluted in blocking buffer were added to the
membrane and incubated overnight on a rocker at 4°C. The following day, the membrane was
washed with 1x PBS-T for 5 min (6x) on a rocker and incubated with an appropriate
concentration of HRP-conjugated secondary antibody for 1 h at room temperature (Table).

Finally, the membrane was subjected to 6 more washes with PBS-T for 5 min each.
2.24.44  ECL Western Blot Imaging

A mix containing equal parts of each of the enhanced chemiluminescence detection buffers
(Pierce; ThermoFisher Scientific, UK) was prepared. The PBS-T was drained from the
membrane and the detection buffer mix was added for at least 5 min whilst being covered to
prevent exposure to light. Membranes were then imaged using ImageQuant. An image of the
protein ladder was initially taken followed by the membrane which was exposed at automatic

detection.
2.3 Tissue preparation for functional studies

2.3.1 Animals

The housing and use of animals in all experiments were carried out in accordance with UK
Home Office regulations under the Animals (Scientific Procedures) Act, 1986. C57BL6/J mice
(Charles River Ltd, UK) were used throughout all experiments at embryonic day 18, postnatal
day 7 or 4-6 weeks old depending on the specific method. Mice were housed at 21°C in a 12-

hour light/dark cycle with food and water available ad libitum.
2.3.1.1 Generation of acute hippocampal slices

Transverse brain slices (400um) were prepared from male wild type C57BL6/J mice, aged 4-

6 weeks. Mice were terminally anaesthetised with 4% isoflurane and immediately underwent

55



cervical dislocation and decapitation. The brain was gently removed and immediately placed
in ice-cold ‘slushy’ high sucrose cutting solution (pH 7.4, comprising: 75mM sucrose, 87mM
NaCl, 25mM NaHCO;3, 2.5mM KCI, 1.25mM NaH;PO4, 0.5mM CaCl,, 7mM MgCl,, 25mM
glucose), which was continually carboxygenated (95% oxygen, 5% carbon dioxide, BOC Gas,
Reading). Remaining immersed in solution, the whole brain was placed on filter paper, and
using a razor blade (Campden Instruments Ltd., Loughborough, UK) the cerebellum, olfactory
bulbs and anterior part of the forebrain was removed, and the brain was cut down the midline.
Each hemisphere was placed midline facing down and the extreme dorsal and ventral ends were
removed, providing a flat base by which to attach the brain to the slicing block (Figure 2.1A-

B).

The brain was fixed to the slicing block using a small amount of cyanoacrylate glue (Loctite
Super Glue, Hatfield, UK) and transferred to the slicing chamber of a Leica VT1200S
containing ice-cold ‘slushy’ high sucrose cutting solution (see Figure 2.1C). Transverse
hippocampal brain slices (400um) were cut and carefully transferred to a beaker using a glass
pipette containing carboxygenated artificial cerebrospinal fluid (aCSF, pH 7.4; comprising;
126mM NaCl, 10mM Glucose, 2mM MgCly, 2.49mM KCI, 1.25mM NaH>POs, 26mM
NaHCO3, 2mM CaCl,), heated to 37°C for 30 min to overcome the cellular ‘shock’ of slicing
and continually carboxygenated. Following this, slices were left to equilibrate at room
temperature for at least 1 h prior to experimental use to encourage longer-term viability
(Bazelot et al., 2015). All chemicals for cutting solution and aCSF were purchased from Fisher
Scientific (Loughborough, UK), where both solutions were made a maximum of 24 h before

use in each experiment, and stored at 4°C, if not used immediately.
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Figure 2.1: Dissection and slicing of mouse brain. A&B: Schematic showing top view (A) and side view (B)
of mouse brain indicating cuts performed using a razor blade prior to slicing. Arrows indicate surface which
was fixed to slicing block. (C) Representative image of trimmed mouse hemispheres mounted onto the
vibratome slicing block within the ice-cold high sucrose cutting solution, surrounded by an ice-filled chamber.

2.3.1.2  Primary hippocampal neuronal cultures

2.3.1.2.1  Preparation of laminin coated coverslips

Coverslips (13mm; VWR, UK) were used as seeding surfaces inside 24-well plates. Coverslips
were baked prior to use at 180° for 2-3 h to ensure sterility. To enhance cell adhesion to
surfaces, coverslips were coated with PDL (20png/mL) or 1-3 h followed by incubation with

laminin (1pm/cm? in sterile ddH>0) overnight. Coverslips were washed thoroughly with PBS

3x prior to the addition of cells.
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2.3.1.2.2  Removal and dissociation of E18 primary neuronal cells

Embryonic day 18 (E18) C57BL6/J mice were used for primary hippocampal neuronal
cultures. Embryos were removed from the abdominal cavity of the adult female mouse
following cervical dislocation. Heads were removed and placed in dissection media (DMEM-
F12; Sigma Aldrich, UK). Once all brains had been isolated, the meninges were removed, and
hippocampi and cortices dissected. Hippocampi were chemically dissociated using papain (20
min incubation at 37°C). DNase (deoxyribonuclease I from bovine pancreas; Sigma Aldrich,
UK) was added (2mg/ml in PBS) for 30 s, to reduce any cell clumping caused by released DNA
during dissociation. The papain and DNase solution were removed, and tissue washed 3x in
dissection medium, and finally transferred to warm culture medium (Table 13). The cell
suspension was then triturated using a P1000 pipette 30x. Cortical cell survival was low when
dissociated with papain and triturated using P1000 pipette, therefore trypsin was used hereafter
for dissociation of cortical cells (10 min incubation at 37°C), this reaction was inhibited by the
addition of 10% FBS. The cells were transferred to warm culture medium and triturated using
needles (3x21G followed by 3x23G). Both cell suspensions were topped up to Sml and allowed
to sit enabling any large clumps of debris to settle. Supernatant was transferred to new tubes
and brief centrifugation (250rcf, 5 min) was performed to pellet the cells. The supernatant was
removed and discarded, and pellet resuspended before topping up to Sml with fresh culture
medium. The number of healthy cells were determined via manual counting using a
haemocytometer within a 10ul sample (using a Nikon TMS microscope) or using an automated
cell counter (Countess II FL Automated Cell Counter; Invitrogen). The estimated number of
cells was multiplied to calculate the number of cells in Sml of culture medium. From this, cell
suspensions were diluted in appropriate volumes of culture medium (as detailed in Table 13)

to achieve a seeding density of 1.5x10° hippocampal cells/well and 2x10° cortical cells/well.
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2.3.1.2.3

Primary hippocampal neuronal cell culture

Cells were subjected to a 50% medium change after 2-3 days in culture.

Table 13: Culture medium used for growth of primary hippocampal neuronal cells.

Reagent Final Active Ingredients | Function Supplier
Concentratio

Neurobasal N/A Vitamins, amino Basic stable medium | Gibco/Life

medium acids, inorganic for cell culturing Technologies

salts

B27 1% Serum free Promote stem cell Gibco/Life

supplement differentiation towards | Technologies
neurons

GlutaMax 2mM L-alanyl-L- Essential amino acids | Gibco/Life

glutamine dipeptide | (stabilised form of L- | Technologies
Glutamine)

FBS 2.5% N/A Growth factors Gibco/Life
promote cell Technologies
proliferation

Penicillin/Strept | 100U/ml/100p | Antibiotic Prevents growth of Gibco/Life

omycin g/ml bacteria, gram positive | Technologies
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2.3.2 Xenopus oocyte expression system

2.3.2.1 mRNA preparation and GluN1/GluN2A receptor expression

Glutamate ionotropic receptor NMDA subunit 1/2A (GRIN1/GRIN2A) constructs coding for
GluN1 and GIuN2A were generated by Genscript (Piscataway, NJ) using restriction sites
BamHI and Pmel respectively. Linearization of GRIN1/GRIN2A plasmids were performed
using the same restriction enzymes as above. Once linearized, plasmids were used for in vitro
transcription using mScript (Cellscript, Madison, WI). Transcripts were capped, polyA tailed
and purified, and the size was confirmed by gel electrophoresis. mRNA preparation for oocyte
injections were performed by RD Biotech (Besancon, France). GRINI/GRIN2A human
mRNA (0.15ng solution, total volume 40nl ratio 1:5) was injected into the cytoplasm of
Xenopus oocytes (stage V-VI) previously dissected and de-folliculated (provided by EcoCyte
Bioscience, Castrop-Rauxel, Germany) via an automated micro-injector (Robocyte, MCS,
Reutlingen, Germany) using a glass micropipette (5.5um diameter, MCS). Oocytes were left
to express receptors for 72 h at 17°C in a Barth’s solution (pH 7.4, comprising 88mM NacCl,
ImM KCl, 2.4mM NaHCO3, 0.33mM Ca(NOs3)2, 0.41mM CaClz, 0.82mM MgSO4, SmM Tris-

HCI, supplemented with penicillin/streptomycin (100IU/mL), with solution changed daily.

2.4 Electrophysiology

Electrophysiology is an essential tool in the study of single cells and ultimately neuronal
networks within the brain. The cell membrane controls the exchange of electrically charged
ions across the membrane, such as Na®, K*, Cl" and Ca?". Distribution of ions produces an
electrical potential across the cell membrane (which is measured as voltage), where the inside
of the cell is more negatively charged than the outside. Changes in this electrical potential can

be measured -electrophysiologically in a number of ways; either extracellularly or
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intracellularly (Carter and Shieh, 2015). The methods outlined below use an example of both

extracellular (MEAs) and intracellular (TEVC/whole cell patch clamp).

2.4.1 Multi-electrode array (MEA) electrophysiology

Electrical activity is essential for neuronal communication, which occurs across an inter-
connected network. Therefore, it is useful to record neuronal activity as such in order to further
understand not only normal brain functions, but also diseased states. MEAs are a frequently
used in vitro models as extracellular recordings can be performed using multiple electrodes
across a large area. MEAs are also useful in terms of their ability to stimulate presynaptic
pathways whilst simultaneously recording their postsynaptic response (Steidl et al., 2006; Hill

etal.,2010).

2.4.1.1 MEA recordings and long-term potentiation

Evoked electrical activity across hippocampal slices was monitored and recorded using
titanium nitrate MEAs (MCS, GmbH, Reutlingen, Germany); 64 electrodes in an 8x8 layout
(including one reference electrode), each electrode measuring 30um in diameter with a 200pm
spacing between electrodes. Prior to recording, MEAs were cleaned with 5% (w/v) Terg-A-
Zyme (Cole-Palmer, UK) for a minimum of 20 min, rinsed with tap water followed by distilled
water and allowed to air-dry. MEAs were subjected to 100% methanol using a cotton bud to
gently remove any grease or dirt from the electrodes and pads, and finally plasma cleaned
(Harrick Plasma, New York, USA) to make the electrode surface more hydrophilic. Slices were
placed and positioned on MEAs in aCSF using a Leitz Diavert microscope, with images of the
slice and electrode position being acquired via a camera connected to a PC. Slices were
positioned so that the Schaffer collateral and CA1 areas were covering the electrodes (Figure

2.2B) and weighed down with a slice harp (Harvard Apparatus, UK) to ensure constant contact
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with the electrodes. MEAs were carefully placed into the head stage (MEA1060-Inv-BC, MCS,
Germany), continually perfused with carboxygenated aCSF (~3mL/min) and maintained at
32°C 1in order to maximise slice viability. Slices were allowed to equilibrate in the head stage
for at least 10 min before any stimulation was applied. Following this, bi-phasic voltage pulses
were applied to one electrode (STG2008 stimulator, MCS; 100us biphasic pulses, + 0.5-2.0V,
every 30 s) to evoke field excitatory postsynaptic potentials (fEPSPs) (Hill ef a/., 2010). Signals
were amplified by a 60-channel head-stage amplifier (MEAG60 System, MCS, Germany), and
simultaneously sampled at 10kHz per channel and amplified at 1200x gain. Data acquisition to
a computer was carried out using the software MC Rack which monitored and recorded data

for offline analysis at a later date.

Schaffer CAl pyramidal
collaterals o8

Perforant path
(from entorhinal
cortex)

Mossy
fibres Granule
cell

Figure 2.2: Schaffer collaterals within hippocampal slice. A: Schematic of the hippocampus within the
brain, identifying the Schaffer collaterals pathway running from CA3 region to CA1 region (pathway indicated
in yellow). B: Representative image of an acute hippocampal brain slice laying on 64 channel MEA (8x8 array),
indicating both CA3 and CAl areas, as well as the Schaffer collaterals pathway.
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Using a captured image of the slice over the MEA (Figure 2.2B), an appropriate stimulation
electrode was selected using MEA Select. Paired-pulse recordings were carried out with an
inter-stimulus interval of 50ms, and long-term potentiation (LTP) induction was carried out on
Schaffer collateral-CA1 pathway (as shown in Figure 2.2A) using high frequency stimulation
(HFS; 100Hz) to identify NMDAR activation and functionality. Paired pulse fEPSPs were
evoked every 30 s both pre- and post-LTP induction, being recorded for 30 min pre-LTP
induction to establish a steady baseline and for 60 min post-LTP induction to establish whether
any long-lasting potentiation had been evoked. The fEPSPs could be isolated into separate
glutamatergic components; either AMPARs and kainate receptors, or NMDARsS.
AMPAR/kainate receptors or NMDAR were blocked by addition of glutamatergic antagonists
6-cyano-7-nitroquinoxaline-2,3-dione  (CNQX; Abcam, UK) or DL-2-Amino-5-
phosphonopentanoic acid (DL-APV; Abcam, UK), respectively, to the perfusing aCSF. CNQX
was dissolved in ddH20 and used at a final concentration of 5uM, and DL-APV was dissolved
in ddH20 and used at a final concentration of 50uM. To determine any functional effect of
generated Aabs on NMDARs and neuronal networks, slices were pre-incubated for 1 h in aCSF
containing Aabs (1:1000 dilution) with continuous carboxygenation. Slices were incubated
with either nNMDAR/rNMDAR or mIgG2b/rIgG antibodies as positive and negative controls
respectively (1:1000 dilution). These slices were then subjected to the protocols as described

above. One slice per animal was used per condition.

2.4.2 Patch clamp electrophysiology

Patch clamp is a method of measuring intracellular signals from a single cell. It can measure
the amount of current across the cell membrane at a fixed voltage (voltage-clamp). A glass

micropipette is used to make tight contact with a ‘patch’ of neuronal membrane. Following a
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small amount of suction, a tight seal is formed between the two. If further suction is applied,
the membrane patch within the pipette is disrupted, causing the interior of the pipette to become
continuous with the cytoplasm of the cells (whole-cell configuration). This allows
measurements of electrical potentials and currents from the entire cell (Hill and Stephens,
2021). Other configurations of patch clamp exist; inside-out and outside-out recordings which
are beneficial to measure single channel currents and the influence of intracellular/extracellular

molecules (Hamill ef al., 1981).
2.4.3 TEVC in Xenopus oocytes

TEVC is a type of whole cell recording used on large cells (such as oocytes) as two recording
electrodes are inserted into the cell. One electrode is used to measure voltage and the other is

used to inject current (Figure 2.3) (Dascal, 2001).

TEVC recordings were performed using an automated platform (HiClamp, MCS). Electrodes
(0.1-1MQ resistance) were filled with potassium chloride (KCIl 1.5M) and potassium acetate
(KAc 1.5M). Oocytes were impaled, and voltage clamped at a holding potential of -60 mV.
After the impalement, oocytes were rinsed with normal frog ringer buffer for 60 s followed by
a stabilising period of 60 s (pH 7.85; containing 88mM NaCl, 2.5mM KCl, 1.8mM CaCla,
5SmM HEPES, with EDTA (10uM) being added to chelate zinc ions Zn?"). The cells were
briefly exposed to 1uM glutamate/10uM glycine (10 s) every 3 min for 12 min to ensure the
cells were expressing the NMDAR subunits and were responsive, as well as ensuring minimal
leakage when clamped. The last 6 min of these test responses were considered as control
amplitude responses to glutamate. Following this, cells were exposed to either NMDAR1 Aabs
or rabbit IgG either acutely or chronically (1:1000 or 1:300 dilution), whilst being exposed to
1uM glutamate/10uM glycine (10 s) throughout in order to monitor NMDAR current. The
NMDAR antagonist MK-801 and allosteric modulator TCN-201 were also applied in
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increasing concentrations (ranging from 10nM to 1uM), acting as positive controls for the
systems. To evaluate the cellular response, area under the curve (AUC) for each glutamate-

evoked current was calculated and normalised to AUC of control responses.

Figure 2.3: A schematic of two-electrode voltage clamp on Xenopus oocytes. This method utilises two
pipettes, one for sensing voltage (V) and the other injecting current (I). The microelectrodes compare the
membrane potential against a holding voltage (controlled via a computer), calculating the current flowing across
the membrane.

65



2.4.4 Whole cell patch clamp and primary hippocampal cultures

Patch clamp can be performed in many different configurations, allowing the study of all ion
channels within the cell membrane (whole-cell) (Purves ef al., 2004). The functionality of
NMDAR and AMPAR Aabs were further investigated using whole-cell patch-clamp (voltage
clamp) on primary hippocampal neurons. EPSCs were recorded from primary neurons from
day in vitro (DIV) 7 onwards, at which point, either acute or chronic incubation with Aabs was

carried out and any changes in spontaneous firing was recorded.

The ntracellular solution was prepared using the recipe shown in Table 14. The buffer was
adjusted to pH 7.3, and osmolarity to ~280 mOsm, and subsequently aliquoted and stored at —
20°C until use. 1L of extracellular buffer was prepared using the recipe in Table 14, with pH
being checked and adjusted to 7.4, and osmolarity checked and adjusted to ~300mOsm. This

was stored at 4°C until use.

Table 14: Composition of intracellular and extracellular patch clamp solution. For intracellular buffer,
KOH was used to adjust pH to 7.3 and aliquoted (0.5ml) and stored at -20. Extracellular solution, pH was
adjusted with NaOH to pH 7.4 and stored at 4 degrees until use.

Intracellular solution Extracellular solution
Component Final Conc. Component Final Conc.
K Gluconate 145 NaCl 130

NaCl 5 K(Cl 3

HEPES free 10 HEPES free 10

EGTA 0.2 MgCl 1
GTP—Nasalt | 0.3 CaCl, 2
ATP-Mgsalt |4 Glucose 30
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2.4.4.1 Patch pipettes

Patch pipettes were pulled from borosilicate glass using horizontal electrode puller (P1000
Flaming/Brown micropipette puller) to make patch pipettes with a resistance of 3-10MQ.
Pipettes were backfilled with an intracellular solution (as detailed in Table 14). Multiple patch

pipettes were prepared before experiments.

2.4.4.2 Whole-cell patch-clamp

Cells were initially transferred into the recording chamber, immersed in extracellular solution
(without perfusion) and a single isolated cell was positioned at the centre of the microscope.
Patch pipettes were inserted into the electrode holder, which was attached to the head-stage
and connected to a patch clamp amplifier. Prior to entering the patch pipette into the bath
solution, positive pressure (~1ml) was applied using a Iml syringe connected to the electrode
holder via plastic tubing. Using the ‘coarse’ setting, the micromanipulator was used to lower
the pipette into the bath until it was just above the cell. A test pulse (50 ms, 5 mV) was applied
to monitor the pipette resistance in Clampex 10.6 software (Molecular Devices, UK) and
current flowing in this ‘open’ configuration, was monitored and offset to zero using the
MultiClamp 700B commander software (Molecular Devices, UK). The pipette was then
gradually lowered using the ‘fine’ setting of the micromanipulator until the tip was touching
the cell. Positive pressure was released from the patch pipette, facilitating the formation of a
‘gigaseal’ i.e., a resistance > 10° ohms. To achieve whole cell configuration, sharp suction was
applied to rupture the cell membrane under the pipette tip. This resulted in the production of
fast and slow transients at the start and end, respectively, of the test pulse, which were
electronically compensated for using the MultiClamp 700B commander (Molecular Devices).
Cells were held at -70mV throughout the experiment, without any perfusion. The values for
series resistance and membrane capacitance were recorded and monitored throughout the
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experiment. Any significant deviations in these parameters resulted in the recording being
discarded. Current signals were filtered at 2 kHz and sampled at 10 kHz using an Axon Digidata

1550B.

2.4.4.3 Spontaneous excitatory postsynaptic currents (SEPSCs)

Once a stable whole-cell configuration had been achieved, SEPSCs were recorded for 10 min
to obtain a baseline. If AMPAR Aabs were being tested, pharmacological inhibitors bicuculline
methiodide (BMI; 10uM; Abcam) and DL-APV (50uM) were added prior to baseline, whereas
if NMDAR Aabs were being tested the pharmacological inhibitors BMI and 2,3-Dioxo-6-nitro-
1,2,3,4-tetrahydrobenzo[ f]quinoxaline-7-sulfonamide (NBQX; 5uM, Abcam, UK) were added
prior to baseline to isolate events for the respective receptor being investigated. For ‘acute’
application experiments, following a 10 min baseline, Aabs were either directly added to the
bath extracellular solution and incubated for 10 min or 30 min and sEPSCs were monitored

throughout.

For ‘chronic’ application experiments, primary neurons were incubated with either Aabs for
24 h prior to patch clamp recording. Here, no baseline could be recorded, but 30 min of activity

was monitored following the application of appropriate pharmacological inhibitors.

For both acute and chronic experiments, a negative control (rlgG) was used to ensure any

effects observed was due to receptor specific Aabs, and not non-specific effects.

2.4.4.4 Miniature excitatory postsynaptic currents (mEPSCs)

To help assess whether any functional effects observed may be presynaptic in nature, the above
experiments were carried out in the presence of tetrodotoxin (TTX; 1uM, Abcam, UK) to

isolate mEPSCs, with the same parameters being measured.
An overview of all experiments performed for each Aab is detailed in Figure 2.4.
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2.5 Statistical Analysis

All data are presented as mean + standard deviation (SD) and analysed using GraphPad Prism
7.00 (GraphPad Software, Inc). MEA experiments were analysed via Mc_Rack (MultiChannel
Systems) and patch clamp experiments were analysed using a template search function
(Clampfit, Molecular Devices, UK) and exported to Microsoft Excel for sorting. All data were
exported to Microsoft Excel and GraphPad Prism. All data sets were tested for normality using
D’Agostino Pearson normality test, where all data passed and therefore was tested for
significance using appropriate Student’s t-tests or one-way analysis of variance (ANOVA).
Two-way ANOVAs were also conducted, where F values are reported, and differences are
considered as statistically significant when p<0.05. Finally, cumulative frequency plots were
generated for AMPAR patch-clamp experiments, where inter-event intervals were compared
between Aab-incubated cells and control. These plots were analysed statistically by performing

Kolmogorov-Smirnov tests and considered significant when p<0.05.
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3. Generation and characterisation of NMDAR Aabs

3.1. Introduction
NMDARs are members of the glutamate ionotropic receptor family, involved in excitatory
neurotransmission. NMDAR Aabs have been found in patients with ANRE and autoimmune
epilepsy. It is not fully understood whether these NMDAR Aabs are pathogenic or if they serve
as a compensatory mechanism in response to seizures; however, it has been shown that in vitro
application of patient Aabs to primary hippocampal neurons results in binding to NMDAR:s,
cross-linking and subsequent internalisation (Hughes et al., 2010). How these in vitro effects
translate to in vivo behavioural changes is not fully understood. Previous studies have shown
that infusion of patient NMDAR Aabs in mice resulted in epileptic seizures (Wright et al.,
2015), behavioural changes, and memory impairment (Planaguma et al., 2015). Understanding
if and how these Aabs may cause these behavioural changes is of huge importance and could
lead to developing compounds which can intervene in this mechanism. In addition,
understanding how these NMDAR Aabs act with regard to autoimmune epilepsy, whether
acting pathogenically or as a compensatory mechanism in response to seizures, would aid in
developing a therapy for people who have these Aabs in their serum. In order to investigate the
potential pathogenicity of NMDAR Aabs, Aabs were generated using peptide immunisation,
with peptides being based on the binding location of patient NMDAR Aabs. This chapter

details the experiments used to generate and assess the specificity of anti-NMDAR Aabs.

3.2 Production of rabbit polyclonal NMDAR 1 Aabs (rabbit
#1)

Regions of high immunogenicity as well as proximity to where patient anti-NMDAR Aabs
bind (see section 2.1) were identified within the extracellular domains of NR1 subunit of

NMDARs (regions chosen highlighted in Figure 3.1). Certain peptides (2, 4 and 5, sequences
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detailed in Table 1 and illustrated in Figure 3.1) were cyclised via a thioester in an aim to better
represent the natural conformation of these sequences, as well as to promote molecular stability
(Purcell 2007). All peptides were subsequently conjugated to KLH, BSA and OV A externally
(Peptide Synthetics). These conjugated peptides were combined and used to immunise one

rabbit (see section 2.1.1) in order to elicit an immune response.
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isation of rabbit #1. All peptides were located within the amino terminal domain (ATD) of
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NR1 subunit and generated with the addition of a C residue and an Ac residue on either end. Peptides 2, 4 and 5 were cyclised via a thioester to help better

represent the true epitope.
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3.2.1 Titres and ELISA of antibody sera

The rabbit immunisation procedure was followed as described in section 2.1.1. Rabbit bleeds
(BL) were taken 14 days after immunisation boosts, and 7 days after the final immunisation;
serum titres were monitored using an ELISA to detect the presence of IgG antibodies against
the peptides. The total number of immunisation boosts was determined based on ELISA results.
As expected, no detectable immune response was observed against any peptide or the ATD at
BLO (pre-immunisation). Following the first immunisation (BL1), minimal binding to each
peptide was detected, similar to that of BLO; however, following the second and third
immunisation (BL2 and terminal bleed, respectively), an increase in binding was detected to
peptides 2, 4 and 5, with the terminal bleed binding to these peptides being as low as 1:100,000
dilution (Figure 3.2B, D and E, respectively). Similar results were observed when binding of
terminal bleed sera was tested against the ATD protein in its natural conformation, which was
used to assess if the Aabs generated would bind to native ATD, as well as immunisation
peptides. The ATD was detected, in particular following immunisations 2 and 3, detectable as
low as 1:100,000 dilution (Figure 3.2F). In contrast, minimal binding was detected to peptides
1 and 3 following all immunisations boosts, where a slight increase in binding was detected by

terminal bleed sera only at 1:100 dilution (Figure 3.2A and C).
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Figure 3.2: Rabbit anti-NMDARI1 immunogenicity response. Pre-immunisation bleed (BLO0), bleed 1 (BL1),
bleed 2 (BL2) and terminal bleed responses to peptides 1-5 (A-E respectively) used for immunisations. Binding
of sera to native NR1 amino-terminal domain (ATD) in its natural conformation occurred, which increased with
each immunisation boost (F). An increase in response to the peptides was observed with each immunisation
boost, with the largest responses against peptides 2, 4 and 5, as well as the ATD protein (panels B, D, E and F

respectively). N=3 technical replicates per dilution, n=1 rabbit.
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3.2.2 Purification and analysis of NMDAR1 Aabs

Terminal serum from the NMDARI1-immunised rabbit was purified using Protein A resin to
isolate total IgG from final serum as described in section 2.1.3 (henceforth known as NMDAR1
Aabs). IgG was then quantified and analysed using SDS-PAGE and ELISA. Fractions from all
steps within the purification process: pre-purification, wash 1, wash 2, eluates 1-6, and post-
purification were analysed using SDS-PAGE and subsequent Coomassie staining. Proteins
were detected in the pre-purification fraction at 150 kDa, 90 kDa, 50 kDa as well as 25 kDa,
of which the band at 150 kDa is expected to be IgG (Figure 3.3A). The presence of a band at
the expected IgG size of 150 kDa in eluates 1-4, and the absence of a band at this size in both
wash 1 and 2, as well as the absence in ‘post-purification’ column, indicate successful
purification of total IgG from terminal serum. All other proteins detected in the ‘pre-
purification’ column at bands of 90 kDa, 50 kDa and 25 kDa, among others, were not detected
in any eluates, but instead were present in the ‘post-purification’ fraction (Figure 3.3A)

highlighting the specificity of the purification for IgG only.

