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Abstract 

Over the last two decades, building evidence has shown that antibodies in the 

peripheral circulatory system are able to cross the blood-brain-barrier (BBB) and enter the 

central nervous system (CNS) to modulate brain function, as supported by findings in 

vaccination strategies for Alzheimer’s disease (AD) in mouse models and autoimmune 

disease models. Our laboratory has previously shown that naïve rats vaccinated against the 

GluN1 subunit of the N-methyl-D-aspartate (NMDA) receptor developed high anti-GluN1 

antibody titres, with GluN1 antibodies found at low levels in the cerebrospinal fluids. 

Moreover, GluN1-vaccinated rats showed enhanced learning and memory function. These 

exciting observations are crucial for developing an immunotherapeutic strategy for 

neurodegenerative disease treatments as the NMDA receptor is not only essential for brain 

function, but is also involved in the pathology of a number of brain diseases.  

This aim of the thesis was to characterise the mechanism(s) by which anti-GluN1 

antibodies mediate improved learning and memory in rats. Recombinant GluN1 (recGluN1) 

vaccination was not found to be associated with any neurotoxicity in the rat brain and NMDA 

receptor expression levels in recGluN1-vaccinated rat hippocampi were not different 

compared to control-vaccinated animals. Interestingly, passive transfer of rat anti-GluN1 

antibodies to naïve mice conferred improved performance in tests of object recognition and 

fear-associative learning and memory, providing more evidence that rat anti-GluN1 

antibodies mediate improved learning and memory. NMDA receptor-linked protein kinase B 

(PKB) and extracellular signal-regulated kinase 2 (ERK2) activities were upregulated, but 

Ca2+/calmodulin-dependent protein kinase II (CaMKII) activity was downregulated, as a 

result of binding and modulation of NMDA receptor function by anti-GluN1 antibodies. Rat 

anti-GluN1 antibodies bound with high affinity to the GluN1 glycine-binding site. 

Autoantibodies to brain antigens including GluN1 are also commonly found in humans with 

neurological disorders and whether these antibodies could affect neuronal function is unclear. 

We generated epitope binding profiles for 14 human stroke sera that also showed reactivity to 

the GluN1 subunit and discovered they had different epitope binding profiles. Neuronal cell 

death is a common clinical symptom of stroke; therefore, as a proof of concept, purified 

antibodies from four stroke sera with distinctively different anti-GluN1 epitope binding 

profiles were applied to rat primary hippocampal neuronal cultures, with neurotoxicity being 
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associated with two stroke samples. This thesis demonstrates that the anti-GluN1 antibody 

generated by recGluN1 vaccination (but not human stroke-derived) is beneficial to neuronal 

function in the CNS, and the hope is that the characterisation of the effects of anti-GluN1 

antibodies on neuronal function will further guide the development of antibody-based 

immunotherapeutic strategies for stroke treatment and rehabilitation. 
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Chapter 1. General introduction 

1.1. Antibody passage across the blood-brain-barrier 

The central nervous system (CNS) has conventionally been regarded as 

immunologically privileged, and it has been thought that humoral immune responses do not 

occur within the boundary of the blood-brain-barrier (BBB) (Steinman, 1995; Stevenson et 

al., 1997). However, the concept of the immunologically privileged brain is slowly shifting 

towards an understanding that antibodies in the systemic circulation are able to penetrate the 

BBB and enter the CNS (Bard et al., 2000; Banks et al., 2002). The BBB is a layer of 

endothelium cells with tight junctions designed to prevent large molecules in the circulatory 

system from entering the CNS (Diamond et al., 2013). However, within the brain, a number 

of regions are shown to have specialised structures that are exceptions to the rule. The 

circumventricular organs including the pineal body, posterior pituitary and subfornical organ 

are characterised by fenestrated and porous capillary structure that allows passage of soluble 

molecules such as antibodies from the blood to the CNS (Rodríguez et al., 2005; Abbott et 

al., 2010). 

In an animal Parkinson’s disease (PD) model, transgenic mice specifically expressing 

human alpha (α)-synuclein showed reduced neuronal human α-synuclein aggregation after 

being vaccinated against it, and the authors suggested that the anti-human α-synuclein 

antibody generated was able to enter the CNS to bind to its intended target (Masliah et al., 

2005). Similarly, in animal Alzheimer’s disease (AD) models, peripherally injected 

antibodies were able to enter the CNS through the BBB even after these AD animals were 

specifically shown to have no disrupted BBB that could have led to increased antibody 

permeability. (Bard et al., 2000; Banks et al., 2002; Banks et al., 2007). These results support 

data previously generated by our laboratory where antibodies generated by vaccination 

against the GluN1 subunit of the N-methyl-D-aspartate (NMDA) subtype of glutamate 

receptors were found in the cerebrospinal fluids (CSF) of animals with intact BBBs (During 

et al., 2000; Chen, 2010). Interestingly, a number of studies have estimated that the efficacy 

of peripherally injected antibody passage across an intact BBB is approximately 0.1% of the 

peripherally injected concentration (Bard et al., 2000; Banks et al., 2007). Furthermore, the 

level of a single dose of peripherally injected antibodies entering the CNS has been shown to 

peak on the fourteenth day after the initial injection, and the antibodies remained stable in the 
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animal brains for approximately a month after a single peripheral injection (Bard et al., 

2012). 

1.2. Modulatory effects of antibodies on brain function 

Antibodies that are able to cross an intact BBB and enter the CNS have been 

implicated in modulatory effects on brain function: these concepts arose from early studies of 

autoimmune disease involving CNS antigens. Rogers and colleagues showed that when naïve 

rabbits were vaccinated against glutamate receptor 3 (GluR3) protein, the high GluR3 

antibodies titres that developed were associated with seizures in these rabbits along with 

neuropathology, characteristic of Rasmussen’s encephalitis (Rogers et al., 1994). These 

results suggested that the anti-GluR3 antibodies mediated the pathological effects associated 

with this disorder. Additional lines of evidence followed. When transgenic mice (specifically 

expressing a disease-linked human form of amyloid precursor protein) were peripherally 

injected with anti-amyloid beta (Aβ) antibodies, anti-Aβ antibodies were found in the CSF of 

the mice within 24 hours after the first round of intravenous antibody injections, but more 

importantly object recognition memory deficits in these antibody-treated transgenic mice 

were reversed at the end of a 6-week treatment scheme (Dodart et al., 2002). Similar results 

from another animal AD model have also shown that behavioural deficits in contextual fear-

conditioning tasks were reversed after animals were peripherally injected with anti-Aβ 

antibodies (Zago et al., 2012). 

More recently, the potential of an immunotherapeutic approach to neurodegenerative 

disease has been shown in a number of human clinical trials related to AD (Valera and 

Masliah, 2013). A clinical trial of solanezumab for AD has shown a good safety profile 

(Farlow et al., 2012) with subsequent clinical trials showing slowed cognitive decline in mild 

AD patients that received the immunotherapeutic antibody when compared with those on 

placebo (Valera and Masliah, 2013; Doody et al., 2014). However, the same beneficial effect 

was not observed in another clinical trial with participants who had advanced AD (Lindström 

et al., 2014). The AD human clinical trials have shown promising results in using antibody-

based immunotherapy against neurodegenerative diseases, but also highlight the importance 

of early intervention to the success of such immunotherapy (Lemere, 2009). 

The modulatory effects of anti-Aβ antibodies on brain function are in agreement with 

what our laboratory has previously observed with autoantibodies that target the GluN1 

subunits of NMDA receptors (During et al., 2000). We vaccinated naïve rats with a 
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recombinant GluN1 (recGluN1) protein and these rats were found to generate high anti-

GluN1 immunoglobulin G (IgG) titres that entered the CNS, followed by exhibition of 

improved learning and memory phenotypes (Chen, 2010). 

These are interesting results as the NMDA receptor not only plays pivotal roles in 

synaptic transmission and neuronal cell survival (Tashiro et al., 2006; Takeuchi et al., 2013), 

but is also involved in a number of brain diseases such as stroke and epilepsy (Arundine and 

Tymianski, 2004; Wheless et al., 2009). Therefore the NMDA receptor, one of the most 

essential receptors for mammalian CNS function (Chen et al., 1998; Wang and Yang, 2005) 

would be a good immunotherapeutic target for neurodegenerative diseases. The functional 

importance of NMDA receptors in the brain is discussed in the subsequent sections of this 

chapter. 

1.3. NMDA receptor expression, function and regulation 

1.3.1. Structure of NMDA receptor 

The NMDA receptor is an ionotropic glutamate receptor. Structurally, it is a 

heterotetramer (Figure 1-1) that consists of two obligatory GluN1 subunits and most often 

two modulatory GluN2-type subunits (Stephenson, 2001; Wang and Yang, 2005; Tovar et al., 

2013; Horak et al., 2014). The modulatory subunits include a subcategory of four GluN2 

proteins (A-D), and a less common subcategory of GluN3A and GluN3B (Eriksson et al., 

2007; Wee et al., 2008; Paoletti et al., 2013; Soares and Lee, 2013). Each subunit is encoded 

by a series of GRIN genes. The GluN1 subunit is encoded by the GRIN1 gene and all four 

GluN2 variants are encoded by GRIN2 (A-D) genes (Dingledine et al., 1999; Moreno-

Gonzalez et al., 2008). Similarly, genes identified as GRIN3A and GRIN3B have been shown 

to encode GluN3A and GluN3B respectively (Andersson et al., 2001).  

Glutamate and glycine function as agonist and co-agonist, respectively, for the NMDA 

receptor (Nahum-Levy et al., 2002). The glutamate-binding site is located on the GluN2 

subunit and the glycine-binding site is located on the GluN1 subunit (Chen et al., 2005; Kalia 

et al., 2008). D-serine has also been shown to function as a co-agonist and binds to the 

glycine-binding site (Mothet et al., 2000; Wolosker, 2006; Bado et al., 2011). In addition to 

the main agonist-binding sites (ABSs), the subunits of the NMDA receptor also contain 

allosteric binding sites for zinc ions (Zn2+), hydrogen ions (H+) and polyamines (Kohr, 2006). 

An activated NMDA receptor is permeable to sodium ions (Na+), potassium ions (K+) and 
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calcium ions (Ca2+), but the most crucial function of the NMDA receptor is its permeability 

to Ca2+ (Rogawski, 2011; Chao and Li, 2014). This permeability to ions is regulated by a 

magnesium ion (Mg2+), which acts as a plug that sits in the receptor channel (Blanke and Van 

Dongen, 2009). However, only Na+ and Ca2+ enter the cell body through the NMDA receptor. 

In contrast, K+ exits the cell through the NMDA receptor (Yashiro and Philpot, 2008).  

 
Figure 1-1. Schematic summary of NMDA receptor structure, ligand-binding sites and 
ion flow directions. 
The NMDA receptor consists of 2 obligatory GluN1 subunits and 2 modulatory GluN2 
subunits. Glutamate and glycine function as agonist and co-agonist, respectively, which bind 
to the respective ABSs located on either the GluN1 subunit or the GluN2 subunit. The 
NMDA receptor is permeable to Na+, Ca2+ and K+, but Ca2+ is the most important. Both Na+ 
and Ca2+ enter a neuron through the NMDA receptor; in contrast K+ exits the neuron through 
the NMDA receptor 
 

The general structures (Figure 1-2) of the NMDA receptor subunits consists of four 

hydrophobic transmembrane domains (TM1-4) that function as anchors for the NMDA 

receptor subunits in the cell membrane (Stephenson, 2006). The NMDA receptor subunits 

also contain an extracellular amino-terminus (N-terminus) and an intracellular carboxyl-

terminus (C-terminus) that are essential for intracellular signalling (Waxman and Lynch, 

2005). Between the N-terminus and the TM1 lies the first membrane-spanning domain (S1) 

which forms the first half of the ABS. The second membrane-spanning domain (S2) is 

located between TM3 and TM4, which forms the remainder of the ABS (Moretti et al., 2004).  
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Figure 1-2: Simplified depiction of the GluN1 subunit structure. 
TM1-4 = Transmembrane domain 1-4. S1/2 = Membrane-spanning domain 1/2.  
 

1.3.2. Activation of NMDA receptor and calcium permeability 

The neurotransmitter glutamate is released from pre-synaptic neurons during synaptic 

transmission (Zhou and Auerbach, 2005). Before activating the NMDA receptor, glutamate 

binds to the ABSs located on the GluN2 subunits (Chen et al., 2005), and the co-agonist 

glycine or D-serine also needs to bind to the respective ABSs located on the GluN1 subunits 

(Kuner et al., 1996; Wolosker, 2006). The binding of both agonists to the ABSs leads to 

conformational changes in the ABSs by closing down the clamshell-like clefts of the ABSs, 

which increases the tension on the linkage between ABSs and TMs. The increased tension on 

the ABS-TM linkage causes conformational changes to the TM helices of the NMDA 

receptor and prepares the receptor channel for opening (Zhou and Auerbach, 2005; Talukder 

et al., 2010; Paoletti, 2011; Yao et al., 2013). However, before Ca2+ can enter the cell through 

the NMDA receptor, the voltage-dependent Mg2+ plug located in the middle of the NMDA 

receptor channel needs to be removed (Clarke and Johnson, 2008). The release of glutamate 

during synaptic transmission activates a subgroup of ionotropic glutamate receptors known as 

α-amino-3-hydroxy-5-methyl-4-isoxazole-propionate (AMPA) receptors (Wang and Yang, 

2005). The influx of Na+ into the post-synaptic neuron mediated by activated AMPA 

receptors quickly depolarises the cell membrane (Papadia and Hardingham, 2007). The 

voltage-dependent Mg2+ plug is removed by the depolarisation of the cell membrane, which 

allows Ca2+ and also Na+ to a lesser degree to enter and K+ to exit the neuron (Figure 1-3) 

(Nikolaev et al., 2012).  
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Figure 1-3: Summary schematic of NMDA receptor activation. 
Agonist binding changes the NMDA receptor channel conformation. The AMPA receptor is 
activated by the release of glutamate from the pre-synaptic neuron, which allows the influx of 
Na+ into the post-synaptic neuron. The post-synaptic neuronal cell membrane is depolarised 
due to elevated intracellular Na+ and this removes the Mg2+ plug. The Ca2+ enters the neuron 
through the NMDA receptor due to the absence of the Mg2+ plug. 
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1.3.3. NMDA receptor subunit locations 

The composition of NMDA receptor subunits varies depending on the location in the 

brain. The most commonly expressed NMDA receptor consists of 2 GluN1 subunits with 

either 2 GluN2A, 2 GluN2B or a combination of both modulatory subunits (Papadia and 

Hardingham, 2007; Tovar et al., 2013). The most crucial structural component in the NMDA 

receptor is the GluN1 subunit (120 kDa), which is always present when the receptor is 

expressed (Kopke et al., 1993; Papadia and Hardingham, 2007; Kalev-Zylinska et al., 2014). 

The 170 kDa GluN2A subunits are widely expressed in the CNS (Kohr, 2006; Pachernegg et 

al., 2013). The GluN2B subunits (170 kDa) are predominantly expressed in the forebrain, but 

are also found in the cerebellum during brain development. During brain development 

GluN2B subunits are gradually replaced by GluN2C in the cerebellum (Bi et al., 2000; Loftis 

and Janowsky, 2003; Stephenson, 2006; Karakas et al., 2012). The 140 kDa GluN2C subunits 

are primarily restricted to the cerebellum (Kopke et al., 1993; Buret and van den Buuse, 

2014). The main expression sites of GluN2D subunits (165 kDa) are located within the 

thalamus and limited regions in the forebrain (Hinoi et al., 2001; Stephenson, 2001; 

Kristiansen et al., 2006; Obiang et al., 2012). NMDA receptors that express GluN2D subunits 

are also found in peripheral tissues and cells such as skin, stomach, spinal cord, platelets, 

megakaryocytes and thymus lymphocytes (T-cells) (Kim and Jung, 2006; Watanabe et al., 

2008). 

Both GluN3A (135 kDa) and GluN3B (98 kDa) subunits have been found to form 

functional heteromeric structures with GluN1 in the absence of GluN2 subunits (Al-Hallaq et 

al., 2002; Matsuda et al., 2002; Wee et al., 2008). The GluN3 subunits have been found to be 

expressed in multiple brain regions (Eriksson et al., 2007). 

1.3.4. NMDA receptors in non-neuronal cells 

Studies have shown that NMDA receptors are not solely found  in neurons; a number 

of non-neuronal cells have also been found to have functional NMDA receptors (Hinoi et al., 

2004; Mashkina et al., 2007).   

Microglia are an immune cell type that constitute approximately 10-12% of the 

mammalian CNS cell population (Howe and Barres, 2012; Domercq et al., 2013). Microglial 

cells have been suggested to be actively involved in the CNS and the ramified form (active 

surveillance) participates in neuronal plasticity and synaptic pruning (Tremblay et al., 2011; 

Dissing-Olesen et al., 2014). A number of studies have shown that microglial cells can be 
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activated by glutamate or NMDA receptor agonist treatment (Acarin et al., 1996; Domercq et 

al., 2013), and the activation of microglia is slowed and inhibited by applying the an NMDA 

receptor antagonist (Streit et al., 1992; Thomas and Kuhn, 2005). Moreover, the cytotoxic 

effect mediated by the antagonist has been demonstrated to be reversible by applying high 

concentrations of glutamate (Hirayama and Kuriyama, 2001). Kaindl and colleagues 

published a paper showing the expression of GluN1 subunits in murine cortical microglia, 

and indicated the activation of microglial NMDA receptors plays a major role in excitotoxic 

neural death (Kaindl et al., 2012). The results obtained by Kaindl and colleagues (2012) 

provided further evidence that NMDA receptors are expressed in microglia, and that the 

activation of NMDA receptors is able to influence microglial activation. 

Astrocytes have been reported to express NMDA receptors (Verkhratsky and 

Kirchhoff, 2007). The presence of NMDA receptors in astrocytes was demonstrated in 

isolated astrocytes from cortical slices, which showed alteration in NMDA receptor-activated 

currents when either NMDA receptor agonists or antagonists were applied (Lalo et al., 2006). 

Moreover, in human astrocyte cultures, excitotoxicity induced by NMDA receptor agonists 

was attenuated by pharmacological NMDA receptor channel blockers, which further 

strengthened the evidence for the expression of functional NMDA receptors in astrocytes 

(Lee et al., 2010). More importantly, astrocytes are able to release and recycle 

gliotransmitters such as D-serine and glutamate, which are essential in maintaining CNS 

function (Kim et al., 2011a; Balu et al., 2014). The modulation of neuronal activity by 

astrocytes was demonstrated when mouse astrocytes that expressed a dominant-negative form 

of soluble NSF attachment protein receptor (SNARE), which impairs gliotransmitter release, 

showed reduced synaptic NMDA receptor activity in situ (Clasadonte et al., 2013). Therefore, 

astroglial NMDA receptors are suggested to have important roles in CNS function. 
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1.4. Involvement of hippocampal NMDA receptors in learning and memory 

One of the most important roles the NMDA receptors play is mediating synaptic 

plasticity (Le Roux et al., 2007; Takeuchi et al., 2013). This ability of NMDA receptors to 

mediate synaptic plasticity is associated with learning and memory function, which is one of 

the most important findings in regards to receptor functioning (Kiyama et al., 1998; Zhao et 

al., 2005; Zhang et al., 2008). A number of studies have analysed the expression levels of 

NMDA receptors in different brain regions and found that the NMDA receptors expressed in 

the hippocampus are particularly crucial for the formation of object recognition, spatial and 

fear-associative memory (Rampon et al., 2000; Broadbent et al., 2004; Barker et al., 2006; 

Fanselow and Dong, 2010).  

1.4.1. Involvement of hippocampal NMDA receptors in different types of 

learning and memory tasks 

Object recognition memory is defined as the capacity of an individual to both process 

and recognise a previously encountered object (Brown and Aggleton, 2001). The importance 

of hippocampal NMDA receptors in recognition memory was demonstrated in a study when 

mice with hippocampal GluN1 knockout showed impairment in object recognition memory 

(Rampon et al., 2000). Transgenic mice that display overexpression of GluN2B-containing 

NMDA receptors in the forebrain, including the hippocampi, have significantly improved 

object recognition memory (Tang et al., 1999). Similar object recognition memory 

improvement phenotypes were also shown in transgenic rats with overexpression of GluN2B-

containing NMDA receptors in the hippocampi (Wang et al., 2009c). Moreover, enhanced 

object recognition memory has been associated with significantly higher expression levels of 

GluN1 and GluN2B subunits in the rat hippocampus compared with other brain regions (Xu 

et al., 2005). Similarly, deleterious effects on memory recall were reported in human 

volunteers that received infusions of the NMDA receptor antagonist (ketamine) immediately 

after learning (Parwani et al., 2005). However, impairment of object recognition memory has 

been reported in animals that were given intraperirhinal infusions of NMDA receptor 

antagonists (Barker et al., 2006). A potential explanation of these results could be that the 

involvement of the hippocampus is dependent on the type of object recognition memory task 

performed (Good et al., 2007). A familiar recognition task (between familiar and novel 

stimuli) may be performed using only the perirhinal cortical NMDA receptors, with no 

hippocampal NMDA receptor involvement required. In contrast, context-dependent 
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recognition (between familiar and novel stimuli that have spatial or temporal components), 

requires the involvement of both hippocampal and perirhinal cortical NMDA receptors 

(Langston and Wood, 2010; Barker and Warburton, 2011; Warburton et al., 2013). However, 

there is consensus that object recognition memory is dependent on NMDA receptor-mediated 

synaptic plasticity (Warburton et al., 2013). 

Spatial memory refers to the ability of an individual to recall the placement of a 

particular object using spatial cues and the ability to navigate through a familiar environment 

using recalled spatial orientation information (Kelly et al., 2010; Pilly and Grossberg, 2012). 

Studies have shown in rat models that by knocking down NMDA receptors, in particular the 

GluN1 and GluN2B variants in the hippocampus, behavioural deficits were observed in rats 

relating to tasks that utilised spatial memory (Tsien et al., 1996; Clayton et al., 2002). This 

observation of impairment in spatial memory was further supported by other studies that 

applied NMDA receptor antagonists to rats before conducting behavioural tests designed to 

assess spatial memory (Ge et al., 2010; Zhang et al., 2013). Similarly, rats with maternal 

stress-mediated reduction in hippocampal NMDA receptor expression levels were observed 

to have impairments in spatial memory (Son et al., 2006). However, more recently a number 

of studies have reported that hippocampal NMDA receptor activation is not the sole mediator 

of spatial memory (von Engelhardt et al., 2008); instead the hippocampal NMDA receptors 

are used more as mediator to resolve two spatially concurrent conflicting behavioural 

responses such as changes to spatial cues during the retention phase of a spatial memory test 

(Bannerman et al., 2012; Taylor et al., 2014). Even though debate is still ongoing over 

whether the hippocampal NMDA receptors are solely responsible for a fully functional 

spatial memory, there is agreement that hippocampal NMDA receptors have important roles 

to play. 

Associative learning and memory are needed for an individual to process and integrate 

features of a context into a coherent representation that can be recalled when the same 

features of the context ware revisited (Fanselow, 2000; Fanselow and Dong, 2010). In terms 

of testing the relationship between hippocampal NMDA receptors and associative learning 

and memory in rodents, fear is the most efficient motivation tool to use (Kim and Jung, 2006; 

Curzon et al., 2009). Fear-associated memory can be either cued conditioning (associated 

with, for example, either a tone or a visual cue) or contextual conditioning (associated the 

environment) (Stolerman, 2010; Sweatt, 2010). The importance of hippocampal NMDA 

receptors was reported when mice with the GRIN2A gene mutation, which ablates the 

GluN2A-containing NMDA receptors, exhibited impaired learning and memory in a fear-
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related behavioural task (Kiyama et al., 1998). Similarly, when native hippocampal GluN1 

proteins were knocked down in rats, fear-associated learning deficits were observed (Kalev-

Zylinska et al., 2009).  

D-cycloserine (DCS) is a partial agonist of the NMDA receptor and interestingly, it has 

been shown to facilitate fear-associative memory consolidation in humans involving 

conditioned stimulus-induced neuronal responses in the posterior hippocampus region 

(Kalisch et al., 2009). 

The current view is that contextual fear conditioning requires both a functional 

hippocampus and an amygdala (Phelps, 2004; Steckler et al., 2005; Maren and Hobin, 2007), 

while cued fear conditioning is amygdala-dependent only (Adams and Sweatt, 2002). When 

the NMDA receptors in the amygdala basolateral nuclei of rats were blocked by antagonists, 

impairment of fear-induced memory acquisition was subsequently detected (Zhang et al., 

2008; Zimmerman and Maren, 2010). Consequently, the need for both the hippocampus and 

the amygdala to produce a fully functional contextual fear memory explains the finding that 

contextual fear memory formed in a hippocampus ablation study was not long-lasting and 

decayed rapidly over time  (Zelikowsky et al., 2012). 

1.4.2. Involvement of hippocampal NMDA receptors in short-term memory and 

long-term memory: Memory acquisition, consolidation, retrieval and 

reconsolidation 

Not only is a memory able to be classified according to the types of conditioning, but 

how a memory is stored and accessed can also be used to categorise the types of memory. 

Short-term memory (STM) refers to a particular information store with limited capacity that 

is kept at a readily accessible but temporary state. Long-term memory (LTM) refers to the 

storage of a vast amount of information that can persist over a long period of time. Therefore, 

the differences that separate STM from LTM are temporal decay and capacity limit (Cowan, 

2008). In addition, LTM is dependent on protein synthesis, while STM is not (Adams and 

Sweatt, 2002). Extracellular signal-regulated kinase (ERK) signalling is an essential NMDA 

receptor-mediated downstream signalling pathway for learning and memory (Giese and 

Mizuno, 2013). Transgenic mice expressing a dominant-negative form of a kinase that is 

responsible for activating ERK in hippocampi have been shown to exhibit reduced ERK 

downstream protein synthesis and transcription factor phosphorylation, resulting in 

impairment of contextual fear LTM, but not STM  (Kelleher et al., 2004). 
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Even though there are distinctive differences between STM and LTM, they are not 

mutually exclusive. In the context of animal behaviour, memory acquisition occurs as an 

animal learns to associate a particular stimulus with a particular event. An example would be 

where an animal associates a context (environment) or a cue (tone) with a shock (event) 

(Abel and Lattal, 2001). Memory acquisition forms STM but requires further consolidation to 

be stored as LTM. When animals were given intrahippocampal injections of NMDA receptor 

antagonists right after spatial memory acquisition, no difficulty in recalling short-term spatial 

memory was observed, but the animals were severely challenged in recalling long-term 

spatial memory (McDonald et al., 2005). This study indicates that the blockade of a process 

known as memory consolidation after memory acquisition is detrimental to LTM formation. 

Newly acquired STM is sensitive to disruption. Therefore, memory consolidation is essential 

in stabilising the newly acquired STM memory into LTM storage (Abel and Lattal, 2001; 

Fukushima et al., 2008; Adaikkan and Rosenblum, 2012). Memory retrieval is an essential 

process in learning and memory, whereby an animal is able to recall a previous experience 

when the particular stimulus associated with the experience is encountered again (Abel and 

Lattal, 2001; Carr et al., 2011). However, the process of memory retrieval is known to 

transiently destabilise once a memory is consolidated into LTM (Rossato et al., 2010). The 

LTM is vulnerable in this transiently destabilised state, and requires a process known as 

reconsolidation, otherwise the new LTM is at risk of being erased (Agren et al., 2012; Jones 

et al., 2012; Jarome and Lubin, 2014). This was demonstrated when hippocampal NMDA 

receptor activities in rats were inhibited by antagonists during the process of memory 

retrieval, and the memory reconsolidation process was disrupted, leading to loss of LTM (Lee 

and Hynds, 2013). Therefore, STM and LTM are interconnected by a range of different but 

essential memory processes mediated by hippocampal NMDA receptors. 

1.4.3. Hippocampus-induced long-term potentiation and short-term depression 

The current theory is that both long-term potentiation (LTP) and long-term depression 

(LTD) found in the hippocampus are crucial to the regulation of learning and memory (Chen 

et al., 2009; Dong et al., 2012; Taylor et al., 2014a). LTP is induced by prolonged, repetitive 

synaptic stimulation between pre-and post-synapses, characteristically associated with high 

frequency stimulation. In contrast, LTD is induced by similar repetitive stimulation between 

pre- and post-synapses, but involving low frequency or uncorrelated firing (Malenka and 

Bear, 2004; Shipton and Paulsen, 2013). The modulation of both synaptic plasticity types 
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requires the influx of Ca2+ through the activation of NMDA receptors (Nakazawa et al., 2004; 

Lohmann and Kessels, 2014). 

1.4.3.1. NMDA receptor homeostatic plasticity  

In 1949, Donald Olding Hebb, a Canadian psychologist proposed the ‘Hebbian 

Theory’, which stated that learning and memory are built on the modification of synaptic 

strength. The idea implies that by enhancing synaptic plasticity, learning and memory can 

also be enhanced (Tang et al., 1999). Therefore, by enhancing the expression level of the 

main synaptic plasticity modulator known as NMDA receptors, learning and memory should 

also be enhanced (Kochlamazashvili et al., 2012; Shipton and Paulsen, 2013). However, the 

Hebbian mechanism does not offer an explanation as to how the neural circuit is prevented 

from becoming hyperexcitatory (Miller, 1996; Turrigiano and Nelson, 2004). Moreover, at 

the level of single neuronal cell, there needs to be a stabilising mechanism to maintain the 

inward and outward electrical activities in the event of cellular morphological change or 

protein turnover (Marder and Prinz, 2002). 

Homeostatic plasticity may be achieved by a number of different modes working in 

conjunction or individually. Synaptic scaling, an important mode of homeostatic plasticity 

involves modulating synaptic strength by changing the number of NMDA receptors in the 

post-synaptic density (PSD) (Turrigiano, 2012). Metaplasticity allows synapses to change the 

subsequent direction or magnitude of synaptic plasticity over a period of time by changing 

the NMDA receptor subunit composition without reducing synaptic efficiency (Pérez-Otaño 

and Ehlers, 2005).  

1.5. Signalling transduction pathways downstream of NMDA receptors 

NMDA receptors in the synapse are capable of many downstream signalling effects 

due to multiple links between the large multi-protein complexes and the C-termini of both 

GluN1 and GluN2 subunits (Collins et al., 2006). The C-terminus of the GluN1 subunit is 

linked to Ca2+/calmodulin (CaM), a Ca2+ binding protein, which is essential in transducing 

Ca2+-mediated signalling (Chin and Means, 2000; Waxman and Lynch, 2005). The GluN2 

subunits play crucial roles in NMDA receptor localisation due to the links between GluN2 C-

termini and a complex of proteins known as membrane-associated guanylate kinases 

(MAGUKs) (Tao et al., 2002; Waxman and Lynch, 2005). The MAGUK complex includes 

many proteins, and of those, in a particularly important domain of proteins named post-
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synaptic density proteins, Drosophila disc large tumour suppressor and Zonula occludens-1 

(PDZ) contains scaffolding proteins such as PSD-95, PSD-93 and synapse-associated protein-

102 (SAP-102). These PDZ-scaffolding proteins are crucial for NMDA receptor intracellular 

trafficking and anchoring to the PSD (Lau and Zukin, 2007; Carlisle et al., 2008; Sanz-

Clemente et al., 2013; Horak et al., 2014; Tao et al., 2015). The intricately organised 

MAGUK complex has a number of roles to play in NMDA receptor-mediate signalling, 

which include NMDA receptor-dependent Ca2+ influx regulation, and allowing Ca2+-

dependent signalling proteins to be in close proximity to the site of Ca2+ entry through 

NMDA receptors (Aarts et al., 2002; Oliva et al., 2012).  

1.5.1. The involvement of protein kinases in NMDA receptor-mediated learning 

and memory 

Signalling pathways involved in learning and memory are regulated by the 

phosphorylation of kinases in NMDA receptor-dependent kinase cascades that firstly mediate 

synaptic plasticity by altering ion channel properties or densities, and secondly modify 

synaptic structure and synaptogenesis by regulating protein synthesis, phosphorylation and 

activity (Kim et al., 2011; Giese and Mizuno, 2013).  