Quantification of total IgG was performed using a protein A280 nanodrop, measuring
absorbance at 280nm to determine protein concentration. This revealed 12mg/ml total IgG was
acquired from NMDARI1 peptide immunisation, of which anywhere between 1-10% 1is
predicted to be target (NMDAR) specific (Hnasko and McGarvey, 2015). To verify that the
purification process had no negative effect on NMDARI1 Aab specificity to the immunisation
peptides, a repeat ELISA was carried out using the total protein A-purified IgG (Figure 3.3B);
this revealed increased binding to peptides 2, 4 and 5 and the ATD protein, with binding
detected as low as 0.1pg/ml. Minimal binding was detected with peptides 1 and 3 (Figure 3.3B),
even at the highest dilution of 10pg/ml. These data are in line with results seen pre-purification,
with increased binding being detected against peptides 2, 4, 5 and the ATD, with minimal

binding against peptides 1 and 3 (Figure 3.2A-F).
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Figure 3.3: Protein A purification of NMIDARI1 Aabs. (A) SDS-PAGE analysis of rabbit serum purified by protein A-sepharose resin. Analysis of all fractions revealed
a specific band at 150kDa in pre-purification sample and all eluates, which is not present in the post-purification sample. (B) Protein A purified NMDAR1 Aabs revealed
greater binding to peptides 2, 4 and 5 and ATD protein, comparable to pre-purification. N=3 technical replicates per concentration.
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Further quantification was carried via SDS-PAGE and subsequent Coomassie staining. This
was performed to validate the concentration of total IgG measured by comparison to a
commercial rabbit total IgG of known concentration. A titration of both NMDARI1 Aabs and
control rIgG concentrations was tested. Both antibodies produced bands at the expected size of

150 kDa; in addition, all bands produced were of comparable intensity and size at all dilutions

tested (Figure 3.4).

NMDAR Aabs Ctrl IgG

150kDa

Figure 3.4: Protein A purified NMIDAR1 Aabs are comparable to control rabbit IgG. Concentration of

NMDAR Aabs determined via A280 measurement is comparable in band size and dilution as control IgG of
known concentration (n=1 technical replicate).
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3.3 Characterisation of NMDAR1 Aabs using in vitro models.

3.3.1 NMDARI Aab detection of NMDARs in NR1-transfected HEK cells
In order to analyse the specificity of NMDARI1 Aabs, HEK cells were transfected with either
a vector encoding the NR1 subunit or an empty vector (see section 2.2.1). The day after
transfection, cells were fixed with PFA in order to preserve cells by preventing degradation
and autolysis and incubated with NMDAR1 Aabs and ICC performed (as described in section

2.2.1.1).

NMDARI Aabs positively stained NR1-transfected HEK cells (as shown by the white arrows
Figure 3.5A), while also eliciting some low-level background staining (as shown by white
arrowheads; Figure 3.5A). These positively stained cells co-localised with cells, which were
also positively labelled with the commercial anti-NR1 antibody mNMDAR (as shown by white
arrows; Figure 3.5A). A second commercial antibody was also tested; INMDAR, which elicited
similar staining to that of NMDAR1 Aabs, where positively stained cells were also co-labelled
with another commercial antibody mNMDAR (white arrows; Figure 3.5B). Negative controls
were also employed; class specific antibodies rIgG and mIgG2b, as well as a secondary-only
antibody incubation. The class-specific negative control rIgG demonstrated low levels of
background staining (as shown by white arrowheads; Figure 3.5C), as also seen with NMDAR1
Aabs, but importantly no clear, bright labelling of NR1-tranfected HEK cells was detected with
rIgG incubated cells. The secondary-only control showed no labelling in NR 1-transfected HEK

cells (Figure 3.5D).
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Figure 3.5: ICC staining of NR1 and empty vector transfected HEK cells. Representative images of NMDAR staining present in NR1-transfected HEK cells but
absent in empty vector-transfected HEK cells. (A) Cells transfected with NR1 detected by NMDAR1 Aabs (green), and co-labelled by the commercial antibody
mNMDAR (red) as indicated by white arrows. (B) Both commercial antibodies mNMDAR and iNMDAR co-labelled the same NR1-transfected cells (white arrows).
(C & D) Cells incubated with the class-specific negative controls rIgG and mIgG2b, as well as a secondary-only control elicited no labelling. ICC staining of empty
vector transfected HEK cells resulted in no clear staining when incubated with NMDARI1 Aabs (E), as well as two commercial anti-NR1 antibodies mNMDAR and
INMDAR (F). (G & H) Cells incubated with the class-specific negative controls rIgG and mIgG2b, as well as a secondary-only control did not exhibit any positive
staining. Representative images selected from n=3 replicates per condition. Scale =20pum.
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Empty vector transfected HEK cells were also subjected to ICC. NMDAR1 Aabs showed no
specific labelling, with only low levels of background staining, as seen in NR1-transfected
HEK cells (shown by white arrowheads; Figure 3.5E). Similarly, neither commercial NMDAR
antibody positively labelled any cells (Figure 3.5F). As above, the cells were also incubated
with class specific negative controls; rlgG and mIgG2b, both of which resulted in no bright
labelling of any cells. Again, there was some background staining detected with rIgG (as shown
by white arrowheads; Figure 3.5G), a similar level to that detected by those incubated with
NMDARI1 Aabs and rIgG in both NR1- and empty vector-transfected HEK cells (Figure 3.5A,
C & E respectively). The secondary-only control showed no labelling in empty vector-

transfected HEK cells (Figure 3.5H).
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3.3.2 NMDARI1 Aab detection of NMDARSs to native NMDARSs

Labelling of endogenous receptors in more physiologically relevant models was then carried
out: primary mouse hippocampal cultures (DIV7-20, the age at which cultures were
synaptically mature) and adult hippocampal brain sections.

Neuronal networks, which spontaneously develop within mouse cultures, provide a useful tool
for the precise investigation of neuronal activity and synaptic transmission. For this purpose,
hippocampal and cortical neuronal cultures were generated (see section 2.5.3), characterised,
and subsequently used for the further testing of NMDARI Aab specificity. Primary
hippocampal and cortical neurons were fixed at DIV7-20 and exposed to NMDAR1 Aabs, and
co-labelled with the neuronal-specific marker, BIII tubulin, and astrocyte-specific marker,

GFAP, to identify cell-type specificity within the culture.

NMDARI Aabs faintly detected cortical cells which were co-labelled by the neuronal marker
BII tubulin (as shown by the white arrows; Figure 3.6A), but not by the astrocyte marker
GFAP. Cells were also subjected to a secondary-only control, whereby all primary antibodies
were omitted. No labelling was detected in any of the channels (Figure 3.6B), indicating all of
the labelling seen in Figure 3.6A is not due to any background staining caused by the secondary

antibodies.
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NMDAR1 Aabs Goat anti-rabbit 1gG

Goat anti-mouse 1gG2a Goat anti-mouse 1gG1

Figure 3.6: Inmunocytochemical staining of fixed primary cortical neurons (DIV14). (A) Cells were stained with NMDAR1 Aabs (green), BIII tubulin; a neuronal marker
(red), GFAP; an astrocyte marker (white) and a nuclear stain (DAPI: blue). NMDARI1 Aabs incubation elicited faint staining, which co-localised with BIII tubulin-stained
cells, as indicated by the white arrows. (B) A secondary-only control was performed: anti-rabbit IgG (green), anti-mouse IgG2a (red) and anti-mouse IgG1 (white). No visible
staining was detected in any channel. Representative image selected from n=5 technical replicates (across 3 biological replicates). Scale = 20pum.
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The addition of an anti-NR 1 commercial antibody (rNMDAR) resulted in clear staining (Figure
3.7A), again co-localising with BIII tubulin-stained cortical neurons, serving as a positive
control for the protocol. Similarly, a class specific negative control (rIgG) was also used to
ensure all staining observed with NMDAR1 Aabs was due exclusively to any NMDAR-
specific I1gG, and not from non-NMDAR specific IgG. Faint staining was seen with the
negative control rIgG, however these rIgG labelled cells co-localised with cells labelled with
the neuronal marker BIII tubulin (as shown by white arrows; Figure 3.7B), as well as the
astrocyte marker GFAP (as shown by orange arrows; Figure 3.7B), indicating a lack of cell-
type specificity. This is dissimilar to NMDARI1 Aabs, where any staining observed only co-
localised with BIII tubulin positive cells, not GFAP positive cells (as shown above; Figure

3.6A).
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rNMDAR

Bl tubulin

Figure 3.7: Immunocytochemical staining of fixed primary cortical neurons (DIV14). (A) Clear staining observed with a commercial anti-NR1 antibody (tNMDAR;
green) co-localised with those labelled by the neuronal marker BIII tubulin (red, as shown by the white arrows), but did not co-localise with GFAP-labelled cells (white).
(B) Faint staining detected with class-specific negative control rIgG (green), co-localised with BIII tubulin-stained cells (as indicated by white arrows), as well as cells
labelled by GFAP (orange arrows). Representative image selected from n=6 technical replicates (across 3 biological replicates). Scale =20um.
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IHC was carried out on adult mouse brain sections to determine cell-type specificity as well as
spatial binding within the hippocampus. Using perfusion fixed and cryopreserved mouse brain
sections (12pm), clear binding could be seen when NMDAR1 Aabs were applied (Figure 3.8).
NMDARI1 Aab labelled cells could be seen throughout the hippocampus, in CA1, CA3 and

DG regions, all of which co-labelled with the neuronal marker NeuN.

Similar binding and localisation could be seen with the commercial antibody INMDAR, where
co-labelling with NeuN was detected throughout all areas of the hippocampus (Figure 3.8).
Class specific negative control rIgG showed faint binding throughout all areas of the
hippocampus, co-labelling with NeuN (Figure 3.8). An additional secondary-only antibody
control was also performed where the primary antibody was omitted prior to secondary
antibody incubation to ensure any binding seen in all three antibody conditions above was not
due to any non-specific binding caused by the secondary antibodies. Both secondary antibodies
(anti-guinea pig IgG (green) and anti-rabbit IgG (red)) resulted in no staining in either channel

(Figure 3.8).
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rNMDAR

Goat anti- Goat anti-
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Figure 3.8: Imnmunohistochemical staining of fixed mouse brain sections. NMDAR staining in hippocampal mouse

brain sections could be seen throughout the hippocampus. All sections were co-stained with NeuN (green) and DAPIL.

NMDARI1 Aabs displayed similar localisation and expression to commercial antibodies, with rIgG also eliciting some

staining, highlighting some background binding from IgG. The secondary antibody only negative control showed no

binding in either channel. Representative images selected from n=3 technical replicates per condition. Scale = 100pm.
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However, when looking at these signals at a higher magnification a slightly different binding
pattern of rIgG could be seen when compared to both NMDAR1 Aabs and INMDAR (Figure
3.9). NMDARI1 Aabs appear to be binding to more membrane bound targets, with clearer
labelling of neuronal structures and processes. This is as expected as NMDAR1 Aabs target an
extracellular region of NMDARSs, which are in themselves localised to the membrane. This is
in contrast to the class specific rlgG where any labelling is less clear, with increased
background. In addition, it is important to note that no labelling was observed in secondary

antibody only control (Figure 3.9).

NMDAR1 rNMDAR Goat anti-rabbit IgG

Figure 3.9: Inmunohistochemical staining of fixed mouse brain. Representative images of higher magnification
of Figure 3.10. The localisation of binding seen with NMDAR1 Aabs appears more membrane bound, of which
similar binding can be seen with the commercial antibody INMDAR. Staining observed with rIgG however appears
less clear, with increased background. A secondary-only control was also employed as a negative control for the
experiment, where no labelling was seen. Representative images selected from n=3 technical replicates per condition.
Scale = 20um.
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The ATD of the NR1 subunit was used to assess the specificity of NMDAR1 Aabs by western
blot. Purified human NR1 ATD was run on SDS-PAGE and probed with NMDAR1 Aabs. The
blot probed with NMDAR1 Aabs detected a strong band at the predicted size of 60 kDa,
indicating the ATD of the NR1 subunit is bound by NMDAR1 Aabs. A slightly smaller band
just under 60 kDa can also be seen (Figure 3.10A), which may be due slight degradation of the
sample or low levels of non-specific binding. These bands were also detected by the

commercial anti-NR1 antibody INMDAR, but not by commercial nNMDAR (Figure 3.10A).

Blots were also incubated with the class-specific negative controls rlgG and mlIgG2b, a
secondary antibody only, as well as an irrelevant antibody Equilibrative Nucleoside
Transporter 1 (ENT1; a transporter which allows adenosine to transit cellular membranes by
passive diffusion, which should not bind human NR1 ATD). No band was observed following
incubation with rIgG, mlIgG2b, secondary antibody only, or the irrelevant antibody ENTI

(Figure 3.10B).
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Figure 3.10: Human ATD of NR1 subunit probed with NMDAR1 Aabs. (A) Blots incubated with
NMDARI1 Aabs and the commercial antibody TNMDAR detected strong bands at 60kDa, with
mNMDAR not detecting any clear band. (B) Blots incubated with the negative controls; rIgG, mIgG2b,
secondary antibody only and the irrelevant antibody ENT1 did not detect any bands at the expected
molecular weight. Representative blots selected from n=3 technical replicates.

Subsequent western blots were carried out to assess if NMDARI1 Aabs detect full-length NR1
when in a denatured state. Lysates from NR1- and empty vector-transfected HEK cells, primary
cortical neurons (mouse) and whole brain (mouse) were generated and run on SDS-PAGE and
probed with NMDART1 Aabs. No clear band was identified at the expected molecular weight
of the NR1 subunit (105 kDa) in either HEK cell lysate, primary cortical cell lysate or whole
brain lysate. However, multiple other bands were detected by NMDARI1 Aabs. A faint band
was detected at ~110 kDa and strong bands at ~70 kDa across all four samples, with additional
bands at 50 kDa and 60 kDa in primary cortical cell, whole brain and NR1 HEK cell lysates
(Figure 3.11A). It is possible that further breakdown of the protein could be occurring and
NMDARI1 Aabs are detecting the ATD of the NR1 subunit in different glycosylated states (7
glycosylation sites are present within the human ATD; see Figure 3.1) or, alternatively, these
bands could be indicating degradation of the samples. However, as neither of these bands were

detected with the positive control (commercial antibody; mNMDAR), where a single, clean
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band is detected at the expected size of 105 kDa in NR1-HEK, whole brain and primary cortical
lysates, both of these possibilities seem unlikely. It is more probable these bands are being
caused by other non-NMDAR specific IgG within the composition; as only 1-10% is thought
to be specific for NMDARs (Hnasko and McGarvey, 2015), other specific IgG could be
binding to targets within these samples. In addition, it may be possible that our NMDAR1 Aabs
do not detect NR1 subunit in the denatured state, as is also seen for the commercial antibody

rNMDAR and, as such, is not suitable for use in western blots.

When blots were probed with commercial anti-NR1 antibodies, differing results were seen.
The monoclonal antibody mNMDAR detected a band at the expected molecular weight of
105kDa in primary cortical cell, whole brain and NR1 HEK cell lysate (as shown by the red
box), with no visible band in empty vector transfected HEK cell lysate (Figure 3.11A). By
contrast, the polyclonal antibody INMDAR detected multiple bands in whole brain lysate, one
of which is at the expected size of 105 kDa (highlighted by the red box), with additional bands
at 150 kDa and 70 kDa. No bands were detected in primary cortical cell lysate and only one
band was detected in both NR1 and empty vector transfected HEK cell lysate at 50 kDa (Figure
3.11A). The differences in these results may be due to the different epitopes being targeted by
each of the commercial antibodies, with mNMDAR targeting a region outside of the ATD
(amino acids 660-811) and INMDAR targeting amino acids 35-53 within the ATD. In addition,
rNMDAR is polyclonal, and therefore contains a mixture of IgG targeting different epitopes
within this region, whereas mNMDAR is a monoclonal antibody and therefore bind to a single

epitope, which may explain the increased specificity for the expected band size of 105 kDa.

Blots probed with the class specific control rIgG detected similar bands to that seen with
NMDARI1 Aabs, with bands at 100 kDa, 90 kDa, 60 kDa and 50 kDa, among others, across all
four samples. Similar to NMDAR1 Aabs, total IgG is used, therefore there may be antibodies

within this composition which target alternative proteins within our samples, which may
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explain the multiple bands detected (Figure 3.11A). As expected, blots probed with the class
specific negative control mIgG2b and the secondary antibody only, did not detect any bands
across any of the four samples (Figure 3.11A). To ensure all lanes were loaded and transferred
correctly, the housekeeping gene GAPDH was probed for and acted as an additional control
for the protocol employed. This process revealed a single, clean band at the expected size of
37 kDa, note the different sizes of bands being caused by different amounts of protein being
loaded (10ug cortical cell, HEK NR1 and HEK empty vector lysate, compared to 50ug protein

of whole brain lysate; Figure 3.11B).
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Figure 3.11: Western blot of primary cortical cells, whole brain and NR1- and empty vector-transfected HEK cells. (A) Lysates probed with NMDAR1 Aabs did not
detect a band at the expected molecular weight of 105 kDa in any sample, however multiple other bands were detected at 60 kDa and 50 kDa in all cell lysates, and at 40 kDa
in primary cortical cells, whole brain and NR1 HEK cell lysates. Commercial anti-NR1 antibody mNMDAR displayed bands at the expected size of ~105 kDa in primary
cortical cells, whole brain and NR1-HEK cells (as shown by red box), with no band in empty vector transfected HEK cells, whereas the commercial antibody INMDAR
elicited a faint band at the expected molecular weight (indicated by red box), with other bands at 150 kDa and 60 kDa in whole brain lysate, and 50 kDa in NR1 and empty
vector transfected HEK cells. The class specific control rIgG did not display a clear band at the correct size in any sample, but instead a multitude of bands were seen at other
sizes, primarily 60 kDa and 50 kDa. The negative control mIgG2b and secondary-only control both showed no bands across all samples. (B) A single clean band was detected
at the expected size of 37 kDa when probed with the loading control GAPDH. A larger band was detected in whole brain lysate as 50pg protein was loaded for this sample
compared to only 10pg protein for all other samples. Representative blots selected from n=3 technical replicates.
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3.4 Production of rabbit polyclonal anti-NMDAR2 Aabs
(rabbit #2)

Due to the lack of functional effects seen with NMDAR1 Aabs (as described in section 4.3 and
section 4.4.2) a second batch of anti-NMDAR Aabs was generated (as described in section 2.1)

using alternative epitopes (as illustrated in both Figure 3.12).

As before, regions of high immunogenicity (see section 2.1) were identified within the
extracellular domains of NR1 subunit of NMDARSs, with peptides 6 and 7 being located within
the ATD, and peptides 8 and 9 being located extracellularly outside of the ATD. In addition,
peptide 8 was cyclised via a thioester in an attempt to better represent the natural conformation
of this sequence, as well as to promote molecular stability (Purcell 2007). All peptides were
subsequently conjugated to KLH, BSA and OVA externally (Peptide Synthetics). These
conjugated peptides (locations of peptides within NR1 subunit are shown in Figure 3.12) were
combined and used to immunise one rabbit (see section 2.1.1) in order to elicit an immune

response.
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3.4.1 Titres and ELISA of sera of NMDAR?2 Aabs

The immunisation procedure was followed using peptides 6-9, as described in section 2.1.1
and serum titres were monitored using an ELISA to detect the presence of IgG antibodies
against the peptides. The total number of immunisation boosts (4 immunisations) was
determined based on the initial ELISA results. As expected, no detectable immune response
was seen against any peptides at BLO (pre-immunisation). In this case, no ELISA was
performed following the first immunisation, as results from NMDAR1 Aabs indicated a lack
of binding at this time point. Following the second and third immunisation boost (BL2 and
BL3) an increase in binding to peptides 6, 7 and 9 was observed (Figure 3.13A, B and D
respectively). Interestingly, minimal binding was observed against the cyclised peptide 8
(Figure 3.13C). The terminal sera did not appear to reach the same peak of binding as the
previous BL3 for peptides 6, 7 and 9 (Figure 3.13A, B & D respectively), however, when ECs
values were calculated, the dilution of terminal sera required to reach half maximal binding
was approximately the same, if not greater, than BL3 for peptides 6, 7 and 9 (shown by square

symbols and solid/dotted lines; Figure 3.13A, B & D).
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Figure 3.13: Rabbit anti-NMDAR2 Aab immunogenicity response. Pre-immunisation bleed (BLO0), bleed 2 (BL2),3 (BL3) and terminal bleed responses to peptides
6-9 (A-D respectively) used for immunisations. An increase in response to the peptides was observed with each immunisation boost, with the largest responses against
peptides 6, 7 and 9 (panels A, B and D respectively). ECsy values for BL3 and terminal sera (A, B and C) are represented by solid and dotted lines (terminal sera and

BL3 respectively). N=3 technical replicates per dilution.
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3.4.2 Purification and analysis of NMDAR2 Aabs

Terminal serum from NMDAR?2 immunised rabbit was purified using Protein A resin to isolate
total IgG from final serum as described in section 2.1.3 (hereby known as NMDAR2 Aabs,
generated against sequence within NR1 subunit, from rabbit #2). These IgG antibodies were
then quantified and analysed using further ELISA and SDS-PAGE. Fractions from all steps
within the purification process were analysed using SDS-PAGE and Coomassie staining: pre-
purification, wash 1, wash 2, eluates 1-6 and post-purification. Protein bands were detected at
150 kDa, 90 kDa, 60 kDa and 50 kDa as well as 25 kDa, among others, of which the band at
150 kDa is the expected size of IgG (Figure 3.14A). The presence of a band at 150 kDa in
eluates 1 and 2 indicates most of total IgG was purified from the terminal serum. Faint bands
can be seen at 150 kDa in both wash 1 and 2, indicating some IgG was removed from the
column before elution, as well as a faint band being present at 150 kDa in the post-purification
fraction, indicating not all IgG was purified. All other protein bands detected in the pre-
purification fraction were also present in the post-purification fraction, indicating the
specificity of the purification for IgG. Two additional faint bands could also be seen in eluate
1, at just above 50 kDa and at 25 kDa, which may represent the heavy and light chains of IgG

respectively.

Quantification of total IgG was performed using a protein A280 nanodrop, measuring the
absorbance at 280nm which determined the concentration of protein. This revealed 11.6mg/ml
total IgG was acquired from the immunisation protocol, of which anywhere between 1-10% is
predicted to be NMDAR specific (Hnasko and McGarvey, 2015). To verify that the purification
process did not have any negative effect on NMDAR2 Aabs specificity to the immunised
peptides, a further ELISA was carried out using total IgG (Figure 3.14B). This process revealed
strong Aab binding to peptides 6, 7 and 9, similar to that seen by the terminal sera ELISA

(Figure 3.13A, B & D), with binding detected as low as 0.316pug/ml. In contrast, minimal
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binding was observed to peptide 8, consistent with those results prior to protein A purification

(Figure 3.13C).
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Figure 3.14: Protein A purification of NMIDAR2 Aabs. (A) SDS-PAGE analysis of rabbit serum purified by protein A-sepharose resin. Analysis of all fractions revealed
a specific band at 150 kDa in pre-purification sample and all eluates, which is not present in the post-purification sample. (B) Protein A purified NMDAR?2 resulted in
similar binding to immunisation peptides as pre-purification, indicating purification has not altered conformation or specificity of NMDAR Aabs within total IgG sample.

N=3 technical replicates per concentration.
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Further quantification using SDS-PAGE was carried out to validate the measured NMDAR2
Aab concentration. A commercial rabbit total IgG of known concentration was used as a
control, whereby both antibodies were used at a titration of concentrations to compare size and
mtensity of any bands produced. Both antibodies produced bands at the expected size of 150
kDa, with all bands being of similar size and intensity (Figure 3.15). Additional bands can be
seen just above and below 150 kDa across both antibodies at all dilutions, as well as an

additional band of ~50 kDa, which may represent the heavy chain of IgG.
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Figure 3.15: Protein A purified NMIDAR Aabs are comparable to control rabbit IgG. Concentration of
NMDAR Aabs determined via A280 measurement is comparable in band size and dilution as control IgG of
known concentration (n=1 technical replicates).
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3.5 Characterisation of NMDAR?2 Aabs on in vitro systems

3.5.1 NMDAR2 Aab detection of NMDAR in NR1-transfected HEK cells
In order to analyse the specificity of NMDAR?2 Aabs, HEK cells were transfected either with
a vector encoding the NR1 subunit or an empty vector (see section 2.2.1). The day after
transfection, cells were fixed and incubated with NMDAR?2 Aabs, and ICC was performed (as

described in section 2.2.1.1).

NMDAR?2 Aabs positively stained NR1-transfected HEK cells (green; as shown by the white
arrows; Figure 3.16A), while also eliciting some background staining (as shown by white
arrowheads), which is likely to be caused by the presence of both NMDAR-specific and non-
NMDAR specific IgG respectively. This is similar to the staining that was seen previously with
NMDARI Aabs (see Figure 3.5A). These positively stained cells co-localised with cells which
were positively labelled with the commercial anti-NR1 antibody mNMDAR (red; as shown by
white arrows; Figure 3.16A). A second commercial antibody was also tested; INMDAR, which
elicited similar staining to that of NMDARI1 Aabs, where positively stained cells were also co-
labelled by the commercial antibody mNMDAR (as shown by white arrows; Figure 3.16B).
Negative controls were also employed: rIgG and mIgG2b, as well as a secondary-only antibody
incubation. The class-specific negative control rIgG demonstrated low levels of background
staining (as shown by white arrowheads; Figure 3.16C), similar to that seen with NMDAR?2
Aabs, but no clear, bright labelling of NR 1-tranfected HEK cells was detected. The secondary-

only control also resulted in no positively stained cells (Figure 3.16D).
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NR1-transfected HEK cells Empty vector transfected HEK cells

NMDAR2 Aabs Goat-anti rabbit rigG NMDAR2 Aabs rNMDAR Goat-anti rabbit IgG

Goat-anti mouse IgG2b migG2b Goat-anti mouse IgG2b

Figure 3.16: ICC staining of NR1 and empty vector transfected HEK cells. Cells were stained with NMDAR2 Aabs (A; 1:100), two commercial anti-NR1 antibodies:
mouse anti-NR1 (B; mNMDAR; 1:1000), rabbit anti-NR1 (rNMDAR; 1:1000), as well as a nuclear stain (DAPI, blue). Cells transfected with NR1 were detected by
NMDAR?2 Aabs, which were co-labelled by the commercial antibody mNMDAR (as shown by white arrows). Both commercial antibodies mNMDAR and rtNMDAR co-
labelled the same NR1-transfected cells (as shown by white arrows; B). Cells were also incubated with the class-specific negative controls rigG and mIgG2b, as well as
being subjected to a secondary-only control. Neither of these conditions elicited any positively stained cells (C &D). ICC staining of empty vector transfected HEK cells
showed no clear staining when stained with NMDARI1 Aabs (1:100; E), as well as two commercial anti-NR1 antibodies (F): mouse anti-NR1 (mNMDAR; 1:1000), rabbit
anti-NR1 (rNMDAR; 1:1000). (G & H) Cells incubated with the class-specific negative controls rIgG and mIgG2b, as well as a secondary-only control did not exhibit any
positive staining. Representative images selected from n=3 replicates per condition. Scale = 20um.
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Empty vector transfected HEK cells were also subjected to ICC. NMDAR2 Aabs did not show
any labelling, although a low level of background labelling was detected, similar to that seen
with NMDAR2 Aabs in NRI-transfected HEK cells (shown by white arrowheads; Figure
3.16E), and similar to that seen previously with NMDAR1 Aabs in both NR1- and empty-
vector-transfected HEK cells (Figure 3.5A and Figure 3.5E respectively). Similarly, neither
commercial antibody positively labelled any cells (Figure 3.16F). As above, the cells were also
incubated with class-specific negative controls: rlgG and mIgG2b, both of which resulted in
no bright labelling of any cells. Again, there was some background staining detected with rIgG
(as shown by white arrowheads; Figure 3.16G), a similar level to that detected by those
incubated with NMDAR2 Aabs and rIgG in both NR1- and empty vector-transfected HEK
cells (Figure 3.16A & C and Figure 3.16E respectively). The secondary-only control also

resulted in no positively stained cells (Figure 3.16H).
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3.5.2 NMDAR2 Aab detection of NMDAR to native NMDARs
Similar to NMDART1 Aabs, labelling of NMDARs in more physiologically relevant models
was carried out: primary mouse cortical cultures and adult hippocampal brain sections.
Primary cortical neurons were fixed at DIV7-20 and exposed to NMDAR2 Aabs, and co-
labelled with the neuronal-specific marker, BIII tubulin, and astrocyte-specific marker, GFAP,

to identify cell-type specificity within the culture.

NMDAR2 Aabs detected cells, which were co-labelled by the neuronal marker BIII tubulin (as
shown by the white arrows; Figure 3.17A), but not by the astrocyte marker GFAP. Cells were
also subjected to a secondary-only control, whereby all primary antibodies were omitted. This
resulted in no labelling being detected in any of the channels (Figure 3.17B), indicating that all
of the labelling seen in Figure 3.17A is not due to any background staining caused by the

secondary antibodies.

Positive (commercial antibody INMDAR) and additional negative controls (rlgG) were used

as before (see Figure 3.7A & B respectively).
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Figure 3.17: Immunocytochemical staining of fixed primary cortical neurons (DIV14). (A) Cells were stained with NMDAR?2 Aabs (green), PIII tubulin; a neuronal
marker (red), GFAP; an astrocyte marker (white) and a nuclear stain (DAPI: blue). Faint staining was seen with NMDAR?2 Aabs (green) as indicated by the white arrows.
(B) A secondary-only control was performed, where cells were incubated with the secondary antibodies: anti-rabbit IgG (green), anti-mouse IgG2a (red) and anti-mouse
IgG1 (white). No visible staining was detected in any channel. Representative image selected from n=5 technical replicates (across 3 biological replicates). Scale = 20pum.
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IHC was carried out on adult mouse brain sections to determine cell-type specificity as well as
spatial binding. Using perfusion fixed and cryopreserved mouse brain sections (12um),
minimal binding could be seen when sections were incubated with NMDAR?2 Aabs (Figure
3.18). Sections were co-labelled with BIII tubulin and NeuN (neuronal markers), of which only
NeuN elicited some faint staining within the dentate gyrus. Therefore, it is hard to distinguish
the spatial binding and cell-type specificity of NMDAR2 Aabs within the hippocampus; the
lack of binding observed by both NMDAR?2 Aabs and BIII tubulin could indicate an issue with
the quality of sections used or could indicate simply a lack of binding. Therefore, further
optimisation of fixation and antibody incubation is required to fully determine the binding of

NMDAR?2 Aabs within the hippocampus.
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Figure 3.18: Representative image of immunohistochemical staining of dentate gyrus of fixed hippocampal
brain slice. Stained with NMDAR2 Aabs, co-stained with NeuN and BIII tubulin. All three antibodies demonstrated
minimal binding, highlighting a higher magnification for visualisation is required. Representative image selected
from n=4 replicates. Scale = 20um.




The ATD of the NR1 subunit was used to assess the specificity of NMDAR2 Aabs by western
blot. Purified human NR1 ATD was run on SDS-PAGE and probed with NMDAR?2 Aabs.
NMDAR?2 Aabs detected a strong band at the predicted size of 60 kDa, indicating the ATD of
the NR1 subunit is bound by NMDAR?2 Aabs. A slightly smaller band just under 60 kDa can
also be seen (Figure 3.19), which may be due to a different glycosylated state of the ATD or
slight degradation of the sample. This band could also be detected with commercial antibodies
directed against a region within the NR1 ATD (rNMDAR), but not with class-specific negative

controls (as shown in Figure 3.10)
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Figure 3.19: Human ATD of NR1 subunit probed with NMDAR2 Aabs. Blots incubated with NMDAR2 Aabs
detected a strong band at 60kDa. Representative blot selected from n=3 technical replicates.

Subsequent western blots were carried out to assess if NMDAR2 Aabs detect full-length NR1
when in a denatured state. Lysates from NR1-transfected HEK cells, primary cortical neurons
(mouse) and whole brain (mouse) were generated and run on SDS-PAGE and probed with
NMDAR?2 Aabs (Figure 3.20A). No clear band was identified at the expected molecular weight
of the NR1 subunit (105 kDa) in either HEK cell lysate, primary cortical cell lysate or whole

brain lysate. However, multiple other bands were detected by NMDAR?2 Aabs; strong bands
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were detected at 70 kDa across all four samples, with additional bands at 250 kDa and 150 kDa
in primary cortical cells, 90 kDa, 80 kDa, and 60 kDa among others in whole brain lysate and
faint bands at 90 kDa, 95 kDa and 100 kDa in NR1 HEK cell lysates (Figure 3.20A). These
bands may represent the ATD of the NR1 subunit at different glycosylated states or could be
indicating degradation of the samples. However, as the commercial antibody (mNMDAR) only
detected a clear single band at the expected size of 105 kDa (shown previously in section 3.3.2;
Figure 3.11A) without detecting any bands, which may indicate sample degradation, it is more
likely that the multiple bands seen with NMDAR?2 Aabs are caused by non-NMDAR specific
IgG within the composition. Alternatively, as the Aabs are generated against a mixture of both
linear and cyclised peptides, it may be the case that Aabs have been generated which bind to
epitopes which are present in the natural conformation, but not detectable once in a denatured

state.

As before, a loading control, GAPDH was used to ensure correct loading and transfer of
proteins was carried out. This revealed a single, clean band at the expected size of 37 kDa, with
differences in band sizes caused by different amounts of protein loaded for samples (10pug of
cortical cell, HEK NR1 and HEK empty vector lysate, compared to 50ug protein of whole

brain lysate; Figure 3.20B).
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Figure 3.20: Representative western blot assessing binding specificity of protein A purified NMDAR2
Aabs to NR1 transfected HEK cells, whole brain and NR1- and empty vector-transfected HEK cells. (A)
NMDAR?2 Aabs did not elicit a band at the correct size in any sample but did show a myriad of other bands
across all samples. (B) GAPDH probed blots resulted in a single, clean band at the expected size of 37 kDa.
Representative blots selected from n=3 technical replicates.

3.6 Peptide purification of NMDARI1 Aabs
Based upon the lack of clear functional effects observed with both NMDARI1 & 2 Aabs (as
described later in section 4.3, 4.4.1 and 4.4.2), further purification was carried out. As before,
quantification of total IgG was performed by measuring absorbance at 280nm, which revealed
1.3mg/ml NMDAR-specific IgG was acquired from NMDARI1 Aabs. SDS-PAGE comparing
the protein purified Aabs (henceforth, NMDARIpp) to a control commercial IgG antibody,
revealed bands of similar size and intensity at all dilutions, indicating an accurate measurement
of NMDAR I1pp Aabs concentration (Figure 3.21A). An additional faint band was seen at ~50

kDa across both antibodies at all dilutions, which may be detecting the heavy chain of IgG.

To verify the additional purification had not had any detrimental effect of NMDARI1pp Aabs

binding to the immunised peptides, an ELISA was carried out using the peptide purified
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material (Figure 3.21B). This revealed increased binding to peptides 2, 4 and 5 and minimal
binding to peptide 1, similar to that seen pre-purification (Figure 3.2A-F) and following protein
A purification (Figure 3.3A). Further purification resulted in an apparent increase in binding to
peptide 3, which had not been seen in previous purification states (Figure 3.21B). An additional
ELISA was performed to assess if an increase in the binding to the ATD protein could be seen
post peptide-purification compared to post-protein A purification. As all of the NMDAR-
specific IgG should have been concentrated out by the peptide purification process, binding to
the ATD protein should be more readily detected when compared to the protein A purified
sample. The ELISA results support this, whereby the peptide purified material required
0.51pg/ml to elicit a 50% maximal concentration response (as shown by red dotted line; Figure
3.21C), whereas the protein A purified material required 2.36pug/ml to elicit a 50% maximal

response (as shown by blue dotted line; Figure 3.21C).
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Figure 3.21: Peptide purification of NMIDARI1 Aabs. (A) SDS-PAGE analysis of rabbit serum purified by immunisation peptides compared with control rabbit IgG of
known concentration showed a band at the expected size of 150 kDa across all dilutions. (B) Peptide purified NMDARI1 Aabs revealed peptides 2, 4 and 5 remain the
strongest binding, similar to that seen by protein A purified NMDARI1 Aabs, with an increase in binding to peptides 3 and 1. (C) Peptide purified material resulted in an
increase in binding to ATD protein due to a more concentrated specific material, dotted lies represent ECso values. N=3 technical replicates per concentration.
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3.7 Characterisation of NMDARI1pp Aabs on in vitro systems

3.7.1 NMDARIpp Aab detection of NMDAR in NR1-transfected HEK
cells

In order to analyse the specificity of NMDAR 1pp Aabs, HEK cells were transfected with either
a vector encoding the NR1 subunit or an empty vector (see section 2.2.1). The day after
transfection, cells were fixed and incubated with NMDAR 1pp Aabs, and ICC performed (as

described in section 2.2.1.1).

NMDARIpp Aabs positively stained NR1-transfected HEK cells (as shown by the white
arrows; Figure 3.22A), while eliciting less background staining than that seen with NMDAR1
Aabs and NMDAR?2 (as shown by white arrowheads), most likely due to most of the non-
NMDAR specific IgG being removed in the further purification. These positively stained cells
co-localised with cells which were also positively labelled with the commercial anti-NR1
antibody mNMDAR (as shown by white arrows; Figure 3.22A). A second commercial
antibody was also tested: INMDAR, which elicited similar staining to all NMDAR Aabs,
whereby positively stained cells were also co-labelled by the commercial antibody mNMDAR
(as shown by white arrows; Figure 3.22B). Negative controls were also employed; class
specific antibodies rIgG and mIgG2b, as well as a secondary-only antibody incubation. The
class-specific negative control rIgG demonstrated low levels of background staining (as shown
by white arrowheads; Figure 3.22C), as seen with NMDARI (Figure 3.5A) and NMDAR?2
Aabs (Figure 3.16A), but no clear, bright labelling of NR1-tranfected HEK cells was detected.
The secondary only control also showed no labelling of NR1-transfected HEK cells (Figure

3.22D).
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Figure 3.22: ICC staining of NR1 and empty vector transfected HEK cells. Cells were stained with NMDARI1pp Aabs, two commercial anti-NR1 antibodies: mouse
anti-NR1 (mNMDAR), rabbit anti-NR1 (rNMDAR) and a nuclear stain (DAPI, blue). Cells transfected with NR1 were detected by NMDAR 1pp Aabs, which were co-
labelled by the commercial antibody mNMDAR (Aj; as shown by white arrows). Both commercial antibodies mNMDAR and rNMDAR co-labelled the same NRI-
transfected cells (B; as shown by white arrows). Cells were incubated with the class-specific negative controls rigG and mIgG2b, as well as being subjected to a secondary-
only control. Neither of these conditions elicited any positively stained cells (C & D). ICC staining of empty vector transfected HEK cells showed no clear staining when
stained with NMDAR1 Aabs (1:100; E), as well as two commercial anti-NR1 antibodies (F). (G & H) Cells incubated with the class-specific negative controls rIgG and
mlgG2b, as well as a secondary-only control did not exhibit any positive staining. Representative images selected from n=3 replicates per condition. Scale = 20um.
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Empty vector transfected HEK cells were also subjected to ICC. NMDAR 1pp Aabs did not
brightly stain any cells, there was however low levels of background labelling, as seen in
NRI1-transfected HEK cells (shown by white arrowheads; Figure 3.22E). Similarly, neither
commercial antibody positively labelled any cells (Figure 3.22F). As above, the cells were
also incubated with class specific negative controls; rlgG and mIgG2b, both of which gave no
bright labelling of any cells. Again, there was some background staining detected with rIgG
(as shown by white arrowheads; Figure 3.22@G), a similar level to that detected by those
incubated with NMDART1 & 2 Aabs and rIgG in both NR1- and empty vector-transfected

HEK cells (Figure 3.5A, C, E & G and Figure 3.16A & C respectively).

116



3.7.1.1 NMDAR Aab detection of NMDAR to native NMDARs

ICC was carried out to determine cell-type specificity of NMDAR I1pp Aabs in primary cortical
neurons to determine the labelling of endogenous receptors in a more physiological relevant
model. Primary cortical neurons were fixed at DIV7-20 and exposed to NMDAR 1pp Aabs, and
co-labelled with the neuronal-specific marker, BIII tubulin, and astrocyte-specific marker,

GFAP, to identify cell-type specificity within the culture.

NMDAR Ipp Aabs stained cells were co-labelled by the neuronal marker BIII tubulin (as shown
by the white arrows; Figure 3.23A), but not by the astrocyte marker GFAP. Cells were also
subjected to a secondary-only control, whereby no binding was detected due to the lack of
primary antibody incubation (Figure 3.23B), indicating all of the labelling seen in Figure 3.23A
occurred as a result of primary antibody binding, not due to background staining caused by the

secondary antibodies.
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Figure 3.23: ICC staining of primary cortical neuronal cells (DIV14). (A) Cells stained with NMDARI1pp Aabs (green), co-stained with BIII tubulin; a
neuronal marker (red), and a nuclear stain (DAPI: blue). (B) Secondary antibody only control resulted in no staining in any channel. Representative image selected
from n=4 technical replicates (across 3 biological replicates). Scale = 20um.
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IHC was also carried out on mouse hippocampal brain sections to determine spatial binding
within the brain as well as cell-type specificity. Using perfusion fixed and cryopreserved mouse
brain sections (12um), minimal binding was observed with NMDAR 1pp Aabs (Figure 3.24).
Only faint staining was detected with co-labels BIII tubulin (neuronal cells) and GFAP
(astrocytes), which have been validated and optimised previously, suggesting this staining is
likely due to an issue relating to the quality of sections used, which is possible due to immersion
fixation. Alternatively, a higher magnification may be required to detect the staining pattern of
all antibodies (as shown for NMDAR1 Aabs in Figure 3.8). Overall, although it is hard to
distinguish the specificity of NMDAR Ipp Aabs for different cell types using IHC, as well as
spatial binding within the hippocampus, clear specific staining can be seen with NMDAR 1pp

Aabs when staining primary cortical neurons (as shown in Figure 3.23A).
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Figure 3.24: Representative image of immunohistochemical staining of dentate gyrus of fixed hippocampal
brain slice. Cells incubated with NMDAR 1pp Aabs, and co-stained with BIII tubulin and GFAP demonstrated
minimal binding, highlighting a higher magnification for visualisation is required. Representative image selected
from n=3 replicates. Scale = 20um.
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The ATD of the NR1 subunit was used to assess the specificity of NMDARIpp Aabs by
western blot. Purified human NR1 ATD was run on SDS-PAGE and probed with NMDAR I1pp
Aabs. The blot probed with NMDAR 1pp Aabs detected a strong band at the predicted size of
60 kDa, indicating the ATD of the NR1 subunit is bound by NMDAR1pp Aabs. A slightly
smaller band just under 60 kDa can also be seen (Figure 3.25), which may be due to a different
glycosylated state of the ATD (7 glycosylation sites within the ATD: Figure 3.1), or slight

degradation of the sample.
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Figure 3.25: Human ATD of NR1 subunit probed with NMDARI1pp Aabs. Blots incubated with
NMDAR 1pp Aabs detected a strong band at 60 kDa. Representative blot selected from n=3 technical replicates.

Subsequent western blots were carried out to assess if NMDARIpp Aabs detect full-length
NRI1 when in a denatured state. Lysates from NRI-transfected HEK cells, primary cortical
neurons (mouse) and whole brain (mouse) were generated and run on SDS-PAGE and probed
with NMDARI1pp Aabs. No clear band was identified at the expected molecular weight of the
NRI1 subunit (105 kDa) in either HEK cell lysate, primary cortical cell lysate or whole brain
lysate. However, a single band was detected at 70 kDa across all four samples, with additional
bands at 50 kDa in primary cortical cells and whole brain lysate and a faint band just above
100 kDa NR1 HEK cell lysate (Figure 3.26A). Despite this lack of a clear band at the expected
size of 105 kDa, several of the ‘non-specific’ bands seen previously with NMDARI and
NMDAR?2, as well as rIgG were not seen here. As with NMDAR1 and NMDAR?2 Aabs, these
non-NMDAR-related bands are likely to be caused by the Aabs not being able to detect full

length NR1 subunit when in the denatured state. Thus, as the Aabs are generated against a
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mixture of both linear and cyclised peptides, it may be the case that Aabs have been generated
which bind to epitopes which are present in the natural conformation, but not detectable once

in a denatured state.

As before, a loading control, GAPDH was used to ensure correct loading and transfer of
proteins was carried out. This revealed a single, clean band at the expected size of 37 kDa, with
differences in band sizes caused by different amounts of protein loaded for samples (10pug of
cortical cell, HEK NR1 and HEK empty vector lysate, compared to 50pg protein of whole

brain lysate; Figure 3.26B), confirming the validity of the experimental approach.
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Figure 3.26: Binding specificity of NMDARI1pp Aabs in western blot. (A) Representative gel bands for
NMDARI1pp Aabs against primary cortical cell lysate (10pg protein), whole mouse brain lysate (50pg protein),
and NR1- and empty vector-transfected HEK cell lysates (10pg protein). No specific band was detected at the
expected size of 105 kDa in any sample. (B) GAPDH probed blots resulted in a single, clean band at the expected
size of 37 kDa. Representative blots selected from n=3 technical replicates.
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3.8 Discussion

NMDAR Aabs have been increasingly identified as pathogenic entities in patients with
autoimmune NMDAR encephalopathy, while more recently these Aabs have been identified
in sera of patients with autoimmune epilepsy. Here we immunised rabbits with peptides based
on sequences identified from patient sera to produce a series of NMDAR Aabs, purified total
IgG and subsequently examined the specificity for NMDARs. The results of these

characterisation experiments are summarised below:

e Strong binding against immunisation peptides was detected following immunisation of
both rabbits 1 and 2. This was maintained following protein-A purification.

e NMDARI and 2 Aabs displayed specific staining in NR1-transfected HEK cells.

e NMDARI and 2 Aabs show specific staining in primary neurons, although, less
specificity was observed in western blots.

e Further purification of NMDAR1 Aabs by peptide (NMDARI1pp Aabs) resulted in a
more concentrated sample of NMDAR-targeted Aabs, as measured by ELISA results,
whereby less peptide purified material than Protein A purified material was required to
elicit a 50% maximal response.

e NMDARIpp Aabs showed increased specific staining in both NR1-transfected HEK

cells and primary neurons, as well as detecting the NMDAR ATD in western blots.

A series of NMDAR Aabs were produced, of which NMDAR Ipp Aabs demonstrated clearer
binding and reduced background providing a strong basis for further functional studies detailed

in Chapter 4.
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3.8.1 Peptide immunisation generates NMDAR Aabs

Synthetic peptides have numerous applications in research, one of which is the production of
antibodies through peptide immunisation. This method has been carried out extensively and
used successfully for disease diagnosis (Trier and Houen, 2017) as well as research into
pathological mechanisms of native Aabs in patients (Pan et al., 2018; Wagnon et al., 2020).
Design of immunisation peptides is crucial to successful antibody generation, with optimal
length being between 8-25 amino acids targeting protruding regions, often yielding antibodies
with good specificity (Trier and Houen, 2017; Trier et al., 2019). As our study involved
generating peptide immunised Aabs against NMDARSs to determine any pathogenic potential,
the epitopes and peptides used were determined based on knowledge from patient anti-NR1
Aabs that had been previously identified in the literature (as illustrated in Figure 3.1). A study
conducted by Gleichman et al showed that patient anti-NR1 Aabs bind to two amino acids
within the NR1 ATD; N368/G369 (as illustrated in Figure 3.1) (Gleichman et al., 2012), these
patient Aabs have been shown to cross-link and cause internalisation of NMDARs when
applied to primary hippocampal neurons (Hughes et al, 2010). Therefore, a region
encompassing these two amino acids (N368/G369) was designed (peptide 5; Figure 3.1). Other
regions within the NR1 subunit which were deemed immunogenic due to their extracellular
location and protruding loops were used to design other peptides used for immunisation.
Immunisation peptides were split over two animals, peptides 1-5 immunising rabbit #1, and

peptides 6-9 immunising rabbit #2.

In an attempt to better mimic the natural conformation of NR1 regions, several peptides were
cyclised via a thioester. Peptides 2, 4 and 5 were cyclised for NMDART1 Aabs, which following
immunisations gave the best immunogenic response as shown by the ELISAs (Figure 3.2B, D
and E respectively), whereby each immunisation boost resulted in increased concentration of

NMDAR specific Aabs and hence increased binding. This is in contrast to peptides 1 and 3,
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which failed to generate a strong immunogenic response throughout each immunisation boost
(Figure 3.2A and C respectively), which were non-cyclised and linear in nature (Purcell et al.,

2007).

Following immunisation, antibody specificity was tested via ELISA to ensure an immunogenic
response specific to the immunised peptides had been developed, a methodology used routinely
following peptide immunisation (Lee et al., 2010; Pan et al., 2018). The presented data show
an increased binding to three out of five peptides used for immunisation in rabbit #1, the three
peptides which were cyclised prior to immunisation. Increased binding was also detected
against the ATD protein via ELISA (Figure 3.2A-F), giving a promising indication that these
Aabs will also bind to native NMDARs effectively. Protein A purification of the terminal serum
produced substantial total IgG (12mg/ml), where approximately 1-10% is typically expected

to be NMDAR specific (Hnasko and McGarvey, 2015).

Similarly, immunisation of rabbit #2 with peptides 6-9 (Table 2) generated a strong
immunogenic response to three out of the four peptides used for immunisation (Figure 3.13A,
B & D). These results are in contrast to peptides 1-5, whereby the linear peptides (6, 7 and 9)
were bound to the most by terminal sera, with peptide 8, the cyclised peptide eliciting a minimal
immunogenic response. Similar to NMDARI1 Aabs, protein A purification of the terminal

serum from rabbit #2 produced 11.4mg/ml total IgG.

A direct comparison to other peptide immunised anti-NMDAR Aabs in the literature cannot be
easily made. Some recent studies have generated NMDAR Aabs following peptide
immunisation, although different peptides/epitopes were used. In addition, other studies have
not performed or documented protein A purification and quantification of total IgG, hence
minimal comparisons in antibody purification and concentration can be made (Pan et al., 2018;

Wagnon et al., 2020). Furthermore, many studies investigating the pathogenic potential of
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NMDAR Aabs typically obtain patient CSF or patient sera which has been tested for the
presence/absence of NMDAR Aabs and use these to assess binding and functional properties
of Aabs (Hughes et al., 2010; Planaguma et al., 2015; Taraschenko et al., 2019). These data
have thus far yielded conflicting results with regard to functional effects (i.e., epileptic potential
of Aabs, with some mouse models exhibiting spontaneous seizures following infusion of
patient CSF/sera, while others do not). Conflicting functional activity may be as a result of the
type of Aabs used, whereby other components within CSF or sera may be altering the

functional effects of NMDAR Aabs.

3.8.2 Anti-NMDAR Aabs bind to native NMDARs

To test the binding of our NMDAR Aabs, a range of techniques such as ICC, IHC and Western
blot were employed, as detailed in other studies generating peptide immunised Aabs/testing
Aab positive patient CSF (Trier et al., 2012; Jones et al., 2019; Wagnon et al., 2020). Similar
to results seen in Wagnon et al and Jones et al, when our NMDAR Aabs were applied to NR1
transfected HEK cells binding was observed, similar to that of commercial anti-NR1
antibodies. Moreover, when applied to empty-vector transfected HEK cells, no staining was
identified. Furthermore, class specific negative controls rIgG and mIgG2b did not elicit any
staining on either NRI1- or empty vector-transfected HEK cells. Despite different
peptides/immunisation protocols being carried out between our study and those in the literature,
similar specificity was seen to native NR1. All immunisation peptides used both in this thesis
and previous studies contained the sequence to which patient Aabs have been shown to bind
(N368, G369) (Gleichman et al., 2012), whether it be immunisation of whole receptor complex
(Jones et al., 2019), one 19 amino acid long peptide (Wagnon et al., 2020) or a mixture of five
peptides as carried out in our study, all generated NMDAR Aabs appear to interact with NR1

transfected HEK cells in a similar manner.
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This specificity was also identified when NMDAR Aabs were applied to primary hippocampal
and cortical neurons. Specific binding of neuronal cells was seen with NMDARI1 and
NMDAR?2 Aabs, which co-localised with BIII tubulin-stained neurons. A stronger signal was
observed following further peptide purification of NMDARI1 Aabs. Our data are in keeping
with findings in previous studies where Aabs from patient CSF demonstrate NMDAR staining
in hippocampal neurons (Hughes et al., 2010). One significant difference is that we have
demonstrated these similar findings using NMDAR Aabs which have been generated following
peptide immunisation, rather than from patient CSF. This is of huge value as these are able to
be utilised as a tool in order to investigate binding and functional properties more readily than

NMDAR Aabs from patient CSF.

Clear signals within the CA1, CA3 and DG regions of the hippocampus could also be seen
when NMDARI1 Aabs were applied to mouse brain sections, a result which was comparable to
commercial anti-NR1 antibodies. Specific labelling, albeit to a lesser extent could also be seen
with the class specific rIgG, a phenomenon which has been noted previously and is
hypothesised to be due to Fc binding to Fc receptors within the tissue (Hewitt et al., 2014).

Therefore, conclusions about the specificity of NMDAR Aabs for use in IHC are ambiguous.

The lack of specificity shown by our NMDAR Aabs in western blotting experiments as shown
by the multiple non-specific bands may be explained by the fact that this Aab is polyclonal and
therefore contains Aabs against multiple epitopes, as well as ‘non-NMDAR specific’
antibodies specific for other proteins in the lysate (Lipman et al., 2005), which could be
confirmed in further experiments by pre-incubating Aab with immunisation peptide to see
which bands remain and are therefore caused by non-NMDAR specific antibodies. This was
also seen for the commercial INMDAR antibody, a polyclonal antibody. As polyclonal

antibodies represent a pool of antibodies against the immunogen there is a greater chance of
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cross-reactivity (Bordeaux et al., 2010). In addition, the lack of specific band at the correct size
in NMDAR Aab incubated blots may also be due to the conformation of protein present. As
NMDAR Aabs were generated against a mixture of linear and cyclised peptides (cyclised in
order to better represent the 3D structure), it is possible that the majority of Aabs generated
recognise epitopes in the native conformation and therefore cannot bind the protein of interest
after it is fully denatured (Bordeaux et al., 2010). This is supported by the ATD western blot

experiments, where native NR1 ATD was probed and clearly detected with NMDAR Aabs.