1.5.1.1. Protein kinase B (PKB) 

PKB (also known as Akt) is one of the most important kinases within the NMDA 

receptor-mediated phosphoinositide-3-kinase/PKB (PI3K/PKB) signalling pathway (Figure 

1-4) (Hetman and Kharebava, 2006). However, the NMDA receptor is not the only activator 

of the PI3K/PKB pathway. Tyrosine receptor kinase B (TrkB), a brain-derived neurotrophic 

factor (BDNF) receptor, has been reported to be another important contributor to PI3K/PKB 

pathway regulation (Lin et al., 2001; Ou and Gean, 2006; Reichardt, 2006). One of the 

sources of this extracellular BDNF has been shown to be the glucocorticoid-induced 

molecular pathway (Revest et al., 2014). PI3K is activated in a Ca2+-dependent manner by 

Ca2+ binding to CaM, which catalyses the phosphorylation of membrane lipid 

phosphatidylinositol 4,5-biphosphate (PIP2) to phosphatidylinositol 3,4,5-triphosphate (PIP3) 

(Joyal et al., 1997; Brennan-Minnella et al., 2013). Both 3-phosphoinositide-dependent 

protein kinase-1 (PDPK1) and PKB contain pleckstrin homology domains that interact with 

PIP3 and allow PIP3 to recruit both PDPK1 and PKB to the plasma membrane (Alessi et al., 

1997; Pal and Mandal, 2012). PKB is then activated via phosphorylation by PDPK1 and 
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mammalian target of rapamycin complex 2 (mTORC2) (Sarbassov et al., 2005; Huang et al., 

2013). Activated PKB phosphorylates mTOR complex 1 (mTORC1), leading to upregulation 

of ribosomal protein S6 kinase 1 and 2 (p70S6K1/2) phosphorylation (Bekinschtein et al., 

2007; Stoica et al., 2011; Hung et al., 2012). 

Blockade of the PI3K/PKB pathway has always shown a deleterious effect on LTM 

formation, especially for amygdala-dependent fear LTM formation (Lin et al., 2001; 

Musumeci et al., 2009). Through pharmacological inhibition of the PI3K/PKB pathway in the 

rat hippocampus, the PI3K/PKB pathway has been shown to be essential for the acquisition, 

consolidation and retrieval of contextual fear LTM (Barros et al., 2001). Not only was the 

PI3K/PKB pathway shown to be elevated during contextual fear LTM retrieval, impairment 

in contextual fear memory retrieval was reported up to 12 days after a pharmacological PI3K 

inhibitor was used in a mouse model (Chen et al., 2005a). Interestingly, activation of the 

PI3K/PKB pathway in the hippocampus does not play a role in the formation of spatial 

memory (Dash et al., 2002; Chao et al., 2007). This was demonstrated when a PI3K/PKB 

pathway inhibitor was injected into rat hippocampi through implanted cannulae, and no 

spatial memory impairment was observed (Horwood et al., 2006). 

The importance of the PI3K/PKB pathway in learning and memory was demonstrated 

when hippocampal mTORC1 (a kinase regulated by PKB) was inhibited by rapamycin; 

deficits in fear LTM consolidation and reconsolidation were reported (Bekinschtein et al., 

2007; Stoica et al., 2011; Jobim et al., 2012). In line with this data, the p70S6K1/2 (kinases 

activated by mTORC1) phosphorylation level was found to be elevated after fear 

conditioning training (Parsons et al., 2006). Moreover, mice with hippocampal p70S6K1/2 

knockout were found to have impaired contextual fear LTM formation (Antion et al., 2008). 

Activated PKB is also able to inhibit glycogen synthase kinase 3 beta (GSK3β) activity 

by phosphorylation (Giese, 2009). This is an essential function of PKB in terms of learning 

and memory as inhibitory phosphorylation of GSK3β has been reported to increase in both 

the hippocampus and the amygdala during fear LTM formation (Fujio et al., 2007; 

Maguschak and Ressler, 2008). Moreover, the inhibition of GSK3β by pharmacological 

means has been reported to improve fear LTM formation (Guo et al., 2012), and impairment 

of spatial memory has been seen with the overexpression of GSK3β (Hernández et al., 2002). 

Interestingly, GSK3β has been suggested to have roles to play in memory retrieval and 

reward memory reconsolidation in more recent studies (Wu et al., 2011; Hong et al., 2012). 

The evidence suggests that the PI3K/PKB pathway has a pivotal role in regulating learning 

and memory.  
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1.5.1.2. Ca2+/calmodulin-dependent protein kinase II (CaMKII) 

The CaM-linked kinase pathway is a major signalling pathway that is essential for 

learning and memory (Figure 1-4) (Blaeser et al., 2006; Mizuno et al., 2006; Mizuno et al., 

2007). The CaM kinase cascade is essential in phosphorylating and activating CaMKII 

(Bossuyt and Bers, 2013). The activation of CaMKII not only dissociates CaMKII from F-

actin (this allows activated CaMKII to translocate), but also induces both phosphorylation 

and intersubunit autophosphorylation to allow prolonged kinase activity (Coultrap and Bayer, 

2012; Lisman et al., 2012). Activated CaMKII is able to move close to the synaptic AMPA 

receptor to phosphorylate the AMPA receptor (Miyamoto, 2006; Lisman et al., 2012; 

Kreusser and Backs, 2014).  

CaMKII that is expressed in glutamatergic neuron is required for memory formation 

(Giese and Mizuno, 2013). Although CaMKII has been reported to phosphorylate CREB in 

non-hippocampal neuronal cells (Sun et al., 1994; Kreusser and Backs, 2014), in 

hippocampal neurons, CaMKII is not localised in the nuclei, which suggests that CaMKII 

may not be involved in gene transcription-dependent memory formation in the hippocampus 

(Coultrap and Bayer, 2012). Interestingly, the presence of both CaMKII in the nuclei of 

hippocampal neurons and a shuttling mechanism responsible for transporting CaMKII from 

the cytosol to the nucleus have recently been reported (Buchthal et al., 2012; Ma et al., 2014). 

However, more studies are still needed to further the understanding of the role CaMKII plays 

in the nuclei of hippocampal neurons.  

The blockade of CaMKII by pharmacological inhibitors impairs memory formation 

(Lucchesi et al., 2011; Coultrap and Bayer, 2012). This is in accordance with the finding that 

CaMKII activity is substantially increased during memory formation (Cammarota et al., 

1998). CaMKII has 4 major subunit isoforms including αCaMKII, βCaMKII, γCaMKII and 

δCaMKII. Of theses, αCaMKII and βCaMKII are the most essential CaMKII subunits with 

vital roles to play within the CaM/CaMKII cascade (Hanson and Schulman, 1992; Coultrap 

and Bayer, 2012). When CaM binds to CaMKII, βCaMKII is released from its bond with F-

actin (Lin and Redmond, 2008). Once dissociated from the F-actin, CaMKII is transported to 

the PSD (Shen and Meyer, 1999). More importantly, mobile CaMKII can bind to the 

stargazin protein of the AMPA receptor complex via αCaMKII, which allows more AMPA 

receptor to be translocated to the PSD, and consequently increases synaptic transmission. 

Moreover, activated CaMKII (α subunits) in the PSD can phosphorylate the GluR1 subunit of 

the AMPA receptor and enhance AMPA receptor-mediated plasticity (Kristensen et al., 2011; 
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Lisman et al., 2012; Hell, 2014). However, the kinase activity of βCaMKII is not required for 

the formation of contextual fear memory (Borgesius et al., 2011).  

In comparison to βCaMKII, when αCaMKII activity was blocked by a knock-in 

mutation in a mouse model, impairment of contextual fear LTM was detected. Interestingly, 

the study also showed that the learning aspect of memory was not impaired as the animals 

were able to form fear memories after repeated training  (Yamagata et al., 2009). The 

importance of αCaMKII for memory formation was emphasised again when the formation of 

contextual memory was impaired by CaMKII activity inhibited via the application of a 

peptide-based CaMKII inhibitor (Buard et al., 2010). The autophosphorylation of αCaMKII 

is essential in the formation of memory, which was demonstrated by the elevation of 

phosphorylated CaMKII in hippocampal-dependent spatial memory formation (Rongo, 2002; 

Souza et al., 2012) Furthermore, contextual fear memory formation was impaired in a mouse 

knock-in mutation model that prevented αCaMKII autophosphorylation (Giese et al., 1998; 

Irvine et al., 2005; Irvine et al., 2011). Interestingly, this impairment in memory formation 

was overcome by repeated training, and the authors hypothesised that this reversal of memory 

formation deficit could be due to the generation of multi-innervated dendritic spines (synaptic 

spines that receive more than one pre-synaptic input) (Radwanska et al., 2011). The study 

suggests that the autophosphorylation of αCaMKII may contribute only in the early stage of 

memory formation, not in memory storage (Rodrigues et al., 2004; Irvine et al., 2011). This 

idea was further supported by a lack of impairment in contextual fear LTM storage after 

blocking the CaMKII activity post-training (Buard et al., 2010). More recently, the direct 

interaction between GluN2B and αCaMKII has been suggested to play a role in memory 

formation by regulating LTP (Sanhueza et al., 2011; Hell, 2014). This was demonstrated 

when point mutations in the GluN2B subunit of the NMDA receptors were introduced to 

prevent interaction with αCaMKII. Mice with these mutations showed impaired spatial LTM 

(Halt et al., 2012). Moreover, it has been reported that CaMKII-dependent phosphorylation of 

AMPA receptors is dependent on the binding of CaMKII to GluN2B (Halt et al., 2012). This 

direct binding of CaMKII to GluN2B has been proposed as the key mechanism to provide 

additional anchoring sites for AMPA receptors (Sanhueza and Lisman, 2013). 
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1.5.1.3. ERK1/2 

The ERK1/2 signalling (also known as mitogen-activated protein kinase cascade) is 

another NMDA receptor-mediated signalling pathway that has an essential role to play in 

learning and memory (Figure 1-4) (Davis and Laroche, 2006; Zhou et al., 2013; Marotta et 

al., 2014). The ERK1/2 pathway activation is activated by Ca2+-bound CaM activity (Egea et 

al., 1998; Agell et al., 2002). CaM induces Ras (a family of guanosine triphosphatases) 

guanine nucleotide-releasing factors 1 and 2 (RasGRF1/2; part of the guanine nucleotide 

exchange factor family) to activate guanosine triphosphate (GTP)-binding Ras (Colicelli, 

2004; Feig, 2011). BDNF-dependent TrkB is another receptor-mediated pathway able to 

activate GTP-binding Ras (Kaplan and Miller, 2000; Mao et al., 2015). The activated Ras-

GTP is then bound to and activates rapidly accelerated fibrosarcoma (Raf) kinase (Agell et 

al., 2002; Reichardt, 2006; Buhrman et al., 2011). However, Raf kinase also requires the 

activation of CaM-activated adenylate cyclase 1 and 8 (AC1/8). AC1/8 activates exchange 

protein activated by cAMP (EPAC). The activated EPAC then activates Ras-related protein 1 

(Rap1; Ras-like GTPase), which leads to the activation of Raf kinase (Obara et al., 2007; 

Yang et al., 2012). Activated Raf kinase then phosphorylates mitogen-activated protein 

kinase/ERK kinase 1 and 2 (MEK1/2), which leads to the phosphorylation and activation of 

ERK1/2 (Chang et al., 2003). Phosphorylated ERK1/2 can either regulate local dendritic 

messenger ribonucleic acid (mRNA) translation (Kelleher et al., 2004), or can be shuttled into 

the nucleus of a neuron (Giese and Mizuno, 2013). Phosphorylated ERK1/2 in a nucleus is 

able to activates both mitogen- and stress-activated protein kinase 1 (MSK1) and ribosomal 

S6 kinase 2 (RSK2), which are both major contributors to the phosphorylation of 

transcription factor cyclic adenosine monophosphate (cAMP)-response-element-binding 

protein (CREB) and the recruitment of CREB-binding protein (CBP) (Deak et al., 1998; 

Sindreu et al., 2007; Schneider et al., 2011).  

The importance of the ERK1/2 pathway in learning and memory was demonstrated by 

the increase of rat hippocampal ERK1/2 expression level during both cued fear and 

contextual fear conditioning (Atkins et al., 1998). The same study also showed that 

pharmacological blockade of hippocampal MEK1/2 (kinase that activates ERK1/2) led to 

impairment in fear-associated LTM formation (Atkins et al., 1998). The importance of 

ERK1/2 recruitment during contextual fear LTM formation was also shown when the 

expression level of ERK1/2 was significantly elevated during contextual fear conditioning 

(Philips et al., 2007). Furthermore, transgenic mice that express a dominant-negative form of 
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MEK1 in the forebrain have been shown to be impaired in hippocampal contextual fear LTM 

formation, but not STM (Kelleher et al., 2004). Mice that had hippocampal ERK activity 

blocked via pharmacological inhibitors were observed to have deficits in spatial learning and 

LTM formation, suggesting that the ERK1/2 pathway also has a vital role in spatial LTM 

formation (Blum et al., 1999; Selcher et al., 1999; Yang et al., 2011). In addition, 

pharmacologically enhanced ERK1/2 activity was found to enhance spatial learning and 

memory in a rat model, and this enhancement was diminished when pharmacological 

inhibitors for ERK1/2 were introduced (Zhao et al., 2014). 

However, the primary function of ERK1/2 during LTM formation is the activation of 

phosphorylation-dependent CREB transcription (Sindreu et al., 2007; Adaikkan and 

Rosenblum, 2012). The importance of hippocampal CREB phosphorylation for learning and 

memory was demonstrated by the inhibition of CREB phosphorylation through the use of a 

naturally occurring CREB activity inhibitor. When hippocampal CREB activity was blocked, 

behavioural deficits were observed in both spatial STM and LTM, and contextual fear 

conditioning acquisition was also impaired (Jung et al., 2010). The phosphorylation of CREB 

activates the transcriptions of BDNF and proto-oncogene c-Fos, which both play crucial roles 

in learning and memory function (Sheng et al., 1990; Finkbeiner et al., 1997; Adaikkan and 

Rosenblum, 2012). This was demonstrated when hippocampal BDNF mRNA was inhibited 

by antisense oligonucleotide treatment, following which spatial memory acquisition, 

consolidation and retrieval were all impaired (Mizuno et al., 2003). Furthermore, conditional 

BDNF knockout mice (restricted to forebrain) have been reported to show hippocampus-

dependent learning deficits (Monteggia et al., 2004). In addition, the upregulation of proto-

oncogene c-Fos was observed in mouse hippocampus neuronal nuclei after contextual fear 

conditioning. The same study also found ERK1/2 phosphorylation inside the hippocampal 

neuronal nuclei, which is in agreement with the idea that activated ERK1/2 activates 

transcription factors and protein syntheses during learning and memory tasks (Tronson et al., 

2009). 

Over the years, numerous studies have produced convincing evidence showing the 

importance of the ERK1/2 signalling pathway in learning and memory functions, but 

individual functional differences between ERK1 and ERK2 in learning and memory are still 

undefined (Shalin et al., 2004). Interestingly, a study by Selcher et al. (2001) attempted to 

answer this question by using an ERK1 knockout mouse model. The study showed that the 

ERK1 knockout was not lethal and the knockout mice showed normal hippocampal 

phenotypes with no hippocampus-dependent learning and memory deficits. The authors 
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therefore proposed that hippocampal learning and memory do not depend on ERK1 activity 

(Selcher et al., 2001). The result was repeated in a second independent study, where ERK1 

knockout mice showed no learning or memory deficits. Interestingly, an increase in striatal-

dependent learning was observed in this second study (Mazzucchelli et al., 2002). However, 

these results did not directly indicate the role of ERK2 in learning and memory as ERK2 

knockout is embryonic lethal (Satoh et al., 2007). Therefore, a mouse model with ERK2 

expression reduced to approximately 20-40%, and normal ERK1 expression level was used in 

an attempt to investigate ERK2 functionality in learning and memory. The mice with reduced 

ERK2 expression showed behavioural deficits in contextual fear LTM formation and spatial 

learning. This data indicated that ERK2-dependent learning and memory were not 

compensated by the normal ERK1 expression level (no upregulation of ERK1 activity was 

observed), which revealed the importance of ERK2 function in learning and memory (Satoh 

et al., 2007). These results have strengthened the hypothesis that ERK1 only plays an 

accessory role to ERK2 function (Adams and Sweatt, 2002). Nevertheless, the ERK pathway 

has been shown to have a pivotal role in learning and memory. 
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Figure 1-4: Summary schematic of NMDA receptor-mediated signalling transduction 
pathways. 
The letter P indicates phosphorylation. Arrows indicate activation of downstream signalling 
targets. 
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1.5.2. NMDA receptor pro-survival and pro-death signalling pathways 

Although the NMDA receptor is crucial to synaptic plasticity (Aamodt and 

Constantine-Paton, 1999), overactivation has always been associated with neuronal cell death 

(Lipton and Rosenberg, 1994; Stanika et al., 2009). During ischaemic stroke, excessive 

release of glutamate overactivates the NMDA receptors (Rossi et al., 2000), which ultimately 

leads to the destruction of neurons (Camacho and Massieu, 2006). This was demonstrated 

when neuronal loss was prevented by applying NMDA receptor antagonists to rat 

hippocampal neurons under ischaemic conditions (Hardingham et al., 2002a). However, 

studies have also found that neuronal survival is dependent on the physiological activation of 

synaptic NMDA receptor activity (Ikonomidou and Turski, 2002; Hardingham and Bading, 

2003). This was demonstrated by evidence of cell death in vitro when NMDA receptor 

antagonists were applied to rat hippocampal neurons (Martel et al., 2009). Therefore, 

neuronal survival relies on striking a balance between too much and too little NMDA 

receptor activity (Parsons et al., 2007). 

1.5.2.1. NMDA receptor-mediated cell survival pathways 

Apart from modulating learning and memory function, the NMDA receptor is also 

essential for mediating cell survival signalling (Ikonomidou et al., 2000; Tashiro et al., 2006). 

The main signalling pathways involved in NMDA receptor-mediated cell survival are 

summarised in Figure 1-5.  

The PI3K/PKB pathway is an important cell pro-survival signalling pathway that is 

activated by the NMDA receptor (Lafon-Cazal et al., 2002; Hetman and Kharebava, 2006). 

Activated PKB promotes survival signalling through the phosphorylation and 

activation/inactivation of many downstream targets. PKB is able to contribute to NMDA 

receptor-mediated neuroprotection by inhibiting GSK3β activity through phosphorylation 

(Cross et al., 1995; Habas et al., 2006; Soriano et al., 2006). In comparison, mTORC1 is 

activated by PKB to promote cell survival signalling (Hung et al., 2012). Pro-death genes 

such as Fas ligand and Bim are also downregulated by the phosphorylation and translocation 

of forkhead box O (FOXO; a subfamily of forkhead transcription factors) from the nucleus to 

the cytoplasm, mediated by PKB (Brunet et al., 1999; Gilley et al., 2003). Furthermore, a pro-

apoptotic member of the Bcl-2 gene family BAD that inhibits the pro-survival member of 

genes Bcl-2 and Bcl-XL is inactivated by PKB-mediated phosphorylation (Downward, 1999). 

PKB also inhibits the activator (apoptosis signal-regulating kinase 1) of pro-death mitogen-
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activated protein kinase (p38) and c-Jun N-terminal kinase (JNK) through phosphorylation 

(Kim et al., 2001). 

Transcription factor CREB is an NMDA receptor activity-dependent key mediator of 

gene expression that has an essential role in cell survival (Hardingham and Bading, 2002; 

Lonze and Ginty, 2002). When phosphorylated (at serine 133), CREB binds to cAMP 

response element (CRE) and is involved in CRE-dependent gene expression (Hardingham et 

al., 2001; Hardingham et al., 2002a). The antiapoptotic gene Btg2, and the transcription 

repressor (Bc16) that supresses tumour protein 53 (p53) are examples of pro-survival genes 

regulated by CREB that are NMDA receptor-dependent forms of neuroprotection (Zhang et 

al., 2007). BDNF, which has been known to promote neuronal survival, is another CRE 

candidate regulated by NMDA receptor activity-dependent CREB phosphorylation 

(Hardingham et al., 2002a). CaMKIV and ERK1/2 signalling pathways mediate the 

phosphorylation of CREB and both pathways are mainly activated by Ca2+ binding to CaM 

through NMDA receptor-mediated Ca2+ influx (Papadia and Hardingham, 2007; Giese and 

Mizuno, 2013).  

The CaMKIV pathway is activated by CaM. CaM activates Ca2+/calmodulin-

dependent protein kinase kinase (CaMKK), and this activated CaMKK phosphorylates and 

activates both CaMKIV and CaMKI (Wayman et al., 2008). However, in order to fully 

activate the CaMKIV pathway, both CaMKIV and CaMKI need to bind to CaM to receive 

persistent Ca2+ signal that is long enough to allow both CaMKIV and CaMKI to encounter 

one another and which is needed to confirm the authenticity of the transmission signal 

(Swulius and Waxham, 2008). Fully activated CaMKIV then phosphorylates CREB and 

CREB-binding protein (CBP; transcription co-factor to CREB) in the nucleus (Giese and 

Mizuno, 2013). The CaMKIV pathway also mediates a faster and short-lasting 

phosphorylation of CREB compared with the ERK1/2 pathway (Wu et al., 2001). The 

ERK1/2 pathway-mediated phosphorylation of CREB is described in section 1.5.1.3. 

1.5.2.2. NMDA receptor-induced cell death pathways 

A major cause of neuronal cell death during ischaemic stroke is the overexcitation of 

the NMDA receptors (Arundine and Tymianski, 2004). A summary of the main pathways 

involved in NMDA receptor-induced cell death are shown in Figure 1-5.  

Excessive uptake of Ca2+ by mitochondria through potential-driven uniporters is the 

main cause of mitochondrial dysfunction during the overactivation of the NMDA receptor 
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(Stout et al., 1998; Stavrovskaya and Kristal, 2005; Stanika et al., 2009). This increased 

uptake of Ca2+ depolarises the mitochondrial membrane and causes mitochondrial adenosine 

triphosphatase (ATPase) reverse function, which inhibits the formation of ATP (Keelan et al., 

1999; Vergun et al., 1999). The reduced ATP levels further hinder the neuron’s ability to 

regulate intracellular Ca2+ levels (Papadia and Hardingham, 2007). Apoptosis is then caused 

by excessive uptake of Ca2+ by the mitochondria, which leads to the production of reactive 

oxygen species (ROS) (Brennan-Minnella et al., 2013), and the release of cytochrome C-

dependent apoptosomes and caspase activation (Stout et al., 1998; Nicholls, 2004). 

Intracellular Ca2+ levels are regulated by Na+/Ca2+ exchangers (NCX) and the plasma 

membrane   Ca2+ ATPase pump (PMCA) under normal physiological condition (Pottorf et al., 

2006). Calpains, a type of Ca2+-dependent protease, are activated via excessive NMDA 

receptor-mediated Ca2+ influx, resulting in cleavage of one of the major isoforms of NCX 

(NCX3), and consequently impairs the function of NCX3 (Bano et al., 2005). PMCA, which 

transports Ca2+ out of the neuron, is inactivated by the depletion of ATP and by both calpain- 

and caspase-mediated excitotoxicity, during overactivation of NMDA receptors (Schwab et 

al., 2002; Pottorf et al., 2006). The build-up of intracellular Ca2+ levels then contributes to the 

cycle of increasing excitotoxicity. 

The toxic downstream events involving Ca2+-dependent neuronal nitric oxide synthase 

(nNOS) are dependent on NMDA receptor overactivation (Rameau et al., 2003; Förstermann 

and Sessa, 2012). The nNOS is able to bind to the PDZ domain of the MAGUK complex. 

This allows the PDZ domain to bring nNOS into close proximity with the NMDA receptor, 

which activates nNOS (Jaffrey et al., 1998; Nikonenko et al., 2008). The activation of nNOS 

results in nitric oxide (NO) production (Alderton et al., 2001), which is toxic. In addition, 

when NO is combined with an ROS such as superoxide, toxic peroxynitrite (ONOO-) is 

produced (Beckman and Koppenol, 1996). Both NO and ONOO- depolarise mitochondrial 

membranes, inhibit mitochondrial respiration-chain enzymes and damage other cellular 

components (Arundine and Tymianski, 2004). 

The NMDA receptor is also able to mediate a class of stress-activated protein kinases 

(SAPKs) during traumatic brain injury such as stroke, which then mediate neuronal cell death 

(Kawasaki et al., 1997; Schwarzschild et al., 1997). SAPKs such as p38 and JNK activation 

mediated by the NMDA receptor have been shown to cause neuronal cell death through 

excitotoxicity (Borsello et al., 2003; Cao et al., 2004; Centeno et al., 2007).  
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Figure 1-5: A summary illustration of NMDA receptor-dependent pro-survival and pro-
death pathways. 
Please see associated text for more details. The letter P indicates phosphorylation. 
 

1.5.2.3. Determining factors favouring NMDA receptor activity-dependent 

neuroprotection or excitotoxicity 

The NMDA receptor is able to mediate both neuroprotection and excitotoxicity in 

neurons. This is a key issue that should be considered seriously and carefully when designing 

novel treatments for neurological diseases, be they immunotherapy-based or not. 

The magnitude of receptor activation or stimulus intensity (this could be either 

intensity or duration) is vital in determining the nature of a particular NMDA receptor 

activity (Papadia and Hardingham, 2007). The current model of the nature of NMDA 

receptor activity is a bell-shaped curve where either too little or too much activity results in 

cell death, and intermediate NMDA receptor activity leads to cell survival (Hardingham and 

Bading, 2003; Hardingham, 2009; Chao and Li, 2014). This is indicated by the death of rat 

neurons due to overactivation of NMDA receptors mediated by excessive glutamate under 

ischaemic conditions both in vitro and in vivo (Andrabi et al., 2011). Similarly, too little 

NMDA receptor activity is detrimental to neuronal survival, as had been demonstrated in vivo 
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when the NMDA receptor antagonist dizocilpine maleate (MK-801) suppressed adult rat 

neurogenesis after stroke (Arvidsson et al., 2001). Moreover, rat hippocampal neurons were 

prevented from responding to pro-survival BDNF when the NMDA receptors were blocked 

by other pharmacological antagonists (Crozier et al., 1999). Both NMDA receptor-dependent 

pro-survival and pro-death pathways are Ca2+-dependent, which suggests that the pro-

survival pathway activation requires a lower Ca2+ threshold (Hardingham, 2009) since 

cytotoxic NMDA receptor hyper-and hypo-activations are both induced by extreme 

conditions such as ischaemia and antagonist application. One explanation may be that the 

main Ca2+-dependent pro-survival pathways are regulated by CaM, which can be activated by 

a slight increase in intracellular Ca2+ levels (Li et al., 2012), and CaM is responsible for 

activating pro-survival pathways including PI3K/PKB, CaMKIV, CaMKII and ERK1/2 

(Papadia and Hardingham, 2007). In contrast, the activation of NMDA receptor-dependent 

pro-death pathways do not require the involvement of CaM; instead, these pro-death 

pathways are activated by Ca2+ directly at high concentration (Tompa et al., 1996; Nicholls, 

2004; Stanika et al., 2009). The nNOS pro-death pathway (even though it is activated by 

CaM) is inhibited by phosphorylation, and the inhibitory phosphorylation event is prevented 

by high levels of glutamate (Rameau et al., 2003; Rameau et al., 2007). Interestingly, the 

synaptic NMDA receptors have been suggested to be mainly activated by short but intense 

stimuli, in contrast to the lower intensity chronic activation of the extrasynaptic NMDA 

receptors (Liu et al., 2004; Hardingham and Bading, 2010; Dong et al., 2012; Shipton and 

Paulsen, 2013). 

The location of the NMDA receptor has a profound effect on receptor-dependent 

synaptic plasticity (Lohmann and Kessels, 2014). Therefore, the effect of the NMDA receptor 

location on favouring either the pro-survival or pro-death pathway should not be ignored. 

Studies have reported contradictory types of regulation of the ERK1/2 pathway between 

synaptic and extrasynaptic NMDA receptors. In rat hippocampal neurons, synaptic NMDA 

receptors have been shown to activate the ERK1/2 pathways, in contrast to the inactivation of 

the ERK1/2 pathway mediated by extrasynaptic NMDA receptors (Ivanov et al., 2006; 

Léveillé et al., 2008). Moreover, CREB-dependent pro-survival gene expression (Btg2 and 

Bc16) is predominantly activated by the synaptic NMDA receptors, whereas the extrasynaptic 

receptors have been reported to inactivate CREB by inducing CREB dephosphorylation at 

serine 133 (Hardingham et al., 2002a; Zhang et al., 2007). Furthermore, the inactivation of 

CREB has been shown to be prevented by antagonist-specific blocking of GluN2B containing 

extrasynaptic NMDA receptors (Kaufman et al., 2012). Similarly, activation and maintenance 
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of the pro-survival PI3K/PKB pathway has been reported to be only mediated by the synaptic 

NMDA receptors (Papadia et al., 2008). The activated extrasynaptic NMDA receptors have 

been shown to activate calpain, which leads to the cleavage of the p38 inhibitory enzyme and 

results in the prolonged activation of pro-death p38 signalling (Bano et al., 2005; Xu et al., 

2009). Interestingly, activation of both synaptic and extrasynaptic NMDA receptors at the 

same time fails to mediate the neuroprotective property of activated synaptic NMDA 

receptors under oxidative assault in rat cortical neurons (Papadia et al., 2008). Moreover, 

synaptic NMDA receptors have been reported to cause neurotoxicity even when the 

extrasynaptic NMDA receptors were blocked by antagonists (Wroge et al., 2012). In addition, 

other studies have reported that NMDA receptors at either synaptic or extrasynaptic locations 

did not promote excitotoxicity when activated separately. The authors hypothesise that 

excitotoxicity requires the activations of both synaptic and extrasynaptic NMDA receptors 

(Zhou et al., 2013; Zhou et al., 2013a). Therefore, the underlying mechanisms behind 

differential NMDA receptor-mediated signalling pathways may not be as simple as being 

“due to locational differences”. 

The dramatic differences in signalling between synaptic and extrasynaptic NMDA 

receptors could be due to one of the three factors. The differences could be a result of 

different NMDA receptor signalling/scaffolding proteins between synaptic and extrasynaptic 

NMDA receptors (Hardingham and Bading, 2010). The GluN2A-containing NMDA 

receptors are associated predominantly with PSD-95, which concentrates GluN2A in the PSD 

because the PSD-95 proteins are limited to the PSD (Steigerwald et al., 2000; van Zundert et 

al., 2004; Pérez-Otaño and Ehlers, 2005). This also increases the half-life of GluN2A-

containing NMDA receptors before being recycled (Groc et al., 2006). In contrast, the 

GluN2B-containing NMDA receptors are preferentially associated with SAP-102 proteins, 

and as a result are more mobile, widespread and extrasynaptic in mature neurons (Sans et al., 

2000; van Zundert et al., 2004). This was demonstrated when the expression levels of 

GluN2A and GluN2B during development followed the expression patterns of PSD-95 and 

SAP-102, respectively (Sans et al., 2000; Yoshii et al., 2003).  During early development, 

SAP-102/GluN2B-containing NMDA receptors are inserted within the synapse. However, the 

PSD-95 expression level increases during postnatal development and competes with SAP-102 

for insertion into the PSD. This results in the displacement of SAP-102/GluN2B NMDA 

receptors outside of the synapse. Consequently, PSD-95/GluN2A-containing NMDA 

receptors become the main NMDA receptor type at neuronal maturation (Barria and 

Malinow, 2002; van Zundert et al., 2004; Pérez-Otaño and Ehlers, 2005; Petralia et al., 2010; 
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Gladding and Raymond, 2011). This differential preference for signalling and scaffolding 

proteins could play a role in favouring different signalling pathways between synaptic and 

extrasynaptic NMDA receptors. This was suggested when pro-death p38 was reported to 

favour localising near the extrasynaptic membrane, indicating that p38, but not ERK, was 

preferentially activated by the extrasynaptic receptors (Xu et al., 2009). 