In addition, it is not uncommon for antibodies to work in certain assays and not in others, where
the epitopes they target may be more readily available depending on the present conformation
(Lipman et al., 2005; Saper, 2009). This is shown by the two anti-NR1 commercial antibodies
used in this chapter, whereby one anti-NR1 commercial antibody is recommended for the use
in western blot (NNMDAR; Synaptic Systems), and the other is not (rNMDAR; Synaptic
Systems), due to the different epitopes they target and in which conformation they
preferentially bind (with INMDAR targeting amino acids 35-53 within the ATD of NR1 and
mNMDAR targeting amino acids 660-811 within the NR1 subunit, which lies within an
extracellular loop between transmembrane domains 3 and 4, outside of the ATD). The
commercial antibody INMDAR, when used in western blot identified a multitude of bands,
similar to that of our Aabs and rIgG, highlighting the need to determine the correct use of
different antibodies for selected assays. Despite the ambiguity surrounding NMDAR
specificity following IHC and western blot experiments, ICC on primary cortical neurons and
in particular NR 1-transfected HEK cells resulted in very clear, specific binding of NMDAR
Aabs. Similarly, no labelling in empty vector transfected HEK cells gives confidence that these
Aabs were not binding to native components of HEK cells, but instead are binding to the

transfected material; in this case NR1 subunit. However, as shown by some data in this chapter,
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these Aabs may be better suited to characterisation techniques whereby the target protein is in

its natural conformation, as opposed to in a denatured state.

Further investigation into the binding specificity and functionality of NMDAR Aabs could be
determined via the use of confocal microscopy on NR1-transfected HEK cells, primary neurons
as well as brain slices. Performing this imaging at higher magnification and resolution would
help elucidate the specific binding location of these NMDAR Aabs, as well as whether any
Aab-induced internalisation of NR1 subunit was taking place. Furthermore, performing co-
labelling with antibodies which target other subunits of NMDARs, as well as other glutamate
receptors such as AMPAR, would help determine the specificity of our generated Aabs for

NMDAR:s.

3.8.3 Conclusions

It can be concluded that specific NMDAR Aabs directed against the NR1 subunit can be
generated following immunisation with peptides against specific epitopes. These Aabs in both
the protein A- (NMDAR1 and NMDAR?2) and peptide purified (NMDAR 1pp) form showed
increased binding to immunisation peptides, as well as the native ATD protein, with
NMDARIpp Aabs requiring only 0.51pg/ml to elicit a 50% maximal response compared to
NMDARI Aabs requiring 2.36pug/ml to elicit a 50% maximal response. NMDART1 and 2 Aabs,
as well as NMDAR 1 pp Aabs demonstrated NMDAR-specific staining in both NR1-transfected
HEK cells and primary hippocampal neurons. Although the western blots showed many non-
specific bands in whole brain lysate, cortical cell lysate and HEK lysate when probed with
NMDARI and 2 Aabs and NMDARI1pp Aabs, all three specifically identified a strong clear

band at the correct molecular weight when probed against native ATD protein.

Therefore, based on the evidence presented in this thesis NMDARIpp Aabs resulted in

increased binding to immunisation peptides, as shown by ECS50s, as well as cleaner
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immunostaining in both NRI1-transfected HEK cells and primary neurons, where less
background staining was observed. This specificity for NMDAR Aabs across a range of assays
give a good foundation for subsequent testing in functional assays, as detailed in the next

chapter.
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4. Assessing the functionality of NMDAR Aabs

4.1 Introduction

Chapter 3 described the successful generation and characterisation of 3 distinct sets of NMDAR
Aabs: NMDARI (protein A-purified and peptide-purified) and NMDAR?2 (protein A-purified).
This chapter will describe the results from the experiments using different electrophysiological
systems to identify functional effects of anti-NMDAR Aabs on NMDARs and associated
networks. Three main electrophysiological techniques were utilised throughout this chapter:
TEVC using Xenopus oocytes, MEAs recording from acute mouse hippocampal brain slices,

and whole-cell patch-clamp on primary hippocampal neurons.

Xenopus oocytes were used as an expression system, whereby NRI/NR2A subunits of
NMDARs could be overexpressed in isolation. Due to the large diameter of oocytes (~1.1mm),
it is relatively easy to inject cDNA, resulting in efficient translation of ion channels. Currents
from these channels can be subsequently recorded via TEVC (Tammaro et al., 2008). A brief
co-application of glutamate and glycine was used to assay NR1/NR2A expression, glutamate
and glycine were then applied at regular time points throughout each experiment. Data were
quantified as AUC. NMDARI1 Aabs or control rIgG were applied to the oocytes and incubated
for both ‘acute’ and ‘chronic’ time periods. The effects of NMDAR1 Aabs were compared to
negative control rIgG to determine that any other ‘non-NMDAR specific’ IgG was not
producing any electrophysiological effects. The second electrophysiological technique
performed utilised MEA recordings from acute hippocampal brain slices. This method allowed
a more physiological approach to be taken where the effect of NMDAR Aabs on NMDARs
could be assessed at the network level. Stimulation of the Schaffer collaterals was used to evoke
a post-synaptic response in the CAl region. Using a specific stimulation pattern, LTP can be

induced which, in this area, is NMDAR-dependent (Bliss and Collingridge, 1993). Successful
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LTP results in a potentiation of the post-synaptic signal, which is a result of NMDAR channel
activation and AMPAR recruitment to the post-synaptic membrane. The third
electrophysiological technique used utilised whole-cell patch-clamp recording from primary
hippocampal neurons. This method again allowed a more physiological approach whereby
NMDAR currents could be investigated in isolation via application of pharmacological

inhibitors.

Thus, we aimed to assess any changes in NMDAR current following NMDAR Aab application
using these three electrophysiological paradigms. Results from these approaches aimed to
provide insights into any potential involvement of NMDAR Aabs in cell signalling which has

potential to be correlated with seizure activity.

4.2 Xenopus oocytes experimental setup

To investigate the effects of NMDARI1 protein A purified Aabs (NMDAR1 Aabs) on NMDAR
activity, Xenopus oocytes were injected with human NR1/NR2A ¢DNA and left for 3-5 days
to allow expression (as illustrated in Figure 4.1). Oocytes were recorded electrophysiologically
using TEVC, whereby NMDAR current was evoked using the NR1/NR2 agonists glycine and

glutamate respectively (as shown in Figure 4.1).
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Express for 3-5
days

NMDAR current

Figure 4.1: Schematic of oocyte experimental setup. Oocytes obtained from Xenopus Laevis and GluN1/2A mRNA injected into the cytoplasm, left for 3-5 days to
allow the receptors to be expressed before being subjected to two-electrode voltage-clamp. NMDAR currents were measured following application of agonists glutamate
and glycine.
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4.2.1 Known NMDAR antagonists reduce NMDAR current

NMDAR Aabs are hypothesised to have an inhibitory effect on NMDAR current, via
internalisation of the receptor (Hughes et al., 2010). Therefore, two NMDAR inhibitors (non-
competitive NMDAR antagonist MK-801 and an allosteric modulator TCN-201) were
employed as positive controls. Oocytes were incubated in increasing concentrations of
NMDAR inhibitor (10nM — 3.16uM), with NMDAR currents being evoked via application of

glutamate/glycine at regular intervals throughout (Figure 4.2C).

Increasing concentrations of MK-801 were applied to oocytes, where the highest concentration
used (1uM) significantly reduced the AUC of the evoked NMDAR current (0.1 = 0.05) when
compared to equimolar DMSO-incubated oocytes (vehicle control; 1.2 + 0.09; Figure 4.2A).
Using a two-way ANOVA, a significant effect of MK-801 was identified when compared to
DMSO (F (1,4) =237.7, p=0.0001, n = 3 per group). In addition, a significant effect of drug
concentration was observed (F (8,32) = 26.51, p<0.0001, n = 3 per group). The interaction

between time and drug concentration was also significant (F (8,32) = 75.88, p<0.0001, n =3

per group).

Similar to MK-801, the NR1 allosteric modulator TCN-201 was also applied in increasing
concentrations to identify any effects on NMDAR current. The highest concentration used
(3.16uM) significantly reduced the AUC of the evoked NMDAR current (0.2 £ 0.05) when
compared to equimolar DMSO (1.5 £ 0.2; Figure 4.2B). A significant effect of TCN-201 was
identified when compared to DMSO (F (1,11) = 102.2, p <0.0001, n = 6-7 per group). A
significant effect of drug concentration was also observed (F (7,77) =26.9, p<0.0001, n = 6-7
per group). A significant interaction between time and drug concentration was also seen; (F
(7,77)=104.2, p<0.0001, n = 6-7 per group). The addition of these pharmacological inhibitors

acted as positive controls for the model system.
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Figure 4.2: Known NMDAR antagonists significantly reduce NMIDAR current. (A) A significant reduction in area under the curve of the glutamate-evoked response was
seen with increasing concentration of MK-801: a non-competitive NMDAR antagonist when compared to its vehicle control; DMSO. A two-way ANOVA revealed a significant
effect of drug vs vehicle (p = 0.0001, n = 3 per group), and also a significant effect of drug concentration used (p <0.0001, n = 3 per group). (B) Similarly, a significant reduction
in glutamate-evoked response was seen with increasing concentration of TCN-201; a NR1 allosteric modulator. Again, a two-way ANOVA revealed both a significant effect of
drug vs vehicle (p < 0.0001, n = 6-7 per group). and drug concentration used (p < 0.0001, n = 6-7 per group) respectively). Data are represented as mean + SD, ****: p < 0.0001.
(C) Overview of protocol used for acute application of NMDAR antagonists on Xenopus oocytes. Control responses were used to normalise all subsequent evoked current
responses. MK-801 and TCN-201 were applied in increasing concentration, evoking NMDAR current regularly throughout to monitor any changes in area under the curve.
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4.2.2 NMDARI1 Aabs have no functional effects on NMDAR expressing
oocytes following acute incubation

Acute effects of NMDAR1 Aabs (protein A purified) were tested by incubation with oocytes
for either 21 mins, or 60 mins. To ensure the oocytes were expressing NR1/2A and responsive
to glutamate/glycine, four control measurements were performed every 3 min prior to any

antibody application. Any oocytes that were unresponsive were not used in the experiment.

To test effects of NMDAR1 Aabs over a 21 min incubation, oocytes were incubated with either
NMDARI1 Aabs or control rIgG for a total of 21 min with glutamate/glycine applied every 3
min for 10 s, to evaluate any changes in NMDAR current, as shown in Figure 4.3A (based on
the protocol described in (Castillo-Gomez et al., 2016)). To test effects of Aabs over a 60 min
period, oocytes were incubated with either NMDART1 Aabs or rIgG for a total of 60 min with
glutamate/glycine applied every 15 min (10 s each) to evaluate any changes in NMDAR
current. Both NMDARI1 Aabs and control rIgG were tested at two dilutions; 1:1000 and 1:300
(12pg/ml and 40ug/ml respectively). These dilutions were chosen based on ELISA data (see
section 3.2), where greater than 50% binding was seen to most peptides at both 1:300 and
1:1000 (Figure 3.2 & Figure 3.3B). All data for acute experiments were normalised to the last
two control glutamate responses (as shown in Figure 4.1), as per methodology in (Mullier et

al., 2017).

No significant differences in AUC were observed following a 21 min incubation with either
NMDARI1 Aabs or rIgG (1:1000 dilution), as shown by representative traces in Figure 4.3B.
Oocytes incubated with NMDARI1 Aabs generated a similar AUC (1.1 + 0.03) to those
incubated with rIigG (1.2 + 0.09; Figure 4.3C). A two-way ANOVA found no significant
differences between NMDARI1 Aabs or rIgG incubated oocytes (F (1,9) = 1.81, p=0.2118, n

= 5-6 per group) but a significant effect of time on AUC (F (7,63) = 5.64, p<0.0001, n = 5-6
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per group). As a result, the interaction between time and antibody incubation was also
identified as significant (F (7,63) = 2.92, p = 0.0103, n = 5-6 per group) (Figure 4.3C).
Therefore, NMDAR1 Aabs had no effect on NMDAR current following acute incubation at
1:1000 dilution. This experiment was repeated using 1:300 dilution to assess if higher
concentrations of Aab was required to elicit a functional effect. However, no differences in
AUC were observed between NMDART1 Aab incubated oocytes (0.9 + 0.09) and those oocytes
incubated with rIgG (0.9 + 0.06; Figure 4.3D). Similar to 1:1000 dilution results, a two-way
ANOVA found a significant effect of time (F (7,63) = 7.40, p<0.0001, n = 5-6 per group), with
no significant effect identified between NMDAR1 Aabs and rIgG incubated oocytes (F (1,9) =
0.03, p =0.8613, n=5-6 per group). The interaction between time and antibody incubation was
not identified as significant (F (7,63) = 0.98, p = 0.4557, n = 5-6 per group). Therefore, there
was a lack of functional effects of NMDARI Aabs acutely on NMDA current in oocyte

experiments, even at a higher concentration.

Since no functional effect was observed following 21 min incubation at either dilution of
NMDARI1 Aabs, a longer, albeit still ‘acute’ incubation of 60 min was carried out to assess if
more time was required for e.g., NMDAR internalisation to occur. This incubation was carried
out at 1:300 dilution, according to effective dilutions in ELISA experiments (see Section 3-2).
No significant differences in AUC were identified between those oocytes incubated with
NMDARI1 Aabs (0.9 + 0.1) to those incubated in rIgG (0.9 £+ 0.1; Figure 4.3E). A two-way
ANOVA identified a significant effect of time on area under the curve (F (4,72) = 13.91,
p<0.0001, n = 9-11 per group), with no significance detected between NMDAR1 Aabs and
rlgG incubated oocytes (F (1,18) = 0.44, p = 0.5150, n = 9-11 per group). The interaction
between time and antibody incubation was not significant (F (4,72) = 0.78, p =0.5396, n = 9-

11 per group).
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Figure 4.3: No significant change in NMIDAR current is seen following acute NVIDAR1 Aabs incubation. (A)
Overview of protocol used for acute application of NMDAR1 Aabs on Xenopus oocytes. (B) Representative traces of
NMDAR currents at 21min following application with NMDAR1 Aabs or rIgG. (C) No change in area under the curve
of the glutamate-evoked response was seen in NMDARI1 Aab incubated oocytes compared to those incubated with
IgG at the lowest dilution (1:1000) over a 21 min period. A significant effect of time was found (p<0.0001, n = 5-6
per group), but no significant effect of antibody (p = 0.2118, n = 5-6 per group). (D) Similarly, no significance was
found when oocytes were incubated with NMDAR1 Aabs at a higher dilution (1:300) for a total of 21 min (p =0.8613,
n = 5-6 per group), only a significance of time was observed (p<0.0001, n = 5-6 per group). (E) Longer incubation of
60 min of NMDAR1 Aabs and IgG at 1:300 dilution also elicited no changes in NMDAR current between the two
antibody applications (p = 0.5150, n = 9-11 per group) but did elicit a significant effect of time (p <0.0001, n=9-11
per group). All data are represented as mean + SD.

139



4.2.3 NMDARI Aabs have no functional effects on NMDAR expressing
oocytes following chronic incubation

NMDARI Aabs in epilepsy patients are constantly produced and present in both the blood and
CSF (Vincent and Bien, 2008). If these Aabs are pathogenic, native NMDARs would be
subjected to chronic exposure to Aabs. Therefore, longer incubations of NMDAR1 Aabs and
rIgG were performed to model a chronic in vivo exposure, where any functional effect may
require e.g., downregulation of gene expression. These were performed by way of an overnight
(24 h) incubation and a three-day (72 h) incubation. This experimental setup differed slightly
to acute experiments as the oocytes were incubated with NMDAR1 Aabs/rIgG prior to being
subjected to TEVC, therefore no baseline responses could be performed for each oocyte.
Instead, four glutamate/glycine responses were measured, and any differences in NMDAR

currents between those incubated with NMDAR1 Aabs or rlgG were measured (Figure 4.4A).

Overnight incubation (24 h) at 1:1000 dilution did not result in any significant changes in AUC
of evoked NMDAR currents (representative traces are shown in Figure 4.4B). Oocytes
incubated with NMDARI1 Aabs, generated a similar AUC of evoked NMDAR currents (-40.1
+ 14.0) to those oocytes incubated with rIgG (-49.2 = 16.7; Figure 4.4C). When tested for
significance using a two-way ANOVA, similar to acute exposure, a significant effect of time
was identified (F (3,51) = 27.64, p<0.0001 n = 9-10 per group), but no significant effect of
antibody (F (1,17) = 1.88, p = 0.1886, n = 9-10 per group). The interaction between time and

antibody incubation was not significant (F (3,51) = 0.59, p = 0.6222, n = 9-10 per group).

Overnight incubation was repeated using a 1:300 dilution, where NMDAR1 Aab incubated
oocytes produced a similar AUC of evoked NMDAR currents (-38.6 + 7.8) to those incubated
with rIgG (-37.9 + 11.7; Figure 4.4D). A two-way ANOVA was used to test for significance,

where again a significant effect of time was identified (F (3,54) = 17.34, p<0.0001, n = 10 per
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group), but no significance was identified with respect to antibody incubation (F (1,18) = 0.26,
p=0.6167, n = 10 per group). The interaction between time and antibody incubation was not

significant F (3,54) = 1.12, p = 0.3488, n = 10 per group).

To further test the chronic effects of NMDAR1 Aabs on NMDAR current, 72 h incubation was
performed at both 1:1000 and 1:300 dilutions, incubating oocytes with either NMDAR1 Aabs
or rIgG. As before, NMDAR1 Aab incubated oocytes (1:1000) generated similar AUC values
following glutamate/glycine application, as shown by representative traces (Figure 4.4E).
NMDARI1 Aab incubated oocytes resulted in similar AUC values (-12.4 + 8.2) to those
incubated with rIgG (-9.5 + 7.1; Figure 4.4E). A two-way ANOVA was performed, with a
significant effect of time identified (F (3,30) = 12.35, p<0.0001, n = 6 per group), however, no
significant effect of antibody was observed (F (1,10) = 0.20, p = 0.6612, n = 6 per group). No
significance for the interaction between time and antibody incubation was seen (F (3,30) = 1.04,

p =0.3903, n = 6 per group).

Similar to above, 72 h incubation was repeated at 1:300 dilution. NMDAR1 Aab incubated
oocytes resulted in an AUC of NMDAR current (-12.8 + 8.9), similar to that of rIgG incubated
oocytes (-6.7 £ 3.2; Figure 4.4F). A two-way ANOVA was performed, with a significant effect
of time observed (F (3,36) = 14.5, p<0.0001, n = 7 per group). No significance was seen with
regards to antibody incubation (F (1,12) = 3.19, p = 0.0995, n = 7 per group). No significant
interaction was observed between time and antibody incubation (F (3,36) = 1.2, p =0.3254, n

=7 per group).
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Figure 4.4: No significant change in NMDAR current is seen following chronic Aab incubation. (A) Overview
of protocol used for chronic application of Aabs on Xenopus oocytes. (B) Representative traces of NMDAR1 Aabs
and rIgG incubated oocytes. (C) No change in area under the curve of the glutamate-evoked response was observed
in NMDARI1 Aab incubated oocytes compared to those incubated with IgG at the lowest dilution (1:1000) overnight.
A significant effect of time was found (p<<0.0001, n=9-10 per group), but no significant effect of antibody p =0.1886,
n=9-10 per group). (D) Similarly, no significance was found when oocytes were incubated overnight with NMDARI1
Aabs at a higher dilution (1:300; p = 0.6167, n = 10 per group), only a significance of time was observed (p<0.0001,
n = 10 per group). (E) Longer incubation of 72 h of NMDARI1 Aabs and IgG at 1:1000 dilution also elicited no
changes in NMDAR current between the two antibody applications (p = 0.6612, n = 6 per group), but did elicit a
significant effect of time (p <0.0001, n = 6 per group). (F) Once again, a higher dilution of 1:300 did not elicit any
changes in NMDAR current between NMDARI1 Aabs and IgG incubated oocytes (p = 0.0995, n = 7 per group), only
a significant effect of time was observed (p<0.0001, n = 7 per group) All data are represented as mean + SD.
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4.2.4 NMDARI1 Aabs do not alter NMDAR current via allosteric
modulation

As NMDARI1 Aabs did not elicit any functional effects following either acute or chronic
incubation, co-application of NMDARI1 Aabs with the allosteric modulator TCN-201 was
carried out to assess whether NMDAR1 Aabs might have an inhibitory functional effect via an
allosteric mechanism of action. If so, we would expect a shift in the concentration response
curve, where less TCN-201 is required to elicit a similar level of inhibition. To test this
hypothesis, NMDAR1 Aabs or rIgG were incubated for a total of 21 min, in the presence of
increasing concentrations of the allosteric modulator TCN-201, with glutamate/glycine
applications occurring every 3 min throughout this incubation for 10 s each to monitor changes
to NMDAR current. The highest concentration of TCN-201 used (3.16uM) alone significantly
reduced the AUC of the evoked NMDAR current (0.2 + 0.06), similar to previous TCN-201
effects (Figure 4.2B). Those oocytes incubated with TCN-201 plus NMDAR1 Aabs reduced
the AUC of the evoked NMDAR currents in a similar manner to TCN-201 alone (0.1 & 0.03),
also similar to those incubated with TCN-201 plus rIgG (0.2 = 0.07; Figure 4.5). There were
no significant differences between those oocytes incubated with TCN-201 alone, TCN-201
plus NMDAR1 Aabs or TCN-201 plus rIgG (F (2,20) = 1.24, p = 0.3090, n = 7-8 per group).
However, a significant effect of increasing TCN-201 concentration was identified (F (7,140) =
429.1, p<0.0001, n = 7-8 per group). The interaction between time and TCN-201 concentration
was considered significant (F (14,40) = 2.33, p = 0.0064, n = 7-8 per group). Therefore, TCN-
201 was capable of reducing NMDAR current, but NMDARI1 Aabs did not alter NMDAR

current via an allosteric mechanism of action.
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Figure 4.5: No significant effect of NMDARI1 Aab incubation was observed when co-incubated with increasing
concentrations of the NR1 allosteric modulator TCN-201. A two-way ANOVA, as before revealed a significant
effect of TCN-201 concentration on all three groups (p < 0.0001, n = 7-8 per group), but no effect of antibody was
observed (p = 0.3090, n = 7-8 per group). Data are represented as mean = SD, ****: p <0.0001.

Overall, the results demonstrate that NMDAR1 Aabs have no significant effect on NMDAR
current of NR1/NR2A expressing oocytes, following either acute or chronic incubation. Of
interest, anti-NR1 commercial antibodies also had no significant effect in oocyte experiments
(Brice Mullier, UCB, personal communication (data not shown)). Both MK-801 and TCN-201
however, did result in a significant, concentration dependent reduction in NMDAR current,

and therefore acted as positive controls for these experiments.
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4.2.5 NMDARIpp Aabs have no functional effects on NMDAR expressing
oocytes following acute incubation

As detailed in Chapter 3, NMDARI1 Aabs were subjected to further purification as a result of
a lack of significant functional effect observed in both oocyte experiments (as described
above), and MEA LTP experiments (see section 4.3), generating NMDAR Ipp Aabs. These
Aabs had been purified by peptide immunisation, removing all non-NMDAR specific IgG,
therefore generating a more target-specific composition. As above (section 4.2.2), oocytes
expressing NR1 and NR2A subunits were subjected to four control measurements of
glutamate/glycine. These were performed every 3 min prior to any antibody application, of
which the 3™ and 4 control responses were used to normalise all subsequent responses (see
Figure 4.6A). Any oocytes which were unresponsive were not used in the experiments. Oocytes
were then incubated acutely (60 min) with NMDAR Ipp Aabs or rIgG, while being exposed to
glutamate/glycine every 15min (10 s each) to determine any changes in NMDAR current. Both
NMDARIpp Aabs and control rIgG were tested at 1:300 dilution (4pg/ml), which was
determined based on ELISA data (see section 3.6), where greater than 50% binding was seen
to peptides 2, 4 and 5 as well as the ATD (see Figure 3.21B-C). No significant differences in
area under the curve were observed following a 60 min incubation with either NMDAR 1pp
Aabs or rIgG (1:300 dilution). Oocytes incubated with NMDAR 1pp Aabs generated a similar
AUC (0.6 = 0.26) to those incubated with rIgG (0.7 + 0.23; Figure 4.6B). A two-way ANOVA
found no significant differences between NMDAR1 Aabs or rIgG incubated oocytes (F (1,21)
=3.58, p=0.07, n = 11-12 per group), but a significant effect of time on area under the curve
(F (5,105) = 192.5, p<0.0001, n = 11-12 per group). The interaction between the effect of time
and antibody incubation was not identified as significant (F (5,105) = 1.62, p=0.16,n=11-

12 per group) (Figure 4.6B). Therefore, NMDAR Ipp Aabs had no effect on NMDAR current
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following 60 min incubation at 1:300 dilution when compared to control rIgG in oocyte

experiments.
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Figure 4.6: No significant changes in NVIDAR current was seen following acute NMDAR1pp Aab incubation. (A) An overview of the protocol used for 60 min incubation
of NMDARI1pp Aabs on Xenopus oocytes, whereby NR1/NR2A expressing oocytes displayed NMDAR current when evoked with the agonists glutamate/glycine. Control
responses 3 and 4 were used to normalise all subsequent evoked current responses. NMDAR 1pp Aabs and rIgG were applied for 60 min, evoking NMDAR current regularly
throughout to monitor any changes in area under the curve. (B) No change in area under the curve of the glutamate-evoked response was seen in NMDAR 1pp Aab incubated
oocytes compared to those incubated with rIgG at 1:300 dilution over a 60 min period. A significant effect of time was found when analysed with two-way ANOVA, but no
significant effect of antibody (p<0.0001 and p = 0.07 respectively, n = 11-12 per group). All data are represented as mean = SD.
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4.3 Effects of Aabs on NMDAR-dependent LTP

4.3.1 Schaffer collateral long-term potentiation (LTP)

Within the hippocampus, the most commonly studied synapse is the Schaffer collateral input
to CAl pyramidal neurons. Axon collaterals from CA3 pyramidal cells project to CAl,
transferring information, the process of which is proposed to underlie memories (Bliss and
Collingridge, 1993). Certain patterns of synaptic activity produce LTP; this is a long-lasting
increase in synaptic strength, a process that in the Schaffer collaterals-CAl pathway is
NMDAR-dependent (Bliss and Collingridge, 1993). LTP is widely considered to be one of the
major cellular mechanisms underlying learning and memory, both of which are impacted in
patients who present with anti-NMDAR Aabs (Dalmau et al., 2007). LTP can be recapitulated
in vitro using different patterns of stimulation, such as high frequency stimulation (HFS) or
theta burst stimulation (TBS). Therefore, this pathway can be used as a method of analysing

changes in NMDAR channel function and assessing functional effects of NMDAR Aabs.

4.3.2 Commercial anti-NMDAR antibodies and class specific negative
controls have no significant effect on NMDAR-dependent LTP

MEA recordings from acute hippocampal brain slices were used to assess the effects of
NMDAR Aabs in a more physiological setup. Stimulation of the Schaffer collaterals is a
method evoking a post-synaptic response in the CA1, using the stimulation pattern HFS, LTP

can be induced which, in this area, is NMDAR-dependent.