The differential subunit compositions may also have an effect on determining NMDA 

receptor signalling. The variation in the C-terminals between different GluN2 types provides 

the potential for different downstream signalling pathways (Hardingham and Bading, 2010). 

GluN2A-containing NMDA receptors have been reported to promote neuronal survival and 

enhance neurotransmission, where in contrast, GluN2B-containing NMDA receptors have 

been reported be involved in pro-death signalling (Liu et al., 2007; Kochlamazashvili et al., 

2012). There are potentially a number of questions that need to be asked concerning this 

concept. The specificity of the GluN2A antagonist used in vivo has come under question in a 

number of other studies (Weitlauf et al., 2005; Frizelle et al., 2006; de Marchena et al., 2008). 

There is a need for a better antagonist that is more specific to synaptic NMDA receptors 

(Zhou et al., 2014). Furthermore, a number of studies have shown that both GluN2A- and 

Glu2B-containing NMDA receptors are able to promote neuronal survival and death 

irrespective of GluN2 types (von Engelhardt et al., 2007; Papadia et al., 2008; Martel et al., 

2009). A major issue to consider is that, both GluN2A and GluN2B expression levels 

undergo dramatic changes during the course of development, which could lead to potential 

misinterpretation of changes in signalling by subunit types where there may have been other 

causes (Hardingham and Bading, 2010). This might be a potential problem when 

experimenting with neuronal cell cultures. The triheteromeric form 

(GluN1/GluN2A/GluN2B) of the NMDA receptor (Hatton and Paoletti, 2005; Rauner and 

Köhr, 2011) is another major issue to consider as both GluN2A- and GluN2B-dependent 

signals could theoretically be transmitted from the same NMDA receptor. Furthermore, both 

GluN2A and GluN2B could potentially interact with downstream signalling pathways 

through signalling complexes connected to both C-termini (Hardingham and Bading, 2010). 

However, it has been suggested that triheteromeric NMDA receptors are able to change the 

ratio between GluN2A- and GluN2B-containing NMDA receptors for both synaptic and 

extrasynatpic NMDA receptor pools (Paoletti, 2011). This change in ratio between the 

number of GluN2A- and GluN2B-containing NMDA receptors has been suggested to 

regulate NMDA receptor signalling (Cui et al., 2013; Paoletti et al., 2013). Nevertheless, 
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more data is still needed to determine the effects that different GluN2 subunit types have on 

NMDA receptor-dependent signalling. 

The ability of the NMDA receptor to be activated by either endogenous glycine or D-

serine has long been documented (Johnson and Ascher, 1987; Mothet et al., 2000). The 

NMDA receptor co-agonist glycine has been reported to be released from synaptic 

glycinergic terminals (Ahmadi et al., 2003; Kalbaugh et al., 2009), whereas D-serine has been 

reported to be released from astrocytes (Panatier et al., 2006; Henneberger et al., 2010; Balu 

et al., 2014).  

More recently, synaptic NMDA receptors have been reported to be activated by D-

serine rather than glycine, with the extrasynaptic NMDA receptor activated by glycine, 

instead (Gray and Nicoll, 2012; Papouin et al., 2012). The co-agonist D-serine is in this case 

released into the synapses, and glycine is prevented from accessing the synapses by glial 

glycine transporter 1 activity (Papouin et al., 2012). However, a potential problem with this 

concept is that the origin of the glycine used for the extrasynaptic NMDA receptors is still 

uncertain, and the presence of a glycinergic terminal for extrasynaptic glycine release is still 

to be recognised (Papouin and Oliet, 2014). It has been suggested that the source of the CNS 

extrasynaptic glycine could be the blood supply (Holecek and Kovarik, 2011). Roux and 

Supplisson (2000) proposed that the glial glycine transporter 1 could have reverse function 

and release glycine into the extrasynaptic space (Roux and Supplisson, 2000). This was 

observed using Bergmann glial cells that were subjected to a mild membrane depolarisation 

(Verleysdonk et al., 1999).  

Therefore, the question needs to be asked; are the differential preferences in the 

agonists able to account for favouring different signalling pathways between different 

NMDA receptor populations? The concept of different agonists that favour different 

downstream signalling pathways from a specific receptor (also known as biased ligands) is 

not new. In brief, when specific conformations of a receptor are linked to distinctively 

different signals, a biased ligand or agonist would favour and stabilise a specific receptor 

conformation, which leads to promoting the signalling pathway mediated by that specific 

receptor conformation  (Violin et al., 2014). Although the concept of biased ligands has 

received relatively little attention in NMDA receptor research, G-protein-coupled receptors 

(GPCRs) have been the focus of such research recently (Katritch et al., 2012; Park, 2012; 

Vardy and Roth, 2013; Wisler et al., 2014). The NMDA receptors have subunits that undergo 

conformational changes when agonists are bound (Yao et al., 2013), and these subunits are 

also linked to different signalling complexes (Waxman and Lynch, 2005; Collins et al., 
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2006). Therefore, there is a need to investigate the effects of different NMDA receptor 

agonists on possible NMDA receptor conformation-associated signalling.  

The NMDA receptor activity-dependent function (neuroprotection or excitotoxicity) 

has been shown to be determined by a number of factors summarised in Table 1-1. However, 

controversy arises when these factors were investigated on individual basis. For example 

activated extrasynaptic NMDA receptors have been shown to inhibit CREB-dependent pro-

survival Btg2 gene expression (Hardingham et al., 2002a), but in another study, activated 

extrasynaptic NMDA receptors showed no detectable excitotoxicity (Zhou et al., 2013a). 

Therefore, it is likely that NMDA receptor activity-dependent neuroprotection or 

exictotoxicity is not due to any single factor but a combination of these factors. Further 

studies are required to clarify the underlying combination of factors that lead to NMDA 

receptors activity-dependent neuroprotection or excitotoxicity if the NMDA receptor is to be 

used as a therapeutic target for neurodegenerative diseases. 

 
Table 1-1: A summary table of the proposed determining factors for NMDA receptor 
activity-dependent neuroprotection and excitotoxicity. 
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1.6. Glutamate release and NMDA receptor-mediated excitotoxicity during 

ischaemia 

Neurons have exceedingly high metabolic rates compared with other cell types, and it 

is this unique physiology that makes the blood supply in the brain extremely significant: 

neurons are extremely sensitive to subtle decreases in both oxygen and glucose supplies 

(Purves et al., 2008; Sengupta et al., 2013). Irreversible damage to brain tissues occurs within 

a short timeframe during cerebral ischaemia, which has been reported to be associated with 

high glutamate levels (Bickler and Hansen, 1998; Semenova et al., 2007). Glutamate is an 

excitatory neurotransmitter (Mattson, 2008), and under normal physiological conditions, the 

release and uptake of glutamate are tightly regulated (Rossi et al., 2000). The recycling of 

glutamate is achieved through the activities of glutamate transporters and sodium-potassium 

pump (Na+/K+ATPase; a transmembrane pump) located on both neurons and astrocytes 

(Nedergaard et al., 2002; Tremolizzo et al., 2009; Kim et al., 2011a). Na+/K+ATPase 

regulates the Na+ gradient, which plays an essential role in glutamate transporter function 

(Rose et al., 2009; López-Bayghen and Ortega, 2011). The glutamate transporter reverse 

function is activated by the inability of Na+/K+ATPase to maintain a Na+ gradient induced by 

a collapse in glucose and oxygen supply, which hinders energy production during ischaemic 

stroke. This reverse of function for the glutamate transporter releases more glutamate into the 

extracellular space from the internal stores in glial cells, instead of allowing uptake (Camacho 

and Massieu, 2006). The overactivation of NMDA receptors located on neurons is mediated 

by the excessive extracellular glutamate levels (Mattson, 2008; Andrabi et al., 2011). 

Subsequently, the overactivation of NMDA receptors causes high levels of Ca2+ influx into 

neurons and leads to calcium-mediated excitotoxicity (Figure 1-6) (Lyden and Wahlgren, 

2000; Stanika et al., 2009; Chao and Li, 2014).  
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Figure 1-6: A summary flowchart depicting the excitotoxic cascade during ischaemic 
stroke. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

33 
 

1.7. The stroke syndrome 

The stroke syndrome (simply referred to as stroke) is defined as “the sudden 

occurrence of a non-convulsive, focal neurologic deficit due to cerebrovascular disease” 

(Criner et al., 2010).  

1.7.1. Epidemiology 

By the beginning of the present century, stroke was the third largest cause of mortality 

worldwide, just behind coronary heart disease and cancer (Feigin et al., 2003). However, 

within a decade it had surpassed cancer, and risen to be the second largest cause of global 

mortality (World Health Organization, 2011). Currently, stroke accounts for approximately 

10% of the total death in the world. With an estimated total global death rate around 55-58 

million annually, this gives the number of people dying due to stroke as 5.5-5.8 million a 

year. Approximately 93% of stroke incidents occur in the population aged over 45 years, and 

two-thirds of these incidents happen in people aged 65 and above (World Health 

Organization, 2004; Rosamond et al., 2008). 

1.7.2. Clinical symptoms 

Symptoms of a stroke often affect the body unilaterally, and rarely on the same side as 

the affected hemisphere, because each hemisphere controls the opposite side of the body 

(University of Wisconsin Health, 2012). The four most common symptoms include 

numbness, muscular weakness in the face, hemiplegia, and reduction in sensory sensation 

(Rathore et al., 2002).  

1.7.2.1. Cognitive deficits 

Cognitive impairment has been reported as a common problem in many elderly stroke 

patients (Maud, 2006). However, cognition is not a simple unitary concept and it is essential 

to note this when understanding the manifestation of cognitive impairment post-stroke. 

Cognition is a combination of multiple aspects, which include attention (focusing, shifting or 

sustaining attention on a stimulus or task), executive function (planning, organising, 

inhibition and control), speed of information processing, visuospatial skill (drawing and 

visual searching), verbal and visual memories (recall and recognition of visual and verbal 

information), and language (reception and expression) (Novitzke, 2008; Cumming et al., 

2013).  
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Currently, there are two proposed concepts, to describe cognitive impairment in the 

context of stroke. The first idea suggests that cognitive impairment post-stroke is observed 

within multiple cognitive aspects (mostly attention, executive function and speed of 

information processing), but not memory (Srikanth et al., 2003; Reed et al., 2007; Knopman 

et al., 2009). The second concept proposes that cognitive deficits are associated with stroke 

across all cognitive aspects, including loss of memory (Tatemichi et al., 1994; Hochstenbach 

et al., 1998; Ingles et al., 2002; Nys et al., 2007; Schneider et al., 2007), and that vascular 

dementia, which may be caused by impaired blood supply as that following small strokes, 

plays a major role in the observed memory loss (Gamaldo et al., 2006; Novitzke, 2008; Reitz 

et al., 2008; Pinkston et al., 2009). However, both concepts agree that there are patterns of 

cognitive impairment post-stroke and that more studies need to be carried out to further the 

knowledge of how structural damage caused by stroke, changes cognitive functions 

(Cumming et al., 2013).  

1.7.3. Stroke subtypes 

When stroke insult happens, it usually follows one of the two forms; ischaemic 

(occlusion of brain arteries) or haemorrhagic (Adams Jr et al., 1993; Hisham and 

Bayraktutan, 2013). Ischaemic stroke can be further subdivided into 3 types: thrombotic, 

embolic and cerebral hypoperfusion (Amarenco et al., 2009; Jackson et al., 2009). Both 

thrombotic and embolic stroke are caused by local reduction of blood flow due to an 

atherosclerotic or embolus occlusion in one of the cerebral blood vessels (Purves et al., 2008; 

Atri and Milligan, 2009). Cerebral hypoperfusion is generally caused by systemic 

hypoperfusion as a result of cardiac failure, which consequently reduces the blood flow to the 

brain (Jefferson et al., 2007). A haemorrhagic stroke is caused by cerebral blood vessel 

ruptures (Purves et al., 2008). The frequencies of stroke with identifiable aetiologies, 

classified under one of four main subtypes are: thrombotic, 50%; embolic, 30%; cerebral 

hypoperfusion, 10%; and haemorrhagic, 10 % (Haberland, 2007; Smith et al., 2009; Arboix 

and Alió, 2010). However, there are still between 30-40% of all strokes that, even after 

rigorous studies fail to reveal a definite cause (Amarenco et al., 2009). These strokes are 

classified as cryptogenic strokes (Guercini et al., 2008). 
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1.8. NMDA receptors: Targets for stroke treatments 

1.8.1. NMDA receptor antagonist classification 

Currently, there are two major types of NMDA receptor antagonists (Figure 1-7) 

(Parsons et al., 1998; Kim et al., 2002). Firstly, competitive NMDA receptor antagonists act 

at either glutamate-binding or glycine-binding sites (Kohr, 2007). The competitive NMDA 

receptor antagonists reduce and obstruct NMDA receptor-mediated transmissions by 

physically interfering with agonist-dependent NMDA receptor activation (Popescu et al., 

2010). Non-competitive NMDA receptor antagonists either bind to the allosteric binding site 

or block off the receptor channel (Kohr, 2007; Popescu et al., 2010). The NMDA receptor 

allosteric binding site antagonist is able to downregulate NMDA receptor activity by 

mediating allosteric changes (Kim et al., 2002). The receptor channel blocker is only able to 

block the channel after the channel has opened, thus the efficiency of a channel blocker is 

concentration-dependent (Popescu et al., 2010). 

 

Figure 1-7: Two main classes of NMDA receptor antagonists. 
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1.8.1.1. Pharmacological NMDA receptor antagonists: A poor choice for therapy 

During the 1980s, the NMDA receptor antagonist, MK-801 (dizocilpine) was observed 

to cause significantly reduced ischaemic infarction volume in an animal model of cerebral 

ischaemia (Park et al., 1988). This triggered a frenzy of wide spread development of NMDA 

receptor antagonists as stroke treatments (Muir, 2006). Consequently, problems arose with 

using antagonists as potential therapeutics, due to the fact that the NMDA receptor is crucial 

to neuronal cell survival. The influx of Ca2+ into neurons is an important regulator of 

neuronal survival, and this vital function of the NMDA receptors can be interrupted by 

antagonists (Hoyte et al., 2004). This was demonstrated when the blockade of NMDA 

receptors in an animal stroke model inhibited neurogenesis (Arvidsson et al., 2001). The 

complete inhibition of NMDA receptor activity (induced by most NMDA receptor 

antagonists) produces extremely low tolerance in patients. Many clinical trials have failed 

due to deleterious side-effects, and when the doses were reduced to minimise these 

deleterious side-effects, concentrations were too low to produce a therapeutic effect (Dawson 

et al., 2001; Ikonomidou and Turski, 2002; Ginsberg, 2008). 

1.8.2. Novel anti-GluN1 antibody-induced neuroprotection in the context of 

stroke 

NMDA receptor antagonists dampen down NMDA receptor activation, which 

interferes with NMDA receptor-dependent survival pathways, and leads to failed 

neuroprotection (Ikonomidou and Turski, 2002). This indicates the urgent need to discover 

new therapeutic strategies for stroke treatments (van der Schyf et al., 2006).  

Our laboratory has previously described a novel form of oral genetic GluN1 vaccine 

that achieved neuroprotection in an experimental rat stroke models (During et al., 2000). 

Recombinant adeno-associated virus (AAV) vector 2 was engineered to produce prolonged 

GluN1 expression. The oral vaccine is scavenged by intestinal antigen-presenting cells (APC) 

in Peyer’s patches and lamina propria, which leads to specific autoantibody responses against 

the native GluN1 subunit.  When these animals were subjected to a middle cerebral artery 

occlusion (MCAO) stroke insult, the GluN1-vaccinated animals were associated with 

significantly smaller infarct volumes when compared with vehicle-treated controls (During et 

al., 2000). 

Benchenane et al. (2007) generated antibodies against the site on the N-terminus of the 

GluN1 subunit that is cleaved by tissue-type plasminogen activator (tPA) (Benchenane et al., 
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2007). tPA is a serine protease that has a primary role in fibrinolysis in thrombosis and is 

currently the only the United States Food and Drug Administration (FDA)-approved 

treatment proven to be beneficial in acute ischaemic stroke (Ahn et al., 1999; Ning et al., 

2010; Ning et al., 2013). However, cleaving of the N-terminus of the GluN1 subunit elevates 

Ca2+ influx into neurons. In the mouse MCAO stroke model, mice vaccinated with the N-

terminus domain of the GluN1 subunit, where antibodies prevent cleavage of the GluN1 

subunit by tPA, had significantly smaller lesions when compared with vehicle-vaccinated 

controls (Benchenane et al., 2007). Novel anti-GluN1 antibodies have also been shown to 

improve the efficacy of recombinant tPA (rtPA) treatment by increasing the therapeutic 

window of rtPA for ischaemic stroke (Kingwell, 2011). When rtPA is used to treat ischaemic 

stroke after the maximum therapeutic window of 3-4.5 h, there is a high risk of rtPA-induced 

secondary damage to the brain due to reperfusion (Macrez et al., 2011; Ning et al., 2013). In a 

mouse focal cerebral ischaemia model, mice actively vaccinated against the tPA interactive 

site on the GluN1 subunit showed reduced ischaemic tissue damage (Macrez et al., 2010). 

When mice with MCAO stroke were peripherally injected with anti-GluN1 antibodies 

(targeting the N-terminus) either alone or with late rtPA treatments, the antibodies 

significantly reduced brain injuries, and improved long-term neurological outcome when 

compared with the non-antibody-treated control animals. Moreover, NMDA receptor-induced 

neurotransmission was not shown to be altered by the anti-GluN1 antibody (Macrez et al., 

2011). These results, along with the data our laboratory has previously generated, suggest 

promising novel neuroprotective strategies in stroke treatment. 

1.9. NMDA receptor reactive antibodies in human patients and importance 

of GluN1 epitopes 

Under normal circumstances, the interaction between the immune system and the CNS 

is tightly controlled. However, during ischaemia, BBB permeability is known to increase 

dramatically (Ding et al., 2006; Sandoval and Witt, 2008; Fanne et al., 2010; Michalski et al., 

2010; Chen et al., 2013a). This disruption of the BBB during stroke has been associated with 

the development of autoantibodies against brain antigens including neurofilament, myelin 

basic protein and proteolipid protein after the stroke incident (Bornstein et al., 2001; Shibata 

et al., 2012). Furthermore, autoantibodies (potentially developed from previous latent or 

undetected transient ischaemic attack) targeting both GluN2A and GluN2B subunits have 

been detected in patient sera after ischaemic stroke (Dambinova et al., 2003).  
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We had previously tested 48 patients with ischaemic stroke recruited at the Auckland 

City Hospital Stroke Unit for the presence of anti-GluN1 antibodies (Kalev-Zylinska et al., 

2013). The screening was conducted using the S2 domain of the GluN1 protein using 

enzyme-linked immunosorbent assay (ELISA) and Western blotting. These anti-GluN1-S2 

antibodies were found in 44% of the stroke patients, and this was associated with larger 

infarct size. This provides useful information on the severity of stroke, as higher levels of 

NMDA receptor epitope exposure caused by a more severe stroke insult may trigger stronger 

immune responses, and increase the chances of antibody development (Kalev-Zylinska et al., 

2013). However, the significance of the presence of this type of anti-GluN1 antibody is 

unknown. Nevertheless, anti-GluN1 antibodies are not associated with neurotoxicity and 

neuroprotective effects were detected in recGluN1-vaccinated animals (During et al., 2000; 

Benchenane et al., 2007; Macrez et al., 2011). This warrants further study to explore whether 

anti-GluN1 antibodies in patients could support recovery from stroke. We have also 

generated preliminary data showing that naïve rats that were vaccinated with recGluN1 

proteins were able to produce high anti-GluN1 antibody titres and displayed significantly 

enhanced object recognition and fear-associative learning and memory, suggesting that 

recGluN1 vaccination is associated with improved learning and memory function (Chen, 

2010). However, it was still unclear whether the enhanced learning and memory phenotypes 

in these recGluN1-vaccinated animals were cellular response- or antibody-mediated. 

Moreover, the underlying mechanism associated with the enhanced learning and memory 

function was still elusive. Therefore, this thesis set out to investigate these questions. 

There also needs to be an emphasis on the fact that the anti-GluN1 antibodies 

discovered in stroke patients or used in neuroprotective animal studies are different from 

those that cause the syndrome identified as anti-NMDA receptor antibody-induced 

encephalitis. Anti-NMDA receptor encephalitis is a paraneoplastic autoimmune disease, 

typically triggered by NMDA receptor expressions on tumours in patients with ovarian 

teratoma (Dalmau et al., 2007; Dalmau et al., 2008; Seki et al., 2008). In anti-NMDA 

receptor encephalitis, patients typically display symptoms of seizures, hypoventilation, 

cognitive deficits, psychosis, catatonia and decreased consciousness (Sansing et al., 2007; 

Dalmau et al., 2011; Suh-Lailam et al., 2013). The anti-NMDA receptor antibody associated 

with this syndrome has been characterised as binding to GluN1 and GluN1/GluN2 

heteromers, especially the GluN1/GluN2B variant (Dalmau et al., 2007; Dalmau et al., 2008). 

These antibodies have been reported to cause synaptic NMDA receptor internalisation, which 

is the underlying mechanism of the syndrome (Hughes et al., 2010; Moscato et al., 2014). 
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However, the possible contributions of anti-GluN2B antibodies identified in anti-NMDA 

receptor encephalitis patients on synaptic NMDA receptor internalisation were never closely 

elucidated, as all of the encephalitis-related studies used patient CSF instead of purified 

antibodies. Nevertheless, the epitope identified for the anti-NMDA receptor encephalitis has 

been located within a small region on the GluN1 N-terminus (Asn368 and Gly369) 

(Gleichman et al., 2012). This small region of anti-NMDA receptor encephalitis-associated 

epitope sits outside of the glycine-binding site (S1 domain: Phe408 to Glu562 and S2 

domain: Glu654 to Phe758), and on the boundary of the tPA interactive site (Arg019 to 

His371) (Moretti et al., 2004; Macrez et al., 2011). More importantly, the encephalitis-

causing anti-GluN1 epitope is distinctively different from the GluN1-S2 domain used for 

autoantibody detection in stroke patients (Kalev-Zylinska et al., 2013) and also different from 

the GluN1 domain used in animal studies, conducted within our laboratory and this thesis. 

However, since both human stroke patients and recGluN1 vaccination-generated anti-GluN1 

antibodies are polyclonal, this thesis sets out to characterise and compare the anti-GluN1 

epitope profiles and potential effects of these different anti-GluN1 antibodies on neuronal 

function. 

1.10. Vaccination: antibody development and function 

The central technology that has been utilised in this thesis is the development of 

antibodies from vaccinated animals. In order to fully realise the implications of the results 

presented in this thesis, it is important to understand how antibodies are developed through 

vaccination and how the immune system interacts with the CNS. 

1.10.1. Active and passive immunity 

Immunities against particular pathogens or antigens can be classified under two 

categories: firstly, active immunity (adaptive immunity) refers to the process of exposing the 

immune system to antigens to generate a humoral immune response, which usually takes 

weeks to develop but is long-lasting. In comparison, passive immunity also known as 

antibody passive transfer refers to the process of administrating Ig (usually IgG) to a naïve 

subject to provide immediate protection against particular pathogens. However, passive 

immunity usually provides short-lived protection from several weeks to approximately three 

months  (Baxter, 2007). 
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1.10.2. Underlying mechanisms of active and passive immunity 

Active immunity develops when antigens, infectious agents or in the context of this 

thesis recombinant proteins (used as a direct vaccine) are exposed to the immune system. 

These antigens are engulfed and processed internally by APCs. The processed antigens are 

then presented on the major histocompatibility complex (MHC) class II as peptides between 

13-17 amino acids in length on the surfaces of APCs. Naïve T-helper cells, also known as 

naïve cluster of differentiation 4 (CD4) cells that express a unique antigen-binding receptor 

on their membranes, known as the T-cell receptors (TCR) are activated when the APCs 

present the antigen fragments on their MHC class II to the TCRs of the T-helper cells 

(Warrington et al., 2011). Bone marrow-derived lymphocytes (B-cell) express Ig on their 

membrane surface, which acts as B-cell receptors (BCR) that allow the binding and 

subsequently internalisation of the antigens. The antigens are then process and presented as 

peptide fragments on the B-cell membrane MHC class II and presented to the APC-activated 

T-helper cells (Pocock et al., 2013). The activated T-helper cells secrete cytokines such as 

interleukin (IL)-4, IL-5 and IL-6 to stimulate B-cell proliferation and differentiation in to 

either memory B-cell or plasma B-cell (Takatsu, 1997). Memory B-cells contain the memory 

of particular antigens that initiated the immune response and are able to initiate a more 

prompt immune response in the future when the same antigen is encountered again. Plasma 

B-cells are able to produce and secret large quantity of antibodies that bind to the specific 

antigens that initiated the humoral immune response (Warrington et al., 2011). 

Antibodies developed through active immune responses eliminate pathogens and 

foreign antigens through a combination of three mechanisms: firstly, antibodies are able 

prevent pathogen adhesion to host cells by neutralisation, which works by antibodies binding 

to adhesion proteins located in pathogens (Klasse, 2014). Secondly, antibodies promote 

opsonisation of pathogens by binding and marking the pathogens for phagocytosis (Hart et 

al., 2004). Finally antibodies that bind to pathogens are able to activate the complement 

system, and the complement system can lyse the membranes of pathogens directly (in the 

case of bacterial infection) and promote opsonisation (Verbrugh et al., 1982; Janeway Jr et 

al., 2001). 

In contrast, passive immunity against specific pathogens is acquired in naïve subjects 

by passively transferring antibodies that target the specific pathogens from the hosts with 

active immunity to the naïve subjects. The antibody passive transfer therefore allows the 

naïve subjects to eliminate an infection without going through the process of acquiring the 
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active immunity. The mechanisms of acquiring either active or passive immunity is 

summarised in Figure 1-8. 

 
Figure 1-8: A summary illustration of the mechanisms for acquiring active and passive 
immunity. 
 

1.10.3. Proposed mechanisms for antibody-mediated changes to neuronal 

function 

Once the antibody has entered the CNS, it is able to alter the CNS function through a 

number of different mechanisms. In neurodegenerative diseases such as AD and PD, 

therapeutic antibodies have been reported to modulate and reverse impaired neuronal 

function by binding and eliminating disease-causing toxic protein aggregates in experimental 

animal models (Figure 1-9, a) (Banks et al., 2007; Zago et al., 2012). Secondly, antibodies 

modulate neuronal function by directly binding to neuronal receptors and mediate the 

internalisation of the neuronal receptor, which lead to changes in synaptic transmission 

(Gleichman et al., 2012). Furthermore, antibodies could directly mediate changes in receptor 

downstream signalling pathways and prevent pro-excitatory cleavage of neuronal receptors 

by proteases (Figure 1-9, b) (Benchenane et al., 2007; Macrez et al., 2011). Finally, as glial 

cells have important roles in maintaining both healthy neurons and neuronal function (Kaindl 

et al., 2012; Clasadonte et al., 2013), changes to glial cell function by antibodies could also 

indirectly alter neuronal function (Figure 1-9, c). 
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Figure 1-9: Proposed mechanisms of antibody activity in the CNS. 
a) Antibodies reverse cognitive impairment by eliminating toxic protein aggregates in the 
CNS. 
b) Antibody-mediated changes in synaptic transmission and associated downstream 
signalling by directly binding to neuronal receptors 
c) When antibody binds and alters glial cell function, it could indirectly modulate neuronal 
function via glial cell-neuron interactions. 
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1.11. Thesis outline 

1.11.1. The main hypothesis of this study 

This laboratory has previously shown that the anti-GluN1 antibody has a 

neuroprotective effect in an animal stroke model (During et al., 2000). Similar 

neuroprotective effects were also shown in other laboratories (Benchenane et al., 2007; 

Macrez et al., 2010). The neuroprotective anti-GluN1 antibody was also shown not to 

interfere with NMDA receptor-mediated neural transmission (Macrez et al., 2011). We also 

found that recGluN1-vacccinated animals generated high anti-GluN1 antibody titres and 

showed improved learning and memory function (Chen, 2010). Therefore, we hypothesised 

that when anti-GluN1 antibodies bind to epitopes on neuronal NMDA receptors in the CNS, 

changes occur in neuronal function. The definitive outcomes of such interactions are 

unknown, but some would be beneficial to neuronal function. 

1.11.2. The principal aims of this study 

To test the hypothesis described above, the principal aims of the studies in this thesis 

were: 

a) To analyse brains collected from recGluN1-vaccinated rats that showed improved 

learning and memory phenotypes to determine whether alterations to NMDA and 

AMPA receptor expression levels or neurotoxicity are linked to recGluN1 

vaccination-associated enhancement in learning and memory function. 

 

b) To purify anti-GluN1 antibodies from recGluN1-vaccinated rats, and passively 

transfer the rat anti-GluN1 antibodies into naïve mice followed by behavioural 

paradigm tests to investigate whether improved learning and memory function is anti-

GluN1 antibody-mediated. 

 

c) To determine whether the anti-GluN1 antibody-mediated improvement in learning 

and memory function is associated with changes to NMDA receptor-mediated 

signalling, 

 

d) To identify the anti-GluN1 epitope binding profile that is associated with cognitive 

function alterations in anti-GluN1 antibody-treated mice. To investigate whether 
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human stroke anti-GluN1 antibodies share similar anti-GluN1 epitope binding profiles 

to those of rat anti-GluN1 antibodies, and determine if there is any correlation 

between patient anti-GluN1 epitope binding profiles and patient clinical data. 

 
e) To investigate the effects of different anti-GluN1 epitope binding profiles on neuronal 

function in a pilot in vitro study, where rat primary hippocampal neurons are treated 

with isolated rat or human stroke anti-GluN1 antibodies, using neuronal cell viability 

as a functional readout.  
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Chapter 2. Screening for neuronal toxicity and changes in 

NMDA receptor expression levels in recombinant 

GluN1 protein-vaccinated rats 

2.1. Overview 

We have previously found improved learning and memory function in naïve rats 

vaccinated with recGluN1 proteins, and these animals were also found to have developed 

anti-GluN1 antibody titres in the CSF, suggesting passage across the BBB (Chen, 2010) (for 

more information on this study please see Appendix: Supplementary result A). The 

Hebbian Theory states that enhanced learning and memory are built on enhanced synaptic 

strength (Tang et al., 1999). This implies that by enhancing the expression levels of the 

NMDA and AMPA receptors, the main synaptic plasticity modulators, learning and memory 

should also be enhanced (Shepherd and Huganir, 2007; Kochlamazashvili et al., 2012; 

Shipton and Paulsen, 2013). Interestingly, a paraneoplastic autoimmune syndrome known as 

anti-NMDA receptor encephalitis is caused by anti-GluN1 antibodies that are generated in 

response to ectopic expression of NMDA receptors in ovarian teratomas (Dalmau et al., 

2007; Dalmau et al., 2008), suggesting the antibody could have either beneficial or 

detrimental effects on neuronal function under different conditions.  

We therefore, hypothesised that improved learning and memory function in recGluN1-

vaccinated rats may be linked to changes to NMDA and AMPA receptor expression levels 

following binding of recGluN1 antibodies to their target. We firstly confirmed that 

recombinant protein vaccination is not associated with any neurotoxicity and then assessed 

NMDA, AMPA receptor and PSD-95 expression levels in recGluN1-vaccinated rat 

hippocampi. 
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2.2. Materials and Methods 

2.2.1. Collection of rat brains 

Rat brains collected were generated in our previous study (Chen, 2010). Brief 

descriptions of how these tissue samples were generated are as follows: thirty male 7 week-

old Wistar rats provided by and housed in the Vernon Janson Unit (VJU; Faculty of Medical 

and Health Sciences, University of Auckland, New Zealand) were treated with phosphate-

buffered saline (PBS) or vaccinated with either Luciferase (a non-brain protein) or recGluN1 

protein over a 20-week period (see Appendix: Supplementary result A for detailed 

descriptions of how these tissues samples were generated).  