Vehicle experiments (in the absence of antibody/pharmacological inhibitor) were carried out,
with HFS being delivered after a 30 min stable baseline of evoked fEPSPs with minimal
fluctuations in fEPSP slope and amplitude. This HFS caused an induction of LTP as shown by
~150% potentiation in fEPSP slope for at least 1 h post HFS (as shown by black line; Figure
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4.7A). The addition of the AMPAR blocker CNQX (5uM) at 90 min caused a rapid reduction
in fEPSP amplitude. Subsequent addition of the general voltage-gated sodium channel blocker,
TTX (1uM), abolished any remaining signal. To confirm that this process is NMDAR-
dependent, inhibition of LTP was performed by the addition of an NMDAR antagonist (DL-
APV; 50uM) as a positive control. Application of DL-APV, inhibited HFS-induced LTP (as
shown in green; Figure 4.7A), verifying that the potentiation induced in this pathway was

NMDAR-dependent.

Several commercial antibodies were tested using the above protocol, including two commercial
anti-NR1 antibodies ((NMDAR and mNMDAR (shown in Figure 4.7 in blue and orange
respectively)), and two class specific IgG negative controls (rlgG and mIgG2b (shown in
Figure 4.7 in pink and purple respectively)). Commercial anti-NR 1 antibodies which had been
used as positive controls for characterisation of NMDAR Aabs (see Chapter 3) were used in
functional studies to identify whether these were able to generate an effect on NMDAR-
dependent LTP. Class specific negative controls were also used to ensure any effects seen with
NMDAR Aabs, were NMDAR-specific effects and not due to ‘non-NMDAR specific’ IgG.
The same protocol as described above was used, with slices being incubated for 1 h with each
antibody prior to the experimental protocol. All vehicle and antibody incubated slices generated
a ~130-160% potentiation following HFS when normalised against the pre-LTP baseline as

shown in Figure 4.7A. All data represented are mean + SD.
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Figure 4.7: Normalised traces of HFS induced LTP for vehicle, as well as both positive (nNMDAR and rNMDAR) and negative controls (mIgG2b and rIgG).
(A) Normalised mean traces of vehicle, nNMDAR, INMDAR, mIgG2b and rIgG treated slices undergoing LTP induction. Vehicle experiments typically elicited a
potentiation of ~150% post-HFS, which was maintained for at least 1 h. The addition of both positive and negative controls also elicited a potentiation following HFS,
varying from 140%-160%. All signals were reduced after 1 h by the addition of the AMPAR antagonist CNQX, leaving only the NMDAR signal. This remaining
signal was then inhibited by the addition of TTX at the end of the experiments. (B) Comparison of LTP magnitude (mean fEPSP slope during 80-90min of experiment)
revealed no significant changes in potentiation of any condition when compared to vehicle slices (INNMDAR p = 0.9238, INMDAR p = 0.9676, mIgG2b p = 0.9999,
rIgG p =0.9543, n = 5-9 per group). Data represented as mean = SD.

150



Data were normalised to pre-LTP baseline and analysed statistically using one-way ANOVA
tests to compare 1 h post-LTP mean values of two commercial anti-NR1 antibodies
(mNMDAR and NMDAR) and two class-specific negative controls (mIgG2b and rIgG) to that
of vehicle. Vehicle slices generated a potentiation at 1 h post-LTP: 153.1 +31.6%. Commercial
anti-NR1 antibodies mNMDAR and rNMDAR elicited similar levels of potentiation following
HFS; 136.3 £ 19.7% and 141.7+ 35.7% respectively (p = 0.9238 and p = 0.9676, n = 5-9 per
group), similar to that of NMDARI1 Aabs. Slices incubated in class specific negative controls
(mIgG2b and rIgG) also generated potentiated fEPSPs following HFS, similar to that of vehicle
slices: 154.6 +36.3% and 159.4 = 75.5 (p = 0.9999 and p = 0.9543 respectively, n = 5-9 per

group; Figure 4.7A-B).

These data confirm that non-NMDAR specific IgG within the protein A purified sample have
no effect on NMDAR-dependent LTP, as demonstrated by the lack of significant effect of
mlgG2b and rIgG negative controls on 1 h post-LTP potentiation levels. The two commercial
anti-NR1 antibodies also demonstrated no significant functional effect on NMDAR current,
unlike our NMDAR 1pp Aab. These commercial antibodies have different target epitopes, with
mNMDAR targeting a linear region outside of the ATD within the NR1 subunit (amino acids
660 to 811), whereas INMDAR targets a linear sequence of amino acids 35 to 53 within the
ATD of NR1 subunit. It was of interest that neither of these antibodies have functional effects
in any system used here, nor did we detect any functional effect of rINMDAR in oocyte

experiments (data not shown; performed previously at UCB).

4.3.3 NMDARI protein A purified Aabs do not inhibit NMDAR-
dependent LTP

To test NMDAR Aabs (both protein A and peptide purified Aabs) using this protocol, a 1 h
pre-incubation of hippocampal brain slices was carried out (1:1000 dilution). This pre-
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incubation was followed by the same protocol described above, with a 30 min stable baseline
of fEPSPs, LTP induction via HFS, and 1 h monitoring of fEPSP slope following LTP

induction (Figure 4.8A, as shown in red).
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Figure 4.8: Normalised traces of HFS induced LTP for vehicle, NMDARI1 Aabs incubated and APV treated. (A) Normalised mean traces of vehicle, APV and
NMDARI1 Aabs treated slices undergoing LTP induction. Vehicle experiments typically elicited a potentiation of 150% post-HFS, which was maintained for at least 1 h.
The addition of APV almost completely inhibited any HFS-induced LTP (shown in green), whereas a 1 h pre-incubation with NMDARI1 Aabs elicited a potentiation of 130-
140% post-HFS. (B) Comparison of LTP magnitudes (mean fEPSP slope during 80-90min of experiment), revealed a significant reduction in potentiation of APV treated
slices compared to vehicle (p = 0.0046, n = 6-9 per group), but NMDAR1 Aabs treated slices were not significantly different to vehicle slices (p = 0.3013, n = 6-9 per group).
(C) Representative traces of paired pulse recordings pre-HFS (black) and post-HFS (orange) in vehicle recordings. Data represented as mean + SD, **: p < 0.01.
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Data were normalised to pre-LTP baseline, data passed normality testing (D’Agostino &
Pearsons test) and were analysed statistically using one-way ANOV A to compare 1 h post-LTP
mean values of APV and NMDARI1 Aabs to that of vehicle. Vehicle-treated slices generated a
potentiation at 1 h post-LTP: 153.1 + 31.6%, whilst NMDAR1 Aab-treated slices generated a
potentiation of 132.7 £ 16.1% (Figure 4.8B). No significant effect was identified in those slices
pre-incubated with NMDARI1 Aabs (n=6-9 per group (1 slice per animal), p = 0.3013; Figure

4.8B).

The addition of the non-competitive NMDAR antagonist DL-APV (50uM) effectively
prevented HFS-induced potentiation, eliciting potentiation of 109.2 + 22.7% as shown in
Figure 4.8B. A one-way ANOVA with Dunnett’s multiple comparisons test identified
significantly less LTP in APV-treated slices when compared to vehicle-treated slices (n=6-9
per group, p = 0.0046). These results demonstrate that NMDAR1 Aabs had no significant effect

on NMDAR function with regard to LTP.

These data, together with the negative oocyte TEVC data (detailed in section 3.0) led to the
development of a second, independent preparation of protein A purified NMDAR Aabs raised

against different epitopes (NMDAR?2 Aabs) as described in Chapter 3.
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4.3.4 NMDAR?2 Aabs do no alter NMDAR-dependent LTP

Experiments in 4.3.2 were repeated with NMDAR?2 Aabs. Data were normalised to pre-LTP
baseline, data passed normality testing (D’Agostino & Pearsons test) and were analysed
statistically using one-way ANOVA tests to compare 1 h post-LTP mean values from APV-
treated and NMDAR2 Aab-treated slices to vehicle-treated slices. Vehicle slices generated a
significant potentiation at 1 h post-LTP of 153.1 &+ 31.6% (as shown in black; Figure 4.9A).
Similar to vehicle, NMDAR?2 Protein A purified Aabs elicited a post-HFS potentiation of 148
+ 21.7% (as shown by blue line; Figure 4.9A). In these experiments NMDAR2 Aabs did not
have any significant effects on levels of potentiation when compared to vehicle (n=6-9 per
group, p = 0.9820; Figure 4.9B). The addition of the non-competitive NMDAR antagonist DL-
APV prevented the HFS-induced potentiation, eliciting a potentiation of 109.2 + 22.7% (as
shown in green; Figure 4.9A); this represented significantly less potentiation in APV slices

compared to vehicle (n=6-9 per group, p = 0.0046).
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Figure 4.9: Normalised traces of HFS induced LTP for vehicle, NMDAR2 Aabs incubated and APV treated. (A) Normalised mean traces of vehicle, APV and
NMDAR?2 Aabs treated slices undergoing LTP induction. Vehicle experiments typically elicited a potentiation of 150% post-HFS, which was maintained for at least 1 h.
The addition of APV almost completely inhibited any HFS-induced LTP (shown in green), whereas a 1 h pre-incubation with NMDAR?2 Protein A purified Aabs elicited a
potentiation of 150% post-HFS (shown in blue). (B) Comparison of LTP magnitudes (mean fEPSP slope during 80-90min of experiment) revealed a significant reduction
in potentiation of APV treated slices compared to vehicle (p = 0.0046, n = 6-9 per group), where NMDAR2 Aabs treated slices were not significantly different to vehicle
slices (p = 0.98, n = 6-9 per group). Data represented as mean + SD, **: p <0.01.

156



Overall, these results demonstrate that NMDAR?2 Aabs had no significant effect on NMDAR
function with regard to LTP experiments on mouse hippocampal brain slices on MEAs. As
neither NMDAR1 or NMDAR?2 Aabs generated a significant functional effect in either oocyte
experiments (NMDART1 Aabs only; section 4.1) or MEA-LTP experiments (both NMDARI
and NMDAR?2 Aabs; sections 4.3.3 and 4.3.4), it was decided to further purify NMDART1 Aabs.
Although pre-incubation of both NMDARI1 and 2 Aabs led to no significant changes in
potentiation levels following LTP induction, NMDARI1 Aabs showed a numerical, although
not significant reduction in potentiation; 132.7 + 16.1% (Figure 4.8B; p = 0.3013, n = 6-9 per
group), compared to no reduction in potentiation seen by NMDAR?2 Aabs slices; 148 +21.7%
(Figure 4.9B; p=0.98), with the post-HFS values of NMDAR1 Aabs being closer to that of
APV (green trace; Figure 4.8B). Therefore, NMDAR1 Aabs were selected for further

purification, designed to purify NMDAR specific IgG (see section 2.2).

4.3.5 NMDARIpp reduces NMDAR-dependent LTP
As both NMDAR Aabs were protein A purified, it may be that only a small percentage of
antibodies within the sample are specific for NMDARs; therefore, further purification was
carried out. This was performed by isolating only the Aabs which were specific for the NR1
immunisation peptides (NMDAR Ipp Aabs). As detailed in Chapter 3, these peptide purified
Aabs (NMDARI1pp) demonstrated increased specificity and reduced background staining in
ICC with NRI1-transfected HEK cells and primary neurons. As above, vehicle experiments
were carried out (in the absence of antibodies/pharmacological inhibitors), with HFS inducing
potentiation after a 30 min stable baseline of evoked fEPSPs with minimal fluctuations in
amplitude and slope. NMDARI1pp Aabs were pre-incubated for 1 h with hippocampal brain
slices (1:1000 dilution) prior to MEA recording. This pre-incubation was followed by the same

protocol described above: a 30 min stable baseline of fEPSPs, LTP induction via HFS, and 1 h
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monitoring of fEPSP slope (Figure 4.10A shown in purple), similar to of the effects of the

NMDAR antagonist APV (as shown in green).
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Figure 4.10: Normalised traces of HFS induced long term potentiation (LTP) for vehicle, NMDARI1pp Aabs incubated and APV treated. (A) Normalised mean
traces of vehicle, APV and NMDAR Ipp Aabs treated slices undergoing LTP induction. Vehicle experiments typically elicited a potentiation of 150% post-HFS, which
was maintained for at least 1 h. The addition of APV almost completely inhibited any HFS-induced LTP (shown in green), whereas a 1 h pre-incubation with NMDAR 1pp
Aabs elicited a potentiation of 110-120% post-HFS (shown in purple). (B) LTP magnitude (mean fEPSP slope during 80-90min of experiment) revealed a significant
reduction in potentiation of APV treated slices compared to vehicle (p = 0.0046, n = 6-9 per group), with NMDAR I1pp Aabs treated slices demonstrating a similar
significant reduction when compared to vehicle (p = 0.0271, n = 6-9 per group). Data represented as mean = SD, *: p <0.05, **: p <0.01.
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Data were normalised to pre-LTP baseline and passed normality testing and were analysed
statistically using one-way ANOVA tests to compare 1 h post-LTP mean values of APV and
NMDARIpp Aabs to that of vehicle. Data were compared with vehicle and APV (50uM)
incubated data used above. Thus, vehicle slices generated a significant potentiation at 1 h post-
LTP of 153.1 + 31.6%. The addition of the non-competitive NMDAR antagonist DL-APV
prevented HFS-induced potentiation, reducing potentiation to 109.2 + 22.7%. NMDARI1pp
Aabs reduced HFS-induced potentiation to similar levels as APV: 119.5 + 13.8%. There was a
significant difference in potentiation in comparison to vehicle for both APV (n=6-9 per group,
p = 0.0046) and NMDAR Ipp Aabs (n=6-9 per group, p = 0.0271; Figure 4.10B). These data
demonstrate a significant effect of the final peptide purified NMDAR Aabs (NMDARI1pp) on

NMDAR function.

These data confirm that NMDAR Ipp Aabs have a significant inhibitory effect on NMDAR-
dependent LTP, where NMDAR1 and NMDAR?2 Aabs do not. This is likely due to the removal
of non-NMDAR specific IgG from NMDAR 1pp Aabs, resulting in a more concentrated sample

of NMDAR specific Aabs.

4.4 Effects of NMDARI1pp Aabs on hippocampal neurons

4.4.1 Spontaneous excitatory postsynaptic currents
Whole-cell patch-clamp and primary hippocampal neurons (DIV14-21) were used to measure
sEPSCs in the absence and presence of NMDAR 1pp Aabs to investigate any functional pre-
/post-synaptic effects. Cells were recorded in Mg*'-free external solution without perfusion
and held at -70mV throughout. GABAAR and AMPAR antagonists, BMI (10uM) and NBQX
(5uM) respectively, were added via bath application and left to equilibrate while a suitable cell
was identified. This cell was patched and ‘broken into’, obtaining a whole-cell configuration,
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resulting in long events which were large in amplitude (Figure 4.11C), these were recorded and
monitored, obtaining a 10 min baseline, whereby parameters such as amplitude and frequency

could be analysed.

4.4.2 NMDARIpp Aabs do not affect sSEPSC frequency or amplitude

To test the effects of acute NMDAR 1pp Aab application, a 10 min baseline of SEPSCs was
recorded, and subsequently NMDARI1pp Aabs or rIigG (1:1000) were added to the cells via
bath application and sEPSCs recorded for a further 30 min. At the end of the experiment, the
NMDAR antagonist DL-APV was added to the bath to confirm that all observed events were

NMDAR-driven.

Acute bath application (30min) of NMDARIpp Aabs resulted in no significant changes in
sEPSC frequency when compared to pre-treatment baselines (representative traces shown in
Figure 4.11C). Following 30 min application of NMDAR I1pp Aabs, cells generated sEPSC
frequency 0.03 &+ 0.03 Hz compared to its pre-treatment baseline SEPSC frequency 0.05 £ 0.04
Hz. When analysed using a paired t-test, no significance was identified (n=9 per group, p =
0.1051, Figure 4.11A). Similarly, when rlgG-treated cells were compared to their own baseline,
no changes in SEPSC frequency were observed. rIgG incubated cells generated a mean = SD
sEPSC frequency of 0.06 & 0.04 Hz, compared to that of its own baseline 0.08 £ 0.05 Hz. When
analysed using a paired t-test, no significance was identified (n=9 per group, p = 0.2257; Figure

4.11B).

In addition, no significant changes in SEPSC amplitude were observed between NMDAR 1pp
Aabs and their pre-treated baseline following 30min incubation (n=9 per group, p = 0.1427;
Figure 4.12A). Similarly, no significant effect was observed when comparing rIgG treated cells

to their pre-incubation baselines (n=9 per group, p = 0.6260; Figure 4.12B).
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Figure 4.11: Effects of acute (30 min) NMIDAR1pp Aabs and rIgG application on SEPSC frequency. (A) Following #he addition of NMDARIpp Aabs. no
significant reduction in sEPSC frequency was identified in those primary neurons applied with NMDARI1pp Aabs when compared to its respective baseline (p =
0.1051, n =9 per group). (B) In addition, no significance was identified between rIgG incubated cells compared to itsggyan pre-application baseline (p = 0.2257,n=9
per group). (C) Representative traces of SEPSCs in the presence of Mg>* free external solution, BMI and NBQX. Data wassaellected over three separate neuronal
cultures and presented as mean + SD.
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Figure 4.12: Effects of acute (30 min) NMDAR1pp Aabs and rIgG application on sEPSC amplitude.
(A) Following addition of NMDAR 1pp Aabs, no significant reduction in SEPSC amplitude was identified
when compared to their pre-treatment baseline (p = 0.1427, n = 9 cells per group). (B) Similarly, cells
incubated with rlgG showed no significant changes in sSEPSC amplitude when compared to their respective
pre-incubation baselines (p = 0.6260, n = 9 cells per group). Data was collected over three separate neuronal
cultures and presented as mean + SD.
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To determine whether longer, chronic exposure to NMDAR 1pp Aabs had any effects on
sEPSCs, experiments were repeated using a 24 h pre-treatment. Both NMDAR 1pp Aabs and
rlgG were applied to hippocampal neurons in culture the day before patching. Once removed
from culture, cells were placed in Mg?" free external solution containing antagonists BMI
(10uM) and NBQX (10uM) and allowed to equilibrate. Once whole-cell configuration had
been achieved, 30 min of sSEPSCs were recorded where both frequency and amplitude were
measured. At the end of the experiment, the NMDAR antagonist DL-APV was added to the

bath to confirm that all observed events were NMDAR driven.

Interestingly, the NMDAR 1pp Aabs incubated cells showed no significant changes in SEPSC
frequency compared to rIgG incubated cells, from a mean value of 0.04 = 0.04 Hz for
NMDARIpp Aab treated cells, to a mean value of 0.04 = 0.05 Hz for rIgG treated cells. This
did not yield any significance when analysed statistically (n=8-10 per group, unpaired t-test, p
= 0.8902; Figure 4.13A). Similarly, changes in amplitude were monitored, where as with 30
min application, no significant changes in sEPSC amplitude following NMDARI1pp Aabs

(n=8-10 per group, unpaired t-test, p = 0.3567; Figure 4.13B).

164



sEPSC Frequency (Hz)

0.151 -600-
° <
= L
® ® ® 2 ®
0.10- . T -400- ‘
= Ole @
I Q.
o 3
0.05- " O -200-
(7))
; i .
L
n=8-10 o o n=8-10 .
0.00 ; s 0 : .
O o O 2
® o O o
S S
v v
N »
S S

Figure 4.13: Effects of chronic (overnight) NMIDAR1pp Aabs and rIgG application on SEPSC frequency and amplitude. Following addition of NMDAR 1pp Aabs,
no significant changes in SEPSC frequency (p = 0.8902, n = 8-10 cells per group) (A) or amplitude (p = 0.3567, n = 8-10 cells per group) (B) were identified in those
applied with NMDAR 1pp Aabs compared to those with rIgG. Data was collected over two separate neuronal cultures and presented as mean + SD.
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4.5 Discussion

Our results thus far have demonstrated that we are able to generate Aabs specifically targeted
to the NR1 subunit of NMDARS (see section 3.2) which bind specifically to native NMDARs
(see sections 3.3). The results of the experiments carried out in this chapter are summarised

below:

e NMDARI1 Aabs and NMDARIpp Aabs display no functional effect on NMDAR
current in NR1/NR2A expressing oocytes.

e NMDARI1 and NMDAR?2 Aabs do not show any significant reduction in HFS-induced
potentiation in hippocampal brain slices following 1 h pre-incubation.

e NMDARIpp Aabs, produced by further peptide purification of NMDARI1 Aabs, caused
a significant reduction in HFS-induced LTP following 1 h pre-incubation.

e NMDARIpp Aabs had no effect on SEPSC frequency or amplitude on whole-cell patch-
clamp.

e Commercial NMDAR Abs had no effect in oocytes or on LTP under the same

experimental conditions.
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4.5.1 NMDARI Aabs do not display any functional effects in
NR1/NR2A expressing Xenopus oocytes
Previous investigations have used the Xenopus oocyte model to characterise novel drug
compounds, as well as antibodies against NMDARs, via assessing their effects on NMDAR
current (Castillo-Gomez et al., 2016; Mullier et al., 2017). One such study demonstrated that
patient anti-NMDAR Aabs and a commercial anti-NR1 antibody (mNMDAR; Synaptic
Systems) had significantly lower NMDAR current compared to negative controls (Castillo-
Gomez et al., 2016). Based upon these data, the same commercial antibody was added to our
NR1/NR2A expressing oocytes to attempt to confirm these results, whereby if similar results
were produced, this commercial antibody could be used as a functional positive control
throughout all experiments. However, no inhibition in NMDAR current was observed with
mNMDAR in our oocyte system (Brice Mullier UCB, personal communication, data not
shown), contrasting those results shown by Castillo-Gomez. This difference may be due to a
difference in statistical analysis; the study performed by Castillo-Gomez analysed differences
in current between seropositive and seronegative treated oocytes, whilst we compared
NMDAR current of antibody-treated oocytes to their pre-treatment baseline. To account for
this lack of positive antibody control, NMDAR antagonists/allosteric modulators were utilised
in the current protocols to ensure NR1/NR2A expressing oocytes were generating an NMDAR
current that could be inhibited. The non-competitive NMDAR antagonist MK-801 inhibited
NMDAR current in a concentration-dependent manner, as also observed by Mullier et al
(Mullier et al., 2017). This shows pharmacological modulators can produce changes in
NMDAR current in our hands; therefore, the lack of effect seen by NMDAR Aabs is possibly
due to a lack of their functionality in this system. TCN-201, an allosteric modulator whose
action is dependent on the occupancy of the NR1 binding domain, but not the NR2 (Zhu and

Paoletti, 2015), also reduced NMDAR current, further validating the experimental system.
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To test our Aabs, NMDAR1 Aabs (and control rigG) were applied both acutely and
chronically, at two different concentrations. However, acute and chronic incubations at both
concentrations had no significant effect on NMDAR current. This lack of functional effect by
NMDAR Aabs could be attributed to the fact that oocytes are known to have high turnover
rates of proteins. Since, unlike standard pharmacological agents, anti-NMDAR Aabs are
hypothesised to exert their effects via cross-linking and subsequent internalisation of synaptic
NMDARSs (Hughes et al., 2010), this high turnover rate of proteins in oocytes may conceal any
subtle changes in NMDAR level at the surface caused by the presence and subsequent binding
of NMDAR Aabs. In addition, only 1-10% of antibodies are estimated to be targeting
NMDARs (Hnasko and McGarvey, 2015), meaning any subtle changes in NMDAR level at
the surface and consequently minimal changes in NMDAR current are being overlooked in this
system (as also seen with commercial antibodies). Therefore, as discussed in Chapter 3, further
purification of NMDART1 Aabs was carried out using immunisation peptides, generating a more
NMDAR-specific composition of IgG (NMDAR Ipp). Despite this, no significant differences
were identified between those oocytes incubated with NMDARIpp Aabs and those with
control IgG, indicating the absence of functional effect seen both here and previously with
NMDAR Aabs is not due to a lack of specific IgG. There was, however, evidence of ‘rundown’
of the NMDAR current in both treatment groups, generating a significant effect of time in most
experiments. It is possible that this run-down may have also contributed to the lack of

measurable effect of NMDAR Aabs.

An alternative possibility for the lack of measurable effects of NMDAR Aabs in oocytes is that
NMDAR Aabs may interact with auxiliary subunits or scaffolding proteins which are not
present in the current oocyte system, but which are present in native neurons. One current
hypothesised mechanism of action for anti-NMDAR Aabs involves binding to and crosslinking

of NMDARs and subsequent internalisation (Hughes et al., 2010), with a possible interaction
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with the protein EPHRB2, which normally stabilises NMDARs at the membrane surface
(Planaguma et al., 2016). Therefore, oocytes may not have the mechanistic capabilities to
reproduce the protein complexes required for the internalisation process (Goldin, 2006). To
assess if either a high turnover rate of oocyte proteins, or a lack of necessary proteins in oocytes
may be the cause of a lack of functional effects seen with NMDAR Aabs, an alternative model
system may be tested with NMDAR Aabs to identify any functionality of Aabs. With this in
mind, functionality of NMDAR Aabs on NMDARSs was investigated in a more physiologically
relevant system; namely, using MEAs and patch-clamp to record NMDAR-dependent LTP in

hippocampal brain slices and sEPSCs in primary hippocampal neurons respectively.

4.5.2 Schaffer collaterals-CA1 LTP is NMDAR dependent, but NMDAR1
& 2 Aabs have no significant effect

LTP is a persistent strengthening of synapses underlying synaptic plasticity which, dependent
on brain area, can be NMDAR-dependent, such areas include the Schaffer collateral pathway
within the hippocampus (Malenka, 1994). Several studies have used Schaffer collateral-CA1
LTP to study the effects of patient anti-NMDAR Aabs on NMDAR function and hence network

activity within the native brain (Zhang et al., 2012).

We have shown LTP can be effectively induced in acute brain slices using HFS, where ~150%
potentiation in evoked fEPSP signal was achieved under vehicle conditions. This potentiation
could be inhibited by the addition of 50uM DL-APV. Acute hippocampal mouse brain sections
pre-incubated with either class specific negative controls (mIgG2b or rIgG), or NMDARI and
NMDAR?2 Aabs for 1 h all continued to elicit a similar significant potentiation following LTP
induction, to that of vehicle. These results differ to experiments using patient CSF containing
NMDAR Aabs (Zhang et al., 2012) where an acute 5 min pre-incubation was reported to cause

a significant inhibition of LTP (Zhang et al., 2012). In addition, a significant inhibition of LTP
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was observed in hippocampal brain slices from rats which had patient CSF-containing
NMDAR Aabs stereotactically infused 1-8 days prior (Wiirdemann et al., 2016; Blome et al.,
2018; Kersten et al., 2019). The difference between our results and those of previous studies
could be attributed to patient CSF being used, whereas our studies used peptide immunised
generated Aabs, where a mixture of 5 immunisation peptides were used. Therefore, our Aabs
may be targeting different epitopes, some of which do not contribute to this functional effect.
In addition, previous studies primarily use NMDAR Aabs from patient CSF where higher titres
and other components may be present which contribute to such effects (Zhang et al., 2012;

Wiirdemann et al., 2016).