In brief, at the end of week 20, 4 rats from each treatment group were euthanised with 

an intraperitoneal (i.p) dose of sodium pentobarbitone at 90 mg/kg before each animal was 

transcardially perfused with 120 mL of 0.9% NaCl followed by 120 mL of 10% neutral 

buffered formalin. The brains were removed and placed in formalin for 24 hours (h) at 4°C 

and then cryoprotected for a minimum of 3 days by immersion in sucrose solutions (10, 20 

and 30%) at 4°C for 24 h each. On the fourth day, the brains were snap frozen on dry ice for 

storage at -80°C until sectioning.  

Five to six rat brains from each treatment group were removed and snap frozen on dry 

ice and stored at -80ºC before preparation of hippocampal lysates (see section 2.2.5). 

2.2.2. Cryosectioning  

Perfused rat brains were cut across the coronal plane anterior to the hypothalamus. 

Each brain was trimmed until the hippocampus was reached and 40 µm serial hippocampal 

sections were collected in a 24-well plate filled with 1 x PBS containing 0.1% (w/v) sodium 

azide. 

2.2.3. Fluoro-Jade B staining 

Brain sections were mounted onto poly-lysine-coated slides in deionised water (dH2O) 

and dried in a fume hood for 2 days. On the third day the dehydration process was further 

carried out in the following descending concentrations of ethanol baths: 3 minutes (min) in 

100% then 1 min in 70%. After the dehydration process, the brain sections were incubated in 

0.06% (w/v) potassium permanganate solution on a shaker at room temperature for 15 min. 

Then the sections were washed in dH2O for 1 min. Staining of the sections was carried out in 
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0.001% (w/v) Fluoro-Jade B solution (MilliporeTM, Billerica, MA, Cat #: AG310) in 0.1% 

(v/v) acetic acid for 30 min. All sections were subsequently rinsed 3 times in dH2O for 1 min 

each before sections were dried at 37ºC for 15 min followed by immersion in xylene for 30 

min. After dehydration, coverslips were placed on sections on the slides using glycerol-based 

mounting medium (Citifluor Ltd, London, UK) before all four edges of each coverslip were 

sealed with nail polish and slides stored in the dark at 4ºC. 

2.2.4. Immunohistochemistry 

Hippocampal sections selected for immunohistochemistry were washed once with 1 x 

PBS on a shaker for 5 min, followed by incubation in 1% (v/v) H2O2 in 50% methanol for 20 

min. Sections were then washed 3 times for 5 min in 1 x PBS containing 0.2% Triton X-100 

(PBSTx). The primary antibody (200 µL) was then applied at appropriate dilutions (Table 

2.1) in immunobuffer (see Appendix) and sections were left on a shaker overnight at room 

temperature. The following morning, the primary antibody was removed and the sections 

were washed 3 times for 5 min in PBSTx. The sections were then incubated in appropriate 

secondary biotinylated antibody (Table 2.1) at 1:250 dilution in immunobufffer at room 

temperature with gentle agitation for 3 h. Following the removal of the secondary antibody, 

the sections were washed in PBSTx 3 times for 5 min. Each section was then incubated in 

200 µL of ExtrAvidin-peroxidase (Sigma-AldrichTM, St Louis, MO, Cat #: E2886) at 1:250 

dilution in immunobuffer for 2 h. ExtrAvidin was then removed and sections were washed 

again in PBSTx 3 times for 5 min. Subsequently, immunoreactivity of the protein of interest 

was visualised by incubation in 500 µL of 3,3–diaminobenzidine tetrahydrochloride (DAB) 

mixture (see Appendix). Staining was terminated by removal of DAB followed by 1 x PBSTx 

wash for 5 min. The sections were mounted on to poly-lysine-coated slides and air dried in a 

fume hood overnight. Sections were dehydrated in ascending ethanol concentrations (75%, 

95% and 100%) for 5 min each followed by immersion in xylene for 20 min. After 

dehydration, cover slips were put on sections on the slides with DePeX mounting medium 

(Thermo Fisher Scientific, Waltham, MA, Cat #: 8279). 
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Name Company Catalogue 
number 

Batch number Dilutions 

Anti-NMDAR1 
Antibody, clone 

54.1 (mouse) 

MilliporeTM MAB363 NG1744232 1:3,000 

Anti-NMDAR2A 
Antibody (mouse) 

MilliporeTM MAB5216 24020609 1:3,000 

Anti-NMDAR2B 
Antibody (rabbit) 

MilliporeTM AB1557P NG1780601 1:3,000 

Anti-GFAP 
antibody produced 

in rabbit 

Sigma-
AldrichTM 

G9269 091M4754 1:2,000 

Anti-CD11b 
monoclonal 

antibody (mouse) 

MilliporeTM CBL1512 TR1498604 1:10,000 

Anti-Mouse IgG 
(whole molecule) 
Biotin-Conjugated 

(goat) 

Sigma-
AldrichTM 

B7264-2ML SLBB9252 1:250 

Anti-rabbit IgG 
(whole molecule) 
Biotin-Conjugated 

(goat) 

Sigma-
AldrichTM 

B7389-2ML 071M6254 1:250 

Table 2-1: Commercial antibodies used for immunohistochemistry. 
 

2.2.5. Hippocampal lysate preparation 

The two hippocampi were firstly dissected from each fresh frozen brain and placed in a 

microfuge tube before lysis buffer (see Appendix) was added at the ratio of 20 mL of lysis 

buffer to 1 g of tissue. The hippocampi were then cut into small pieces of approximately 1 

mm3 before the tubes were sonicated for 1 min on ice using a 1 second (s) pulsar on and 1 s 

pulsar off cycle. Protein concentrations of the resulting lysate samples were quantified using 

a Bicinchoninic acid (BCA) assay before the samples were stored at -80°C until analysis. 

2.2.6. BCA assay 

A BCA assay kit (Pierce®, Waltham, MA, Cat #: 23227) was used to quantify protein 

concentrations of the brain lysate samples. Bovine serum albumin (BSA) standards at 9 

different concentrations were prepared (0-2 mg/mL). Brain lysate samples were diluted 1:30 

in the lysis buffer (see Appendix). Ten microlitres of each BSA standard and brain lysate 

sample were pipetted into a microtitre plate in triplicate followed by addition of 200 µL of 

BCA working reagent. The microtitre plate was then mixed thoroughly on a shaker for 30 s at 
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room temperature, followed by incubation at 37°C for 30 min in the dark. The plate was then 

removed from the incubator and allowed to cool to room temperature, and the absorbance 

was measured at 562 nm using Gen5 v1.04.5 software (BioTek Instruments Inc., Winooski, 

VT). Brain lysate concentration was extrapolated from the BSA standard curve. 

2.2.7. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was run using 12% acrylamide gels. Protein or tissue lysate samples of 

known concentration were diluted in 2 x SDS sample loading buffer (see Appendix) to 

achieve different working concentrations as required. For all recombinant protein samples, 

0.5 µg per well was used as the working concentration and 5 µg per well was used for all 

hippocampal lysate samples. The prepared samples were then heated to 95°C for 5 min to 

denature the proteins. 

The plate holding the gel was placed in an electrophoresis tank filled with tank buffer 

(see Appendix). A broad range molecular weight ladder (Bio-Rad Laboratories, Hercules, 

CA, Cat #: 161-0317) with appropriate concentration was loaded into the first well. Protein or 

tissue lysate dilutions that were prepared to the correct working concentration were loaded 

into subsequent wells. Electrophoresis was run at 110 volts (V) for the first 10 min followed 

by 200 V until the bromophenol dye front had completely run off the acrylamide gel. 

2.2.8. Western blotting 

SDS-PAGE using 12% acrylamide gels was conducted as described in section 2.2.7. 

Filter papers cut to 9 x 7 cm rectangles were prepared in pairs. A nitrocellulose membrane 

was also prepared as a 9 x 7 cm rectangle. Both the filter papers and the nitrocellulose 

membrane were soaked in transfer buffer (see Appendix) for 10 min. Once the 

electrophoresis was completed, the gel was equilibrated in transfer buffer for 15 min, with 3 

buffer changes.  

A semidry transfer system (Bio-Rad Laboratories, Hercules, CA) was used to facilitate 

transfer of proteins from the gel to the membrane. The transfer sandwich was assembled in 4 

layers. First, filter paper was placed over the moistened anode platform, followed by the 

nitrocellulose membrane and the gel. This was then covered by the final layer of filter paper. 

The transfer sandwich was kept moist with the transfer buffer and air bubbles were removed 

by a glass tube rolled over the transfer sandwich. The cathode cassette was securely placed 
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over the assembled transfer sandwich. Protein transfer was conducted using constant voltage 

at 15 V for 45 min.  

In order to visualise transferred proteins, the membrane was stained with Ponceau S 

dye (Sigma-AldrichTM, St Louis, MO, Cat #: P7170) for 5 min and washed with dH2O for 2 

min. Ladder bands and each lane were marked on the membrane using an oil-based ball point 

pen. Different lanes on the membrane were cut into separate strips using a razor blade and 

destained for 10 min in Tris-buffered saline with Tween-20 (TBSTw; see Appendix). The 

TBSTw was discarded, and all membrane strips were blocked with 5% skim milk or 5% BSA 

(for antibodies targeting phosphorylated proteins) in TBSTw for 1 h at room temperature 

with gentle shaking. The milk block was discarded and serum samples diluted to 1:1,000 in 

TBSTw in 1% skim milk were applied to membrane strips and incubated overnight at 4ºC 

with shaking. In the case of antibodies purified from serum samples the dilution was 1:2,000. 

For commercial antibodies the dilutions used are summarised in Table 2.2.  

The following morning, membrane strips were washed in TBSTw 3 times for 10 min 

and commercial secondary antibodies were applied (Table 2.2). Membrane strips were 

incubated with secondary antibodies at room temperature for 2 h and washed 3 times for 10 

min using TBSTw. An enhanced chemiluminescence (ECL) prime reagent mixture (GE 

Healthcare, Little Chalfont, UK, Cat #: RPN2232) was applied to the membrane strips. The 

signal was captured using the ChemiDocTM MP Imaging System and associated software 

(ImageLab v4.1; Bio-Rad Laboratories, Hercules, CA) in increments of 1 s for a total time of 

45 s. The optimal exposure time was determined by the images generated through the 

increment method.  

The Western blots that were used for semi-quantitative analysis were washed in 

TBSTw for 5 min and washed in Western blot stripping buffer (see Appendix) 2 times for 10 

min. The membrane strips were then washed 2 times in 1 x PBS for 10 min followed by 

another 2 washes with TBSTw for 5 min. After the stripping step, the membrane strips were 

blocked with 5% skim milk in TBSTw. After discarding the milk block, each membrane strip 

was incubated with the appropriate antibody targeting the chosen housekeeping proteins. 

Commercial secondary antibodies were applied as described above. 

In order to semi-quantitate specific protein expression levels, Western blotting for the 

protein of interest was repeated in 3 independent runs. Densitometry was performed after 

each Western blotting run using the ChemiDocTM MP Imaging System (Bio-Rad 

Laboratories, Hercules, CA). The band intensity ratio between the protein of concern and the 

housekeeping protein was averaged within each treatment groups across all three independent 
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Western blotting runs. However, for statistical analysis, the group sizes for each treatment 

group stayed the same and were not increased with multiple Western blotting runs. The 

averaged ratio obtained from each treatment group after three independent Western blotting 

runs was used in statistical analysis. 

Name Company Catalogue 
number 

Batch number Dilutions 

Anti-NMDAR1 
Antibody, clone 

54.1 (mouse) 

MilliporeTM MAB363 NG1744232 1:3,000 

Anti-NMDAR2A 
Antibody (mouse) 

MilliporeTM MAB5216 24020609 1:3,000 

Anti-NMDAR2B 
Antibody (rabbit) 

MilliporeTM AB1557P NG1780601 1:3,000 

Anti-Glutamate 
receptor 1 

Antibody (rabbit) 

MilliporeTM AB1504 2428717 1:5,000 

Anti-PSD95 
Antibody, clone 
K28/43 (mouse) 

UC Davis 
NeuroMab 

75-028 449-1AK-71 1:10,000 

Anti-GAPDH 
antibody [6C5] 

(mouse) 

Abcam® AB8245 GR57834-4 1:2,000,000 

Anti-beta tubulin 
antibody (rabbit) 

Abcam® AB6046 490353 1:100,000 

Anti-beta Actin 
antibody [AC-15] 

(mouse) 

Abcam® AB6276 766205 1:10,000 

Goat anti-mouse 
IgG-HRP 

Santa Cruz 
Biotechnology® 

Sc-2005 G1213 1:10,000 

Goat anti-rabbit 
IgG-HRP 

Santa Cruz 
Biotechnology® 

Sc-2004 L0312 1:5,000 

Table 2-2: Commercial antibodies for Western blotting 
 

2.2.9. Statistical analysis 

The densitometry data are presented as the mean ± standard error of the mean (SEM). 

SPSS® v22 (IBM®, Armonk, NY) and Prism® v5 (GraphPad, La Jolla, CA) were used for 

statistical analysis. Differences between non-parametric data from multiple treatment groups 

with one factor were analysed using the Kruskal-Wallis test. Statistical significance was 

accepted at p < 0.05. 
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2.3. Results 

The overall aim for this chapter was to investigate whether the improved learning and 

memory function observed in recGluN1-vaccinated rats was associated with changes in 

glutamate receptor expression levels. To determine this, hippocampal sections and 

hippocampal lysates from PBS-treated, Luciferase- and recGluN1-vaccinated rats were 

probed against commercial antibodies targeting different proteins of interest by 

immunohistochemistry and Western blotting, respectively. 

2.3.1. recGluN1 vaccination is not associated with  neurotoxicity in naïve rats 

We firstly determined whether there was any indication of neurotoxicity associated 

with recombinant protein vaccination. Representative coronal hippocampal sections from 

PBS-treated, Luciferase- and recGluN1-vaccinated animals (n = 4 per treatment group) were 

screened for markers of neurotoxicity. Fluoro-Jade B staining was used to stain for 

degenerating neurons (Schmued and Hopkins, 2000). Immunohistochemistry using an anti-

glial fibrillary acidic protein (GFAP) antibody was used to detect reactive gliosis (Theodosis 

et al., 2008; Mayo et al., 2014). Similarly, cluster of differentiation 11b (CD11b) was also 

used as a marker to detect microglial activation in response to tissue damage (Dheen et al., 

2007). In the resting state, microglial morphology appears to be ramified with surveying 

processes extending out from the cell body, but when activated, the processes that normally 

extended out from the cell body are retracted. The microglial cell body also acquires an 

amoeboid morphology (Domercq et al., 2013).  

Representative images (Figure 2-1, Fluoro-J B) showed bright Fluoro-Jade B positive 

cell staining in the positive control brain (rat brains with neuronal cell loss induced by 

experimental seizure were provided by Dr  Bridget Dicker) characteristics of neuronal 

degeneration along the cornus ammonis (CA) 1 and CA3 pyramidal cell layers of the 

hippocampus. In comparison, no Fluoro-Jade B staining was observed in any of the brains 

from the PBS-treated, Luciferase- or recGluN1-vaccinated rats. 

To further investigate if neurotoxicity was present in each treatment group, GFAP and 

CD11b staining were conducted. Representative images (Figure 2-1, GFAP, CD11b) taken 

at low power showed the general immunoreactivity of GFAP and CD11b was weaker in the 

PBS, Luciferase and recGluN1 group when compared to the positive controls. High power 

images showed that there were morphological changes in the astrocytes and microglia when 

the positive control was compared with the other treatment groups. The astrocyte cell bodies 
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(black arrowheads) and processes (black arrows) in the positive control hippocampus were 

observed to be more immunoreactive and globular in shape when compared with the 

vaccinated rats. Moreover, when the PBS and Luciferase groups were compared with the 

recGluN1 group no changes in both morphologies and immunereactivity were observed 

between the three treatment groups, suggesting that recGluN1-vaccination does not induce 

inflammation in rat brains. Similarly, when microglial cells were examined at high power, the 

morphologies differed greatly between the positive controls and other treatments. The 

microglial cell bodies from the positive control showed strong immunoreactivity and 

amoeboid in morphology (indicated by the black arrowheads) with retracted processes. In 

comparison, microglial cells appeared to be less immunoreactive (indicated by the black 

arrowheads) with ramified processes (indicated by the black arrows) in the PBS, Luciferase 

and recGluN1 groups. These results indicate that the recGluN1 vaccination does not induce 

overt neurotoxicity in rat brains. Naïve rat brain sections (Figure 2-1, No primary) were 

used to show that both commercial anti-mouse and anti-rabbit IgG-biotin secondary 

antibodies produced minimal background staining. Therefore, neither GFAP nor CD11b 

immunereactivity patterns were due to non-specific reactivity of the commercial secondary 

antibodies. Overall, these results suggest no detectable neurotoxicity is associated with 

recombinant protein vaccination. 
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Figure 2-1: Toxicity screening of the brains of rats previously vaccinated with 
recombinant proteins. 
Hippocampal sections with neuronal cell loss induced by experimental seizures were used as 
the positive control. Representative images of rat hippocampal sections were obtained from 
each treatment group at low power and from the CA1 region at high power. The white 
arrowheads indicate Fluoro-Jade B stained neuronal cell bodies and the white arrows indicate 
to processes. For both GFAP and CD11b staining, the black arrowheads point to cell bodies, 
and the black arrows point to processes. The scale bar in the lower power image = 500 µm. 
The scale bar in the high power image = 25 µm. 
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2.3.2. Investigating the effects of anti-GluN1 antibodies on NMDA receptor 

expression levels in recGluN1-vaccinated rats. 

Studies have shown that NMDA receptor expression levels in the hippocampus play a 

pivotal role in learning and memory (Clark et al., 2000; Son et al., 2006). Therefore, we 

examined the expression levels of NMDA receptor in PBS-treated, Luciferase- and 

recGluN1-vaccinated rat brain sections by immunohistochemistry. All commercial secondary 

antibodies were found to produce minimal background staining as indicated in section 2.3.1 

The GluN1 subunit of the NMDA receptor is an obligatory subunit (Laube et al., 1998; 

Stephenson, 2001; Wang and Yang, 2005), and any changes in NMDA receptor expression 

levels should be reflected in changes in GluN1 expression levels (Figure 2-2). Strong 

immunoreactivity was observed at similar levels for all three treatment groups in the oriens 

layers, the stratum radiatum and hippocampal fissures. Similar immunoreactivity was also 

observed in the molecular layers and polymorph layers of the dentate gyrus across all three 

treatment groups. Strong immunoreactivity along the pyramidal cell layers was at the same 

level in all treatment groups, especially for the CA3 regions. The lacunosum moleculare 

layers, granular layers of the dentate gyrus and the hilus dentate gyrus all showed lighter 

immunoreactivity in all three treatment groups when compared with other hippocampal 

regions. These results indicate that there is no significant difference in NMDA receptor level 

in association with recGluN1 vaccination compared to control treatments. 

The GluN2A subunit of the NMDA receptor has been shown to influence learning and 

memory  (Kochlamazashvili et al., 2012). The global immunoreactivity of the GluN2A 

subunit in rat hippocampi was weak in all three treatment groups (Figure 2-2) and no 

observable differences were detected. However, weak immunoreactivity was observed along 

the oriens layers, lacunosum moleculare layers and within the molecular layers of the dentate 

gyrus in all treatment groups. We speculate that patches of strong immunoreactivity on the 

ventral boarders of the hippocampi in both the PBS control and the recGluN1 group were due 

to poor perfusion.  

The GluN2B subunit is a major contributor to animal performance in learning tasks 

(von Engelhardt et al., 2008). However, only weak immunoreactivity was detected within the 

oriens layers, lacunosum moleculare layers and molecular layers of the dentate gyrus in all 

treatment groups (Figure 2-2). In contrast to GluN2A immunoreactivity, GluN2B 

immunoreactivity produced detectable staining along the pyramidal cell layers, spreading 

across the CA1, CA2, CA3 and polymorph layers of the dentate gyrus. Nevertheless, no 
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noticeable differences in the GluN2B immunoreactivity were observed between the different 

treatment groups, suggesting that recGluN1 vaccination has no effect on GluN2B-containing 

NMDA receptor expression levels. Overall, these analyses of the NMDA receptor subunits 

showed comparable expression levels between the different treatment groups, suggesting 

NMDA receptor expression levels are not affected by recGluN1 vaccination. 

 
Figure 2-2: The expression levels of GluN1, GluN2A and GluN2B in recombinant 
protein-vaccinated rats. 
Representative immunohistochemistry images were obtained from rat hippocampal sections. 
Or = Oriens layer hippocampus. Rad = Stratum radiatum hippocampus. HiF = Hippocampal 
fissure. LMol = Lacunosum moleculare layer hippocampus. Mol = Molecular layer dentate 
gyrus. GrDG = Granular layer dentate gyrus. Py = Pyramidal cell layer hippocampus. PoDG 
= Polymorph layer dentate gyrus. Hil = Hilus dentate gyrus. CA = Cornus ammonis. Scale 
bar = 500 µm. 
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2.3.3. Investigating the effects of anti-GluN1 antibodies on GluN1 expression 

level in recGluN1-vaccinated rats by Western blotting. 

The expression levels of the NMDA receptor GluN1 subunits were analysed further 

using fresh frozen rat brains by Western blotting. Hippocampal lysate samples were prepared 

from PBS-treated, Luciferase- and recGuN1-vaccinated rats (n = 5-6 per group). Naïve rat 

hippocampal lysates and commercial secondary antibody-only lanes were used to exclude 

non-specific reactivity detected by commercial antibodies.  

Native rat GluN1 subunits at a molecular weight of approximately 120 kDa (Kopke et 

al., 1993; Kalev-Zylinska et al., 2014) were detected in the treatment groups (Figure 2-3, a). 

The band at approximately 120 kDa in the Naïve rat indicated that the 120 kDa bands 

detected in the sample lanes were native rat GluN1 subunits and were not induced by the 

vaccination. A set of faint bands were detected at approximately 66.2 kDa in all sample and 

Naïve lanes but not the anti-mouse IgG-HRP-only lane, indicating that these faint bands were 

not due to the non-specific reactivity of the secondary antibody. However, these bands may 

represent GluN1 degradation products as similar bands were also observed when screening 

rat brain lysate samples in another study in our laboratory (Kalev-Zylinska et al., 2013). 

Strong band signals for glyceraldehyde-3-phosphate dehydrogenase (GADH) were observed 

at approximately 37 kDa (Joe and Ramirez, 2001) in all lanes. Densitometry conducted to 

measure the ratio between the GluN1 and GAPDH signals revealed that when the recGluN1 

group was compared to the PBS and Luciferase control groups, no statistically significant 

differences in GluN1 expression levels were detected (p = 0.8161, Kruskal-Wallis test; 

Figure 2-3, b). These results are in agreement with what we found in the 

immunohistochemistry analysis of recombinant protein-vaccinated rat hippocampal sections 

in section 2.3.2. 

A number of housekeeping proteins were tested for reliability and suitability before 

beginning Western blotting and GAPDH was chosen as the most reliable. Please see 

Appendix: Supplementary result B for a more detailed analysis. 
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Figure 2-3: Hippocampal GluN1 expression levels in recombinant protein-vaccinated 
rats. 
a) Representative Western blotting image showing rat hippocampal lysates from the PBS, 
Luciferase and recGluN1 groups (n = 5-6 per group). 
b) Mean ratio ± SEM between GluN1 and GAPDH expression levels for the different 
treatment groups. 
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2.3.4. Western blotting investigation of the effects of recGluN1 vaccination on 

GluN2A/B expression levels in rat hippocampi. 

Following the analysis of GluN1 expression levels, we also analysed GluN2A/B 

expression levels as GluN2 subunit compositions also have modulatory effects on NMDA 

receptor function (Hardingham and Bading, 2010; Rauner and Köhr, 2011). 

Firstly, we assessed the expression levels of native GluN2A proteins at approximately 

170 kDa (Pachernegg et al., 2013), and found that no distinctively higher intensity bands 

were detected between treatment groups (Figure 2-4, a). Another set of bands which 

represented the housekeeping protein GAPDH were detected at approximately 37 kDa, 

indicating equal loading for all lanes. Semi-quantitative analysis showed no significant 

differences between the three treatment groups (recGluN1 group vs PBS and Luciferase 

controls; p = 0.9497, Kruskal-Wallis test; Figure 2-4, b), suggesting the GluN1/GluN2A 

variant of NMDA receptor expression levels were not elevated after recGluN1-vaccination. 

Next, we examined GluN2B expression levels and detected native rat GluN2B subunits 

at approximately 170 kDa (Bi et al., 2000; Karakas et al., 2012) (Figure 2-5, a). However, 

the intensities of these bands in the recGluN1 group were not higher than the PBS and 

Luciferase controls, indicating that no detectable elevation in GluN2B expression levels is 

associated with the recGluN1 vaccination. This data was confirmed through semi-quantitative 

analysis (Figure 2-5, b), where the recGluN1 group was found to have no significantly 

increased GluN1 subunit expression levels when compared with the controls (recGluN1 

group vs PBS and Luciferase control; p = 0.9179, Kruskal-Wallis test). These results suggest 

that recGluN1 vaccination did not lead to alterations in GluN2A/B subunit-containing 

NMDA receptor expression levels, which indicated that the improved learning and memory 

function in recGluN1-vaccinated rats is not due to changes in GluN2 subunit composition. 
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Figure 2-4: GluN2A expression levels within the hippocampi of recombinant protein-
vaccinated rats. 
a) Representative Western blot of rat hippocampal lysates showing GluN2A subunit 
expression levels (PBS, Luciferase and recGluN1; n = 5-6). 
b) Semi-quantitative analysis of the treatment groups shows the mean ratio ± SEM between 
GluN2A and GAPDH expression levels. 
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Figure 2-5: GluN2B expression levels detected in recombinant protein-vaccinated rat 
hippocampi. 
a) GluN2B expression levels detected in hippocampal lysates of the PBS, Luciferase and 
recGluN1 groups (n = 5-6).  
b) Mean ratio ± SEM between GluN2B and GAPDH expression levels in the different 
treatment groups. 
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2.3.5. Investigating the effects of the recGluN1 vaccination on rat hippocampal 

AMPA receptor expression levels. 

We next investigated AMPA receptor expression levels in the same rat hippocampal 

lysates by Western blotting technique, as NMDA receptor activity is tightly linked to AMPA 

receptor activation (Wang and Yang, 2005; Clarke and Johnson, 2008).  

Rat hippocampal lysates from all three treatment groups were screened for the GluR1 

subunit (110 kDa) as a marker for AMPA receptor expression levels, as GluR1 is an 

obligatory subunit of the AMPA receptor (Chang and Chiao, 2008). We found that no bands 

from any of the three treatment groups were distinctively more intense than others (Figure 2-

6, a). To confirm this observation, semi-quantification was conducted using mean ratio 

values between GluR1 and GAPDH (Figure 2-6, b). When the mean ratio of the PBS (1.08 ± 

0.28) and Luciferase (1.16 ± 0.21) control were compared with the mean of the recGluN1 

(0.95 ± 0.082) group, a slightly reduced GluR1 expression level was detected in the 

recGluN1 group. However, this slight reduction in GluR1 expression levels in the recGluN1 

group was not found to be statistically significant when compared with the controls 

(recGluN1 vs PBS and Luciferase; p = 0.8241, Kruskal-Wallis test). These results indicate no 

association can be drawn regarding recGluN1 vaccination and AMPA receptor expression 

levels. 
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Figure 2-6: GluR1 expression levels in recombinant protein-vaccinated rat hippocampi. 
a) Native rat GluR1 subunits in hippocampal lysates were screened against commercial anti-
GluR1 antibodies in a representative Western blot (PBS, Luciferase and recGluN1; n = 5-6). 
b) Man ratio ± SEM between GluR1 and GAPDH expression levels from each treatment 
group. 
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2.3.6. Analyses of rat hippocampi for effects of the recGluN1 vaccination on 

PSD-95 expression levels. 

PSD-95 plays an essential role in the anchoring of synaptic receptors such as the 

AMPA and NMDA receptors (Cai et al., 2006). Therefore, we assessed PSD-95 expression 

levels in all treatment groups (PBS, Luciferase and recGluN1) using the Western blotting 

technique to gain indirect insight into the post-synaptic expression levels of both the AMPA 

receptor and the NMDA receptor.  

The expression of PSD-95 at 95 kDa (Fernández et al., 2009) was detected in sample 

and Naïve lanes, but not in the anti-mouse IgG-HRP-only lane (Figure 2-7, a). No detectable 

differences were observed in the intensity of these bands between treatment groups. 

However, a set of faint bands of unknown origin appeared at approximately 80 kDa. The 

molecular weight of these particular bands, in addition to the lack of reactivity from the anti-

mouse IgG-HRP-only lane suggest that these 80 kDa bands could be different isoforms of 

PSD-95 (Cai et al., 2006). After semi-quantitative analysis of the recGluN1 group and the 

controls, the recGluN1 vaccination is strongly suggested to have no modulatory effect on 

PSD-95 expression levels (p = 0.7231, Kruskal-Wallis test; Figure 2-7, b). Therefore, 

recGluN1 vaccination is not associated with mediating alterations in PSD-95 expression 

levels, suggesting changes to synaptic NMDA and AMPA receptors in rat hippocampi after 

recGluN1 vaccination are unlikely. 
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Figure 2-7: PSD-95 expression levels in the hippocampi of recombinant protein-
vaccinated rats. 
a) Representative Western blot showing native rat PSD-95 expression levels in hippocampal 
lysates prepared from the PBS, Luciferase and recGluN1 groups (n = 5-6).  
b) Mean ratio ± SEM between PSD-95 and GAPDH expression levels from all three 
treatment groups. 
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2.4. Discussion 

We have previously found that recGluN1-vaccinated rats showed enhanced learning 

and memory that was associated with high anti-GluN1 antibody titres (Chen, 2010). 

According to the Hebbian Theory, improved learning and memory should be accompanied by 

improved synaptic strength, and this improved synaptic strength is mediated by enhanced 

expression levels of synaptic strength modulators such as NMDA and AMPA receptors  

(Tang et al., 1999; Traynelis et al., 2010; Kochlamazashvili et al., 2012). In this chapter we 

investigated the hypothesis that recGluN1 vaccination-mediated learning and memory 

improvement is associated with changes to NMDA receptor expression levels in rat 

hippocampi. We firstly assessed whether the recGluN1 vaccination has neurotoxic effects, 

and secondly, we examined NMDA, AMPA receptor and PSD-95 expression levels in the 

hippocampi of recGluN1-vaccinated rats using both immunohistochemistry and Western 

blotting, to determine whether an association could be drawn between recGluN1 vaccination 

and changes in receptor expression levels. 

2.4.1. No neurotoxicity is associated with recGluN1 vaccination 

Neurotoxicity was first determined by screening all recombinant protein-vaccinated rat 

hippocampal coronal sections. Hippocampal sections from animals that had seizure-induced 

neuronal cell loss following intrahippocampal delivery of kainate were used as the positive 

controls. The damage was localised within the hippocampus, and since the effect of 

recGluN1 vaccination was global and also affected the hippocampus, analysis of the 

hippocampal region was the most efficient way to determine if neurotoxicity occurred in 

recGluN1-vaccinated rats. The rat hippocampal sections were first stained with Fluoro-Jade B 

to detect degenerating neurons. We found no degenerating neurons were associated with 

recGluN1 vaccination (Schmued and Hopkins, 2000). These results are in concordance with 

other studies showing that in animal cortices and hippocampi, Fluoro-Jade B only stains 

degenerating neurons and when there is no neuronal cell death no Fluoro-Jade B positive 

staining is detected (Ballok et al., 2003; Anderson et al., 2005), suggesting that recGluN1 

vaccination induces no neurotoxicity. 