Despite the fact no significant effect was found following NMDAR1 and NMDAR?2 Aabs pre-
incubation, a numerical reduction in the data that failed to reach significance (Figure 4.8A),
suggested a small effect may be occurring in the late phase of LTP in NMDAR1 Aab incubated
slices when compared to vehicle and control antibody incubated slices. This is heightened by
the fact that IgG controls did not have any effect in these experiments, therefore, further

purification of NMDARI1 Aabs was carried out to generate a more specific sample of Aabs.

4.5.3 Peptide purification of NMDAR Aabs elicited a significant reduction
in LTP

The further purification of NMDARI1 Aabs via immunisation peptide generated a sample of
NMDAR specific Aabs (NMDARIpp Aabs). Application of NMDARI1pp Aabs to acute
hippocampal brain slices for 1 h prior to adding to MEAs significantly reduced HFS-induced
potentiation; this effect was of similar magnitude to that seen in APV-treated hippocampal

slices.

Specific patterns of activity are able to induce LTP in postsynaptic neurons via concurrent
depolarisation of the postsynaptic neuron and relief of the Mg?" block from NMDARs,

resulting in an influx in Ca?" in the postsynaptic neuron. This increase in Ca?" concentration
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activates CaMKII - phosphorylating proteins, including AMPARs. CaMKII activation also
leads to the insertion of additional AMPARSs into the synapse, thus increasing EPSP amplitude
(Malenka, 2003). The maintenance of the potentiated EPSP (late phase LTP) is a protein-
synthesis dependent mechanism, initiated by a number of protein kinases (Luscher and
Malenka, 2012). Therefore, inhibiting NMDARs may inhibit Ca** influx and subsequent
AMPAR insertion into the synapse. This is in keeping with results described in Chapter 4,
whereby NMDARIpp Aab incubation resulted in a significant inhibition of HFS-induced
potentiation. This coincides with a previous study, where patient anti-NMDAR Aabs are
thought to exhibit binding to, and cross-linking of NMDARs, leading to internalisation of these
receptors (Hughes ef al., 2010). This mechanism has been confirmed by modifying Aabs to
create Fabs, where the Fc region of the antibody is removed; and when these were applied, no
crosslinking or internalisation occurred, identifying the Fc region of the Aabs as necessary for
this mechanism (Hughes et al., 2010). Therefore, as both early- and late-phase LTP are
dependent on the initial activation of NMDARs, any NMDAR Aab-dependent internalisation

of NMDARs prior to LTP induction would account for the lack of LTP observed.

The effects seen in this chapter are also in line with similar experiments conducted by others
previously, despite different compositions of Aabs used between our study and those in the
literature (Zhang et al., 2012; Wiirdemann et al., 2016; Blome et al., 2018; Kersten et al.,
2019), whereby a reduction in LTP was observed following varying incubation periods with
NMDAR Aabs obtained from patient sera. As previous studies have documented an
internalisation of NMDARS (Hughes et al., 2010), it can be hypothesised that reduced
NMDAR number at the synapse on particularly inhibitory neurons would disrupt the negative
feedback onto excitatory neurons, and therefore impact the excitatory/inhibitory balance; an
effect which is in line with other animal models, such as an NR1 hypo-morphic mouse model

of schizophrenia (Gandal ef al., 2012). These mice express approximately 15% of normal levels
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of the NR1 subunit of NMDARSs (Gandal et al., 2012) which was associated with a disrupted
excitatory/inhibitory network (Gandal et al., 2012), and as such exhibit lethal seizures when
induced with a subthreshold dose of kainic acid, while their wild type counterparts did not

(Duncan et al., 2010).

4.5.4 NMDARIpp Aabs have no significant effect on SEPSC frequency
following acute exposure

Since further purification of NMDAR1 Aabs exhibited a significant reduction in LTP following
pre-incubation, further functional studies were carried out using whole-cell patch-clamp on
hippocampal neurons to assess their activity on single cell activity. Hippocampal neurons were
recorded in Mg?* free external solution in order to remove the magnesium block from
NMDARs which are present under physiological baseline neurotransmission. Antagonists to
GABAARs and AMPARSs were added to isolate any NMDAR response and NMDAR 1pp Aabs
were added via bath application for 30 min. No significant changes in SEPSC frequency or
amplitude were observed when compared to those treated with rIgG, or when compared to their
pre-treatment baselines. This lack of presynaptic effect coincides with previous studies in the
literature (Hughes et al., 2010), where NMDAR Aabs demonstrated a lack of effect on mEPSC
frequency and amplitude of primary hippocampal neurons. Further experiments were carried
out to isolate out miniature EPSC (mEPSC) events, whereby TTX was added to remove any
action potential mediated events. However, all events were inhibited following the addition of
TTX, suggesting the miniature EPSC population was too small to record any changes in
NMDAR activity. Future studies could be optimised and performed to investigate this further,
whereby primary culture density, age of cultures and conditions primary neurons were grown
in could be altered to improve the activity recorded both in the presence and absence of

pharmacological inhibitors.
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4.5.5 Limitations of techniques used in this chapter
The evidence presented in this chapter suggests that one limitation of these functional studies
is the purification state of NMDAR Aabs. Initial oocyte and MEA-LTP experiments were
carried out with protein A purified NMDAR Aabs, both of which showed no functional effect.
This could simply be due to a lack of functional effect of our NMDAR Aabs, or instead not
enough Aab being present to display an effect in these studies, as only 1-10% of total IgG are
thought to be target specific (Hnasko and McGarvey, 2015). Importantly, further purification
of NMDAR1 Aabs by immunisation peptides resulted in a greater percentage of NMDAR-
specific IgG which gave positive effects in MEA-LTP experiments, whereby a functional

reduction in LTP was proven.

Xenopus oocytes were used as an isolated overexpression system, whereby NMDARs could be
expressed, and their currents measured in response to the addition of both antibodies and
pharmacological modulators. Although used by many previous studies to characterise novel
drug compounds, including NMDAR Aabs effect on NMDAR current (Castillo-Gomez et al.,
2016), this system was found not to generate measurable functional effects for our NMDAR
Aabs. Previous studies conducted by Castillo-Gomez noted a significant difference in NMDAR
current following oocyte incubation with patient-CSF as well as an anti-NR1 commercial
antibody, when compared to those oocytes incubated with control CSF. The presence of control
CSF showed an increase in NMDAR current, which may be the cause of reported significance
between control and NMDAR Aab and commercial antibody incubated oocytes. This
difference may also be due to the fact that patient CSF was used, which may contain other
antibodies against different epitopes as well as other components which may contribute to the
significant effect observed by this study, an effect which was not observed with our NMDAR

Aabs.
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This system also has its limitations which may make it unsuitable for investigating functional
effects of our NMDAR Aabs. As mentioned in section 4.1, oocytes have a rapid turnover rate
of proteins, and thus any subtle changes in NMDAR level at the surface may go unnoticed.
Furthermore, due to experimental constraints, oocyte experiments could not be repeated with
NMDAR?2 Aabs to assess if any functional effects were observed in this system with these

Aabs.

The whole-cell patch-clamp experiments detailed in this chapter resulted in large events which
were long in duration, unusual to those documented previously in the literature (Hughes et al.,
2010). When TTX was bath applied, to isolate mEPSCs, all events were inhibited, suggesting
the mEPSC population was too small to record. Further studies optimising this setup would be
useful to investigate the effect of NMDAR Aabs on NMDAR currents and networks of primary
neurons. Factors such as primary culture density, age of cultures and recording conditions could
be altered to improve the activity recorded both in the presence and absence of pharmacological

inhibitors.

4.5.6 Conclusions
This chapter has shown that NMDARI1pp showed a significant inhibitory effect on HFS-
induced LTP but that NMDARI1 and NMDARI1pp Aabs had no functional effects in oocyte
experiments. Similarly, NMDAR1 and NMDAR2 had no clear effect in MEA-LTP
experiments. contrasting previous studies, (Zhang et al., 2012; Wiirdemann et al., 2016; Blome
et al., 2018; Kersten et al., 2019). Thus, these data argue that the purification state of NMDAR
Aabs is of fundamental importance. Following further purification of NMDAR1 Aabs via
immunisation peptide a significant functional effect was observed in MEA-LTP experiments,
where a significant reduction in HFS-induced potentiation was shown, in a similar manner to

the effect of the NMDAR competitive antagonist APV. This effect is more in line with the
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current hypothesis in the literature, where patient Aabs cause a reduction in NMDARs at the
synapse via internalisation (Hughes et al., 2010), which may be the mechanism underlying the
inhibition of LTP. This is also in line with previous studies, where LTP inhibition has been
observed following incubation/infusion of patient CSF containing NMDAR Aabs (Zhang et

al.,2012; Wiirdemann et al., 2016; Blome et al., 2018; Kersten et al., 2019).

Here we have shown one of the first studies using NMDAR Aabs generated through peptide
immunisation which have a functional effect similar to those studies using patient Aabs. This
is vital as these Aabs can serve as an experimental tool, enabling further investigation into the
exact mechanism of action, how this relates to neuronal excitability and, potentially, the
seizures reported in conditions characterized by the presence of NMDAR Aabs. In addition, as
NMDAR Aabs may serve as a biomarker of disease, they can be used as a diagnostic tool;

therefore, increased knowledge of their mechanism of action will be vital.
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5 Generation and characterisation of AMPAR Aabs

5.1 Introduction

AMPARs are members of the glutamate ionotropic receptor family, which are important
mediators of excitatory neurotransmission and, by extension, potential epileptogenic targets
within the human CNS. Previous studies have been conflicting with regard to the functional
effects of anti-AMPAR Aabs, whereby some studies identify an increase in seizures in rabbits
following immunisation of GluR3 protein (Rogers et al., 1994); others, a death in primary
hippocampal neurons following 24 h incubation with peptide-immunised generated anti-GluR3
Aabs (Levite ef al., 1999), and others reporting no functional effect following application of
patient anti-GluR3 Aabs to primary cortical neurons (Frassoni et al., 2001). Understanding the
effects of GluR3 Aabs would be of benefit, especially in autoimmune epilepsy where there is
little and/or conflicting evidence of their mechanisms of action. Gaining an insight into whether
GluR3 Aabs are involved in pathogenicity, or alternatively if these Aabs are generated as a
compensatory mechanism to reduce seizure activity, could aid in the development of novel
AEDs for patients with autoimmune epilepsy. To investigate the effects of AMPAR Aabs,
rabbits were immunised with a single peptide against the GluR3 subunit in order to generate
anti-AMPAR polyclonal antibodies. This short chapter details the generation and experimental

characterisation used to assess the specificity of anti-AMPAR Aabs.

5.2 Production of rabbit polyclonal antibodies

Patient Aabs have been shown to bind to a particular epitope within the extracellular domain
of the GIuR3 subunit of AMPARSs, named the GIuR3B peptide (sequence illustrated in Figure
5.1). As this peptide sequence is located on a hinge region within the ATD of GluR3 subunit,

it is deemed a region of high immunogenicity and a 24 amino acid long peptide (non-cyclised)
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was generated and subsequently conjugated to KLH, BSA and OVA externally (Peptide
Synthetics). These conjugated peptides were used to immunise a rabbit (see section 2.1.1) in

order to elicit an immune response.
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5.2.1 Titres and ELISA of antibody sera

The rabbit immunisation procedure was followed as described in section 2.1.1. Rabbit bleeds
were taken 14 days after immunisation boosts, and 7 days after the final immunisation, where
serum titres were monitored using an ELISA to detect the presence of IgG antibodies against
the immunisation peptide (Figure 5.2). The total number of immunisation boosts given was
determined based on these ELISA results. As expected, no detectable immune response was
seen against the peptide at bleed 0 (pre-immunisation). In this case, no ELISA was carried out
following the first immunisation due to the minimal binding seen previously for BL1 during
NMDAR immunisations (see section 3.1). Following the second and third immunisations (BL2
and BL3, respectively) an increase in binding to the AMPAR immunisation peptide was
detected. The terminal sera curves as shown in Figure 5.2 did not seem to reach the same peak
of binding as the previous BL3, however when the ‘ECso’ values were calculated, the dilution
of sera required to reach half-maximal binding of the terminal sera was greater than that of
BL3 (1:19,459 dilution for terminal sera (as shown by square symbols and solid line, compared
to 1:7,987 dilution for BL3 (values shown by square symbols and dotted lines; Figure 5.2).
These data indicate a greater immune response and hence more antibody produced following
the final immunisation boost when compared to BL3, resulting in an increased binding to
immunisation peptide and hence more substrate breakdown and higher absorbance measured.
Binding of the terminal sera to the immunisation peptide was detected as low as 1:100,000

(Figure 5.2).
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Figure 5.2: Rabbit anti-AMPAR immunogenicity response. Pre-immunisation bleed (BLO0), bleed 2 (BL2), 3 (BL3) and terminal bleed responses to AMPAR
peptide used for immunisations. An increase in response to the peptide was observed with each immunisation boost. Dotted lines show ECsy values for BL3 and
Terminal bleed. N=3 technical replicates.
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5.2.2 Purification and analysis of AMPAR Aabs

Terminal serum from the AMPAR-immunised rabbit was purified using Protein A resin to
isolate total IgG. Total IgG was then quantified and analysed using further ELISA and SDS-

PAGE.

Fractions from all steps within the purification process were analysed using SDS-PAGE and
subsequent Coomassie staining. Proteins were detected at multiple sizes including 150 kDa, 90
kDa, 60 kDa and 30 kDa, of which the band at 150 kDa is the expected size of IgG (Figure
5.3A). The presence of a band at 150 kDa in eluates 1 and 2 indicates that most of the IgG was
purified from the terminal serum. Fainter bands at 150 kDa can also be seen in wash 1 and
wash 2, indicating some IgG was lost from the column before eluting, as well as a faint band
in the post-purification fraction suggesting a small amount of IgG remained in the terminal
serum following purification. All other bands detected in the pre-purification fraction were also
present in the post-purification fraction, indicating the specificity of the purification for IgG
only. However, faint bands can be seen in eluate 1 at 50 kDa and 25 kDa, which may represent

the heavy and light chains of IgG respectively (Figure 5.3A).

Quantification of total IgG was performed using an A280 nanodrop, where protein
concentration was determined by measuring the absorbance at 280nm. This revealed 7.6mg/ml
total IgG was purified, of which anywhere between 1-10% is predicted to be AMPAR-specific
(Hnasko and McGarvey, 2015). To verify the purification process had not altered AMPAR Aab
specificity to the immunised peptide, a further ELISA was performed using the total IgG
material. This revealed greater binding to the immunisation peptide, with minimal binding to
an irrelevant peptide (a peptide not related in amino acid sequence, or function) (Figure 5.3B),

similar to that seen pre-purification (Figure 5.2).
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Figure 5.3: Protein A purification of AMPAR Aabs. (A) SDS-PAGE analysis of rabbit serum purified by protein A-sepharose resin. (A) Analysis of all fractions
revealed a specific band at 150 kDa in pre-purification sample and eluates 1-2 (as indicated by the red boxes), which is not present in the post-purification sample. (B) ELISA

of protein A purified AMPAR Aabs revealed a similar binding to the immunisation peptide as pre-purification, while minimal binding to an irrelevant peptide was retained.

N=3 technical replicates.
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Further quantification using SDS-PAGE was carried out to validate the concentration of total
IgG measured. A commercial rabbit IgG of known concentration was used as a control, where
concentrations of both AMPAR Aabs and control IgG were titrated and analysed via SDS-
PAGE and Coomassie staining. Uniform bands were seen at 150 kDa across both AMPAR
Aabs and control rIgG at all dilutions (Figure 5.4), faint bands could also be detected at 50 kDa
(iIn AMPAR Aabs and 1IgG) and 25 kDa (AMPAR Aabs only), which may be due to heavy
and light chains of IgG. Additional bands just over 150 kDa and at ~120 kDa could be seen in

control IgG dilutions.

150 kDa -
—> 3

150 kDa : s

50 kDa

25 kDa

Figure 5.4: Protein A purification of AMPAR Aabs. SDS-PAGE analysis of rabbit serum
purified by protein A-sepharose resin compared with control rabbit IgG of known
concentrations. Analysis revealed a single band at the expected size of 150 kDa across all
dilutions for both AMPAR Aabs and the control rIgG
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5.3 Characterisation of AMPAR Aabs on in vitro systems

5.3.1 AMPAR Aab detection of native AMPAR

ICC, THC and Western blot techniques were utilised to determine the specificity of AMPAR
Aabs against the GluR3 subunit. Primary neuronal cortical cultures were fixed with PFA,
preserving and stabilising cell morphology, and incubated with anti-AMPAR Aabs or a
commercial anti-AMPAR antibody, with negative controls rIgG and secondary antibody-only

controls also being used.

Cells stained with AMPAR Aabs were also co-labelled with the neuronal marker BIII tubulin
(as shown by the white arrows), but not with the astrocyte marker GFAP (Figure 5.5A). This
staining was similar to that exhibited by the commercial anti-AMPAR antibody (cAMPAR),
which also labelled cells which co-localised with BIII tubulin, but not GFAP (Figure 5.6A).
Cells which were incubated with the class-specific negative control rIgG elicited some faint
staining, however this staining co-localised with both BIII tubulin and GFAP stained cells,
indicating a lack of specificity for any cell-type (Figure 5.6B). This latter staining may be due
to the presence of non-AMPAR specific IgG which could be binding to its respective target
with similar location to AMPARs, similar to that seen for NMDAR Aabs (see Chapter 3). In
addition, a secondary-only control was performed, where cells were incubated with secondary
antibodies without primary antibody. No staining was detected in any channel indicating no

background binding caused by secondary antibodies (Figure 5.5B).
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Figure 5.5: Immunocytochemical staining of fixed primary cortical neurons (DIV8). (A) Cells were stained with AMPAR Aabs (red), BIII tubulin; a neuronal
marker (green), GFAP; an astrocyte marker (white) and a nuclear stain (DAPI: blue). Clear staining was seen with AMPAR Aabs as indicated by the white arrows.
(B) Cells were stained with secondary antibodies only. Goat anti-rabbit IgG (green), goat anti-mouse IgG2a (red) and goat anti-mouse IgG1 (white). No labelling
was detected in any of these channels. Scale = 20um. Representative images selected from n=3 technical replicates.
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Figure 5.6: Inmunocytochemical staining of fixed primary cortical neurons (DIV7). (A) Cells were stained with commercial AMPAR antibodies (cAMPAR: green),
BIII tubulin; a neuronal marker (red), GFAP; an astrocyte marker (white) and a nuclear stain DAPI (blue). Clear staining was seen with cAMPAR as indicated by the white
arrows. (B) Cells were stained with rIgG (green), PIII tubulin, GFAP and DAPI. Faint staining was detected with rIgG, which co-localised with BIII tubulin-stained cells
(as indicated by white arrows), as well as cells labelled by GFAP (orange arrows). Scale = 20um. Representative images selected from n=3 technical replicates.
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IHC was carried out using mouse hippocampal brain sections to assess spatial binding within
the hippocampus, as well as to distinguish cell-type specificity within whole brain sections.
Using perfusion fixed and cryopreserved mouse brain sections (12um), AMPARSs were stained
by AMPAR Aabs as well as commercial anti-AMPAR antibodies. Cells were co-labelled with
BIII tubulin and NeuN as markers for neurons. Minimal binding was seen throughout the
hippocampus with AMPAR Aabs; however, this was also the case for BIII tubulin, and to some
extent NeuN (Figure 5.7). This raises difficulty in distinguishing the specificity of AMPAR
Aabs within the hippocampus, as the lack of binding observed with the co-labels, which have
been validated and optimised previously, may be indicating an issue with the protocols

employed.
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Figure 5.7: Immunohistochemical staining of fixed hippocampal brain slice. Stained with AMPAR Aabs (green),
co-stained with NeuN (white) and BIII tubulin (red), as well as a nuclear stain (DAPI; blue). All three antibodies
demonstrated minimal binding, highlighting a higher magnification for visualisation is required. Scale = 20um.
Representative image selected from n=3 technical replicates.
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Western blots were performed as described in Section 2.2.1.2, with whole brain lysates being
run on SDS-PAGE and subsequently probed with AMPAR Aabs, cAMPAR, rIgG (negative)
control as well as a secondary antibody only (negative) control. AMPAR Aabs detected a single
clear band at just above 100 kDa (as expected, GluR3 molecular weight 101 kDa; Figure 5.8)
in whole brain lysate, as well as a slightly fainter band at just above 150 kDa and at ~90 kDa
(Figure 5.8), which may represent different glycosylated states of the protein, or alternatively
may be caused by non-AMPAR specific IgG binding, as seen with our generated NMDAR
Aabs (see section 3.3.2). The commercial anti-AMPAR antibody, detected two prominent
bands at 100 kDa and 70 kDa, with an additional band just above 100 kDa (Figure 5.8). Lysates
from primary cortical neurons were also run on SDS-PAGE and probed with AMPAR Aabs,
cAMPAR, rIgG and secondary antibody only. These detected similar bands, with the exception
of AMPAR Aabs detecting a few additional bands at ~60 kDa (data shown in Appendix 9.4),

which may represent some non-AMPAR specific IgG binding.

Secondary-only controls resulted in no bands being detected (Figure 5.8), whereas the class-
specific negative control rIgG consistently detected multiple bands at different molecular
weights (Figure 5.8). This may be due to the nature of control used; as it is from a naive non-
immunised rabbit, it will likely contain other antibodies, some of which may be binding to
targets within our lysates. A final loading control (GAPDH) was also tested, which resulted in
clean blots with a single band at the expected molecular weight of 37 kDa (data shown in

Appendix 9.4).
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Figure 5.8: Western blot assessing binding specificity of protein A purified AMPAR Aabs to mouse
whole brain lysate. AMPAR Aabs elicited a band at the correct size (101 kDa), similar to that of cAMPAR;
a commercial anti-AMPAR antibody. The class-specific negative control rIgG elicited a multitude of bands in
whole brain lysate, whereas the secondary only control did not elicit any bands. Representative blots selected
from n=3 technical replicates.
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5.4 Discussion

AMPAR Aabs have been increasingly identified as pathogenic, not only in patients with
autoimmune epilepsy, but also in encephalitis and FTD. While previous studies have detailed
pathogenic effects of Aabs using both patient Aabs and peptide immunised generated Aabs,
such as the development of seizures (Rogers et al., 1994), neuronal cell death (Levite and
Hermelin, 1999) and memory impairment (Borroni ef al., 2017), little work has been done to
determine the mechanistic involvement of AMPAR Aabs on seizure generation. Here, we
targeted an immunogenic region of the GIuR3 subunit of the AMPAR to produce anti-AMPAR
Aabs similar to those reported in patients. Total IgG was purified via protein A purification
and specificity for native AMPARs was subsequently examined via an array of assays. The

results of this characterisation are summarised below:

e A strong immune response was generated in response to peptide immunisation,
measured by ELISA both pre- and post-purification with protein A.

e Neuron-specific labelling with Aabs was observed in primary cortical neurons.

e Aabs detected a band at the predicted size of the GluR3 subunit in whole brain lysate,

along with other non-specific bands.

54.1 Peptide immunisation generates a strong immune response

Synthetic peptides have numerous applications in research, one of which is the production of
antibodies through peptide immunisation. This method has been carried out extensively and
used successfully for disease diagnosis (Trier and Houen, 2017) as well as research into
pathological mechanisms of native Aabs in patients (Ganor et al., 2014; Palese et al., 2020).

Design of immunisation peptides is crucial to successful antibody generation, with optimal
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length being between 8-25 amino acids targeting protruding regions to yield antibodies with

good specificity (Trier and Houen, 2017; Trier ef al., 2019).

The human sequence corresponding to the GluR3B peptide (a 24 amino acid sequence
positioned as a hinge region within the GluR3 subunit, linking two modular domains within
the extracellular region; NEYERFVPFSDQQISNDSASSENR; see Figure 5.1), was used as
the immunisation peptide to generate anti-AMPAR Aabs in this study. Rabbit and mouse
(species used for Aab generation and functional testing - see Chapter 6) share 96% sequence
homology, with only one amino acid differing in each (Uniprot; Gria3). Following
immunisation, antibody specificity was tested via ELISA to ensure an immunogenic response
specific to the immunised peptide had been developed, a methodology used routinely following
peptide immunisation (Lee et al., 2010; Pan et al., 2018). We have shown a strong
immunogenic response to this peptide, with a minimal response shown against an irrelevant
peptide (Figure 5.2). Protein A purification of the terminal serum produced substantial total
IgG (7.6mg/ml). Recent studies have used this peptide sequence to generate anti-GluR3 Aabs
successfully, which have been shown to bind specifically to AMPAR, and also to exhibit
functional pathogenic effects both in vitro (Levite et al., 1999) and in vivo (Ganor et al., 2005;

Malina et al., 2006; Ganor et al., 2014).

Unlike NMDAR Aabs where the majority of studies have used patient Aabs to study
pathogenic effects (Hughes et al., 2010; Planaguma et al., 2015), most studies investigating
AMPAR Aabs typically generate anti-GluR3 Aabs via peptide immunisation (Levite et al.,
1999; Ganor et al., 2005). These studies have immunised animals with the 24 amino acid
sequence as in our study, and subsequently used either sera or total IgG (Levite and Hermelin,
1999; Ganor et al., 2005; Malina et al., 2006; Ganor et al., 2014). These studies have

investigated both in vitro and in vivo effects, whereby GluR3 Aabs in vitro have been shown
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to activate AMPARs (Malina et al., 2006) leading to neuronal death (Levite et al., 1999).
However, recent studies investigating GluR3B Aabs found in patients with FTD, show a
reduction in GluR3-containing AMPARSs following incubation of primary neurons with patient
Aabs (Borroni et al., 2017), as well as a reduction in glutamate release from synaptosomes
(Palese et al., 2020). These alternative in vitro effects demonstrate the necessity for further
studies investigating the specificity of these Aabs and the potential pathogenicity (explored

later in Chapter 6).

In vivo studies have yielded even more conflicting results, where some studies have shown an
increase in spontaneous seizures following peptide immunisation in rabbits (Rogers et al.,
1994) and an increase in PTZ-induced seizures in mice (Rogers et al., 1994; Ganor et al., 2014),
with others showing partial protection from PTZ-induced seizures (Ganor et al., 2005). As
above, these conflicting results demonstrate the need for further investigation into these GluR3
Aabs to determine the specificity of these Aabs for the target receptor, and how these may

exhibit any functional effects.

54.2 Anti-AMPAR Aabs bind to native AMPARSs
To test the specificity of our AMPAR Aabs, ICC, IHC and Western blot were further employed.
These assays are commonly used in combination with ELISA to validate the specificity of an

antibody (Bordeaux et al., 2010).

Following immunisation with GluR3B peptide and total IgG purification, specific binding to
cortical neurons was seen following application of anti-AMPAR Aabs, staining which was
comparable to commercial anti-AMPARSs (targeting amino acids 60-73 of GluR3 ATD). These
results are similar to those seen previously, where primary neurons have been successfully
labelled using peptide derived AMPAR Aabs (Levite et al., 1999), as well as GluR3 transfected

COS7 cells being successfully labelled by patient-derived GIuR3 Aabs (Borroni et al., 2017).
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Further investigation into the binding specificity and functionality of AMPAR Aabs could
further be determined via the use of confocal microscopy on primary neurons as well as brain
slices. Performing this imaging at higher magnification and resolution would help determine
the specific binding location of AMPAR Aabs, as well as whether any Aab-induced
internalisation of AMPARSs occurs. In addition, performing co-labelling with antibodies which
target other subunits of AMPARs, as well as other glutamate receptors would help determine

the specificity of our generated Aabs for AMPARs.