Astroglial and microglial morphological changes were used as markers for 

neurotoxicity (Lull and Block, 2010; Mayo et al., 2014). Injury to the CNS has been reported 

to activate astrocytes, which leads to changes in morphologies and congregation at the site of 

injury to form glial scars (Peković et al., 2005; Wanner et al., 2013). We found no changes in 
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astrocyte morphologies in recGluN1-vaccinated rat brains, which reinforced what was found 

with the Fluoro-Jade B staining, suggesting that no neurotoxicity was induced. Interestingly, 

astrocytes have been shown to express NMDA receptors, and astrocyte activity has been 

shown to be modulated by the NMDA receptor (Lalo et al., 2006; Verkhratsky and Kirchhoff, 

2007). This was demonstrated when cortical astrocyte-mediated currents were found to be 

sensitive to the presence of NMDA receptor antagonists (Lalo et al., 2006). In another study, 

NMDA receptor-mediated transmembrane currents in cortical astrocytes were inhibited after 

the application of NMDA receptor antagonists (Palygin et al., 2011). Furthermore, astrocyte 

activities have been shown to modulate synaptic NMDA activity by releasing chemical 

transmitters. In an animal pilocarpine-induced seizure model, transgenic mice with impaired 

astrocyte-dependent release of chemical transmitter showed reduced seizure frequency and 

reversal of behavioural deficits, and this was mimicked by applying NMDA receptor 

antagonists in the wild-type mice (Clasadonte et al., 2013). The exact effects of anti-GluN1 

antibody on astrocyte function are unknown and beyond the scope of this thesis, but 

investigating how anti-GluN1 antibodies affect the interactions between astrocytes and 

neurons in future studies could be of great interest from a therapeutic point view.  

Similarly, no microglial activation was associated with recGluN1 vaccination when the 

morphology of microglia was compared between the recGluN1 group and the PBS and 

Luciferase controls. The morphology of microglia observed in the PBS group is ramified, 

characteristic of resting microglia (Tremblay et al., 2011; Domercq et al., 2013). These 

results were confirmed by comparing the morphology of the positive control to the recGluN1 

group and PBS and Luciferase controls, showing that that activated microglial cells from the 

positive control brain were not only more immunoreactive, but also showed retracted 

processes and amoeboid cell body morphology. Microglia also express functional NMDA 

receptors, as microglial activation can be inhibited by applying NMDA receptor channel 

blockers in vitro (Streit et al., 1992; Thomas and Kuhn, 2005; Domercq et al., 2013), and the 

activation of these microglial NMDA receptors by NMDA receptor agonists has been shown 

to cause excitotoxic neural death in vitro (Kaindl et al., 2012). Furthermore, even in the 

ramified form, microglia participate in neuronal function such as synaptic pruning  (Tremblay 

et al., 2011; Dissing-Olesen et al., 2014). This thesis lacks specific data to investigate the 

effect of anti-GluN1 antibody on microglia activity, but in future studies, investigation of the 

effect anti-GluN1 antibodies have on the interaction between microglia and neurons will 

further the current understanding of neuronal function. 
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The levels of astroglial and microglial proliferations were not used to screen for 

toxicity due to the fact that both the positive and PBS control provided clear illustrations of 

activated and resting glial cells, respectively. Through the controls, the neurotoxicity levels 

between treatments were able to be investigated via immunoreactivity and morphological 

changes.  

2.4.2. Investigating NMDA receptor expression levels in recGluN1-vaccinated rat 

hippocampi 

To determine whether improved learning and memory function in recGluN1-

vaccinated rats was associated with changes in NMDA receptor expression levels, 

immunohistochemistry and Western blot analyses on tissues from these animals were 

analysed and compared with controls. The hippocampus has been shown to be essential for 

maintaining functional learning and memory (Clark et al., 2000; Xu et al., 2005). Moreover, 

specialised regions within the CNS known as circumventricular organs have CNS 

endothelium cell tight-junction morphology replaced by fenestrated and porous capillary 

structure, which has been proposed to be one of the pathways that allows antibodies to enter 

the CNS from the circulatory system (Abbott et al., 2010; Diamond et al., 2013). More 

importantly, in particular the pituitary gland is located in the centre of the brain, which is in 

close proximity to the hippocampus (Schacter et al., 2012). This allows the anti-GluN1 

antibodies that have entered the CNS through fenestrated capillaries in the pituitary gland to 

diffuse out to the hippocampus rapidly. Therefore, in combination with having an important 

role in memory consolidation (McDonald et al., 2005), the hippocampus is the logical choice 

for brain structure to be examined to determine whether enhanced learning and memory in 

recGluN1-vaccination rats is associated with NMDA receptor expression levels. 

Immunoreactivity of NMDA receptor expression levels showed that the recGluN1 

group, PBS and Luciferase controls all had strong expression of the GluN1 subunit within the 

dorsal hippocampi with no significant differences in GluN1 subunit expression levels 

between the recGluN1 group and the controls. Similarly, the expression level of the 

modulatory GluN2A subunit was comparable between the recGluN1 group and the controls. 

The synaptic NMDA receptor population in a mature neuron is mainly the GluN1/GluN2A 

variant (Pérez-Otaño and Ehlers, 2005; Petralia et al., 2010). In contrast, the GluN2B subunit 

has been reported to be predominately located in the extrasynaptic NMDA receptor 

population (Petralia et al., 2009; Lohmann and Kessels, 2014). The expression level of 
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GluN2B was not changed after recGluN1 vaccination. However, the expression levels for 

both GluN2A and GluN2B subunits in all treatment groups were not limited to membrane-

bound only as neurons are permeabilised to allow antibody entry into intracellular spaces. 

Human anti-NMDA receptor encephalitis-causing anti-GluN1 antibody has been shown to 

mediate memory deficits in animals as well as reductions in both total and neuronal cell 

surface NMDA receptor expression levels in vitro and in animal brains (Hughes et al., 2010; 

Moscato et al., 2014; Planagumà et al., 2015). In contrast, recGluN1-vaccinated rats not only 

showed improved learning and memory phenotype, but also showed no alterations in NMDA 

receptor expression levels in their brains, suggesting that the rat anti-GluN1 antibody may 

have different effects on NMDA receptor function compared with human encephalitis anti-

GluN1 antibody. Chronic blockade of NMDA receptors by antagonists in rat hippocampal 

neuronal cultures has been shown to significantly increase total NMDA receptor expression 

levels (Rao and Craig, 1997), but chronic exposure of NMDA receptors to agonists in rat 

cerebellar granule cell cultures induced downregulation in NMDA receptor expression levels 

(Resink et al., 1996). Interestingly, in a transgenic mouse model expressing a mutant form of 

neuron-specific transcription factor T-box brain 1, amygdala GluN2B-mediated behavioural 

deficits were observed. The behavioural deficits were reversed after partial NMDA receptor 

agonist DCS treatment, but no significantly elevated GluN2B subunit expression levels were 

detected (Huang et al., 2014). The results described in this chapter showed neither 

upregulation nor downregulation of the NMDA receptor expression levels in recGluN1-

vaccinated rat hippocampi, suggesting that the rat anti-GluN1 antibody may have different 

effects on NMDA receptors other than those strictly categorised as agonistic or antagonistic. 

Interestingly, our data are dissimilar to other studies showing that improved learning 

and memory is accompanied by elevated NMDA receptor expression levels (Mesches et al., 

2004; Xu et al., 2005). However, Mesches and colleagues used the anti-inflammatory drug 

Sulindac to mediate NMDA receptor expression level upregulation, so the underlying 

mechanism involved in learning and memory enhancement may be different from recGluN1 

vaccination (Mesches et al., 2004). In contrast, Xu and colleagues found rats with naturally 

high NMDA receptor expression levels in their brains performed better in tasks involving 

learning and memory (Xu et al., 2005), so both studies investigated the association between 

NMDA receptor expression levels and cognitive function slightly different from our study. 

Furthermore, both of these studies looked at the total NMDA receptor expression level in the 

hippocampus using a semi-quantitative Western blotting technique, instead of regionally-

based expression levels. The anti-GluN1 antibody-mediated effect might be more apparent on 
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total receptor expression levels, so we assessed the total NMDA receptor expression level 

using the Western blotting technique.  

The Western blotting results indicated that recGluN1 did not significantly increase the 

total NMDA receptor expression level when compared with the controls. This includes the 

GluN1, GluN2A and GluN2B subunits. These results are in concordance with the observation 

made using hippocampal coronal section immunohistochemistry. The recGluN1 vaccination 

did not lead to upregulation of total NMDA receptor expression level in rats nor changes in 

AMAP receptor expression levels which have an important role in NMDA receptor function 

(Papadia and Hardingham, 2007). These results suggest that other underlying mechanisms 

could be involved in recGluN1 vaccination-associated learning and memory improvement. 

The PSD-95 expression level was also screened as PSD-95 works to anchor NMDA receptors 

in the PSD (Petralia et al., 2010). PSD-95 is thus used as a marker for synaptic NMDA 

receptor expression level. The recGluN1 group showed no elevation in PSD-95 expression 

level when compared with the PBS and the Luciferase controls. However, PSD-95 expression 

levels could not be used to distinguish between GluN2A- and GluN2B-containing NMDA 

receptors. This is due to the fact that triheteromeric NMDA receptors contain both GluN2A 

and GluN2B subunits (Hatton and Paoletti, 2005; Rauner and Köhr, 2011).  

2.4.3. Summary 

In this chapter, the results indicate that recGluN1-vaccinated rats with high anti-GluN1 

antibody titres and improved learning and memory phenotypes showed no neurotoxicity. This 

suggests that the anti-GluN1 antibodies generated by recGluN1 vaccination were different 

from the anti-NMDA receptor encephalitis-causing anti-GluN1 antibody (Dalmau et al., 

2008). Immunohistochemistry and Western blotting results indicated that the enhanced 

performance of recGluN1-vaccinated rats in learning and memory tasks was not due to 

changes in the expression level of synaptic plasticity modulators. The effect of anti-GluN1 

antibodies on neuronal function is indicated by these results to have other underlying 

mechanisms. These mechanisms could be due to one or more of the NMDA receptor-

mediated downstream signalling pathways as these signalling pathways have been shown to 

be essential for learning and memory function (Giese and Mizuno, 2013). The original plan 

was to investigate these signalling pathways. However, because of the way these rat 

hippocampal lysates were prepared, phosphorylated kinases were not adequately protected 

from dephosphorylation. Therefore, anti-GluN1 antibodies purified from recGluN1-
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vaccinated rats were used in the subsequent passive transfer study with the overall aim of 

providing more definitive evidence that improved learning and memory was antibody-

mediated and to investigate the potential underlying mechanisms of learning and memory 

enhancement.  
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Chapter 3. In vivo effects of anti-GluN1 antibodies on 

learning and memory 

3.1. Overview 

In Chapter 2, no significant changes in total NMDA and AMPA receptor expression 

levels were found in the brains from recGluN1-vaccinated rats. However, the data presented 

in Chapter 2 does not indicate whether the learning and memory enhancing effect was due to 

a cell-mediated immune response or was anti-GluN1 antibody-mediated. Providing evidence 

to indicate that the learning and memory enhancing effect was anti-GluN1 antibody-mediated 

is crucial as the recruitment of T-cells has been shown to play a role in spatial learning and 

memory (Ziv et al., 2006). Moreover, both T-cell and microglial function is involved in 

hippocampal neurogenesis (Ziv et al., 2006). T-cells have also been shown to be able to 

activate microglia, which induces neuronal differentiation from progenitor cells (Butovsky et 

al., 2006). Granulocytes can also stimulate neuronal stem cell proliferation (Pan et al., 2008).  

This chapter reports on our test of the hypothesis that if the learning and memory 

enhancing effect is mediated by anti-GluN1 antibodies, then passive transfer of rat anti-

GluN1 antibodies to naïve mice should also confer improved learning and memory function 

to these mice. In this study, purified anti-GluN1 antibodies from recGluN1-vaccinated rats 

were transferred into naïve mice before the mice were tested in behavioural paradigms 

designed to test recognition, spatial and fear-associative learning and memory. 

The antibody passive transfer approach was chosen over the active vaccination 

approach as passive transfer would provide more definitive proof that the learning and 

memory enhancing effects in recGluN1-vaccinated rats were antibody-mediated.  
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3.2. Materials and Methods 

3.2.1. Rat immunoglobulin (Ig) purification by caprylic/octanoic acid 

Sera collected from all of the rats in the protein vaccination study were pooled together 

according to the treatment groups (PBS, Luciferase and recGluN1). Each aliquot contained 3 

mL of pooled sera for each treatment group and was transferred into a beaker. The 3 mL of 

serum was stirred constantly while 6 mL of 60 mM sodium acetate buffer was added. The pH 

of the serum-buffer mixture was adjusted to 4.85 using 1 M NaOH. While continuously 

stirring, octanoic acid (Sigma-AldrichTM, St Louis, MO, Cat #: C2875-100ML) was added to 

the serum-buffer mixture drop-wise to 5% of the total volume. The mixture was stirred for a 

further 30 min at room temperature. The mixture was centrifuged at 10,000 x g for 30 min at 

4ºC. The supernatant was transferred to another tube and centrifuged for 10 min at 10,000 x 

g. The antibody fraction was transferred to a new tube and 1 x PBS (4ºC) was added into the 

tube at a ratio of 20 mL of 1 x PBS per 1 mL of serum. The solution was then concentrated 

and desalted in a concentrator (MilliporeTM, Billerica, MA, Cat #: UFC910024) with a 100 

kDa cutoff. The concentrator was firstly hydrated with 10 mL of 1 x PBS (4ºC) at 3,000 x g 

for 1 min. Approximately 14 mL of the diluted antibody fraction was added to the 

concentrator and centrifuged at 4,500 x g for 5 min. The diluted Ig fraction was continuously 

added to the concentrator until the antibody fraction was concentrated down to a final volume 

of 500 µL. 

3.2.2. Bradford protein assay 

Bradford protein assay was used to quantify the total concentration of purified rat 

antibodies. Bradford reagent (Bio-Rad Laboratories, Hercules, CA, Cat #: 500-0006) was 

diluted 1:5 with dH2O and filtered through a 5 µm syringe filter. BSA (BioLabs Inc., Ipswich, 

MA, Cat #: B9001S) standards with 6 different dilutions were prepared (0-1 mg/mL). The 

purified antibody sample was diluted to 1:30. Ten microliters of the BSA standards were each 

pipetted into a microtitre plate in series of triplicate wells. Similarly, each antibody sample 

dilution was also applied to the same microtitre plate in triplicate. Bradford reagent was 

added to each well at 200 µL per well. The plate was incubated in the dark for 10 min and the 

absorbance was measured at 595 nm using Gen5 v1.04.5 software (BioTek Instruments Inc., 

Winooski, VT). A calibration curve was derived from the absorbance of the BSA standards 

and the concentration of the purified antibody was extrapolated from the standard curve. 
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3.2.3. SDS-PAGE 

SDS-PAGE for both Coomassie staining and Western blotting was carried out as 

described in section 2.2.7. 

3.2.4. Qualitative analysis of purified antibody using Coomassie staining 

Purified antibody samples of known concentrations were diluted in 2 x SDS sample 

loading buffer to a final concentration of 1 µg/µL. BSA was used as a marker for rat serum 

albumin in the qualitative analysis of antibody purification, and was diluted to 0.05 µg/µL. 

All prepared antibody and BSA samples were denatured by heating at 95°C for 5 min. Four 

micrograms of immunoglobulin were loaded into a well of an acrylamide gel and run 

according to the method described in section 2.2.7. The gel was immersed in fixative (see 

Appendix) for 15 min before immersion in Coomassie staining dye (see Appendix) for 30 

min. The gel was placed in destaining solution (see Appendix) overnight. 

3.2.5. Animal study 

3.2.5.1. Animals and ethics 

The animal study was carried out over a period of 45 days using 30 7 week-old male 

C57/BL6 mice. The mice were housed five per cage with free access to food pellets (2018 

Teklad Global 18% protein rodent diet, Harlan Laboratories, Indianapolis, IN) and water, in 

the VJU (Faculty of Medical and Health Sciences, University of Auckland, New Zealand). 

The facility provided a temperature-regulated (22ºC) environment and a reversed 12-h 

light/dark cycle. All animal work was approved by the University of Auckland Animal Ethics 

Committee under the ethics approval code R1038.   

3.2.5.2. Passive transfer and behavioural test schedule  

Mice were randomly allocated into 3 groups (n = 10 for each group) to receive either 

purified rat anti-GluN1 antibodies or control anti-Luciferase or PBS antibodies.  

Each mouse received 500 µg of purified rat antibodies by i.p. injection at seven 

different time-points as per Figure 3-1. Each mouse was weighed before every injection. In 

addition, the weight of each mouse was monitored daily for three consecutive days after each 

injection. Final weighing was conducted just prior to euthanasia. The handling of the mice 

was carried out over a 5-day period starting on day 18. Behavioural tests were commenced on 
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day 23, starting with the open field test (OFT). Beginning on day 24, each mouse was 

habituated in the novel object recognition test (NORT) arena for 2 days. Following 

habituation, NORT was carried out on day 26, which was followed by the novel location 

recognition test (NLRT) on day 28. From day 32 the mice were handled for 5 days in 

preparation for the step-through passive avoidance test (STPAT), which was conducted from 

days 37-39. Following the completion of the STPAT, a tail-flick test (TFT) was carried out 

on day 42. The mice were euthanised on day 45 after the completion of all behavioural tests 

with all blood and brain samples collected (Figure 3-1). 
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Figure 3-1: The schedule including passive transfer and behavioural test timeline. 
The timeline shows the schedule included passive vaccination sessions, and behavioural tests. 
Arrows indicate passive transfer injection time-points. Dotted arrows indicate euthanasia 
time-point. 



 

78 
 

 



 

79 
 

3.2.5.3. Behavioural study 

All specific mouse group identifications were coded before the behavioural study to 

ensure that the investigator carrying out the study was blinded to the specific treatments for 

individual mice. 

3.2.5.3.1. OFT 

The OFT was conducted in a plexiglass arena 56 (width) x 80 (length) x 45 (height) cm 

(Figure 3-2). The floor of the arena was subdivided into an inner and an outer zone. The 

surface area of the inner zone was 28 (width) x 40 (length) cm, representing 25% of the total 

arena surface area. Each mouse was allowed to explore the arena for 10 min. The time each 

mouse spent in the inner zone, the total distance travelled, and the average velocity of each 

mouse was tracked using an automated video-tracking system (EthoVision® XT, Noldus, 

Wageningen, Netherlands). The arena was cleaned with 0.1% (v/v) acetic acid after each 

mouse completed the test. 

 
Figure 3-2: A schematic diagram depicting the OFT. 
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3.2.5.3.2. NORT 

NORT was conducted in 3 plexiglass arenas 30 (width) x 33.5 (length) x 28 cm 

(height). Each mouse was habituated to one of the arenas on days 24 and 25, for 5 min per 

day. On day 26, each mouse was allowed to explore 2 identical objects (familiar) for 5 min 

during the sample session in one of the arenas. The two identical objects were placed in 

opposite corners of the arenas (approximately 10 cm from the wall). After the sample session 

the mice were removed from the arenas and returned to their home cages. One hour after the 

sample session, one of the two familiar objects was replaced by a novel object (first choice 

session), and the mice were allowed to explore the objects for 3 min before being returned to 

the home cage. In the second choice session (24 h after the first choice session), the previous 

novel object was replaced by another new object and each mouse was allowed to explore for 

3 min (Figure 3-3). The objects and arenas were thoroughly cleaned with 0.1% (v/v) acetic 

acid after each mouse and trial to eliminate any olfactory cue. Steps were taken to minimise 

object bias, therefore only one third of the mice used the same familiar objects at a time. 

Furthermore, the location of the novel object was counterbalanced, which led to half of the 

mice seeing the novel objects on the left side and the other half seeing the novel objects on 

the right side of the arenas (Figure 3-3).  

In order to be counted as exploring an object, each mouse was required to have its nose 

directed within 1 cm of an object. Explorative behaviours of the mice were tracked during all 

sessions using an automated video-tracking system (EthoVision® XT, Noldus, Wageningen, 

Netherlands). The discrimination ratio (DR) that indicated the level of familiar object 

discrimination was calculated as the difference in exploration time between one novel and 

one familiar object divided by the total time spent exploring both objects [(tnovel – tfamiliar) / 

(tnovel + tfamiliar)]. The mean DR values were used to determine the level of recognition 

memory between treatment groups. 
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Figure 3-3: A schematic diagram showing the NOR testing scheme. 
During habituation, mice were allowed to explore the arena for 5 min per day for two 
consecutive days 24 h apart. To prevent object bias, familiar object sets used during the 
sample sessions were changed between different mice, according to the diagram above. 
Sample sessions at 24 h after the second habituation day allowed each mouse to explore two 
identical objects for 5 min. The first choice session was conducted 1 h after the samples 
session, and each mouse was allowed to explore the familiar and novel objects for 3 min. 
Twenty four hours after the first choice session, each mouse was reintroduced into the arena 
during the second choice session to explore the familiar and the novel objects for 3 min. 
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3.2.5.3.3. NLRT 

NLRT was conducted on day 28. The mice were sufficiently habituated to the arenas 

because the NLRT was conducted in the same 3 plexiglass arenas as the NORT. Therefore, 

no extra handling and habituation were required. Two identical objects were placed in 2 

corners, 10 cm away from the walls during the sample session and were labelled as position 

A and B. Each mouse was allowed to explore both objects for 5 min during the sample 

session. During the first choice session (1 h after the sample session), the object that was 

located at position B was moved to position C and each mouse was allowed to explore both 

objects for 3 min. The second choice session (24 h after the first choice session) had the 

location C object moved to location D, and each mouse was again allowed to explore both 

objects for 3 min (Figure 3-4). To minimise location bias, the location of objects was 

counterbalanced, which allowed one-half of the mice to explore the novel location on the left-

hand side and the other half to explore the novel location on the right-hand side of the arenas 

Exploration was defined as a mouse directing its nose to within 1 cm of an object. 

Each object was cleaned thoroughly after each mouse and session with 0.1% (v/v) acetic acid. 

An automated video-tracking system (EthoVision® XT, Noldus, Wageningen, Netherlands) 

was used to track the explorative behaviour of the mouse. DR values were calculated using 

the formula described in section 3.2.5.3.2. 
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Figure 3-4: NLR testing scheme. 
The NLRT was conducted in the same arenas as the NORT. There, the mice were already 
habituated to the arenas. During the samples session, two identical objects at location A and 
location B were shown to each mouse for a total of 5 min. The first choice session (1 h after 
the sample session) had the two identical objects presented to each mouse for 3 min, and the 
first object was positioned at the familiar location A and the second objected was positioned 
at the novel location C. The second choice session 24 h after the sample session allowed each 
mouse to explore two identical objects for 3 min with one object at the familiar location A 
and the second object at the novel location D. 
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3.2.5.3.4. STPAT 

The experimental apparatus consisted of a light and a dark chamber, separated by a 

sliding door. Each chamber measured 14.5 (width) x 14.5 (length) x 13 cm (height). STPAT 

was conducted on day 37. During the exploration session, each mouse was habituated to the 

apparatus by placing it in the light chamber, after which it was allowed to freely explore both 

chambers for 1 min, before being returned to its home cage. Twenty four hours later (training 

session), the mouse was placed in the light chamber facing away from the sliding door. The 

sliding door was opened and the time taken for the mouse to enter the dark chamber was 

recorded. The sliding door was closed and the mouse was subjected to a mild electrical shock 

(0.6 mA) for 1 second (s). The sliding door was kept closed for a further 30 s to enhance 

association of a shock with the experimental apparatus, after which the mouse was returned 

to the home cage. Twenty four hours later (retention session), the mouse was placed in the 

light chamber again with free access to the dark chamber. The time to step-through into the 

dark chamber with all 4 paws was recorded in the absence of electrical shock (Figure 3-5).  
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Figure 3-5: The procedure used during the STPAT. 
Mice were allowed to freely explore both light and dark chambers for 60 s during the 
exploration session. Each mouse was placed in the light chamber with no time limit to enter 
the dark chamber during the training session, 24 h after the exploration session. When the 
mouse had entered the dark chamber, the sliding door was shut and a mild electric shock (0.6 
mA) was delivered for 1 s. Each mouse was kept in the dark chamber for an additional 30 s 
after the electric shock. During the retention session, which was 24 h after the training 
session, each mouse was reintroduced into the light chamber with free access to the dark 
chamber for a maximum of 600 s. The latency of entry into the dark chamber was recorded. 
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3.2.5.3.5. TFT 

Each mouse was restrained in a mouse restrainer leaving the tail exposed. The tail of 

the restrained mouse was submerged in a 50ºC water bath to a depth of 1 cm from the tip of 

the tail. The time from when the tail was immersed in water until the withdrawal reflex 

occurred was recorded. 

3.2.6. Mouse brain lysate preparation 

Hippocampal lysate samples were prepared according to the method described in 

section 2.2.5. 

3.2.7. BCA assay 

Protein concentrations of mouse hippocampal lysate samples were quantified as 

described in section 2.2.6. 

3.2.8. Blood collection and serum preparation 

Each animal was euthanised with sodium pentobarbitone at 90 mg/kg i.p. Shortly after 

the mouse had cessed breathing, a 26 gauge needle attached to a 3 mL syringe was inserted 

into the right atrium of the heart and approximately 1-2 mL of blood was drawn. The blood 

was then transferred into a 2 mL microcentrifuge tube and kept on ice until serum separation. 

Blood samples were centrifuged at 4,000 x g for 30 min at 4ºC. Serum was removed and 

transferred to new microcentrifuge tubes, and centrifuged again at 4,000 x g for another 30 

min at 4ºC. The final sera cleared of erythrocyte contamination, were collected into new 

microcentrifuge tubes and kept at -20ºC until required. 
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3.2.9. Western blotting and commercial antibodies used 

Western blotting was conducted according to the description in section 2.2.8.  

Name Company Catalogue 
number 

Batch 
number 

Dilutions 

Purified mouse anti-
NMDAR1 (GluN1) 

BD 
PharmingenTM 

556308 89984 1:3,000 

Firefly Luciferase 
antibody (rabbit) 

Fitzgerald 
Industries 

International® 

70C-CR2029RAP 07H06 1:5,000 

Anti-GAPDH 
antibody [6C5] 

(mouse) 

Abcam® AB8245 GR57834-4 1:2,000,000 

Anti-beta tubulin 
antibody (rabbit) 

Abcam® AB6046 490353 1:100,000 

Goat anti-mouse 
IgG-HRP 

Santa Cruz 
Biotechnology® 

Sc-2005 G1213 1:10,000 

Goat anti-rabbit IgG-
HRP 

Santa Cruz 
Biotechnology® 

Sc-2004 L0312 1:5,000 

Goat anti-rat IgG-
HRP 

Santa Cruz 
Biotechnology® 

Sc-2006 A0711 1:5,000 

Table 3-1: Commercially available antibodies. 
 

3.2.10. Statistical analysis 

Data are presented as mean ± SEM for n = 9-10 animals per group. For statistical 

analysis, SPSS® v22 (IBM®, Armonk, NY) and Prism® v5 (GraphPad, La Jolla, CA) were 

used. Differences between treatment groups with one factor were tested by one-way 

ANOVA. Dunnett’s post hoc test was used when comparing vaccination groups against the 

control and Tukey’s post hoc test was employed when looking for differences between 

groups. Paired data was analysed using a Paired-Samples t-test. Unpaired data was analysed 

by the Unpaired Student’s t-test. Nonparametric data was analysed with Mann-Whitney U 

test. Statistical significance was accepted at p-value < 0.05.   
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3.3. Results 

In a previous vaccination study recGluN1-vaccinated rats were observed to show 

enhanced learning and memory function (Chen, 2010). The overall aim of this study was to 

provide more definitive evidence that the enhanced learning and memory in recGluN1-

vaccinated rats is mediated by anti-GluN1 antibodies by determining whether passive transfer 

of rat anti-GluN1 antibodies to naïve mice would also lead to improved performance in 

learning and memory tests in these mice. 

3.3.1. Optimisation of rat Ig purification  

The first objective of this study was to purify Ig fractions from PBS-treated, 

Luciferase- and recGluN1-vaccinated rats for the subsequent passive transfer study. The 

octanoic acid Ig purification method was used as previous work in our laboratory suggests 

this is a method for rapidly isolating Ig with high purity. However, the concentration of 

octanoic acid used needed to be optimised to best meet the requirements of our specific study, 

as a variety of different octanoic acid concentrations have been used in different protocols 

(Perosa et al., 1990; Brodsky et al., 2012; Morais and Massaldi, 2012). The optimisation of 

octanoic acid concentration is necessary to maximise the removal of serum albumin. We used 

serum from naïve rats to optimise the Ig purification procedure. Octanoic acid was added 

drop-wise to multiple naïve rat serum and sodium acetate mixtures, in a series of ascending 

octanoic acid concentrations (1.3-8%). The quality of rat Ig fractions purified by different 

octanoic acid concentrations was analysed on acrylamide gel using Coomassie staining to 

visualise protein bands (Figure 3-6). At 1.3% octanoic acid concentration, only a band 

corresponding to serum albumin at a molecular weight of approximately 66.5 kDa (Valiño et 

al., 2014) was detected. When the octanoic acid was increased to 1.8%, rat Ig was detected as 

indicated by the presence of heavy and light chains at approximately 50 and 29 kDa, 

repectively (Hermanson, 2013). However, there was still substantial contamination from 

serum albumin and other serum proteins in this preparation. As the concentration of octanoic 

acid was increased, bands representing serum albumin and other serum protein contaminants 

decreased such that at 5% octanoic acid, serum albumin was not detected, indicating this was 

the optimal octanoic acid concentration for Ig isolation. Interestingly, increasing the 

concentration of octanoic acid to 8% retained more serum albumin in the purified Ig fraction. 

Therefore, 5% octanoic acid was used in the subsequent study to purify Ig from serum of 

PBS-treated, Luciferase- and recGluN1-vaccinated rats. 
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Figure 3-6: Optimising octanoic acid concentration for rat antibody purification. 
Coomassie staining of naïve rat Ig fractions purified by increasing concentration of octanoic 
acid (1.3-8%). Bands at approximately 50 and 29 kDa represent the heavy and the light chain 
of Ig, respectively. BSA was included as a marker for serum albumin. 
 

3.3.2. Characterising purified rat Ig 

Following optimisation of the Ig purification process, the main goals in this section 

were to purify and quantify Ig from PBS-treated, Luciferase- and recGluN1-vaccinated rats. 

Rat serum samples within the same treatment group were pooled as each recGluN1-

vaccinated rat had been previously shown to have developed anti-GluN1 antibody titres and 

similar reactivity patterns against recGluN1 proteins by Western blotting (Chen, 2010). 

Similarly, Luciferase-vaccinated rats also developed high antibody titres to Luciferase 

proteins. Five percent octanoic acid was added drop-wise to each serum pool and sodium 

acetate mixture and the quality of the purified rat Ig fractions was analysed on acrylamide gel 

using Coomassie staining. The purified rat Ig fractions from all treatment groups showed 

distinctive bands at approximately 50 and 29 kDa indicating both heavy and light chains of 

IgG respectively (Solano et al., 2012), and minimal retention of serum albumin (Figure 3-7, 

a).  

To determine Ig isotype, the Ig fraction isolated from recGluN1-vaccinated rat serum 

was probed using a commercial anti-rat IgG antibody by Western blotting (Figure 3-7, b). 

We decided to only screen for the presence of IgG from recGluN1-vaccinated rat Ig fraction; 

the rationale for this decision was that these rats were vaccinated over a period of 20 weeks 

such that the main Ig generated from the sustained immune response would be of IgG isotype 

(Baron, 1996; Janeway Jr et al., 2001). Distinct bands were detected at approximately 50 and 

29 kDa for both the heavy and light chains of IgG, respectively, which also corresponded to 

the molecular weight of two large bands (50 and 29 kDa) detected by Coomassie staining. In 
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addition, at a molecular weight of approximately 150 kDa, another band representing the 

whole IgG protein was detected.  

IgG fractions purified from the PBS, Luciferase and recGluN1 rats were subsequently 

quantified using a Bradford protein assay. A calibration curve with BSA concentrations 

ranging from 0-1 mg/mL was used to extrapolate the final concentration of different rat IgG 

fractions (PBS group = 5.87 µg/µL, Luciferase group = 7.67 µg/µL, and recGluN1 group = 

7.03 µg/µL). Therefore, high purity rat Ig fractions were purified and identified as the IgG 

isotypes for subsequent rat IgG characterisation and mouse passive transfer studies.  

 
Figure 3-7: Qualitative analysis of purified rat Ig fractions by Coomassie staining and 
Western blotting. 
a) Coomassie staining of purified rat Ig isolated from PBS-treated, Luciferase- or recGluN1-
vaccinated rat serum in duplicate lanes. The bands at approximately 50 and 29 kDa represent 
the heavy and light chains of Ig, respectively. BSA was included to provide a marker for rat 
serum albumin. 
b) Western blot showing purified rat IgG from recGluN1-vaccinated rats. The rat IgG was 
probed with an anti-rat IgG-HRP antibody and both the heavy and the light chains at 
approximately 50 and 29 kDa, respectively, are shown. The band at approximately 150 kDa 
represents the whole IgG protein. 
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3.3.3. Purified rat anti-GluN1 IgG binds to both recGluN1 and endogenously 

expressed mouse GluN1 proteins 

After verifying that Ig fractions isolated from recGluN1-, Luciferase-vaccinated and 

PBS-treated rat sera were of the IgG isotype, we next determined whether these IgG fractions 

could bind to their respective target proteins; specifically, whether IgG from recGluN1-

vaccinated rats could bind to recGluN1 protein and endogenously expressed mouse GluN1 

protein. The degree of homology for GluN1 subunit amino acids between mouse, rat, and 

human is approximately 99% (Yamazaki et al., 1992; Karp et al., 1993; Le Bourdellès et al., 

1994; Magnusson et al., 2010). Rat IgG fractions were probed against both recombinant 

proteins and naïve mouse hippocampal lysates using Western blotting to visualise the 

reactivity between purified rat IgG and the target protein. Rat IgG fractions obtained from 

Luciferase- and recGluN1-vaccinated groups were firstly screened against recGluN1 and 

Luciferase proteins, respectively (Figure 3-8, a). IgG from the PBS group was used as the 

control for non-specific rat IgG reactivity against both recGluN1 and Luciferase proteins. 

When the IgG fraction purified from the recGluN1 group was screened against the recGluN1 

protein, bands at a molecular weight of approximately 83.5 kDa were detected that coincided 

with the band shown by a commercial anti-GluN1 antibody. This molecular weight of 

approximately 83.5 kDa for the in-house synthesised recGluN1 protein was in accordance 

with the estimated molecular weight according to amino acid sequence. Interestingly, distinct 

bands were detected at approximately 32.7 kDa with both the recGluN1 IgG fraction and the 

commercial anti-GluN1 antibody. Moreover, both commercial anti-GluN1 antibody and 

recGluN1 IgG show the same reactivity patterns against recGluN1 proteins, indicating that 

bands with molecular weights smaller than 83.5 kDa are presumably indicative of recGluN1 

protein degradation products. The PBS IgG fraction showed no reactivity against the 

recGluN1 protein, suggesting the reactivity detected in recGluN1 IgG fraction lanes was not 

due to non-specific reactivity of rat IgG. When the Luciferase IgG fraction was probed 

against Luciferase protein, reactivity was observed at approximately 64.5 kDa, corresponding 

to the commercial anti-Luciferase antibody. Similarly, this was not due to non-specific 

reactivity, as no reactivity against the Luciferase protein was shown by the IgG fraction 

purified from the PBS group. 

Next, the purified IgG fractions isolated from recGluN1-, Luciferase-vaccinated and 

PBS-treated animals were screened against naïve mouse hippocampal lysates (Figure 3-8, b). 

Both recGluN1 IgG and commercial anti-GluN1 antibody showed distinct bands at 
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approximately 120 kDa, representing the full-length native mouse GluN1 protein (Kalev-

Zylinska et al., 2014). In contrast, IgG purified from the PBS and Luciferase groups showed 

no reactivity against the native mouse GluN1 protein. Bands representing GAPDH were 

detected at approximately 37 kDa (Joe and Ramirez, 2001) in all lanes suggesting equal 

loading of sample in all lanes. Moreover, the absence of reactivity in both anti-mouse and 

anti-rat IgG-HRP antibody-only lanes indicated that the reactivity against endogenous mouse 

GluN1 proteins shown by the purified recGluN1 group IgG was not due to non-specific 

reactivity of commercial secondary antibodies.  

Overall, these results indicate that IgG fractions purified from recGluN1- and 

Luciferase-vaccinated rats were specifically targeting recGluN1 and Luciferase protein, 

respectively. More importantly, only IgG isolated from the recGluN1 group was able to bind 

to native mouse GluN1 proteins, suggesting specificity of these antibodies for their respective 

protein targets. 
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Figure 3-8: Characterising purified rat Ig fractions with recombinant proteins and 
naïve mouse hippocampal lysates. 
IgG fractions purified from PBS-treated, Luciferase- or recGluN1-vaccinated rat serum were 
screened against both recGluN1 and native mouse GluN1 proteins in hippocampal lysates by 
Western blotting. 
a) Rats that were vaccinated with either the recGluN1 (83.5 kDa) or the Luciferase (64.5 
kDa) protein were screened against the corresponding protein, respectively. The purified rat 
IgG fractions are presented in duplicate lanes. Commercial anti-GluN1 and anti-Luciferase 
antibodies were used to detect recGluN1 protein and Luciferase protein, respectively. Rat IgG 
fractions purified from PBS-treated rats were used as controls for non-specific reactivity of 
rat IgG. 
b) Western blot showing purified rat IgG fractions screened against naïve mouse 
hippocampal lysate samples for reactivity against mouse GluN1 protein. A commercial anti-
GluN1 antibody was used as a positive control. GAPDH was used as the housekeeping 
protein. 
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3.3.4. Validation of behavioural testing paradigms in mice 

Following characterisation of purified anti-GluN1, anti-Luciferase and PBS-treated rat 

IgG antibodies, the next major objective was to determine whether the behavioural paradigms 

to be used in the passive antibody transfer study would be able to detect differences in object 

recognition, spatial and associative memory in mice following modulation of NMDA 

receptor function. All the behavioural tests used were previously done using rats. Therefore 

the goal in this section was to determine whether the behavioural test could detect differences 

in learning and memory function when adapted for use in mice. We used DCS as an NMDA 

receptor partial-agonist that has been shown to enhance recognition, spatial and fear-related 

associative memory in animal models (Sunyer et al., 2008; Bado et al., 2011; 

Kochlamazashvili et al., 2012). Naïve mice were randomly assigned to receive either 20 

mg/kg i.p DCS (n = 10) or an equivalent volume of saline vehicle (n = 9) 30 min before 

commencing each behavioural test (Bado et al., 2011). One mouse was removed from the 

saline control due to accidental death unrelated to the process of behavioural paradigm 

optimisation. The validation of behavioural tests was conducted in the order of NORT, NLRT 

and STPAT. For both NORT and NLRT, only short-term memory was tested (1 h after 

sample sessions) due to limited availability of the behavioural testing facility at the time of 

testing.  

During NORT, each mouse was habituated to the testing arena for two consecutive 

days 24 h apart for 5 min per day. Twenty four hours after habituation each mouse was 

allowed to explore two identical objects (familiar objects) for 5 min during sample session 

then was removed from the testing arena. During the choice session 1 h after sample session 

(testing for short-term object recognition memory), each mouse allowed to explore one 

familiar and one novel object for 3 min. Mean DR at choice session was extrapolated and 

higher the DR the more it reflects discrimination against the familiar object. Short-term 

object recognition memory was significantly enhanced following DCS treatment when 

compared to the saline-injected control animals (mean DR saline of 0.0086 ± 0.1 vs DCS 

0.28 ± 0.08; p = 0.042, Unpaired Student’s t-test; Figure 3-9, a).  

For NLRT no habituation was needed for mice as the test was conducted in the same 

testing arena as the NORT. During the sample session, each mouse was allowed to explore 2 

identical objects positioned at locations A and B (familiar locations) for 5 min. During the 

choice session (1 h after sample session) the object positioned at location B was moved to a 

novel location C. Short-term spatial memory was assessed by extrapolating mean DR to 
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determine the level of familiar location discrimination. Interestingly, there was no significant 

difference between the performance of the saline control (mean DR = 0.18 ± 0.15) and the 

DCS group (mean DR = -0.02 ± 0.089; p = 0.211, Mann-Whitney U test; Figure 3-9, b) in 

the NLRT. This result could be due to the type of object used during the NLRT. The objects 

used in the NLRT were different to those used in the NORT. Mice were able to climb onto 

these objects, and attempted to escape the arena instead of exploring the objects, especially 

animals in the DCS treatment group. Therefore, new objects were used for the NLRT in the 

subsequent passive transfer study. 

STPAT was conducted using an apparatus consisting of a light and a dark chamber. 

During the training session, each mouse was first placed in the light chamber. After the 

mouse had entered the dark chamber a sliding door was closed, and a mild electrical paw-

shock (0.6 mA) was delivered for 1 s. Twenty-four hours later, the mouse was tested for 

retention (long-term fear-associative memory) and latency to enter the dark chamber was 

recorded. There was a significant difference in the mean latency to enter the dark chamber 

during the training session between the treatment groups, as expected (mean latency saline = 

8.44 ± 1.39 s vs DCS = 11.1 ± 1.04 s; Figure 3-9, c, Training). During the retention session, 

the DCS-treated animals showed longer latencies for entering the dark chamber when 

compared to the saline control animals (DCS = 99 ± 60.5 s vs saline = 17.67 ± 1.38 s; p = 

0.0143, Mann-Whitney U test; Figure 3-9, c, Retention). The STPAT also showed that mice 

from both the saline control and the DCS group were learning (Figure 3-9, c), as indicated by 

the significantly increased latency between training and retention sessions in the saline 

control (training vs retention; p = 0.0016, Mann-Whitney U test) and the DCS group (training 

vs retention; p = 0.0003, Mann-Whitney U test). 

These results show that both NORT and STPAT were sensitive enough to detect an 

enhancement in learning and memory in DCS-treated mice compared to control mice. There 

were no differences in the animals’ NLR, potentially due to the use of inappropriate objects 

for the NLRT, which was subsequently corrected. This optimisation process provided an 

opportunity to confirm that these behavioural tests are sensitive to differences in NMDA 

receptor function and to rectify the potential suboptimal aspect of the behavioural paradigm 

protocols for the passive antibody transfer study. 
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Figure 3-9: Behavioural paradigm validation. 
Each bar represents the mean ± SEM for n = 9-10 animals in each treatment group. 
a) NORT. Mean DR values from both saline control and DCS group during the choice 
session (1 h after sample session). Unpaired Student’s t-test, *p < 0.05. 
b) NLRT. Mean DR values from the saline control and the DCS group during the choice 
session. 
c) STPAT. The mean latency in mice from the saline control and the DCS group during the 
training session (white bar) and during the retention session (grey bar), Mann-Whitney U test 
*p < 0.05, **p < 0.01, ***p < 0.001. 
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3.3.5. Behavioural study: Investigating the effects of anti-GluN1 antibody on 

cognitive functions. 

After the behavioural paradigms were optimised, the overall objective in this section 

was to determine the effects of rat anti-GluN1 antibodies on learning and memory in mice 

using behavioural paradigms specifically designed to investigate mouse recognition (NORT), 

spatial (NLRT) and fear-associative (STPAT) learning and memory. Thirty naïve mice were 

randomly divided into 3 different groups of 10 mice with each group receiving purified rat 

antibodies isolated from PBS-treated, Luciferase- or recGluN1-vaccinated animals through 

i.p. injection. Importantly, both PBS and Luciferase mice were used as controls during the 

behavioural study. The schedule of rat antibody passive transfer to mice and the behavioural 

paradigms investigated were described in section 3.2.5.2. The rationale to switch from rat to 

mouse for this passive transfer study was that there was a limited source of rat anti-GluN1 

antibodies and significantly less antibody would be required to be delivered (approximately 

14 mg/kg per injection) to have a potential effect on cognition (Dodart et al., 2002). In 

comparison, a rat passive transfer study would require more antibodies (approximately 80 

mg/kg) (Roiko et al., 2009). 

3.3.5.1. Weight change monitoring 

Visual inspection of the mice and weight gain were used to monitor the overall health 

and well-being of mice throughout the study to ensure that the passive transfer of rat anti-

GluN1, anti-Luciferase and PBS-treated antibodies did not cause detrimental effects on health 

of the mice. Each mouse was weighed weekly with additional weighing being carried out for 

at least three consecutive days after each passive antibody transfer session was performed. 

The mice were well matched for weight both within the same treatment group and 

between treatment groups. There was no evidence indicating a single group was gaining 

weight at a faster rate than the other groups (Figure 3-10). There was a steady increase in 

weight for all groups for the first 20 days. A slight decrease in weight was observed after the 

fourth passive antibody transfer session, but this occurred to a similar extent in all groups and 

the mice from all treatment groups started to gain weight again at the end of day 22. After 

careful analysis, the rate of weight gain was shown to be consistent between the three 

treatment groups. These results suggest that anti-GluN1 antibody treatment had no 

deleterious effect on the general well-being of GluN1 mice. 
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Figure 3-10: Average weight of the mice. 
Weights are presented as the mean ± SEM for n = 10 mice per treatment group. The arrows 
point to individual passive vaccination time-points. 
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3.3.5.2. OFT: No anxiety-like behaviour and no locomotor dysfunction was shown in rat 

anti-GluN1 antibody-treated mice 

The OFT is designed to examine the effects of anti-GluN1 antibody on anxiety levels 

and locomotor functions (Choleris et al., 2001; Gould, 2009). The goal here was to show 

specific evidence that rat anti-GluN1 antibody did not mediate anxiety-like behaviour in mice 

or have effects on locomotor activity. Each mouse was allowed to explore the OFT arena for 

a total of 10 min and data recorded was divided into two sections: firstly, the mean time the 

mice from each group spent in the inner zone of the arena was investigated as a functional 

readout of anxiety-like behaviour. Secondly, the mean total distance mice from each group 

travelled during the test, and the average velocity during the test were used to indicate 

locomotor function. 

There were no significant differences in the times spent in the inner zone between the 

GluN1 mice and the control groups (Figure 3-11, a). GluN1 mice spent on average 101.52 ± 

12.54 s in the inner arena zone compared to PBS mice, which spent an average of 84.3 ± 8.32 

s Luciferase mice, 79.83 ± 7.38 s (p = 0.2288, F = 1.558, R = 0.3217, one-way ANOVA), 

suggesting that there were no differences in anxiety between the treatment groups. 

The locomotor functions of the mice were firstly examined through the total distance 

travelled during the OFT (Figure 3-11, b), and when the GluN1 group was compared with 

the PBS and Luciferase control groups no statistical significance was found (p = 0.8272, F = 

0.191, R = 0.1181, one-way ANOVA). Secondly, average velocities of the mice from all 3 

treatment groups were compared (Figure 3-11, c) and no significant differences were found 

when the GluN1 group was compared with both PBS and Luciferase controls. (p = 0.8319, F 

= 0.1853, R = 0.1164, one-way ANOVA), indicating locomotor function was not changed 

between treatment groups 

These results indicate that no anxiety-like behaviour and no locomotor deficits were 

shown by the rat anti-GluN1 antibody-treated mice. Therefore, anxiety-like behaviour and 

locomotor dysfunction played no part in the subsequent behavioural tests. 
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Figure 3-11: Levels of locomotion and anxiety during the OFT. 
Graphs are presented as mean time ± SEM and 3 groups of 10 mice were tested (PBS, 
Luciferase and GluN1). 
a) The graph shows the mean time that each group of mice spent in the inner zone of the test 
arena. 
b) The graph represents the means of the total distance travelled from each group. 
c)  The mean velocity of each group of mice is presented in the graph. 
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3.3.5.3. NORT: Rat anti-GluN1 antibody-treated mice showed improved short-term 

memory 

The effects of anti-GluN1 antibody object recognition memory were tested using the 

NORT, a test that is dependent on hippocampal NMDA receptor function (Rampon et al., 

2000). Each mouse was exposed to two identical objects (familiar) during the sample 

(training) session. The mice were re-exposed to the testing arena 1 h after the sample session 

with one of the familiar objects replaced by a novel object. In this first choice session, short-

term recognition memory was evaluated. For the second choice session, 24 h later, the novel 

object was replaced by another new novel object, with this second choice session testing 

long-term recognition memory. Mean DR values at both choice sessions were calculated to 

determine the ability of rat anti-GluN1 antibody-treated mice to discriminate between a 

familiar object encountered previously and a novel object. 

The mean DR of the GluN1 group from the first choice session (1 h) was compared to 

the PBS and Luciferase controls (Figure 3-12, a). There was a significant difference in DR 

between the three groups of mice (p = 0.0423, F = 3.56, R = 0.4569, one-way ANOVA). The 

GluN1 group had a mean DR of 0.28 ± 0.07 compared to the PBS (DR = -0.09 ± 0.13), with a 

Dunnett’s post hoc test showing a significant difference between these two groups (p = 0.026, 

Dunnett’s post hoc test). Of note, the negative mean DR in the PBS control suggested that 

those mice spent more time exploring the familiar object during the first choice session. 

Similarly, the DR of GluN1 was higher than that of the Luciferase (mean DR = 0.03 ± 0.1) 

group, but Dunnett’s post hoc test revealed that the difference between the GluN1 and 

Luciferase groups was not statistically significant (p = 0.162). Interestingly, when the PBS 

and the Luciferase controls were compared, the Luciferase control was observed to have 

mean DR values higher than the PBS control, however, there was no significant difference 

between the control groups (p = 0.589, Dunnett’s post hoc test). These results suggested that 

the GluN1 mice had significantly improved short-term object recognition memory compared 

to the PBS control animals. 

Following investigation into the effect of passive vaccination on mouse short-term 

recognition memory, long-term recognition memory was examined via the mean DR obtained 

from the second choice session (24 h; Figure 3-12, b). The mean DR of the GluN1 group 

(DR = 0.005 ± 0.09) was closer to zero than the PBS control (mean DR = 0.09 ± 0.15). 

Similarly, when comparing the GluN1 group to the Luciferase control (mean DR = 0.14 ± 

0.19), the mean DR value from the GluN1 group was shown to be closer to zero. However, 
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no statistically significant differences were observed when comparing the GluN1 group to 

either the PBS or the Luciferase control (p = 0.7929, F = 0.23, R = 0.1305, one-way 

ANOVA). These results therefore suggest that anti-GluN1 antibodies have an enhancing 

effect on short-term recognition memory but not long-term recognition memory. 

 
Figure 3-12: Discrimination ratio during the NORT. 
DR values of each of the 3 groups of 10 mice (PBS, Luciferase and GluN1) are presented as 
mean ± SEM  
a) The graph shows the mean DR from all three treatment groups during the first choice 
session, 1 h after the sample session (*p < 0.05, Dunnett’s post hoc test). 
b) The mean DR of the three treatment groups during the second choice session, 24 h after 
the sample session. 
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3.3.5.4. NORT: No object and location preferences were shown by the passive transfer 

mice 

During the sample session of the NORT the time mice spent exploring each object and 

the time in each location was measured. This was to provide evidence that the improved 

short-term recognition memory shown by the GluN1 group was not caused by object or 

location preference.  

Object preference was examined first. Each mouse had two identical objects (familiar) 

to explore during the sample session. However, the familiar object sets used were different 

from mouse to mouse. The analysis involved examining the total exploration times for both 

familiar objects in mice that used the same familiar object set (Figure 3-13, a). Mice that had 

object A as the familiar object spent on average 27.78 ± 5.56 s on the identical objects. In 

comparison, object B had a mean exploration time of 38.62 ± 21.36 s and object C had a 

mean exploration time of 25.9 ± 6.04 s. No significant differences in the total exploration 

time between these objects sets were observed (p = 0.7429, one-way ANOVA; F = 0.3), 

suggesting all objects used were of equal interest to the test animals.  

To further validate the enhanced short-term recognition memory phenotype shown by 

the GluN1 group, the time mice spent on exploring an object located on either the left or right 

side of the arena was investigated according to the treatment (Figure 3-13, b). The PBS 

control group spent on average 11.23 ± 2.9 s exploring the object located on the left-side and 

27.04 ± 17.57 s on the object located on the right-side. Although a noticeable difference was 

observed within the PBS control group when the average times between left and right side 

were compared, no statistical significance was found (p = 0.3289, Paired Sample t-test). This 

result was due to the automated video-tracking system having both nose and tail point 

reversed when tracking one of the mice in the PBS control group. Object location preference 

was also examined within the Luciferase control group, and no statistical differences were 

found (p = 0.2547, Paired Sample t-test). Finally, when the GluN1 group was examined, no 

statistically significant differences in side-preference were detected (p = 0.6465, Paired 

Sample t-test). When only the left side exploration time was compared between the PBS, 

Luciferase and GluN1 groups, no significant difference was shown (p = 0.5873, F = 0.5428, 

R = 0.1966, one-way ANOVA). Similarly, no statistically significant difference was shown 

when the right-side exploration time was compared between the three groups (p = 0.5483, F = 

0.6146, R = 0.2087, one-way ANOVA). These results indicate that no specific object used 

during NORT was more stimulating than other objects. Similarly, none of the mice showed a 
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preference for a particular object location. In addition, no group of mice was shown to be 

more explorative by showing a statistically higher exploration time. Therefore, the enhanced 

short-term recognition memory phenotype shown by the GluN1 group was not due to object 

and/or location preference bias. 

 
Figure 3-13: Object and location preferences during the NORT. 
Exploration time is shown as mean ± SEM for the exploration of each different object and for 
objects located at different locations. 
a) The graph shows the mean time for which each object was explored during the sample 
session (n = 10 per object).  
b) The mean time spent on exploring objects located on either the left side (Left) or the right 
side (Right) of the test arena (n = 10 per group). 
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3.3.5.5. NLRT: No changes in mouse spatial memory were associated with rat anti-

GluN1 antibody treatment 

Anti-GluN1 antibody-mediated changes in spatial memory function were investigated, 

as spatial memory formation has been shown to be dependent on hippocampal NMDA 

receptor activation (von Engelhardt et al., 2008). Mice were allowed to explore two identical 

objects placed at the two locations (A and B). During the first choice session (1 h - testing 

short-term spatial memory), the object that was previously positioned at location B was 

moved to a new location (C). Twenty four hours after the first choice session (second choice 

session - testing long-term spatial memory), the object at location C was moved to location 

D. The mean DR values were calculated from each treatment group (PBS, Luciferase and 

GluN1) as readout of familiar location discrimination. Therefore, a high DR value indicates 

an acknowledgment of an object positioned at a novel location.  

To investigate the effect of rat anti-GluN1 antibody on mouse short-term spatial 

memory mean DR values from each of the three treatment groups during the first choice 

session (1 h) were compared (Figure 3-14, a). There were no significant differences in DR 

between the treatment groups (p = 0.4831, F = 0.7474, R = 0.229, one-way ANOVA). 

Long-term spatial memory was examined 24 h after the first choice session (Figure 3-

14, b). No significant differences were found between the three groups (p = 0.4014, F = 

0.9445, R = 0.2557, one-way ANOVA). Therefore, these results suggest that anti-GluN1 

antibody had no enhancing effect on either short-term or long-term spatial memory. 
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Figure 3-14: Discrimination ration during the NLRT. 
The DR values from each graph are presented as mean ± SEM for animals that received 
passive transfer of PBS, Luciferase or GluN1 antibodies (n = 10 per treatment group). 
a) The mean DR values from all three treatment groups during the first choice session (one 
hour after the sample session). 
b) The mean DR values from the second choice session (24 hours after the sample session). 
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3.3.5.6. STPAT: Rat anti-GluN1 antibody passive transfer was associated with 

enhanced long-term fear-associative learning and memory in mice 

Next, hippocampal NMDA receptor-mediated fear-associated learning and memory 

was investigated (Kalev-Zylinska et al., 2009) and assessed using the STPAT. One of the 

advantages of this behavioural paradigm is that emotional-associative memory in mice can 

easily be acquired and can be reliably tested (Kim and Jung, 2006; Curzon et al., 2009). 

Increased latencies to enter the dark chamber during the retention session reflect fear-

associative learning and memory as mice would have to learn to associate the dark chamber 

with an unpleasant experience (Sweatt, 2010). 

To determine if mice from all 3 treatment groups had similar latencies for entering the 

dark chamber before fear-associative memory formation, mean latency was compared 

between the three treatment groups (Figure 3-15, Training). When the GluN1 group (mean 

latency = 7.7 ± 0.98 s) was compared with the PBS (mean latency = 10.2 ± 1.27 s) and the 

Luciferase (mean latency = 8.7 ± 1.05 s) controls, no significant differences in latency 

between the three groups were apparent (p = 0.2921, F = 1.288, R = 0.2952, one-way 

ANOVA). All mice showed short latency periods before entering the dark chamber during 

the training session, indicating a natural preference for dark environments (van den Broek et 

al., 1995; Waiblinger and König, 2004), and suggesting that there was no baseline variation 

between treatment groups.  

During the retention session (24 h after training session), the mean latency of each of 

the three groups was compared (Figure 3-15, Retention). GluN1 animals had a mean latency 

of 36 ± 9.45 s compared with a mean latency of 11.9 ± 1.84 s in the PBS control and 12.3 ± 

2.49 s in the Luciferase control, and significant differences were confirmed (p = 0.0115, F = 

5.289, R = 0.5305, one-way ANOVA). When the GluN1 group was compared with the PBS 

control, the GluN1 mice required approximately 24.1 s more time (a 3-fold increase) than the 

PBS controls before entering the dark chamber (p = 0.016, Dunnett’s post hoc test). A similar 

comparison was also performed between the GluN1 and the Luciferase groups. The GluN1 

group was shown to require approximately 23.7 s more time (a 3-fold increase) than the 

Luciferase control (p = 0.018, Dunnett’s post hoc test). There was no significant difference 

when the PBS control was compared with the Luciferase control (p = 0.998, Dunnett’s post 

hoc test). These results indicate that the GluN1 group had improved long-term associative 

memory compared with the other 2 control groups. 
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To determine whether mice from each treatment group formed fear-associative 

memories after the training session, comparisons were made within each treatment group 

between the training and the retention session (Figure 3-15, Training and Retention). When 

comparing the mean latency between the training (7.7 ± 0.98 s) and the retention (36 ± 9.45 

s) session within the GluN1 group, an approximately 4.7-fold increase in latency was 

observed. Through statistical analysis the difference was shown to be statistically significant 

(p = 0.0178, Paired Sample t-test). However, when the training (mean latency = 10.2 ± 1.27 

s) and the retention (mean latency = 11.9 ± 1.84) session were compared within the PBS 

control group, only a small increase in latency was observed, and the increase was not 

statistically significant (p = 0.4072, Paired Sample t-test). As expected, the slight increase in 

mean latency between the training (8.7 ± 1.05 s) and the retention (12.3 ± 2.49 s) within the 

Luciferase control group was also not enough to be statistically significant (p = 0.1823, 

Paired Sample t-test).  

These results show that the GluN1 group had similar latency times for entering the 

dark chamber to the controls before fear conditioning, but showed significantly higher 

latency during the retention session when compared to the PBS and Luciferase controls, 

indicating anti-GluN1 antibody-mediated enhanced long-term fear-associative learning and 

memory. Interestingly, the lack of significant differences in latency within the PBS and 

Luciferase controls between training and retention sessions suggested that only the GluN1 

group formed fear-associative memories after fear conditioning. Therefore, TFT was 

conducted to eliminate the possibility that differences in pain thresholds between the GluN1 

mice and the controls influenced performance in the STPAT. 
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Figure 3-15: Latency for entering the dark chamber during both training and retention 
sessions of STPAT. 
The latency for entering the dark chamber is expressed as mean ± SEM for the 3 treatment 
groups (n = 10 per group) during the Training and Retention sessions (*p < 0.05, Dunnett’s 
post hoc test; Paired Sample t-test). 
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3.3.5.7. TFT: Rat anti-GluN1 antibody passive transfer did not alter the pain threshold 

of mice 

TFT was conducted to eliminate the possibility that the increased latency observed in 

the STPAT from the GluN1 group was due to alterations in pain threshold caused by anti-

GluN1 antibodies. TFT involved immersing 1 cm of a mouse’s tail into a 50ºC water bath 

and the latency for the mouse to withdraw its tail from the water was recorded as a proxy for 

pain threshold. 

The mean latency for a tail withdrawal reflex in the GluN1 group was compared with 

the PBS and Luciferase controls (Figure 3-16). The mean latency in the GluN1 (4.93 ± 1.23 

s) group was shown to be comparable to the PBS (4.75 ± 0.73 s) control, whereas, the 

Luciferase (3.43 ± 0.67 s) control was shown to have a shorter latency. However, statistical 

analysis showed that the difference in latency between the GluN1, the PBS and the 

Luciferase groups was not significantly different (p = 0.422, F = 0.891, R = 0.2488, one-way 

ANOVA). Therefore, these results indicate that the GluN1 group did not have altered pain 

thresholds and thus the enhanced fear-associative learning and memory was anti-GluN1 

antibody-mediated. 

 
Figure 3-16: Latency before an observable pain reflex. 
The latency before the withdrawal reflex is expressed as mean ± SEM for each of the 
treatment groups (n = 10 per group). 
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3.3.6. Presence of rat IgG in mouse serum 

Following demonstration of improved performance in learning and memory tasks by 

the anti-GluN1 antibody-treated mice relative to controls, we next aimed to demonstrate 

firstly that rat IgG was retained in mouse sera following passive transfer, and secondly, that 

these rat IgG antibodies were present in the brain. 

The mice were euthanised, and sera and brains were collected. Individual mouse serum 

samples from each of the GluN1, the Luciferase and the PBS-treatment groups were pooled.  

To visualise the presence of passively transferred rat IgG in mouse serum, pooled 

mouse serum samples from the GluN1 group and Luciferase control were used as a primary 

antibody source to screen against recGluN1 proteins and Luciferase proteins respectively, 

using Western blotting (Figure 3-17, a). The presence of rat IgG was detected using a 

commercial anti-rat IgG antibody. When the pooled serum samples from the GluN1 group 

were screened against recGluN1 proteins and then probed with commercial anti-rat IgG-HRP 

antibodies, strong reactivity was detected as a set of protein bands at approximately 83.5 kDa. 

Not surprisingly, the bands coincided with the same molecular weight observed in the 

commercial anti-GluN1 antibody lane. Interestingly, another set of protein bands were 

observed at approximately 32.7 kDa for both the positive control and serum samples from the 

GluN1 group. The anti-mouse and anti-rat IgG-HRP antibody-only lanes showed no 

reactivity against the recGluN1 protein at the molecular weight of approximately 32.7 kDa, 

suggesting that the bands at approximately 32.7 kDa shown in the GluN1 serum were 

degradation products of recGluN1 proteins. The appearance of the 32.7 kDa bands confirmed 

that the rat anti-GluN1 IgG that was passively transferred into mice had the same reactivity 

profile against recGluN1 proteins as the rat anti-GluN1 IgG characterised after the 

purification process shown in section 3.3.3. The pooled Luciferase mouse serum samples and 

the commercial anti-Luciferase antibody showed proteins with a molecular weight of 

approximately 64.5 kDa, indicating reactivity against the Luciferase protein. The anti-rat and 

anti-rabbit IgG-HRP-only lanes were shown to have no reactivity against the Luciferase 

protein. 

To show that the reactivity of rat IgG in mouse serum was specific to recombinant 

proteins used in the rat vaccination study, cross-reactivity of rat IgG against other 

recombinant proteins was screened. Specifically, the GluN1 mice sera were screened for 

reactivity against Luciferase protein, and the Luciferase mice sera were screened against the 

recGluN1 protein. In addition, the mice that received purified PBS-treated IgG were screened 
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against both the recGluN1 and the Luciferase protein (Figure 3-17, b). Mouse sera from the 

PBS group were used as the negative control to account for non-specific reactivity of rat IgG. 