As with NMDAR Aabs in Chapter 3, our AMPAR Aabs and negative control rlgG comprise
total IgG, and it is therefore possible that there are also non-AMPAR specific antibodies which
may bind specifically to proteins within the lysates used in western blotting. This may explain
the presence of non-specific bands in addition to a band of expected size, in particular with
rIgG incubated blots. These results are not comparable to any seen in the literature thus far as
most studies do not use a class-specific total IgG as a control for their studies, with either a
control immunisation peptide or control patient CSF being used (Levite ef al., 1999; Borroni

etal.,2017).

54.3 Conclusions

Specific Aabs directed against the GluR3 subunit of the AMPAR were successfully generated
following immunisation with a peptide representing a specific ATD-epitope within the GluR3
subunit, termed the GIluR3B peptide. Protein A-purified Aabs were specific for native
AMPARs, as shown via ELISA, ICC and Western blot. In particular, the specificity of AMPAR
Aabs for GluR3-containing neurons was demonstrated by the co-localisation of AMPAR Aabs
with BIII tubulin-labelled cells, but not GFAP-labelled cells, indicating a neuron-specific
labelling. The characterisation and specificity of AMPAR Aabs detailed in this chapter are vital
to understanding the potential effects of patient Aabs. The immunisation peptide used in this
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thesis, as well as in previous data, generated specific GluR3-directed Aabs. Knowing the
specificity of these Aabs for GluR3-expressing neurons enabled functional studies to be

performed, as detailed in the next chapter.
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6. Assessing the functionality of AMPAR Aabs

6.1 Introduction

Based on the results described in Chapter 5, anti-AMPAR Aabs were next used in in vitro
systems to determine any functional effects on neuronal activity, and hence postulate how these

Aabs may be implicated in excitatory neurotransmission.

The findings presented in the previous chapter indicate that the generated AMPAR Aabs
successfully bind to AMPARs in vitro, as shown in ICC and Western blot. The main
electrophysiological technique used throughout this chapter is whole-cell patch-clamp on
primary hippocampal neuronal cells. These cells display sEPSCs consisting of both action
potential (AP)-dependent and AP-independent currents; the latter are typically termed
mEPSCs. EPSCs are comprised of both AMPAR and NMDAR glutamatergic currents
depending on the holding voltage, both of which can each be inhibited or isolated using
different pharmacological blockers. Baseline sEPSC activity was recorded in the presence of
GABAAR and NMDAR antagonists (bicuculline (BMI; 10uM) and DL-APV (50uM),
respectively) in order to isolate AMPAR currents. Either AMPAR Aabs (1:1000 dilution) or
the selective AMPAR antagonist NBQX (5uM) were added acutely in order to assess any effect

on AMPAR current. Chronic (24 h) Aab incubations were also performed.

Prevention of the generation of action potentials with the potent voltage-gated Na“ channel
blocker TTX isolates mEPSCs, which occur in response to spontaneous, action potential-
independent release of glutamate from the presynaptic terminal. Observing a change in mEPSC
amplitude is indicative of altered postsynaptic sensitivity to glutamate, such as an alteration in
the number and composition of AMPARSs, whereas a change in mEPSC frequency is consistent

with presynaptic loci of action which affects glutamate release (Zucker and Regehr, 2002).
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Both acute and chronic Aab applications were repeated in the presence of TTX to fully

elucidate any effects on AMPAR-mediated mEPSCs.

6.2 Aab effects on spontaneous excitatory postsynaptic currents
Whole-cell patch-clamp and primary hippocampal neurons (DIV7-14) were used to measure
SsEPSCs in the presence and absence of AMPAR Aabs to elucidate any functional pre-/post-
synaptic effects. BMI (10 uM) and DL-APV (50uM) were added via bath application and
equilibrated while a suitable cell was identified. Cells were recorded in the whole-cell patch-
clamp configuration. SEPSCs were recorded and monitored, whereby parameters such as

amplitude and frequency could be analysed (example traces shown in Figure 6.1C).

6.2.1 Acute 10min AMPAR Aab incubation
To test the effects of acute AMPAR Aabs application, a 10 min baseline of SEPSCs was
recorded, and subsequently AMPAR Aabs or rIgG (1:1000 dilution) were added to the cells
via bath application and sEPSCs recorded for a further 10 min. At the end of the experiment,
the AMPAR antagonist NBQX (10uM) was added to the bath to confirm that all observed

events were mediated by AMPARs.

Acute bath application (10 min) of AMPAR Aabs resulted in a significant reduction in sEPSC
frequency. Cells incubated with AMPAR Aabs had a significantly lower sEPSC frequency (0.8
+ 0.4 Hz) compared to those incubated with rIgG (1.3 + 1.0 Hz; n=21-23 per group, p = 0.0396
unpaired t-test, Figure 6.1A). Significant differences in cumulative inter-event interval
distributions were also observed following 10 min incubation of AMPAR Aabs when

compared to IgG incubated cells (p<0.0001; Kolmogorov-Smirnov test; Figure 6.1B).

197



A 0-10min c
r 1
= " +rlgG +AMPAR Aabs
N
< .
5 3 :
c
g e
(e g 2_ g0
o se e
o 11 . :o & S0pA
& :.'0. @ 500ms
72] S —....— P :" ‘\‘ "' \\‘
0 T T i P \\
o
S &
vg. ,'l ‘\\ I,I \\\
B § , .‘ ) .

1.0
> — rlgG
S 0.8- — AMPAR Aabs
g
» 0.64
= 50pA ‘
2 0.4
i) 5ms
-]
£ 0.2
=
O

0-0 L) L L ] L] T L L) L) L) 1

VAR PN P OCP PN P OO ®
TEELFLS L P EFS
Inter-event interval (ms)

Figure 6.1 Effects of acute (10 min) AMPAR Aabs (1:1000 dilution) and rIgG application (1:1000 dilution) on SEPSC frequency. (A) Following addition of
AMPAR Aabs, significant differences between AMPAR Aabs and rIgG treated cells over the 10 min period was detected (A: p = 0.0396, n = 21-23 per group). (B)
Significant differences in cumulative inter-event interval were also observed following AMPAR Aabs 10min incubation when compared to IgG incubated cells
(p<0.0001). (C) Representative traces of SEPSCs from rIgG and AMPAR treated cells. Data were collected over three separate neuronal cultures and presented as mean
+ SD *: p <0.05.
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No significant effect on sEPSC amplitude was observed following application of AMPAR
Aabs over 0-10 min, whereby cells incubated with AMPAR Aabs generated SEPSCs of similar
amplitude (-22.3 = 7.3 pA) to those incubated with 1IgG (-20.4 = 7.2 pA, n=24 per group,
unpaired t-test, p = 0.364; Figure 6.2A). However, significant differences in cumulative
frequency of sSEPSC amplitude were observed following 10 min incubation of AMPAR Aabs

when compared to IgG incubated cells (p<0.0001; Kolmogorov-Smirnov test; Figure 6.2B).
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Figure 6.2 Effects of acute (10 min) AMPAR Aabs (1:1000 dilution) and rIgG application (1:1000 dilution) on
sEPSC amplitude. (A) Following addition of AMPAR Aabs, no significant differences were observed between
AMPAR Aabs and r1gG treated cells over the 10 min period (A; p = 0.364, n = 23-24 cells per group). (B) Significant
differences in cumulative frequency of SEPSC amplitude were observed following AMPAR Aabs 10min incubation
when compared to IgG incubated cells (p<0.0001). Data were collected over three separate neuronal cultures and
presented as mean + SD.
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6.2.2 Acute 30 min AMPAR Aab incubation

To assess if a significant reduction in sSEPSC frequency could still be observed following a
longer, but still ‘acute’, AMPAR Aab incubation, both AMPAR Aabs and rIgG (1:1000
dilution) were bath applied for 30 min, and amplitude and frequency of sSEPSCs were montiored
throughout. At the end of the experiment, the AMPAR antagonist NBQX was added to the bath

to confirm that all observed events were AMPAR-mediated.

30 min acute bath application of AMPAR Aabs resulted in a significant reduction in SEPSC
frequency. Cells incubated with AMPAR Aabs had a significantly lower sEPSC frequency (0.7
+ 0.4 Hz) compared to those cells incubated with rIgG (1.3 £ 0.8 Hz, n=15 per group, p =
0.0318; unpaired t-test, Figure 6.3D). When this effect was further divided into 10 min bins, a
significant reduction was observed for all time bins: 0-10 min (n=21-22 per group, p =0.0192,
unpaired t-test; Figure 6.3A), 10-20 min (n= 14-15 per group, p = 0.0294, unpaired t-test;
Figure 6.3B) and 20-30 min (n=14-15 per group, p = 0.0387, unpaired t-test; Figure 6.3C).
Significant differences in cumulative inter-event interval distributions were also observed
following AMPAR Aabs 30min incubation when compared to IgG incubated cells (p<0.0001;

Kolmogorov-Smirnov test; Figure 6.3E).

No significant effect was identified on sEPSC amplitude following application of AMPAR
Aabs at 0-30 min (n=15 per group, p = 0.889, unpaired t-test; Figure 6.4A) or at any 10 min

bin (Figure 6.4B-D).
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Figure 6.3: Effects of acute (30 min) AMPAR Aabs and rIgG application on SEPSC frequency. Following addition of AMPAR Aabs (1:1000 dilution), significant
reductions were seen at each 10 min increment (A; 0-10 min; p = 0.0192. B; 10-20 min; p = 0.0294 and C; 20-30 min; p = 0.0387, n = 14-22 cells per group). Overall, a
significant reduction in sSEPSC frequency at 0-30 min was also detected (D; p=0.0318, n = 14-15 cells per group). Significant differences in cumulative inter-event interval
were also observed following AMPAR Aabs 30min incubation when compared to IgG incubated cells (E; p<0.0001) Data were collected over three separate neuronal
cultures and presented as mean + SD, *: p <0.05.
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Figure 6.4: Effects of acute (30 min) AMPAR Aabs and rIgG application on sEPSC amplitude. No
significant reduction in sSEPSC amplitude was observed at 0-30 min, or 10 min intervals. Data were collected
from 14-22 cells over three separate neuronal cultures and presented as mean + SD.
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Following acute application of either AMPAR Aabs or rIgG, frequency and amplitude of
sEPSCs were compared to pre-incubation baselines. Acute, 30 min application of AMPAR
Aabs resulted in a numerical but non-significant reduction in sEPSC frequency at 0-10 min
bins (0.8 + 0.4 Hz) compared to pre-incubation baseline (1.1 = 0.5 Hz, n=22 per group, p =
0.0814, paired t-test; Figure 6.5A). At 10-20 min, cells incubated with AMPAR Aabs had a
significantly lower SEPSC frequency (0.7 = 0.4 Hz), compared to pre-incubation baseline (1.1
+ 0.6 Hz, n=15 per group, p = 0.0041, paired t-test; Figure 6.5B). Similarly, at 20-30 min, cells
incubated with AMPAR Aabs had a significantly lower sEPSC frequency (0.7 = 0.4 Hz),
compared to pre-incubation baseline (1.1 = 0.6 Hz, n=13 per group, p = 0.0072, paired t-test;
Figure 6.5C). Cells incubated with rIgG showed no significant changes in SEPSC frequency at
0-10 min, 10-20 min or 20-30 min when compared to their pre-incubation baselines (n=16-17

per group, p = 0.891, p=0.375 and p = 0.397 respectively, paired t-tests; Figure 6.5D-F).
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Figure 6.5: sSEPSC frequency of AMPAR Aabs and rIgG incubated cells compared to their respective baselines. (A-C) AMPAR Aabs incubation (1:1000 dilution)
resulted in a significant reduction in sSEPSC frequency when compared to their own baseline at 10-20 and 20-30 min (p = 0.0041 and p = 0.0072 respectively, n = 14-
24 cells per group). (D-F) Application of rIgG (1:1000 dilution) did not significantly alter sEPSC frequency when compared to own baseline (p = 0.891, p = 0.375
and p = 0.397 respectively, n = 16-23 cells per group). Data were collected over three separate neuronal cultures, presented as mean £ SD, *: p < 0.05, **: p < 0.01.
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6.2.3 Effects of chronic (24 h) AMPAR Aab incubation

Exposure of native AMPARs to AMPAR Aabs in patients is typically chronic in nature due to
their presence in CSF via intrathecal production (Levite, 2014). Therefore, a more chronic
incubation was tested to determine whether this significant reduction in sEPSC frequency
observed from acute application were maintained, or alternatively if any differing significant
effects could be observed. Both AMPAR Aabs and rIgG (1:1000 dilution) were applied to
hippocampal neurons in culture 24 h prior to recording. Cells were placed in external solution
containing GABAAR and NMDAR antagonists (BMI (10uM) and APV (50uM) respectively)
as well as the respective antibody and allowed to equilibrate. Once the whole-cell configuration
had been achieved, 30 min of SEPSCs were recorded where both frequency and amplitude were
measured. At the end of the experiment, the AMPAR antagonist NBQX was added to the bath

to confirm that all observed events were mediated by AMPARs.

AMPAR Aab-incubated cells showed a significant reduction in SEPSC frequency (0.4 + 0.3
Hz) compared to rIgG incubated cells (1.2 = 0.9 Hz, n=11-13 per group, p = 0.0113, unpaired
t-test; Figure 6.6A). Significant differences in cumulative inter-event interval distributions
were also observed following 24 h incubation of AMPAR Aabs when compared to IgG
incubated cells (p<0.0001; Kolmogorov-Smirnov test; Figure 6.6B). No difference in sEPSC
amplitude was observed; cells incubated with AMPAR Aabs showed sEPSCs of similar
amplitude (-27.1 £ 8.1 pA) to those cells incubated with rIgG (-21.8 + 8.9 pA, n=12 per group,

p = 0.142, unpaired t-test; Figure 6.6C).
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Figure 6.6: Effects of chronic (24 h) AMPAR Aabs and rIgG (1:1000 dilution) application on SEPSC
frequency and amplitude. (A) Following addition of AMPAR Aabs, a significant reduction in sEPSC frequency
was observed (p=0.0113, n=11-13 cells per group), (B) Significant differences in cumulative inter-event interval
were also observed following 24 h incubation (p<0.0001). (C) No significant effect on amplitude was observed.
Data were collected over three separate neuronal cultures and presented as mean = SD, *: p < 0.05.
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Significant effects on sEPSC frequency observed with acute and chronic exposure to Aabs
were suggestive of either a presynaptic mechanism of action, or a reduction in the number of

postsynaptic AMPARs.

To further test for potential presynaptic effects, acute (30 min) and chronic incubation
experiments were repeated in the presence of TTX, to measure mEPSCs, whereby action
potential-independent events, consistent with effects on presynaptic release of glutamate, could

be measured.

6.3 Miniature excitatory postsynaptic currents (mEPSCs)

Whole-cell patch-clamp was used to measure mEPSCs via the bath application of TTX (1uM),
while also isolating AMPAR currents via the bath application of BMI (10 uM) and DL-APV
(50uM). Cells were incubated with AMPAR Aabs both acutely (30 min) and chronically (24
h), and parameters such as amplitude and frequency analysed, to help indicate any potential

presynaptic functional effects of Aabs.
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6.3.1 Effect of AMPAR Aabs application on mEPSCs

Following a 30 min application of either AMPARs Aabs or rIgG, frequency of mEPSCs were
compared to their pre-incubation baselines (representative traces of mEPSC are illustrated in
Figure 6.7C). Acute, 30 min application of AMPAR Aabs resulted in a significant reduction in
frequency (0.4 = 0.2 Hz) when compared to its pre-incubation baseline (0.5 + 0.4 Hz, n=12 per
group, p = 0.0419; paired t-test; Figure 6.7A). Cells incubated with rIgG showed no significant
changes in mEPSC frequency (1.1 = 1.0 Hz), compared to that of its pre-incubation baseline

(130 £+ 1.2 Hz, n=12-14 per group, p = 0.205, paired t-test; Figure 6.7B).
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Figure 6.7: mEPSC frequency following 30 min AMPAR Aabs and rIgG incubation (1:1000 dilution) compared to their respective baselines. (A) AMPAR
Aab incubation resulted in a significant reduction in mEPSC frequency when compared to their own baseline (p = 0.0419, n = 12 cells per group). (B) Application of
1IgG did not significantly alter mEPSC frequency when compared to own baseline (p = 0.205, n = 12-14 per group). (C) Representative mEPSC traces of both rIgG
and AMPAR treated cells. Data were collected over three separate neuronal cultures, presented as mean + SD, *: p < 0.05.
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Acute bath application (30 min) of AMPAR Aabs also resulted in a significant reduction in
mEPSC frequency when compared to cells incubated with rIgG. Cells incubated with AMPAR
Aabs had significantly less frequent mEPSCs (0.4 = 0.2 Hz) when compared to those incubated
with rIgG (1.1 = 1.0 Hz, n=12-14 per group, p = 0.0109, unpaired t-test; Figure 6.8A). This
effect was also seen following 24 h incubation, with those incubated with AMPAR Aabs
generating less frequent mEPSCs (0.4 = 0.2 Hz) when compared to rIgG following 24 h
incubation (0.9 = 0.6 Hz, n=8 per group, p = 0.0377, unpaired t-test; Figure 6.8B). As with
sEPSC experiments, significant differences in cumulative inter-event intervals were also
observed following both 30 min and 24 h incubation of AMPAR Aabs when compared to IgG

incubated cells (p<0.0001; Kolmogorov-Smirnov test; Figure 6.8C-D).
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Figure 6.8: Effects of acute (30 min) and chronic (24 h) AMPAR Aabs and rIgG application on mEPSC
frequency. Following addition of AMPAR Aabs, a significant reduction was seen in mEPSC frequency at 0-30
min (A; p=0.01,n= 11 cells per group), as well as following 24 h incubation (B; p = 0.0377, n = 11-14 cells per
group). Significant differences in cumulative frequency inter-event interval were observed following both 30 min
application (C) and 24 h incubation (D) of AMPAR Aabs when compared to control IgG incubated cells. Data
were collected over three separate neuronal cultures and presented as mean + SD, *: p <0.05.
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Overall, these data demonstrate a significant reduction in sEPSC frequency following both
acute and chronic AMPAR Aab exposure. This effect was reproduced when experiments were
repeated in the presence of TTX, generating mEPSC, where a significant reduction in mEPSC
frequency was observed following both acute and chronic Aab incubation. No changes in
amplitude were seen following acute AMPAR Aab application (Figure 6.9A; unpaired t-test, p
=0.27, n = 12-14 per group) or chronic AMPAR Aab incubation (Figure 6.9B; unpaired t-test,

p=0.87,n=14-17 per group).

Figure 6.9: Effects of acute (30 min) and chronic (24 h) AMPAR Aabs and rIgG application on mEPSC
amplitude. (A) Following addition of AMPAR Aabs, no significant changes were seen in mEPSC amplitude at 0-30
min (p =0.27, n = 12-14 cells per group). (B) No effect was also seen following 24 h incubation (p = 0.87, n= 14-17
cells per group). Data were collected over three separate neuronal cultures and presented as mean = SD, *: p < 0.05.
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6.4 Discussion

While AMPAR Aabs have been extensively investigated using patient sera with regard to RE,
there have been conflicting results regarding their mechanism of action with respect to seizure
development (Rogers et al., 1994; Ganor et al., 2005; Ganor et al., 2014). To further explore
their possible mechanism of action, Aabs generated to specifically target the GluR3 subunit of
AMPARSs (see section 5.2), and which bind specifically to native AMPARSs (section 5.3), were
used in whole-cell patch-clamp experiments in which EPSCs were recorded from primary

hippocampal neurons. The findings are summarised below:

e AMPAR Aabs significantly reduced sEPSC frequency following both acute (10 min
and 30 min), and chronic (24 h) application.

e AMPAR Aabs significantly reduced mEPSC frequency following both acute (30 min)
and chronic (24 h) application.

e Both AMPAR Aabs and rIgG had no effect on sSEPSC or mEPSC amplitude.

6.4.1 AMPAR Aabs exhibit an inhibitory functional effect

The results of both SEPSC and mEPSC acute experiments demonstrate that hippocampal
neurons incubated with AMPAR Aabs have a significant reduction in EPSC frequency. As
SEPSCs are comprised of both AP-dependent and AP-independent events, TTX was added and
experiments repeated to isolate AP-independent mEPSCs; here, any reductions in frequency
are typically related more directly to a presynaptic effect (Zucker and Regehr, 2002). Acute
application of AMPAR Aabs caused a reduction in mEPSC frequency, consistent with a
reduction in presynaptic glutamate release, an alteration in the density of synaptic vesicles,
(Zucker and Regehr, 2002) or an increase in postsynaptic internalisation of AMPARs (Gardoni

et al., 2021). Further experiments utilising MEAs on hippocampal brain slices as detailed in
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Chapter 4 could help elucidate the mechanism of AMPAR Aabs further. Applying a paired
pulse stimulation to the Schaffer collateral pathway in hippocampal brain slices in the presence
of AMPAR Aabs would help determine further whether these Aabs are affecting
neurotransmitter release presynaptically. Under normal conditions in the CA1l region of
hippocampus, healthy cells exhibit paired pulse facilitation, which are thought to occur due to
an accumulation of calcium in the presynaptic terminal, residual from the first pulse at the time
of the second pulse. In addition, paired pulse facilitation is often observed at synapses with a
low initial probability of release, where a low fraction of vesicles are released following the
first action potential, meaning many vesicles are still readily available at the time of the second
pulse (Jackman and Regehr, 2017). Therefore, to test further the presynaptic effects of AMPAR
Aabs, hippocampal brain slices could be incubated, and paired pulse ratio (PPR) measured. If
these Aabs are having a presynaptic effect, we would expect to see a reduction in the amplitude
of the first pulse, due to reducing the probability of the presynaptic vesicular release, paired
with an increase in the amplitude of the second pulse, due to an increase in the amount of

residual calcium and the number of vesicles ready to be released.

An alternative possibility is this could be due to a reduction in the number of functional
presynaptic neurons following AMPAR Aabs application; in this regard, it has been reported
that patient Aabs directed against GluR3 subunit of AMPARs cause neuronal death via
activation of apoptosis (Levite ef al., 1999). By contrast, mEPSC amplitude was completely
unaffected by the addition of AMPAR Aabs, suggesting minimal effect on the expression,
distribution, or responsiveness of postsynaptic AMPARs on hippocampal neurons. However,
it is also possible that GIuR3 expressed presynaptically may be affected; the presynaptic
expression of GluR3 subunits in the hippocampus is now well documented, as is their potential

contribution to pathophysiology (Zanetti ef al., 2021).
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Previous studies have tested both recombinant AMPAR Aabs or those from patients CSF and
identified an agonistic-like effect following acute Aab application. This effect was identified
by recording whole-cell membrane currents from rat neocortical slices, whereby a large inward
current was produced following local Aab application (via puffer pipette) (Levite et al., 1999).
This differs from our results, where no changes in amplitude of sSEPSCs or mEPSCs were
observed following either acute or chronic AMPAR Aab application. The reported agonistic
effect also resulted in increased neuronal death in those cells treated with AMPAR Aabs, which
was proposed to occur via complement-independent excitotoxicity, mediated via activation of
the AMPAR. Preliminary studies have been performed to investigate whether AMPAR Aab
incubation of primary neuronal cells resulted in increased neuronal death. Following incubation
of primary hippocampal neurons with AMPAR Aabs or control IgG, cells were labelled to
detect cleaved caspase 3: a key mediator of neuronal cell death (Lavrik et al., 2005). No
obvious differences between those cells incubated with AMPAR Aabs and those with control
IgG was seen (data shown in Appendix 9.6). However, as these were preliminary studies, no
quantification has yet been carried out and hence, further studies are required to confirm this

result.

More recent studies investigating the functional effects of GluR3 Aabs in FTD identified a
decrease in GluR3 subunit synaptic localisation and a loss of dendritic spines following acute
application of GluR3 Aabs (Borroni et al., 2017). An increase in endocytosis of GluR3-
containing AMPARs was accompanied by an increase in protein interacting with C kinase-1 /
glutamate receptor-interacting protein-1 (PICK1/GRIP1) ratio (proteins necessary for AMPAR
internalisation and insertion respectively) (Palese et al., 2020; Gardoni et al., 2021), effects
similar to those seen with NR1-Aabs (Hughes et al., 2010). Moreover, a decrease in AMPAR-
evoked glutamate exocytosis was observed from synaptosomes following acute GluR3 Aabs

application (Palese et al., 2020). These more recent studies (Borroni et al., 2017; Palese et al.,
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2020) are more in keeping with our results, where an inhibitory effect was identified following
both acute and chronic application of AMPAR Aabs, however whether this is occurring via an
overall reduction in the number of synaptic AMPARs (for example, via
endocytosis/internalisation), or via a presynaptic mechanism of action resulting in reduced
glutamate release is unknown. Experiments that have implicated internalization typical involve
‘chronic’ (~24 h) incubation, whether such processes could occur over the shorter timeframes
investigated here is unclear. One study using anti-GluA2 Aabs has reported similar effects to
those reported here on mEPSC frequency, but not amplitude, in hippocampal neurons when
Aabs were incubated for 24 h and also ~1 h; however, such effects were absent for Aabs
incubations of ~30 min (Haselmann et al., 2018). This study further showed that Aab effects
were due to receptor internalisation. Overall, internalisation is more likely to contribute to the
effects seen at 24 h here but cannot be fully ruled out for ‘acute’ applications. There has been
some investigation regarding presynaptic ionotropic glutamate receptor controlling glutamate
release (Lee et al., 2002; Negrete-Diaz et al., 2018), however, at present this evidence is sparse

and requires further investigation into this before any conclusion can be made.

6.4.2 Conclusions

Data presented here provides evidence to support that AMPAR Aabs are exerting an inhibitory
functional effect on neuronal AMPARs. However, further investigation is required to identify
whether this effect is due to a reduction in the number of available AMPARs on the
postsynaptic membrane (due to Aab-induced internalisation of AMPARSs), or due to an
inhibition of presynaptic glutamate release, an effect which is consistent with previous studies
which have used patient derived GluR3 Aabs on mouse synaptosomes (Palese et al., 2020).
Preliminary studies assessing levels of cell death following AMPAR Aab incubation did not

result in any obvious differences between AMPAR Aab- and IgG-incubated cell (either 30 min
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or 24 h; Appendix 9.6), contrasting previous results whereby GluR3 Aab application to primary
neurons resulted in increased neuronal death (Levite et al., 1999; Ganor et al., 2005). Further
studies are required to confirm the preliminary findings detailed in Appendix 9.6 to further
clarify the downstream mechanisms of these AMPAR Aabs, as well as confirming how the
effects detailed in this chapter are implicated in a hyper-excitable network, such as in epilepsy

patients.
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7. General discussion and final conclusions

Aabs directed against subunits of NMDARs and AMPARSs have been increasingly identified
in patients with encephalitis, epilepsy, schizophrenia and dementia, with their mechanisms of
action still not fully understood. Therefore, we aimed to generate both anti-AMPAR and anti-
NMDAR Aabs to explore any functional effects that these Aabs may be having on their
respective targets using several in vitro models. This study has demonstrated the successful
generation of both anti-NR1 (NMDAR) and anti-GluR3 (AMPAR) Aabs following peptide
immunisation. Characterisation of these Aabs was performed to determine cell-type specificity,
followed by use in a range of functional in vitro models. Results demonstrated that anti-
NMDARs Aabs, generated from immunisation with peptides known to be of immunogenic
importance and specific for native NMDARs, significantly inhibited NMDAR-dependent LTP.
AMPARSs Aabs, generated by peptide immunisation were shown to be highly specific for native
AMPARSs and elicited a significant functional inhibitory effect on primary hippocampal
neurons. How these findings may link to seizures and autoimmune epilepsy, as well as the

implications of this are discussed below.

7.1.  Can inhibitory functional effects of Aabs lead to seizures?

To date, it has been generally accepted that NMDAR Aabs are pathogenic in nature, and
contribute to seizures, along with memory and cognitive impairment (Hughes et al., 2010;
Wright et al., 2015; Planaguma et al., 2015). These Aabs are thought to act generally via
inhibitory mechanisms, which may appear counter-intuitive as seizures are often associated
with hyper-excitability, with many studies both past and present exploring the use of NMDAR
antagonists as novel AEDs, in an attempt to reduce network excitation (Barker-Haliski and
White, 2015). Inhibition of NMDARs, as observed in MEA experiments with NMDAR I1pp

Aabs, may contribute to seizure generation via internalisation of NMDARs on GABAergic
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neurons, resulting in a reduction in network inhibition and subsequently an
excitatory/inhibitory imbalance, leading to hyper-excitation (as illustrated in Figure 7.1). This
is consistent with previous findings, where application of NMDAR Aabs on primary
hippocampal neurons were shown to result in cross-linking and internalisation of synaptic
NMDARSs (Hughes et al., 2010; Moscato et al., 2014). This is supported further by one study
identifying disruptions in synaptic protein-protein interactions. Under normal conditions,
NMDARs are anchored and stabilised at the synapse via protein-protein interactions with
EPHB2Rs (Washburn et al., 2020). However, previous studies have shown that upon
application of NMDAR Aabs to primary neurons this interaction is disrupted, leaving
NMDARs less stable at the synapse, and therefore promoting their internalisation (Mikasova
et al., 2012; Planaguma et al., 2016). These alterations in synaptic expression of NMDARs
were also shown via a reduction in synaptic plasticity following NMDAR Aab application
(Zhang et al., 2012; Wiirdemann et al., 2016; Blome et al., 2018; Kersten ef al., 2019). These
findings have been confirmed in a study using post-mortem hippocampus from human patients
with ANRE, who expressed significantly less synaptic NMDARs than age-matched controls

(Hughes et al., 2010).

Taken together, it can be hypothesised that NMDAR Aabs may result in seizures by decreasing
the number of NMDARSs via internalisation on both excitatory and inhibitory neurons and
hence disrupting the excitatory/inhibitory balance. Under normal conditions, an excitatory
signal arrives at the presynaptic neuron, causing glutamate release onto post-synaptic neurons
(containing both NMDARs and AMPARSs), which propagates throughout the network, as well
as binding to NMDARs on inhibitory neurons, which provide negative feedback onto the
presynaptic neuron via GABAAaRs (Figure 7.1A). However, when NMDAR Aabs are present,
binding and internalisation of NMDARSs occurs, feedback inhibition from the inhibitory neuron

is lost, thus resulting in an increased excitatory output, disrupting the balance and causing a
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hyper-excitable network (Wright and Vincent, 2016) may result in compensatory changes in
intrinsic excitability (Fitzgerald, 2012) (as shown in Figure 7.1B). These effects are also
consistent with one recent study, whereby NMDAR Aabs increase the excitability of CA3

pyramidal neurons, making them more susceptible to seizures (Wright et al., 2021).

The hypothesis that NMDAR Aabs act by disrupting the excitatory/inhibitory balance is
consistent with a mouse model of schizophrenia, where mice express approximately 15% of
the normal levels of the NR1 subunit of NMDARs (Gandal et al., 2012). This reduced NMDAR
expression led to a compensatory increase in GABAaRs in vivo and increased intrinsic
excitability, resulting in a disrupted excitatory/inhibitory network. Mice with reduced
NMDARs also demonstrate increased sensitivity to kainic acid and hence suffered more lethal
seizures than wild type mice, suggesting a compensatory increased intrinsic excitability or
increased sensitivity of AMPARs (Duncan et al., 2010). Similarly, a reduction in NMDAR
activity via the addition of a competitive NMDAR antagonist, D-CPP-ene, worsened seizures
in 3 out of 8 patients with epilepsy (Sveinbjornsdottir et al., 1993), suggesting that acute
reduction of NMDAR function may lead to an imbalance of excitation and inhibition.
Furthermore, infusion of Aabs purified from patients with NMDAR encephalitis significantly
increased extracellular glutamate levels in rat hippocampus (Manto et al., 2010), suggesting
NMDAR Aabs induce a hyper-glutamatergic state, in line with the hypothesis described above.
Finally, one recent study has shown that treatment with the neurosteroid pregnenolone sulphate
upregulates NMDARs and reduced NMDAR-Aab induced seizure activity (Wright et al.,

2021).

Preliminary whole-cell patch-clamp experiments were also performed to investigate effects of
NMDAR Aab on sEPSCs in primary neurons. Interestingly, no clear changes in sEPSC

amplitude or frequency were seen following NMDAR Aab application. These data are in
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contrast to recent previous findings who report a reduction in sSEPSC amplitude and frequency
in hippocampal neurons in ex vivo brain slices (Wright et al., 2021), which may be due to
conditions of the primary cultures vs brain slice used. Further optimisation of these cultures by
altering density of neurons plated, as well as the level of glia within the culture could lead to
cultures with denser inter-network connections and increased NMDAR-dependent activity,

both in the presence and absence of TTX.
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Figure 7.1: Schematic of how NMDAR Aabs may cause seizures. (A) Following Na™ influx and depolarisation of the presynaptic neuron, glutamate is released, binding

to both AMPARs and NMDARs on the postsynaptic membrane and propagating the signal throughout the network. Inhibitory neurons are also stimulated via glutamate
binding to NMDARs, which feedback onto the presynaptic neuron via GABAaRs, inhibiting further glutamate release. (B) In the presence of NMDAR Aabs, internalisation
of NMDARs occurs on both the postsynaptic membrane as well as the inhibitory neuron, resulting in a loss of inhibition and hence increased presynaptic glutamate release,

and subsequent increased excitatory output propagated throughout the network.
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Less is understood regarding the mechanisms by which AMPAR Aabs are thought to act with
regard to neuronal excitability and seizures/epilepsy. There is much conflicting evidence as to
whether these Aabs are pathogenic and a cause of seizures (Levite et al., 1999; Ganor et al.,
2014), or whether AMPAR Aabs may be protective against seizure generation (Ganor et al.,
2005). As detailed in Chapter 6, AMPAR Aabs elicited a reduction in sSEPSC and mEPSC
frequency but not amplitude, following both acute and chronic application in the presence and
absence of TTX. Together, these data may be explained by AMPAR Aabs having a presynaptic
inhibitory mechanism of action, which coincides with growing evidence in the literature of
presynaptic GluR3 containing AMPAR expression (Lee et al., 2002; Zanetti et al., 2021). This
proposed presynaptic mechanism of action of AMPAR Aabs is in line with recent in vitro
studies, which have shown that acute treatment of GluR3 Aabs in synaptosomes obtained from
mouse hippocampus resulted in a dose-dependent decrease in glutamate release (Palese et al.,
2020). However, an alternative explanation for the results described in Chapter 6 would be an
Aab-induced internalisation of AMPARSs on the postsynaptic membrane. Fewer receptors on
the postsynaptic membrane would ultimately result in less availability for glutamate to bind
and exert a response to, which would show experimentally as a reduction in EPSC frequency.
Recent studies have demonstrated evidence to support this, where an increase in PICK1/GRIP1
ratio was observed following GluR3 Aab application (Palese et al., 2020). These proteins are
necessary for normal cycling of AMPARs, where PICK1 mediates the removal of GluR2/3
AMPARs from synapses, while GRIP1 stabilises the receptors in the postsynaptic density
(Diering and Huganir, 2018; Gardoni et al., 2021). Thus, an increase in the PICK1/GRIP1 ratio
indicates an increase in endocytosis of GluR3-containing AMPARs (Palese ef al., 2020), an
effect which has also been shown in rat hippocampal neurons (Borroni et al., 2017) and
prefrontal cortex neurons (Scheggia et al., 2021). This has also been shown as a result of both
GluR2 Aabs (Haselmann et al., 2018) and NR1 targeting Aabs (Hughes ef al., 2010).
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These more recent results suggesting an inhibitory effect of AMPAR Aabs (Palese et al., 2020;
Scheggia et al., 2021) are generally in contrast with older studies. Thus, incubation of AMPAR
Aabs resulted in a rapid inward current in GluR3-expressing oocytes (Malina et al., 2006).
Moreover, when AMPAR Aabs were co-applied with the AMPAR antagonist CNQX, a partial
blockade in the current was observed. Together, these data suggested that AMPAR Aabs bind
to GluR3-containing AMPARSs and act as an agonist. It has been hypothesised that AMPAR
Aabs binding to the GluR3B region causes the closure of the S1-S2 agonist binding domain, a
conformational change which leads to channel activation (Armstrong et al., 2003) . A similar
AMPAR Aab ‘agonist’ effect was seen when GluR3 Aabs were added to rat neocortical brain
slices and whole-cell membrane currents recorded, this effect was blocked by CNQX, but not
by DL-APV, suggesting these Aabs act specifically on AMPARSs (Levite et al., 1999). More
chronic (24 h) application of GluR3B Aabs in primary hippocampal neurons resulted in a
significant increase in cell death (Levite ef al., 1999); incubation of cells with Annexin V and
PI, revealed positive labelling with Annexin V only, confirming that cell death following Aab
incubation was due to apoptosis rather than necrosis (Levite et al., 1999). These findings
support the hypothesis that GIuR3B Aabs kill neurons via a non-classical complement-
independent manner, namely, via activation of AMPARs, mimicking the effects of excess
glutamate. This effect was not observed in our preliminary experiments of Aab-induced cell
death (see Appendix 9.6); however, follow-up studies are required to fully quantify these

results.

Overall, the data shown in this thesis are consistent with AMPAR Aab potential
presynaptic effects and/or postsynaptic AMPAR internalisation, whereby a reduction in the
overall number of receptors would lead to a decrease in the number of events recorded, a result
which is in line with previous studies (Borroni et al., 2017; Palese et al., 2020; Scheggia et al.,

2021). These AMPAR Aab-induced changes may lead to a homeostatic decrease in the strength
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of inhibitory response in the postsynaptic neuron, while also increasing the intrinsic excitability
(as illustrated in Figure 7.2). This may result in a disruption to the excitatory/inhibitory network
and promote seizure generation, an effect also previously shown for GluA1/2 Aabs (Peng et

al., 2015).
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Figure 7.2 Schematic of potential mechanisms of AMPAR Aabs. AMPAR Aabs may exert their inhibitory effect on pre-synaptic glutamate release via
presynaptic AMPARs. However, a more likely mechanisms is that AMPAR Aabs may cause antibody-induced internalisation of postsynaptic AMPARs resulting

in homeostatic changes in post-synaptic responses to inhibitory signals, as well as a homeostatic increase in intrinsic excitability, resulting in an imbalance of the
excitatory/inhibitory network.
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7.2 NMDAR and AMPAR Aabs: causative or
compensatory?
Pathogenic mechanisms of both NMDAR and AMPAR Aabs have been explored at length.
However, less-well explored is the possibility of NMDAR and AMPAR Aabs being generated
as a compensatory mechanism in response to seizures; for example, in an attempt to counteract
the hyper-excitable network. This possibility at a synaptic level is supported by data presented
in this thesis; other studies show Aabs may act overall within the network to dampen down
hyper-excitability (Hughes et al., 2010; Peng et al., 2015; Palese et al., 2020). Several in vivo
studies assessing pathogenic effects of Aabs have shown conflicting results, especially
regarding the epileptogenic effects (Rogers ef al., 1994; Planaguma et al., 2015; Wright et al.,
2015), with one study describing AMPAR Aabs as having a seizure protective effect in female
Lewis rats (Ganor et al., 2005). A closer look at these Aabs in epileptiform states, such as 4-
AP/Mg?*-free models, and eventually in vivo models of epilepsy, would help to shed some light
on the role of Aabs within an epileptic network and determine whether effects are causative in

seizure or are generated as a result of compensation by the network.

7.3 Conclusions and future work

The original aims of this work were to generate, characterise and test the functional effects of
both NMDAR and AMPAR Aabs in order to identify any potential pathogenic effects these
may be having on neuronal networks. The data presented throughout this thesis have shown
that NMDAR and AMPAR Aabs generated following peptide immunisation are specific for
their respective targets and display significant functional effects on neuronal networks.
Following peptide purification, NMDAR Aabs elicited a significant reduction in NMDAR-

dependent LTP in acute hippocampal brain slices, while AMPAR Aabs demonstrated an
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inhibitory effect on EPSC frequency on primary hippocampal neurons when measured via
whole-cell patch-clamp. Future work can further address details on mechanisms, for example
internalisation assays would help to determine whether NMDAR and AMPAR Aabs used in
these experiments cause cross-linking and internalisation of their respective receptors, as has
been previously suggested for NMDAR Aabs (Hughes ef al., 2010), AMPAR Aabs (Borroni
et al., 2017), and other Aabs such as GluA1/2 Aabs (Peng et al., 2015). Furthermore, applying
both NMDAR and AMPAR Aabs to an in vitro model of epileptiform activity, such as Mg?*-
free or 4-AP, or applying to organotypic hippocampal cultures (optimisation of which was
performed and described in Appendix 9.2) would help to determine their roles on network

activity and whether they are pro- or anti-epileptogenic.

The data presented in Chapter 6 are in keeping with a potential protective mechanism of
neuronal Aabs at the level of the synapse, as shown by the inhibitory effect of AMPAR Aabs.
This is supported by previous in vivo studies, where AMPAR Aabs have been shown to confer
partial protection against PTZ-induced seizures (Ganor et al., 2005). Despite this, it is generally
accepted that neuronal Aabs are pathogenic in nature and contribute to seizure development
(Wright et al., 2015; Ganor et al., 2014), despite mechanistically acting via an inhibitory
mechanism of action, as seen with both NMDAR and AMPAR Aabs in this thesis, as well as
in recent studies (Wright et al., 2021). This is also the case with several other neuronal Aabs
that have been identified in previous studies, including those targeting leucine-rich glioma
inactivated-1 (LGI-1) (Binks et al., 2018) and GABAgRSs (Jain et al., 2015). For example, LGI-
1 Aabs have been shown to block the interaction of LGI-1 with its receptors ADAM22 and
ADAM23 as well as induce internalisation of LG1-1 — ADAM?22 complex, resulting in
increased intrinsic excitability of neurons (Kornau et al., 2020; Ramberger et al., 2020). While
clear pathogenic mechanisms of many neuronal Aabs have been identified, with many inducing

internalisation of the target receptor (Hughes et al., 2010; Borroni et al., 2017), the exact
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mechanism of actions and how these contribute to seizures is still relatively unclear. Having a
deeper understanding of the mechanisms by which these Aabs exert their pathogenic effects at
a synaptic level can aid in the development of more targeted treatments for seizure resolution.
This has already been shown to be a viable avenue, where attenuated seizures were observed
following the use of the IL-1 receptor antagonist anakinra in mice with NMDAR Aabs
(Taraschenko et al., 2021b), or reduced NMDAR Aab induced internalisation following
incubation with EPHRB2 agonist (Planaguma et al., 2016). Successful treatment of other Aab-
mediated disorders such as myasthenia gravis have already been developed (Farmakidis et al.,
2018); thus, development of targeted therapies for seizures may be particularly useful when
immunotherapies are not feasible, do not result in resolution of all symptoms or result in
significant adverse effects (Dalmau ef al., 2011). In addition, it has been shown that epilepsy
patients harbouring neuronal Aabs are typically resistant to the currently available AEDs, but
respond well to treatments specifically targeting immunomodulation, such as corticosteroids,
IVIg or plasma exchange (Toledano et al., 2014), highlighting the need for quick diagnosis.
Testing for some well-characterised Aabs has already been incorporated into epilepsy
diagnosis, where incubation of patient’s serum or CSF with HEK cells transfected with the
antigen of interest is commonly performed (Ramanathan et al., 2021). Hence, characterisation

of these Aabs is vital to ensuring a quick diagnosis and subsequent treatment strategies.

To conclude, NMDAR and AMPAR Aabs generated in this thesis represent a useful tool for
investigating the mechanism of action of these Aabs with regard to seizure generation. In

addition, these can aid in the development of targeted therapies and novel AEDs.
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9. Appendices

9.1. Vector maps of recombinant plasmid pcDNA3.1(-) NR1-4a Hs
and pcDNA3.1(+) NR2B Hs

The plasmids used for HEK cell transfections described in section 2.2.1 were obtained from

UCB (Braine, Belgium), shown in Figure 9.1 and 9.2.

bla promoter CMV promoter
Amp(R) CMV forward primer
T7 primer
l / Xbal (916)
% T7 promoter
pUC origin GRIN1

pcDNA3.1(-)-NR1-4a Hs

8035 bp
svaopA A
NR1-4a Hs Xbal-Kozak-BamHI
Neo(R) Q}
/ Sy
SV40 early promoter / BamHI (3586)
f1 origin BGH reverse primer
BGH pA

Figure 9.1: Vector map for pcDNA3.1(-)-NR1-4a Hs, used for HEK cell transfections described in section
2.2.1.
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bla promoter CMV promoter

Amp(R) CMV forward primer
\ T7 primer
pUC origin - ﬁ‘,’\ T7 promoter

NotI (980)

SV40 pA
P——— D CDNA3.1(+)-NR2B Hs

09890 bp

Neo(R)

SV40 early promoter
e —

BGH pA

NR2B Hs NM 000834.2

BGH reverse primer
Xhol (5448)

Figure 9.2: Vector map for pcDNA3.1(-)-NR1-4a Hs, used for HEK cell transfections described in section
2.2.1.
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9.2 Optimisation of organotypic hippocampal brain slice cultures

This appendix presents a summary of optimisation experiments performed throughout this

thesis, but not formally used and no Aabs were applied.
9.2.1 Organotypic hippocampal brain slice cultures (OHSCs)

Postnatal day 7 C57BL6/J mice (male and female) were sacrificed, and brains removed. 400pm
slices were performed as described in Chapter 2 on a Leica vibratome using ice cold,
carboxygenated dissection media (GBSS supplemented with 1% D-glucose and 300um
kynurenic acid). Slices were left to recover for 30 min - 1 h then placed in pre-warmed culture
plates containing inserts (Millipore, UK). Slices were cultured for up to 15 days. At DIV 3, 6,
9, 12 and 15 the slices were removed, and activity was measured by placing over the electrodes
on multi-electrode arrays (MEAs). Slices were cultured in a defined medium (Table 15), where

medium was changed the day after plating, and every 2 days thereafter.
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Table 15: Summary of reagents used in organotypic culture medium

Reagent Final Component Function Supplier
Concentration
BME 25% Vitamins, amino Basal medium for | Gibco
acids and inorganic supporting growth
salts
Heat inactivated 12.5% N/A Growth factors Gibco
Horse serum promote cell
proliferation
HBSS 12.5% Nutrients Maintain pH Gibco
GlutaMax 2mM L-alanyl-L-glutamine | Essential amino Gibco
dipeptide acids (stabilised
form of L-
Glutamine)
D+Glucose 2mg/ml Glucose Source of energy | Sigma
Amphotericin B 0.25pg/ml Antifungal Prevents Gibco
contamination of
yeast and fungi
Penicillin/Streptomycin | 50U/ml/50pug/ml | Antibiotic Prevents growth Gibco
of gram-positive
and -negative
bacteria

9.2.2 Spontaneous epileptic bursting in OHSCs

Spontaneous epileptiform activity was measured and recorded across OHSCs using MEAs. As
detailed previously, prior to recording, MEAs were thoroughly cleaned using Terg-A-Zyme,
tap water, distilled water and 100% methanol before being subjected to plasma cleaning.
OHSCs on well inserts were removed from culture and inverted onto the recording area of the
MEAs, and carefully positioned over the electrodes using a microscope. Slices were weighted
down with a harp to ensure constant contact with the electrodes. OHSCs were maintained in
culture medium and baseline spontaneous activity was recorded for 10 min. Signals were

amplified by a 60-channel head-stage amplifier (MEA60 System, MCS) and simultaneously
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sampled at 10 kHz per channel on all 60 channels. Data acquisition to a computer was carried
out using the software MC Rack which monitored and recorded data for offline analysis at a

later date.
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9.3 Additional AMPAR Aabs Western blots

This appendix presents addition blots probed with AMPAR Aabs, as well as a commercial

AMPAR antibody, negative control IgG and secondary-only control.
9.3.1 AMPAR Aabs detect GluR3, but also other non-specific bands

Western blots were performed as described in Section 2.2.1.2, with primary cortical cell lysate
and whole brain lysates being run on SDS-PAGE and subsequently probed with AMPAR Aabs,
(c)AMPAR, rIgG (negative) control as well as a secondary antibody only (negative) control.
AMPAR Aabs detected a band at just above 100 kDa (as expected, GluR3 molecular weight
101 kDa; Figure 9.3A) in whole brain lysate, as well as a band at ~60 kDa. Fainter bands can
also be seen at 80 kDa (Figure 9.3A), which may be represent different glycosylated states of
the protein, or alternatively may be caused by non-AMPAR specific IgG binding, as seen with
our generated NMDAR Aabs (see section 3.3.2). AMPAR Aabs detected a band at ~60 kDa in
primary cortical cell lysate, with additional fainter bands being detected at 80 kDa and 50 kDa
but failed to detect a band at the expected size of 101 kDa. The commercial anti-AMPAR
antibody, detected two prominent bands at 100 kDa and 70 kDa in both samples, with an

additional band just above 100 kDa being detected in whole brain lysate (Figure 9.3A).

No-primary antibody negative controls resulted in no bands being detected (Figure 9.3A), and
the loading control antibody (GAPDH) was able to produce clean blots with a single band at
the expected molecular weight of 37 kDa (Figure 9.3B), the class-specific negative control
rIgG consistently produced detected multiple bands at different molecular weights (Figure
9.3A). This may be due to the nature of control used; as it is from a naive non-immunised
rabbit, it likely will contain other antibodies, some of which may be binding to targets within

our lysates.
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Figure 9.3: Western blot assessing binding specificity of protein A purified AMPAR Aabs to mouse whole brain
lysate and cortical cell lysate. (A) AMPAR Aabs elicited a band at the correct size (101 kDa), similar to that of
cAMPAR; a commercial anti-AMPAR antibody. The class-specific negative control rIgG elicited a multitude of bands
in both primary cortical lysate and whole brain lysate, whereas the no secondary only control did not elicit any bands.
(B) Representative blot of the loading control GAPDH, showing that clean, single band blots were able to be obtained
using the protocol employed (note the different size bands are due to different amounts of protein loaded per sample
(10pg primary cortical cell lysate compared to 50ug whole brain lysate). Representative blots selected from n=3
technical replicates.
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Cumulative Frecuency

9.4  Acute and chronic incubation of primary neurons with AMPAR
Aabs resulted in significant differences in cumulative inter-event
intervals

Significant differences in SEPSC cumulative inter-event interval distributions were observed

following AMPAR Aabs 30min incubation when compared to IgG incubated cells, and when

compared to pre-treatment baselines. These differences were also observed when broken down

into 10 min bins (p<0.0001; Kolmogorov-Smirnov test; Figure 9.4A-I).
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Figure 9.4: Effects of acute (30 min) AMPAR Aabs and rIgG application on SEPSC cumulative inter-event
interval. Cumulative inter-event intervals were analysed in 10 min bins and compared to pre-treatment baselines.
A-C: 0-10 min, 10-20 min and 20-30 min bins resulted in significant differences in cumulative inter-event intervals
were observed following AMPAR Aab 30 min incubation when compared to its pre-treatment baseline (p < 0.0001
A-C). D-F: 0-10 min, 10-20 min and 20-30 min bins resulted in significant differences in cumulative inter-event
intervals were observed following rIgG 30 min incubation when compared to its pre-treatment baseline (p < 0.0001,
p = 0.33 and p = 0.0003 respectively). G-I: 0-10 min, 10-20 min and 20-30 min bins resulted in significant
differences in cumulative inter-event intervals were observed following AMPAR Aab 30 min incubation when
compared to its pre-treatment baseline (p < 0.0001 G-I). Data were collected from 14-22 cells over three separate

neuronal culture and analysed via Kolmogorov-Smirnov test.
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Significant differences in mEPSC cumulative inter-event interval distributions were also

observed following AMPAR Aabs 30min incubation when compared to IgG incubated cells,

and when compared to pre-treatment baselines. These differences were also observed when

broken down into 10 min bins (p<0.0001; Kolmogorov-Smirnov test; Figure 9.5A-I).
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: Effects of acute (30 min) AMPAR Aabs and rIgG application on mEPSC cumulative inter-event
interval. Cumulative inter-event intervals were analysed in 10 min bins and compared to pre-treatment baselines. A-C:
0-10 min, 10-20 min and 20-30 min bins resulted in significant differences in cumulative inter-event intervals were
observed following AMPAR Aab 30 min incubation when compared to its pre-treatment baseline (p <0.0001 A-C). D-F:
0-10 min, 10-20 min and 20-30 min bins resulted in significant differences in cumulative inter-event intervals were
observed following rIgG 30 min incubation when compared to its pre-treatment baseline (p < 0.0001 D-F). G-I: 0-10 min,
10-20 min and 20-30 min bins resulted in significant differences in cumulative inter-event intervals were observed
following AMPAR Aab 30 min incubation when compared to its pre-treatment baseline (p < 0.0001 G-I). Data were

collected from 14-22 cells over three separate neuronal culture and analysed via Kolmogorov-Smirnov test.
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9.5  Preliminary cell death experiments following AMPAR Aab
incubation

This appendix presents a summary of a preliminary experiment performed, but not formally

analysed and therefore not included in the main body of the thesis.

9.5.1 No obvious changes in neuronal cell death were observed following acute
or chronic AMPAR Aab incubation

Following on from the functional experiments in Chapter 6, where AMPAR Aabs were found
to significantly reduce sEPSC and mEPSC frequency, a pilot study was performed
investigating levels of neuronal cell death. Primary neurons were incubated with AMPAR Aabs
or negative control IgG for 30 min and 24 h and labelled to detect Cleaved caspase 3 to try and
identify any changes in levels of neuronal cell death, similar to that seen previously (Levite et

al., 1999; Ganor et al., 2005).

No obvious changes in neuronal cell death were observed between those neurons incubated
with AMPAR Aabs, those with negative control IgG, or those only in culture medium,
following either acute (30 min) or chronic (24 h) incubation (as shown in Figures 9.6 and 9.7
respectively). However, as this was a preliminary experiment, not enough replicates were
conducted for any statistical analysis to be performed, therefore no conclusions can be made

regarding this.
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Figure 9.6: Inmunocytochemical staining of fixed primary hippocampal neurons. Cells incubated
either AMPAR Aabs or rIgG for 30 min prior to fixing and staining with cleaved caspase 3 (green, 1:50,
as shown by white arrows), BIII tubulin (red, 1:500) and GFAP (white, 1:400) did not exhibit any
obvious differences in levels of neuronal cell death. Scale = 20pum. Representative image selected from
n=3 technical replicates (from one biological replicate).
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Figure 9.7: Immunocytochemical staining of fixed primary hippocampal neurons. Cells incubated either
AMPAR Aabs or rIgG for 24 h prior to fixing and staining with cleaved caspase 3 (green, 1:50, as shown by
white arrows), BIII tubulin (red, 1:500) and GFAP (white, 1:400) did not exhibit any obvious differences in
levels of neuronal cell death. Scale = 20um. Representative image selected from n=3 technical replicates (from
one biological replicate).
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