As expected, the commercial anti-GluN1 antibody detected a band indicating reactivity 

against recGluN1 at approximately 83.5 kDa. In comparison, the PBS control and the 

Luciferase control both showed no evidence of this band. The commercial anti-Luciferase 

antibody detected a band at approximately 64.5 kDa when probed against Luciferase proteins 

and no bands with similar molecular weight were shown by the GluN1 group and PBS 

control. Interestingly, bands with weak reactivity were observed at approximately 61 kDa, 

when the GluN1 mouse serum samples were screened against the Luciferase proteins, 

indicating reactivity against other protein contaminants. These are likely to be bacterial 

protein contaminants in our Luciferase protein preparation. The lack of cross-reactivity from 

all three treatment groups indicated that the reactivity patterns observed for both rat anti-

GluN1 and anti-Luciferase antibodies were specific to recGluN1 and Luciferase protein, 

respectively. 

Finally, to investigate how reproducible the reactivity pattern was against recGluN1 

protein between individual GluN1 mice, all serum samples from each mouse were screened. 

Only the GluN1 mouse sera were screened individually against recGluN1 as rat antibodies 

from Luciferase-vaccinated and PBS-treated rats had shown no cross-reactivity against 

mouse hippocampal autoantigens (section 3.3.3). Each individual GluN1 mouse serum 

sample was screened against the recGluN1 protein (Figure 3-17, c). The GluN1 mice showed 

reactivity patterns similar to those of the commercial anti-GluN1 antibody, noticeably at 

approximately 83.5 kDa and 32.7 kDa. However, for GluN1 mouse number 3 there was no 

reactivity. Moreover, for mouse numbers 2, 6 and 7, the intensity of the bands appeared 

weaker compared to other mice within the group. The anti-rat IgG-HRP-only lane showed no 

reactivity resembling that of the commercial anti-GluN1 antibody. The reactivity pattern from 

each of the individual GluN1 mice that showed reactivity was similar to that of the screening 

done on purified rat anti-GluN1 IgG and pooled GluN1 mouse serum samples. These results 

indicated the retention of purified rat antibodies in mouse serum after the passive transfer 

procedure. Moreover, the rat anti-GluN1 IgG retained functionality in mice, as indicated by 

its ability to bind to recGluN1 proteins. Therefore, rat anti-GluN1 IgG in mouse serum was 

subsequently characterised to show that it was crossing the BBB into mouse brains. 
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Figure 3-17: Detecting rat IgG in mouse serum samples. 
Pooled mouse serum samples were collected from the PBS, Luciferase and GluN1 groups 
after the completion of the behavioural study. All the serum samples collected were screened 
for the retention of rat IgG. Commercial anti-GluN1 and anti-Luciferase IgG were used as the 
positive controls where applicable.  
a) The commercial anti-GluN1 IgG and the pooled GluN1 mouse serum showed bands 
representing reactivity against recGluN1 at approximately 83.5 kDa. Commercial anti-
Luciferase IgG showed bands of reactivity at approximately 64.5 kDa when screened against 
Luciferase proteins. The anti-mouse and anti-rat IgG-HRP-only lanes used no mouse serum 
sample. Mouse serum samples and commercial anti-GluN1 and anti-Luciferase IgG were 
screened in triplicate. 
b) The commercial anti-GluN1 IgG showed reactivity bands at approximately 83.5 kDa and 
no bands were detected from both pooled Luciferase and PBS mouse sera when screened 
against recGluN1 proteins. The commercial anti-Luciferase IgG showed reactivity bands at 
approximately 64.5 kDa, and this reactivity was not observed when the PBS mice or the 
GluN1 mice sera were screened against Luciferase proteins. Mouse serum samples were 
screened in triplicate. 
c) Individual GluN1 mouse serum and commercial anti-GluN1 IgG were screened against 
recGluN1 proteins, and bands representing reactivity against recGluN1 at approximately 83.5 
kDa are shown The anti-rat IgG-HRP-only lane showed no reactivity when screened against 
recGluN1 proteins. 
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3.3.7. Rat IgG retention in hippocampal lysate samples of passive transfer mice 

Following the demonstration of rat anti-GluN1 IgG retention in GluN1 mouse serum, 

mouse hippocampal lysates were screened to provide evidence that rat anti-GluN1 IgG could 

cross an intact BBB and enter the CNS to potentially interact with mouse hippocampal 

NMDA receptors and mediate improved learning and memory. The mouse hippocampal 

lysate samples from each treatment group were screened for the presence of rat IgG rather 

than using CSF samples due to blood contamination of these samples during extraction. Each 

mouse hippocampal lysate sample was probed with commercial anti-rat IgG-HRP antibody 

using Western blotting to visualise the retention of rat IgG. 

Retention of rat IgG in mouse hippocampal lysate samples is shown in Figure 3-18. 

All the mice from the GluN1 group showed reactive bands at approximately 50 kDa, which 

suggested the presence of rat IgG heavy chain as suggested by the positive control (screening 

anti-rat IgG-HRP antibodies against purified naïve rat IgG). Similarly, mouse hippocampal 

lysate samples from both the PBS and Luciferase controls showed distinct bands at 

approximately 50 kDa. However, when compared with the GluN1 group, both the PBS and 

Luciferase controls expressed weaker reactivity at approximately 50 kDa. Additional positive 

control was provided in the form of naïve rat hippocampal lysate, and it was also shown to a 

band representing IgG heavy chain at approximately 50 kDa. However, there was also a band 

at approximately 66 kDa indicating non-specific reactivity of the commercial anti-rat IgG-

HRP antibody against an unknown protein in the naïve rat hippocampal lysate. Interestingly, 

only the positive controls showed an IgG light chain at a molecular weight of approximately 

29 kDa. However, when the Western blotting image was overexposed, rat IgG light chain 

was also visible in the hippocampal lysate samples of the passive transfer study mice. The 

Western blotting image was not overexposed as the overexposure process would oversaturate 

the 50 kDa bands. Hippocampal lysate samples from two different naïve mice were used as 

the negative controls and showed no distinct reactivity at around 50 kDa. GAPDH at 

approximately 37 kDa was used as the housekeeping protein for all hippocampal lysate 

samples. These results indicated that rat IgG was retained in the mouse hippocampi after 

passive antibody transfer to potentially bind to the GluN1 subunit of NMDA receptors. We 

speculate that this leads to modulation of NMDA receptor function that mediates the 

enhanced learning and memory phenotype in the passive antibody transfer study mice. 

Therefore, the underlying mechanisms of anti-GluN1 antibody-mediated improvement in 

learning and memory function were investigated and results are presented in Chapter 4. 
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Figure 3-18: Detecting rat IgG in mouse hippocampal lysate samples. 
Representative Western blotting image showing hippocampal lysate samples from each 
treatment group (PBS, Luciferase and GluN1). Each hippocampal lysate sample was probed 
directed with commercial anti-rat IgG-HRP antibodies and the reactivity representing the 
heavy chain of IgG can be seen at approximately 50 kDa. The negative control included naïve 
mouse hippocampal lysate samples from two different mouse brains. The positive control 
lane involved probing a purified naïve rat antibody fraction with commercial anti-rat IgG-
HRP antibody, and reactivity is shown at approximately 50 and 29 kDa, representing the 
heavy and light chains of IgG, respectively. The naïve rat hippocampal lysate sample was 
incubated with the commercial anti-rat IgG-HRP antibody. 
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3.4. Discussion 

In Chapter 2, recGluN1 vaccination was shown to not increase total NMDA and 

AMPA receptor expression levels, and no neurotoxicity was shown. However, whether the 

improved learning and memory function shown by the recGluN1-vaccinated rats was 

mediated by cellular response or anti-GluN1 antibodies was unclear, as leukocytes have been 

shown to modulate animal cognition and neurogenesis when activated (Butovsky et al., 2006; 

Ziv et al., 2006; Pan et al., 2008). We hypothesised that if the enhanced learning and memory 

phenotype was mediated by anti-GluN1 antibodies, passively transferring purified rat anti-

GluN1 antibodies into naïve mice would also mediate the same learning and memory-

enhancing phenotype in these animals. In this chapter, rat anti-GluN1 antibodies were 

passively transferred into naïve mice and the performance of these mice in object recognition 

(NORT), spatial (NLRT) and associative (STPAT) learning and memory tasks was assessed 

and compared to that of mice that received control IgG treatments to provide more definite 

evidence showing that anti-GluN1 antibodies mediate learning and memory enhancement. 

 

Purified rat antibody was first characterised after the purification process. Protein bands 

corresponding to IgG heavy and light chains were detected when probed with the commercial 

anti-rat antibody using Western blotting techniques. Rat anti-GluN1 antibodies were able to 

bind to both recGluN1 and native GluN1 proteins in mouse hippocampal lysates. The 

specificity of rat anti-GluN1 antibody to GluN1 protein was confirmed by the lack of affinity 

shown by both PBS-treated and anti-Luciferase rat antibodies to GluN1 protein. The 

characterisation of rat anti-GluN1 antibody allowed the enhancing effect of anti-GluN1 

antibodies on mouse learning and memory function to be validated as rat anti-GluN1 

antibody-mediated. If the rat anti-GluN1 antibodies could not bind to endogenously 

expressed mouse hippocampal GluN1 proteins, the changes in learning and memory could 

not be attributed to the interactions between rat anti-GluN1 antibodies and NMDA receptors. 

3.4.1. Behavioural study 

The effect of rat anti-GluN1 antibody on general mouse behaviour and locomotor 

function was assessed by the OFT (Stanford, 2007). In this test, anxiogenic behaviour 

(indicated by the time a mouse spent in the inner zone of the testing arena), total distance 

travelled and average velocity were used as indicators for general mouse behaviour and 

locomotor function (Seibenhener and Wooten, 2015). The GluN1 mice spent approximately 
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the same length of time within the inner zone as the PBS and Luciferase controls. Neither 

total distance travelled nor average velocities of the GluN1 mice were significantly different 

from the PBS and the Luciferase controls. NMDA receptor antagonists have been used to 

reliably produce schizophrenia-like behavioural deficits in both animal models and humans 

(Snyder, 1988; Javitt and Zukin, 1991; Baier et al., 2009). Furthermore, rapid memory loss, 

seizures and psychiatric disturbances in NMDA receptor encephalitis patients have been 

associated with the internalisation of NMDA receptors induced by anti-GluN1 antibodies 

(Dalmau et al., 2008; Hughes et al., 2010). Studies have shown that NMDA receptor 

antagonists induce locomotor hyperactivity in animals (Maj et al., 1991; Leriche et al., 2003; 

Tort et al., 2004), but this is in contrast to the results presented in this chapter. These results 

indicate that the rat anti-GluN1 antibody did not exhibit the same effect on NMDA receptor 

function as an antagonist. More importantly, the rat anti-GluN1 antibody has been found to 

induce no behavioural deficits, in contrast to encephalitis-causing anti-GluN1 antibodies, 

suggesting that the two types of GluN1 antibodies have different functional effects on the 

NMDA receptor. 

NORT takes advantage of the inquisitive nature of mice and their tendency to explore 

new (novel) objects in order to study object recognition memory. By altering the interval 

between sample and choice sessions, both STM and LTM can be investigated (Antunes and 

Biala, 2012). Mice treated with rat anti-GluN1 antibodies performed significantly better than 

the PBS controls, but not the Luciferase controls at 1 h after training. However, due to the 

larger error for Luciferase DR we propose that there could potentially be significant 

differences between the GluN1 mice and Luciferase controls if group sizes were larger. The 

enhanced short-term object recognition memory in the GluN1 mice could not have been due 

to one of the objects being more interesting than the other as no significant difference was 

detected between the exploration times the mice spent on each object. All three groups of 

mice showed similar exploration times between objects located on either the left or right side 

of the arena. Furthermore, mice from all three treatment groups were equally explorative, 

indicated by the lack of significantly different exploration times during the sample session. 

These results therefore indicate that the anti-GluN1 antibody had an enhancing effect on 

short-term recognition memory. Interestingly, partial NMDA receptor agonist DCS (binds to 

the glycine-binding site of the GluN1 subunit) has been shown to improve both short- and 

long-term object recognition memory in animals (Ohno and Watanabe, 1996; Zlomuzica et 

al., 2007; Bado et al., 2011). As DCS and the rat-GluN1 antibody both exhibit functional 

effects on the NMDA receptor via the GluN1 subunit, there is the potential for both to share 
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similar mechanisms. However, we did not see improved long-term object recognition 

memory in GluN1 antibody-treated mice. We speculated that the concentrations of GluN1 

antibodies used could be too low to have a detectable effect on longer-term object recognition 

memory. In support of this, Bado and colleagues showed that D-serine (a GluN1-binding co-

agonist of NMDA receptor) was only able to achieve the same enhancing effect on long-term 

object recognition memory when the concentration used was increased to 2.5 times that 

needed for DCS-mediated long-term memory improvement (Bado et al., 2011).  

On closer analysis, a number of interesting aspects of our results became apparent. 

Firstly, the PBS control group did not discriminate between familiar and novel objects during 

the first choice session (1 h sample session). In fact, the PBS group spent more time 

exploring the familiar object than the novel object. This was contrary to normal mouse 

behaviour, where wild-type mice with no memory deficit should be able to discriminate 

familiar objects from novel ones within a short period of time (Stefanko et al., 2009; 

Langston and Wood, 2010; Antunes and Biala, 2012). The Luciferase group showed 

discrimination towards the familiar object, but this discrimination behaviour could be due to 

the variability within the group, as indicated by the large error bar. Therefore, in future 

behavioural studies, increasing the group size could potentially rectify the variability. 

However, the less than ideal group size could not account for the non-discrimination 

behaviour observed in the controls. This was indicated by the result shown during the 

validation of NORT, indicated by low discrimination shown by the saline control group. 

Control animals are also expected to be able to recall and discriminate between objects 

(Stefanko et al., 2009; Antunes and Biala, 2012). This highlighted another potential 

underlying cause - sample session length was possibly insufficient to ensure object 

familiarisation (Bevins and Besheer, 2006). The length of sample sessions has been shown to 

have major effects on how animals are familiarised to the testing objects (Stefanko et al., 

2009).  Our results suggest that the NORT protocol was significantly challenging for the 

control animals but this may be overcome by DCS or anti-GluN1 antibody treatment leading 

to enhancement of short-term but not long-term object recognition memory. Therefore, 

increasing the sample session time could potentially help rectify this (Bevins and Besheer, 

2006). Suboptimal group sizes and the inadequate time allowed for the sample session may 

all have contributed to the high variability observed during the second choice session (24 h 

after sample session). 

The NLRT uses a similar principle to the NORT; the nature of the mouse to explore 

novelty and thus whether it can recall the location of an object (Antunes and Biala, 2012). 
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There were no significant differences when the GluN1 group was compared with the PBS and 

the Luciferase controls at the first choice session (1 h after sample session) or second choice 

session (24 h after sample session). These results indicate that the rat anti-GluN1 antibody 

had no effect on either short-term or long-term spatial memory formation. However, other 

circumstances might have also contributed to these results: small group sizes were potentially 

a factor. Therefore, the same problem could also affect the accuracy of the NLRT result, as 

evident by the large error bars. Inappropriate objects for NLRT were identified and replaced 

following the NLRT validation process and no mice were observed trying to escape the arena 

during the NLRT in the passive transfer study. However, the discovery of inappropriate 

objects used during the validation of NLRT inevitably masked another potential problem. 

This potential problem involved the square-shaped arenas used for the NLRT with no other 

spatial cues in the arena during the NLRT apart from the objects. Animals need distinctive 

spatial cues in or above the testing arena for spatial memory-related tasks (Rossier and 

Schenk, 2003; Da Silva et al., 2008; Kelly et al., 2010; Bannerman et al., 2012). Even though 

every mouse was placed in the arena at the same location during all sessions, without a 

distinctive spatial cue within the arena, the mouse might have become disorientated during 

the choice sessions by turning in a direction that was different from the sample session. This 

was shown by the large variance in mean DR values between the PBS and the Luciferase 

controls. Therefore, in future behavioural studies, distinct spatial cues would need to be 

included when investigating spatially-related behavioural paradigms. 

STPAT utilises fear as this is a robust emotional motivator to test mouse associative 

learning and memory (Kim and Jung, 2006; Curzon et al., 2009). The STPAT tests the ability 

of a mouse to associate and remember a context (dark environment) with respect to an event 

or stimulus (shock). The mouse also has to learn to suppress its natural instinct to hide in a 

dark environment in order to avoid the shock (Bourin and Hascoët, 2003; Sweatt, 2010). 

Therefore, the STPAT is assessing both fear-associative learning and memory. During the 

retention session (24 h after training session), anti-GluN1 antibody-treated mice showed 

significantly longer latencies before entering the dark chamber when compared with the PBS 

and Luciferase controls. This result indicates that the GluN1 group had enhanced fear-

associative LTM and had learned to suppress the instinct to enter a dark environment when 

compared with the controls. These results were not due to biased exploratory nature in the 

mice used as there were no differences in latencies between the three treatment groups for 

entering the dark chamber during the training session. Furthermore, the TFT showed that the 

GluN1 group did not have significantly lower pain thresholds compared with the PBS and 
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Luciferase control mice. The expression of GluN1 subunits in the brain has been associated 

with alterations in pain thresholds in animals. This was demonstrated when the total GluN1 

expression levels were knocked down in the brains of animals that subsequently exhibited 

higher pain tolerance in comparison to wild-type  animals (Garraway et al., 2009). 

Complementary results from another study also showed that in an animal temporomandibular 

disorder model, when GluN1 expression levels were significantly elevated using 

pharmacological drugs, pain sensitivity in the experimental animals also increased (Wang et 

al., 2009). In comparison, the results in the present study suggest that the rat anti-GluN1 

antibody does not alter GluN1 expression levels in the brains of animals, and GluN1 

antibody-treated mice did not show altered pain thresholds when compared with the control 

antibody-treated groups. Therefore, these results indicated that enhanced associative learning 

and memory was not the result of lowered pain thresholds.  

Intriguingly, antibody-mediated improvement in fear-associative learning and memory 

function has also been shown in a mouse model of AD, where behavioural deficits in 

contextual fear conditioning tasks were acutely reversed in transgenic mice (expressing 

human amyloid precursor protein) after they were peripherally injected with N-terminal 

domain-targeting anti-Aβ antibodies (Zago et al., 2012). However, the underlying 

mechanisms for improved cognitive function differ between anti-GluN1 and anti-Aβ 

antibodies. Zago and colleagues showed that anti-Aβ antibodies reversed cognitive deficits 

and prevented synaptic loss in AD transgenic mice by binding and neutralising soluble 

synaptotoxic Aβ instead of binding to neurons directly (Zago et al., 2012). The result of anti-

GluN1 antibody-mediated improvement in fear-associative learning and memory is in 

contrast to the fear-associative memory deficits shown by animals after application of NMDA 

receptor antagonist (Jafari-Sabet et al., 2005), suggesting that rat anti-GluN1 antibody 

mediates different effects on NMDA receptor function than NMDA receptor antagonists. 

This is in agreement with the results shown in the OFT and NORT. Therefore, the underlying 

mechanism of GluN1 antibody-mediated cognitive improvement may be more closely-

associated with that of NMDA receptor agonist or partial agonists.  

Interestingly, a closer analysis of our results revealed that both PBS and Luciferase 

mice did not have increased latencies during the retention session when compared with the 

training session. This was in contrast to the GluN1 group, where significant increase in 

latency was observed between the retention and training sessions. This indicated that PBS 

and Luciferase control mice did not learn to associate the context (dark environment) and the 

event (foot-shock) in line with other studies showing that control animals should have also 
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increased latencies to enter the dark chamber during retention sessions (Galeotti et al., 1998; 

Trnecková et al., 2005; Kim et al., 2012; Zeng et al., 2012). The lack of change in latency 

from the control groups raises the question of whether the STPAT was sensitive enough to 

detect cognitive enhancement. From the validation process for STPAT, the saline control did 

show significantly increased latency during the retention session suggesting that the STPAT 

protocol used was able to detect changes in fear-associated learning and memory function. 

Therefore, the lack of latency differences in both the PBS and Luciferase controls between 

training and retention sessions was caused by other factors. The first potential factor could be 

how the stimulus (shock) was delivered. A foot-shock was delivered to each mouse for only 1 

s and this could potentially be challenging for the control animals to develop fear-associative 

memories, but this challenge may have been overcome in anti-GluN1 antibody-treated mice, 

leading to improvement of associative memory. A longer shock-delivery time of 2 s or more 

in future behavioural studies may provide a stronger stimulus to ensure more consistent fear-

associative memory formation (Trnecková et al., 2005; D'Amico et al., 2013; Telegdy et al., 

2013). Thus, the short duration of current delivery was potentially one of the factors 

accounting for the lack of learning behaviour in the PBS and Luciferase control mice. The 

second factor concerns the type of output the STPAT uses as a measure of fear-associative 

memory formation. The STPAT uses latency before entering the dark chamber as the only 

index for fear-associative memory formation. Therefore, classic mouse fear behaviour such 

as freezing and reduced distance of travel were not taken into account in the STPAT. This 

was demonstrated with transgenic mice that showed long-term fear memory deficits using the 

contextual fear freezing test, but the STPAT did not show long-term memory deficits because 

it did not assess the freezing behaviour (Takao et al., 2010). Therefore, adding fear 

conditioning tests that assess the freezing behaviour in future behavioural studies could be 

helpful (Kiyama et al., 1998; Fanselow, 2000; Takao et al., 2010). Our results show that the 

STPAT was sensitive enough to detect the cognitive-enhancing effect of the anti-GluN1 

antibody. This was indicated by the significantly increased latency from the training session 

to the retention session observed in the GluN1 group.  

3.4.2. Characterising rat IgG in mouse serum and brain  

Serum samples from mice were pooled according to treatment groups after euthanasia 

to allow quick screening for the presence of rat antibodies. The enhancing effects of the anti-

GluN1 antibody on both short-term object recognition and long-term associative memory 
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were further validated by the presence of rat antibodies in passive antibody transferred mice 

sera. There was also no cross-reactivity from either rat anti-GluN1 or anti-Luciferase 

antibodies. This was shown by the lack of reactivity when GluN1 mouse serum was screened 

against the Luciferase protein. Similarly, the anti-Luciferase antibodies from the Luciferase 

controls also showed no cross-reactivity to the recGluN1 protein, and the PBS control serum 

showed no cross-reactivity to either recGluN1 or Luciferase protein. Both anti-GluN1 and 

anti-Luciferase antibodies are specific to their respective target proteins. The titre of rat anti-

GluN1 antibody in each mouse was not quantified as this passive antibody transfer study had 

standardised the amount of rat antibody (500 µg per injection) injected into each mouse. 

An immune response is designed to target foreign substances for removal from the 

body (Alberts et al., 2007; Albiger et al., 2007; Giamarellos-Bourboulis and Raftogiannis, 

2012). As the rat antibody was generated in a difference species to the recipient mice, there 

was the potential for the passive antibody transferred mice to develop immune responses 

targeting foreign rat antibodies for removal. We propose that this passive antibody transfer 

did not induce an immune response targeting the rat antibodies in mice as both rat anti-GluN1 

and anti-Luciferase antibodies were shown to retain their ability to bind to the recGluN1 and 

Luciferase proteins, respectively, after screening passive antibody transferred mouse serum. 

However, in future passive antibody transfer studies, mouse anti-rat antibodies should be 

screened to clearly determine whether a humoral immune response has been developed 

targeting rat antibodies in mice.  

The rat anti-GluN1 antibody function was further validated in each individual mouse 

as shown by the binding of recGluN1 protein. These individual GluN1 mouse serum samples 

all showed the same reactivity pattern against recGluN1 protein except for mouse number 3. 

This result confirmed that the anti-GluN1 antibodies detected in mouse serum samples were 

the purified rat anti-GluN1 antibodies. For the one non-reactive mouse serum, the reason 

could not have been that rat anti-GluN1 antibody was not retained long enough until 

collection after euthanasia, as the serum sample was only collected 9 days after the last 

passive transfer injection, and the half-life of all IgG variants in other passive antibody 

transfer studies has been shown to be between 15 and 30 days (Mankarious et al., 1988; Bard 

et al., 2012). Therefore, an immune response targeting the rat IgG that developed over the 

course of passive transfer study in that particular mouse was a possibility, but the exact cause 

of this specific phenotype in 1 of 10 mice is still unclear.  

Furthermore, the reactivities detected when screening mouse serum samples against 

recGluN1 or Luciferase proteins were not due to the commercial secondary anti-rat IgG 
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cross-reacting with native mouse IgG as that would suggest that these naïve mice that 

received only passive transfer of rat IgG had develop humoral immune responses to 

recGluN1 or Luciferase proteins, which is highly implausible.  

Rat antibodies were also found in mouse hippocampus lysates from all treatment 

groups in accordance with data previously obtained by our laboratory, suggesting that 

antibodies are able to enter the CNS (During et al., 2000; Chen, 2010) (see Appendix: 

Supplementary result A for Chen, 2010). There is one factor that complicates that 

interpretation of this result. The mouse brains collected from the antibody passive transfer 

were not perfused before harvest. The rat antibodies detected in mouse hippocampal lysate 

samples could potentially be from the residual blood in the capillaries. However, the learning 

and memory enhancement in rat anti-GluN1 antibody-treated mice were consistent with 

observations in our previous studies, which we showed anti-GluN1 antibody presences in the 

CSF samples of recGluN1-vaccinated animals (Chen, 2010). Therefore, we are confident that 

the rat anti-GluN1 antibody did cross the BBB and enter the CNS in naïve mice as described 

in this thesis. 

Interestingly, the ability of antibodies in systemic circulation to enter the CNS was first 

suggested when glutamate receptor GluR3-vaccinated animals exhibited seizure-like 

behaviour, which was mediated by anti-GluR3 antibodies that crossed the BBB (Rogers et al., 

1994). Similarly, antibodies were shown to be able to cross the BBB in mouse models of AD, 

where passive antibody transfer studies specifically showed there to be an undisrupted BBB 

(Bard et al., 2000; Banks et al., 2007; Bard et al., 2012). In addition, mice actively vaccinated 

against α-synuclein in a Parkinson’s disease model were shown to have reduced aggregation 

of α-synuclein in the brain, suggesting that anti-α-synuclein antibody crossed the BBB 

(Masliah et al., 2005). In a few PBS and Luciferase control serum samples the IgG heavy 

chains were not very distinct. However, overexposure of the Western blot revealed that those 

antibody heavy chains were present, but at lower intensity when compared with the anti-

GluN1 antibodies from the GluN1 group. Antibody clearance has been shown to occur in the 

brain, with free-floating antibodies clearing at a faster rate compared to brain antigen-binding 

antibodies (Banks et al., 2002). This was shown in a mouse model of AD where 

intravenously administered anti-Aβ antibodies were shown to have a half-life of six days in 

the circulation, and the antibody levels in the CNS remained stable for a month (Bard et al., 

2012). We propose that since both PBS-treated and Luciferase-vaccinated rat antibodies lack 

autoantigen targets to bind, both could have been cleared at faster rates when compared to 

GluN1 protein-binding rat anti-GluN1 antibodies. 
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3.4.3. Summary 

In summary, this chapter shows that anti-GluN1 antibodies enhance short-term 

recognition memory and long-term associative learning and memory in mice. Furthermore, 

no detrimental effects on the general behaviour and locomotor function of the GluN1 mice 

were shown. In contrast, deleterious effects have been exhibited by the anti-NMDA receptor 

encephalitis-causing anti-GluN1 antibodies, including rapid memory loss, psychosis, 

catatonia and seizures in human patients (Sansing et al., 2007; Dalmau et al., 2008; Seki et 

al., 2008; Dalmau et al., 2011; Moscato et al., 2014), and gradual memory loss in a mouse 

model (Planagumà et al., 2015). However, to definitively show that rat anti-GluN1 antibody 

has different effects on NMDA receptor function than anti-NMDA receptor-encephalitis-

causing anti-GluN1 antibody, future passive antibody transfer studies would need to compare 

the effect of encephalitis-causing anti-GluN1 antibody on learning and memory function with 

the beneficial rat anti-GluN1 antibody. Interestingly, the learning and memory-enhancing 

phenotype is also shown in other studies that target the glycine-binding site of GluN1 

subunits of NMDA receptors using a partial agonist (DCS) (Sunyer et al., 2008; Bado et al., 

2011; Kochlamazashvili et al., 2012), indicating that rat anti-GluN1 antibody and DCS 

potentially share similar underlying mechanisms that mediate the learning and memory-

enhancing phenotype. The rat anti-GluN1 antibody was found in mouse hippocampi and was 

also shown to bind to natively expressed mouse GluN1 proteins. In addition, all rat antibodies 

in mouse serum samples retained the ability to bind to recGluN1 proteins, reinforcing the 

data that show learning and memory enhancing effect is not the result of cellular-mediated 

responses. This passive antibody transfer study has therefore confirmed that the learning and 

memory-enhancing phenotype shown by the GluN1 mice was anti-GluN1 antibody-mediated. 

The next major aim is to identify the underlying mechanisms for this anti-GluN1 antibody-

mediated improvement in learning and memory. 
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Chapter 4. Exploring the underlying mechanisms of anti-

GluN1 antibody-mediated enhancement in mouse 

learning and memory function 

4.1. Overview 

The Hebbian Theory states that increased synaptic strength leads to enhanced learning 

and memory (Tang et al., 1999; Turrigiano and Nelson, 2004; Turrigiano, 2012). NMDA and 

AMPA receptors are involved in modulating synaptic strength, but interestingly, in Chapter 

2, the recGluN1-vaccinated rats that had enhanced learning and memory function did not 

show elevated NMDA and AMPA receptor expression levels. However, the results in 

Chapter 2 did not reveal the whole picture in the context of synaptic plasticity and NMDA 

receptor-mediated signalling. The NMDA receptor-mediated downstream signalling 

transduction pathways were not investigated in Chapter 2 due to inappropriately prepared rat 

hippocampal lysate samples. These downstream signalling pathways include a number of 

kinase cascades such as PI3K/PKB, CaMKII and ERK1/2. These kinases have been shown to 

have pivotal roles in modulating synaptic plasticity, learning and memory in the hippocampus 

(Shalin et al., 2004; Chen et al., 2005a; Sanhueza et al., 2011; Jobim et al., 2012). 

Furthermore, transcription factor CREB, a downstream target of the ERK1/2 cascade was 

also not screened in Chapter 2. CREB has been shown to have an essential role in learning 

and memory (Sindreu et al., 2007; Jung et al., 2010).  

In Chapter 3, the passive transfer study showed that the mice treated with rat anti-

GluN1 antibodies exhibited enhanced learning and memory. Rat IgG antibodies were found 

in the bloodstream and mouse brain, suggesting that this cognitive enhancing effect is anti-

GluN1 antibody-mediated. We next hypothesise that the anti-GluN1 antibody-mediated 

learning and memory enhancement is associated with changes in NMDA receptor-mediated 

downstream signalling transduction pathways. To provide more specific evidence that the 

anti-GluN1 antibody-mediated improvement in learning and memory function is associated 

with changes to NMDA receptor-mediated signalling, we firstly determined whether 

expression levels of NMDA and AMPA receptors were altered in the rat anti-GluN1-treated 

mouse brains. Secondly, we examined expression levels of CaMKII, PKB, ERK1/2, and 

CREB in the rat anti-GluN1-treated mouse hippocampi as a functional indicator of the 
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potential involvement of NMDA receptor-mediated signalling pathways in learning and 

memory enhancements. 

4.2. Materials and Methods 

4.2.1. Collection of mouse brains 

Brains from the mouse passive transfer study were collected as described in section 

2.2.1. 

4.2.2. Brain lysate preparation 

The hippocampal lysate samples from the mouse passive transfer study were prepared 

according to the description in section 2.2.5. 

4.2.3. BCA assay 

The protein concentrations in mouse hippocampal lysate samples were quantified using 

the method described in section 2.2.6. 
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4.2.4. Western blotting and commercial antibodies used 

Western blotting was carried out as described in section 2.2.8. All Western blots 

screening phosphorylated proteins were blocked with 5% BSA instead of 5% skim milk. 

Name Company Catalogue 
number 

Batch number Dilutions 

Purified mouse anti-
NMDAR1 (GluN1) 

BD 
PharmingenTM 

556308 89984 1:3,000 

Anti-NMDAR2A 
Antibody (rabbit) 

MilliporeTM AB1555P NG1827383 1:20,000 

Anti-NMDAR2B 
Antibody, clone 
N59/36 (mouse) 

UC Davis 
NeuroMab 

75-101 445-1JD86 1:10,000 

Anti-Glutamate 
receptor 1 Antibody 

(rabbit) 

MilliporeTM AB1504 2428717 1:5,000 

Anti-PSD95 
Antibody, clone 
K28/43 (mouse) 

UC Davis 
NeuroMab 

75-028 449-1AK-71 1:10,000 

Akt/PKB (pan) 
(C67E7) Rabbit mAb 

Cell Signaling 
Technology® 

#4691 11 1:5,000 

Phospho-Akt/PKB 
(Ser473) (D9E) 

Rabbit mAb 

Cell Signaling 
Technology® 

#4060 14 1:5,000 

Anti-ERK1 
(pT202/pY204) + 

ERK2 (pT185/pY187) 
antibody (rabbit) 

Abcam® AB4819 GR10846-1 1:3,000 

ERK1 Antibody (K-
23) (rabbit) 

Santa Cruz 
Biotechnology® 

SC-94 G052 1:2,000 

p-CaMKIIα (Thr286)-
R (rabbit) 

Santa Cruz 
Biotechnology® 

SC-12886-R K261 1:200 

CaMKIIα Antibody 
(I-16) (goat) 

Santa Cruz 
Biotechnology® 

SC-5390 A282 1:200 

Phospho-CREB 
(Ser133) (87G3) 

Rabbit mAb 

Cell Signaling 
Technology® 

#9198 8 1:1,000 

CREB-1 Antibody (C-
21) (rabbit) 

Santa Cruz 
Biotechnology® 

SC-186 F051 1:500 

Anti-GAPDH 
antibody [6C5] 

(mouse) 

Abcam® AB8245 GR57834-4 1:2,000,000 

Goat anti-mouse IgG-
HRP 

Santa Cruz 
Biotechnology® 

Sc-2005 G1213 1:10,000 

Goat anti-rabbit IgG-
HRP 

Santa Cruz 
Biotechnology® 

Sc-2004 L0312 1:5,000 

Table 4-1: Commercial antibodies used in Chapter 4. 
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4.2.5. Statistical analysis 

Data are presented as mean ± SEM. The statistical programs used were SPSS® v22 

(IBM®, Armonk, NY) and Prism® v5 (GraphPad, La Jolla, CA). One-way ANOVA was used 

to analyse differences between treatment groups with one factor and Dunnett’s post hoc test 

was used to compare the GluN1 group against the controls. Statistical significance was 

accepted at p < 0.05.  
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4.3. Results 

The overall aim in this chapter was to determine whether the anti-GluN1 antibody-

mediated enhancement in learning and memory function was associated with alteration in 

NMDA receptor-mediated downstream signalling. To achieve this, mouse hippocampal 

lysates from the PBS, Luciferase control and GluN1 groups were screened against 

commercial antibodies that specifically targeted different proteins in the mouse brains using 

Western blotting. Naïve mouse hippocampal lysates and commercial IgG-HRP secondary-

only lanes were included to exclude any non-specific reactivity detected by the commercial 

antibodies. 

4.3.1. Expression levels of native GluN1 proteins in mouse hippocampi from 

different treatment groups 

We first assessed hippocampal GluN1 expression levels in the passive antibody-

transferred mice using a commercial anti-GluN1 antibody to visualise the expression levels. 

The GluN1 subunit is universally expressed in all NMDA receptors; therefore it was used as 

a marker to assess the total NMDA receptor expression level in mouse hippocampi (Kopke et 

al., 1993; Papadia and Hardingham, 2007; Paoletti et al., 2013).  

A band corresponding to endogenously expressed full-length GluN1 proteins was 

observed across all treatment groups at a molecular weight of approximately 120 kDa (Kalev-

Zylinska et al., 2014) (Figure 4-1, a). No 120 kDa band was detected in the anti-mouse IgG-

HRP-only lane indicating that the 120 kDa band was not due to non-specific reactivity of the 

anti-mouse IgG-HRP antibody. In addition, the 120 kDa band was observed in the Naïve 

hippocampal lysate lane, indicating that the band was not a non-specific reactivity caused by 

the passive antibody transfer as the GluN1 protein has been shown to be expressed natively in 

mouse brain lysates (Yamada et al., 2001). A set of bands at approximately 66.2 kDa were 

shown across all treatment groups including Naïve and anti-mouse IgG-HRP-only lanes 

suggesting non-specific reactivity caused by the commercial anti-mouse IgG-HRP antibody. 

The intensity of the housekeeping protein β-tubulin at 55 kDa was similar in all lanes 

indicating that the lanes were all load with the same amount of sample.  

Semi-quantitative analysis of GluN1 expression level was done by measuring the mean 

ratio between GluN1 and β-tubulin expression levels and comparing between treatment 

groups. When the mean ratio of the GluN1 group (mean ratio = 1.04 ± 0.06) was compared 

with the PBS (mean ratio = 0.93 ± 0.07) and Luciferase (mean ratio = 1.06 ± 0.04) controls, 
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no statistically significant differences in GluN1 expression levels were detected (p = 0.2328, 

F = 1.539, R = 0.3198, one-way ANOVA; Figure 4-1, b). Therefore, these densitometry 

results show that the total NMDA receptor expression levels in the GluN1 mice were not 

significantly elevated by the passive transfer of rat anti-GluN1 antibody. 

 
Figure 4-1: Western blotting visualisation of expression levels of GluN1 in mouse 
hippocampi from different treatment groups. 
a) A representative Western blotting image showing bands at approximately 120 and 55 kDa 
representing native GluN1 and housekeeping protein β-tubulin expression levels in mouse 
hippocampi from individual PBS, Luciferase and GluN1 mice respectively. 
b) The graph shows the semi-quantitative GluN1 to β-tubulin expression level ratio between 
the treatment groups. The ratio is presented as the mean ± SEM for n = 10 per treatment 
group. 
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4.3.2. Expression levels of GluN2A and GluN2B in mouse hippocampi from 

different treatment groups 

Studies have shown that the GluN2A/B subunit composition has modulating effects on 

NMDA receptor signalling (Liu et al., 2007; Hardingham and Bading, 2010; Rauner and 

Köhr, 2011; Kochlamazashvili et al., 2012). We also looked for potential alterations in 

GluN2A/B subunit composition using Western blotting and commercial anti-GluN2A and 

anti-GluN2B antibodies. 

Expression levels of GluN2A in mouse hippocampal lysate were firstly screened and 

were detected at a molecular weight of approximately 170 kD (Pachernegg et al., 2013) 

(Figure 4-2, a). The band at approximately 170 kDa for the GluN2A protein was also seen in 

the Naïve lane indicating that those bands were not due to the passive antibody transfer 

treatment and that endogenous GluN2A protein was detected with this antibody in mouse 

hippocampal lysates. Moreover, no bands were found in the anti-rabbit IgG-HRP-only lane 

indicating that the 170 kDa bands were not due to non-specific bindings of the commercial 

secondary antibody. GAPDH at approximately 37 kDa (Joe and Ramirez, 2001) was used as 

the housekeeping protein and was detected in all mouse hippocampal lysates. The intensity of 

GAPDH is a little uneven from lane 9-12, but this was not a problem for the semi-

quantitative analysis as it was done using the ratio between GluN2A and GAPDH expression 

levels rather than the absolute value and was averaged over three independent Western 

blotting runs. Therefore, even if some of the bands had less intensity due to what appeared to 

be a smaller amount of sample being loaded, the ratio between GluN2A and GAPDH 

expression levels was unaffected.  

The semi-quantitative analysis showed that there were no statistically significant 

differences when the GluN1 group was compared with the PBS and Luciferase control 

groups (p = 0.8585, F = 0.1535, R = 0.106, one-way ANOVA; Figure 4-2, b), Therefore, no 

changes between the GluN2A expression level in GluN1 group were detected when 

compared with the two controls suggesting that there was no significantly elevated GluN2A 

expression level associated with anti-GluN1 antibody-mediated learning and memory 

enhancement. 
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Figure 4-2: Western blotting image of GluN2A expression levels in mouse hippocampi 
from different treatment groups. 
a) A representative Western blotting image of individual mice from all treatment groups 
shows the endogenous GluN2A (170 kDa) expression levels in hippocampal lysates. 
Housekeeping protein GAPDH is shown at approximately 37 kDa. 
b) The mean ratio values ± SEM (n = 10 per treatment group) between the GluN2A and 
GAPDH expression levels from different treatment groups are presented. 
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Next, we investigated the expression level of GluN2B in each treatment group and 

detected endogenously expressed GluN2B proteins at a molecular weight of approximately 

170 kDa (Bi et al., 2000; Karakas et al., 2012) in all samples except the anti-mouse IgG-

HRP-only lane (Figure 4-3, a). This suggests that the 170 kDa bands were not due to the 

passive antibody transfer, or to non-specific binding by the commercial anti-mouse secondary 

antibody. A set of bands appeared at approximately 66.2 kDa for all lanes including both the 

Naïve and anti-mouse IgG-HRP-only lanes suggesting the 66.2 kDa bands represented non-

specific reactivity of the commercial anti-mouse IgG-HRP antibody. Another set of bands 

were observed at approximately 45 kDa in all lanes with the exception of anti-mouse IgG-

HRP-only lane suggesting non-specific reactivity from the commercial anti-GluN2B 

antibody. Bands representing the housekeeping protein GAPDH were detected at 

approximately 37 kDa in all samples. 

No significant differences were found in GluN2B expression levels when the GluN1 

group was compared to both the PBS and Luciferase control groups (p = 0.6389, F = 0.4555, 

R = 0.1806, one-way ANOVA; Figure 4-3, b). These results suggest that GluN2A and 

GluN2B expression levels are not altered by the anti-GluN1 antibody treatment. 
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Figure 4-3: Western blotting image showing the expression levels of GluN2B in mouse 
hippocampi from different rat antibody treatment groups. 
a) Western blotting shows representative endogenous expression levels of GluN2B (170 kDa) 
and housekeeping protein GAPDH (37 kDa) in each mouse hippocampus from all three 
treatment groups.  
b) The semi-quantitative result is shown as a mean ratio ± SEM (n = 10 per treatment group) 
between GluN2B and GAPDH expression levels for all three treatment groups. 
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4.3.3. Expression levels of AMPA receptor in mouse hippocampi from different 

treatment groups 

Following the analysis showing that rat anti-GluN1 antibody treatment does not alter  

NMDA receptor expression levels in GluN1-treated mice, AMPA receptor expression level 

was investigated as AMPA receptors in conjunction with NMDA receptors play an essential 

role in mediating learning and memory function (Gruart et al., 2006; Hong et al., 2013). 

AMPA receptor expression levels were measured in GluN1 mice using Western blotting with 

a commercial anti-GluR1 antibody to visualise GluR1 expression level as GluR1 is one of the 

obligatory subunits of AMPA receptors (Santos et al., 2009).  

The expression levels of GluR1 proteins in each treatment group were found to be 

variable with no definitive pattern between different Western blotting runs (Figure 4-4, a), 

suggesting the GluN1 mice did not have elevated AMPA receptor expression levels 

compared with the PBS and Luciferase controls. The variations between treatment groups 

were not caused by inconsistent loading of samples as the expression levels of the 

housekeeping protein GAPDH for each animal were shown to be similar in all cases. 

The semi-quantitative analysis confirmed that no alteration in GluR1 expression levels 

was found between the three treatment groups (GluN1 group vs PBS and Luciferase control; 

p = 0.722, F = 0.3297, R = 0.1544, one-way ANOVA; Figure 4-4, b). Therefore, no elevated 

AMPA receptor expression level was associated with the anti-GluN1 antibody treatment. 
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Figure 4-4: Western blotting image showing the expression level of GluR1 in mouse 
hippocampi in groups of mice that received different purified rat antibodies. 
a) A representative image of natively expressed mouse hippocampal GluR1 and GAPDH at 
approximately 110 kDa and 37 kDa, respectively, from individual mice in the three treatment 
groups.  
b) Semi-quantitative result is shown as a mean ratio ± SEM (n = 10 per treatment group) 
between the GluR1 and GAPDH expression levels for all three treatment groups. 
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4.3.4. Expression levels of PSD-95 in mouse hippocampi from different treatment 

groups 

The scaffolding protein PSD-95 is essential in supporting synaptic functioning. It plays 

an important role in anchoring synaptic NMDA receptors to the PSD (Waxman and Lynch, 

2005; Papouin and Oliet, 2014). To investigate whether anti-GluN1 antibody treatment 

potentially leads to an increase in synaptic NMDA receptors, PSD-95 expression level was 

screened and visualised using Western blotting and a commercial anti-PSD-95 antibody. 

Native PSD-95 expression levels were shown to be similar across all three treatment 

groups and repeated Western blotting runs (Figure 4-5, a). The set of faint bands at 

approximately 80 kDa in all sample and Naïve lanes, with the exception of the anti-mouse 

IgG-HRP-only lane could be due to different isoforms of PSD-95 (Cai et al., 2006), as the 

commercial antibody has been indicated by its manufacturer to cross-react against the 80 kDa 

isoform. Bands were also detected when the PSD-95 expression level analysis was conducted 

with rat hippocampal lysate samples in Chapter 2.  

Semi-quantitative density measurements compared the expression levels of PSD-95 in 

the GluN1 group to both the PBS and Luciferase control groups and detected no significant 

changes (p = 0.7543, F = 0.2849, R = 0.1437, one-way ANOVA; Figure 4-5, b).These results 

indicate that the expression level of PSD-95 was not enhanced in the GluN1 group compared 

with the two control groups. Therefore, these results suggest that no changes in synaptic 

NMDA receptor expression were shown in the GluN1 group in comparison with the two 

control groups. 
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Figure 4-5: Representative Western blotting image of PSD-95 expression levels in mouse 
hippocampi between treatment groups. 
a) The Western blotting image shows native PSD-95 expression levels at approximately 95 
kDa in mouse hippocampi from the PBS, Luciferase control and GluN1 groups. GAPDH 
expression level is shown at approximately 37 kDa.  
b) The graph shows the semi-quantitative result as a mean ratio with ± SEM (n = 10 per 
treatment group) between PSD-95 and GAPDH expression levels from all three treatment 
groups. 
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4.3.5. Downregulation of αCaMKII phosphorylation in hippocampi of mice that 

received purified rat anti-GluN1 antibodies 

The formation of memory depends on the activation of the NMDA receptor (Whitlock 

et al., 2006). However, analyses of NMDA, AMPA receptor and PSD-95 expression levels in 

the GluN1 group showed no significant differences when compared with the two control 

groups. Activation of NMDA receptors leads to Ca2+ entry in to the post-synaptic neuron and 

one of the Ca2+-dependent kinases that have shown increased activity during memory 

formation is CaMKII (Cammarota et al., 1998). Increased activity of CaMKII during memory 

formation is induced by the phosphorylation of αCaMKII, one of four subunits essential for 

CaMKII function (Irvine et al., 2006; Buard et al., 2010). The objective in this section was to 

use Western blotting with commercial anti-CaMKII antibodies to investigate whether anti-

GluN1 antibody-mediated improvement in learning and memory function was associated 

with changes in αCaMKII phosphorylation level. 

Bands at a molecular weight of approximately 50 kDa (Hanson and Schulman, 1992; 

Buard et al., 2010) were detected representing phosphorylated αCaMKII. (pαCaMKII; 

Figure 4-6, a) These bands were detected in the Naïve lane but not the anti-rabbit IgG-HRP-

only lane indicating that these bands were not induced by non-specific reactivity of the anti-

rabbit IgG-HRP secondary antibody. Interestingly, these 50 kDa bands were noticeably lower 

in intensity for the GluN1 group compared with either the PBS or Luciferase control. For 

semi-quantitative analysis, total αCaMKII expression level (for both phosphorylated and non-

phosphorylated forms) was also examined (Figure 4-6, b). At approximately 50 kDa, bands 

representing the αCaMKII expression level were shown to have similar intensity in all lanes.  

For semi-quantitation of pαCaMKII activity between treatment groups, the mean ratio 

values between pαCaMKII and total CaMKII expression levels were compared between the 

three treatment groups. In addition, to ensure that total CaMKII expression level was not 

altered between treatment groups, mean ratio values for total CaMKII to GAPDH expression 

levels were also compared between the three treatment groups. The analysis revealed that the 

GluN1 group (mean ratio of 1.128 ± 0.137) had a lower mean ratio than the PBS (mean ratio 

= 1.554 ± 0.114) and Luciferase (mean ratio = 1.539 ± 0.105) controls, indicating a reduction 

of pαCaMKII in the GluN1 group when compared with the PBS and Luciferase control 

groups (GluN1 group vs PBS and Luciferase control; p = 0.0282, F = 4.085, R = 0.482, one-

way ANOVA, Figure 4-6, c). Dunnett’s post hoc test showed a p-value of 0.033 when the 

GluN1 group was compared with the PBS control and a p-value of 0.041 when compared 
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with the Luciferase control. These results point to a modulating effect on NMDA receptor 

function that downregulates CaMKII activity associated with the anti-GluN1 antibody 

treatment. When both control groups were compared to each other, no significant differences 

were shown in pαCaMKII levels, suggesting the passive transfer of control antibodies into 

naïve mice is not enough to mediate the downregulation of CaMKII activity (PBS control vs 

Luciferase control; p = 0.994, Dunnett’s post hoc test). 

The quantitative analysis of the mean total αCaMKII to GAPDH ratio showed no 

significant differences when the GluN1 group was compared to the PBS and Luciferase 

controls (p = 0.4383, F = 0.8507, R = 0.2435, one-way ANOVA; Figure 4-6, d). Therefore, 

these results indicate that there was significantly decreased CaMKII activity in the GluN1 

group when compared with either PBS or Luciferase controls, and this decrease was not due 

to a change in the total CaMKII expression level. 
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Figure 4-6: Representative Western blotting images showing the pαCaMKII and total 
CaMKII expression levels in mouse hippocampi from different treatment groups. 
a) Phosphorylated αCaMKII is at approximately 50 kDa in treated mouse hippocampal 
lysates. 
b) The total αCaMKII (phosphorylated and non-phosphorylated) is shown at approximately 
50 kDa in different mouse hippocampi (PBS, Luciferase and GLuN1), and GAPDH 
expression level is shown at approximately 37 kDa. 
c) The graph shows the semi-quantitative result as a mean ratio ± SEM (n = 10 per treatment 
group) between pαCaMKII and total αCaMKII for the different treatment groups (*p < 0.05, 
Dunnett’s post hoc test). 
d) The semi-quantitative result is shown as a mean ratio ± SEM (n = 10 per treatment group) 
between total αCaMKII and GAPDH for the different treatment groups. 
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4.3.6. Enhanced level of PKB phosphorylation in hippocampi of rat anti-GluN1 

antibody-treated mice 

Following the finding that CaMKII activity was downregulated in the GluN1 group, 

investigation of changes in other NMDA receptor-linked signalling transduction pathways 

was warranted. One of the NMDA receptor-mediated downstream signalling pathways that is 

essential in learning and memory is the PI3K/PKB pathway (Barros et al., 2001; Giese and 

Mizuno, 2013). Similar to CaMKII, PKB, an essential kinase of the PI3K/PKB pathway, is 

also activated via phosphorylation (Sarbassov et al., 2005; Huang et al., 2013). The main goal 

in this section was to determine whether anti-GluN1 antibody-mediated improvement in 

learning and memory function could be linked to an increase in phosphorylated PKB (pPKB) 

levels using Western blotting and commercial anti-PKB antibodies. 

Native pPKB was detected at a molecular weight of approximately 60 kDa (Korkmaz 

et al., 2010), and was more intensely stained in the GluN1 group when compared to the PBS 

and Luciferase control groups (Figure 4-7, a). To determine whether the increased pPKB 

level in the GluN1 group was due to increased total PKB (both phosphorylated and non-

phosphorylated) expression levels, total PKB and GAPDH expression levels were both 

screened. At approximately 60 kDa a set of bands that represented the native total PKB 

expression levels were detected in all sample and Naïve lanes, but not the anti-rabbit IgG-

HRP-only lane (Figure 4-7, b). The lack of the 60 kDa band in the anti-rabbit IgG-HRP-only 

lane indicates that the 60 kDa bands in the passive transfer study mice were not induced by 

the passive antibody transfer treatment or the anti-rabbit IgG-HRP secondary antibody. The 

intensity of these PKB bands appeared to be similar across all passive transfer study mice and 

the Naïve lane. GAPDH was detected at approximately 37 kDa, and the intensity of the 

GAPDH bands was similar in all samples lanes indicating even loading of samples with the 

exception of the Naïve and the anti-rabbit IgG-HRP-only lanes. 

To semi-quantify pPKB levels between treatment groups, the mean ratio values 

between pPKB and total PKB expression levels were compared. To further ensure that total 

PKB expression level was not altered by the passive transfer of rat anti-GluN1 antibody into 

mice, mean ratio values between total PKB and GAPDH expression levels were compared 

between the three treatment groups. There was a significant increase in PKB phosphorylation 

level associated with the anti-GluN1 antibody treatment when the GluN1 group was 

compared to the PBS and Luciferase control groups (GluN1 group vs PBS and Luciferase 

control; p = 0.0038, F = 6.888, R = 0.5812, one-way ANOVA; Figure 4-7, c). Dunnett’s post 
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hoc test revealed that when the GluN1 group was compared to the PBS (GluN1 group vs PBS 

control; p = 0.003) and Luciferase (GluN1 group vs Luciferase control; p = 0.016) statistical 

significance was found, but no significant difference were found between the PBS and 

Luciferase controls (p = 0.732, Dunnett’s post hoc test), suggesting significantly increased 

PBK activity was only associated with the anti-GluN1 antibody treatment and not with 

control antibodies. 

The semi-quantitative analysis of the total PKB to GAPDH ratio in the GluN1 group 

and the two controls showed no significant differences (GluN1 group vs PBS and Luciferase 

control; p = 0.9173, F = 0.0866, R = 0.08, one-way ANOVA; Figure 4-7, d). Therefore, 

these results show there was significantly increased PKB activity indicated by elevated pPKB 

levels in the GluN1 group, but no indication of increased total PKB expression levels. 
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Figure 4-7: Western blotting of PKB phosphorylation levels in mouse hippocampi 
between groups of mice that received different purified rat antibodies. 
a) Phosphorylated PKB levels in mouse hippocampi (PBS, Luciferase and GluN1) are shown 
in a representative Western blotting image. 
b) Total PKB (phosphorylated and non-phosphorylated) expression level is shown at 
approximately 60 kDa, and GAPDH expression level is seen at approximately 37 kDa.  
c) Mean ratio ± SEM (n = 10 per treatment group) between pPKB and total PKB comparing 
different treatment groups (**p < 0.01, *p < 0.05, Dunnett’s post hoc test). 
d) Mean ratio ± SEM (n = 10 per treatment group) between total PKB and GAPDH from the 
three different treatment groups. 
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4.3.7. Enhanced level of ERK2 but not ERK1 phosphorylation in mice that 

received purified rat anti-GluN1 antibodies 

Following the demonstration of anti-GluN1 antibody-associated alterations in CaMKII 

and PKB activities, the NMDA receptor-regulated ERK1/2 signalling pathway was 

investigated, as phosphorylated ERK1/2 (pERK1/2) is also essential for hippocampus-

dependent learning and memory function (Chang et al., 2003; Marotta et al., 2014; Revest et 

al., 2014). Potential changes to ERK1/2 activity mediated by anti-GluN1 antibody were 

analysed via Western blotting using commercial anti-ERK1/2 antibodies. 

Protein bands representing natively expressed mouse hippocampal pERK1 activity 

were shown at approximately 44 kDa (Bhat et al., 1998; Whittington et al., 2013) with similar 

intensities in all treatment groups, but the GluN1 mice represented in lanes 6 and 9 appear to 

have stronger intensities than other sample lanes: this pattern was also observed in repeated 

Western blotting runs (Figure 4-8, a). The intensities of the pERK2 bands (42 kDa) were 

stronger in the GluN1 group when compared to the PBS and the Luciferase controls (Bhat et 

al., 1998; Whittington et al., 2013). The total ERK1/2 and GAPDH expressions levels were 

also investigated to determine whether anti-GluN1 antibody-mediated changes to pERK2 

level in mouse hippocampi had any effect on total ERK1/2 (phosphorylated and non-

phosphorylated forms; Figure 4-8, b). As expected, intensities for protein bands representing 

total ERK1 at approximately 44 kDa were similar in all three treatment groups. Similarly, the 

total ERK2 level detected at approximately 42 kDa also had comparable intensities between 

all samples lanes. Similar intensities in bands representing the housekeeping protein GAPDH 

across all treatment groups indicate similar sample loadings in all lanes, and this was 

confirmed in subsequent semi-quantitative analyses.  

ERK1 and ERK2 activities between treatment groups were semi-quantified using the 

mean ratio values between pERK1 or pERK2 and total ERK1 or ERK 2 expression levels. 

The mean ratio between total ERK1 or ERK2 to GAPDH expression levels was also semi-

quantified to provide evidence showing that passive antibody transfer into mice did not alter 

total ERK1/2 expression levels. No significantly increased pERK1 level in the GluN1 group 

(mean ratio = 0.661 ± 0.096) was shown when compared to the PBS (mean ratio = 0.322 ± 

0.147) and the Luciferase (mean ratio = 0.553 ± 0.047) controls (GluN1 group vs PBS and 

Luciferase control; p = 0.0828, F = 2.737, R = 0.4105, one-way ANOVA; Figure 4-8, c), and 

the large standard error in the mean for the PBS control group contributed to the perception 

of a drop in pERK1 level. As expected, the total ERK1 to GAPDH ratio showed no 
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significant differences between the GluN1 group and the PBS and Luciferase control groups 

(p = 0.7434, F = 0.2999, R = 0.1474, one-way ANOVA; Figure 4-8, d). These results 

suggest that ERK1 activity is not affected by treatment with anti-GluN1 antibody.  

Interestingly, ERK2 activity was found to be elevated in association with anti-GluN1 

antibody treatment, indicated by a significantly increased pERK2 level when the GluN1 

group (mean ratio = 1.018 ± 0.075) was compared to the PBS (mean ratio = 0.59 ± 0.061) and 

Luciferase (mean ratio = 0.673 ± 0.0575) control groups (GluN1 group vs PBS and 

Luciferase control; p = 0.0002, F = 12.25, R = 0.6898, one-way ANOVA; GluN1 group vs 

PBS control, p-value < 0.001; GluN1 group vs Luciferase control, p-value = 0.002; Dunnett’s 

post hoc test; Figure 4-8, e). Furthermore, when the PBS control was compared to the 

Luciferase control, there were no significant differences, indicating control antibody-

mediated elevation of ERK2 activity was not detected (PBS control vs Luciferase control; p = 

0.516, Dunnett’s post hoc test). To show that the total ERK2 expression level was not 

increased significantly in the GluN1 group, the mean ratio of total ERK2 level to the GAPDH 

level of the GluN1 group was compared with the PBS and Luciferase control groups, and as 

expected no significant differences between the treatment groups were detected, suggesting 

anti-GluN1 antibody has no modulatory effect on total ERK2 expression levels (p = 0.5549, 

F = 0.602, R = 0.2067, one-way ANOVA; Figure 4-8, f). These data generated in the 

ERK1/2 expression level analyses indicate that the significantly increased ERK2 activity was 

associated with rat anti-GluN1 treatment and was potentially independent of ERK1 activity. 
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Figure 4-8: Representative Western blotting image showing pERK1/2 levels in mouse 
hippocampi between groups of mice that received different purified rat antibodies. 
a) Phosphorylated ERK1/2 is shown at approximately 44 and 42 kDa, respectively in mouse 
hippocampi from the PBS and Luciferase controls and the GluN1 groups.  
b) Total ERK1/2 (phosphorylated and non-phosphorylated) expression levels are shown at 
approximately 44 and 42 kDa respectively. GAPDH expression level is shown at 
approximately 37 kDa. 
c) The semi-quantitative result is presented as mean ratio ± SEM between pERK1 and total 
ERK1 expression levels for all three treatment groups. 
d) The semi-quantitative result is shown as mean ratio ± SEM between total ERK1 and 
GAPDH expression levels for all three treatment groups. 
e) Mean ratio ± SEM (n = 10 per treatment group) between pERK2 and total ERK2 
expression levels (***p < 0.001, **p < 0.01, Dunnett’s post hoc test). 
f) Mean ratio ± SEM (n = 10 per treatment group) between total ERK2 and GAPDH 
expression levels. 
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4.3.8. CREB phosphorylation levels in mice that received purified rat antibodies 

Following demonstration that ERK2 activity was significantly elevated in the GluN1 

group when compared with the PBS and Luciferase control groups, we next investigated 

ERK1/2 pathway-regulated CREB activity using Western blotting and commercial anti-

CREB antibodies as the phosphorylation of CREB has been shown to be one of the important 

contributing factors involved in learning and memory function (Nagakura et al., 2002; Choe 

et al., 2005). 

For the analysis of phosphorylated CREB (pCREB) levels, each lane was loaded with 

15 µg of hippocampal lysate from the respective treatment groups. The positive control was 

loaded with 5 µg HEK293 cell lysate overexpressing pCREB (provided by Dr Dahna Fong). 

pCREB was induced by exposure to 30 µM of forskolin for 15 min before the HEK293 cells 

were harvested. The rationale behind using a positive control and loading more mouse 

hippocampal lysate samples was that from previous failed Western blotting experiments (data 

not shown), the native pCREB was difficult to detect. If there was no +ve control, it would be 

difficult to interpret whether a blank Western blotting image was due to low affinity of 

commercial anti-pCREB antibodies or low native pCREB levels.  

The Western blotting image showed no protein bands corresponding to native pCREB 

in all sample lanes even after 15 µg of mouse hippocampal lysate was loaded per lane 

(Figure 4-9, a). However, the +ve control showed strong bands at approximately 43 kDa, 

indicative of pCREB (Nagakura et al., 2002). The anti-rabbit IgG-HRP-only lane showed no 

bands, indicating that the bands appearing in the positive control were specific to pCREB. A 

set of faint bands representing total CREB (phosphorylated and non-phosphorylated) 

expression levels at approximately 43 kDa are shown in all sample lanes, but in contrast, the 

positive control lane shows the total CREB expression level at a higher intensity (Figure 4-9, 

b). These faint CREB expression levels in the sample lanes could potentially explain the 

reason behind the non-reactivity detected for pCREB. The level of pCREB could be too low 

for detection due to innately low total CREB expression levels in rat antibody-treated mouse 

hippocampal lysates. GAPDH expression level was detected at approximately 37 kDa in all 

samples. A set of faint non-specific bands are shown at approximately 66.2 kDa, and due to 

the fact that these bands were also detected in the anti-rabbit IgG-HRP-only lane, these bands 

were interpreted as non-specific reactivities of the anti-rabbit IgG-HRP antibody. As the 

commercial anti-CREB antibody was indicated by the manufacturer to cross react with 

activating transcription factor-1 (ATF-1), we propose that the set of faint bands detected at 
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approximately 29-30 kDa, but not in the anti-rabbit IgG-HRP-only lane, are cross-reactivities 

against ATF-1 (Ishiguro et al., 1997; Ishiguro et al., 1998).  

The levels of native pCREB in all treatment groups remained elusive due to the 

difficulty of detection. However, the results showed that the detection of native pCREB was 

still possible in the positive control and this rules out the possibility that the commercial anti-

pCREB antibody was unable to detect pCREB. However, the sensitivity of the commercial 

anti-CREB antibody could still be suboptimal. Furthermore, the low total CREB expression 

levels in mouse hippocampal lysates suggested the possibility that the levels of pCREB were 

lower than the optimal detectable concentration for Western blotting.  

 
Figure 4-9: Representative Western blotting image of CREB phosphorylation levels in 
rat antibody-treated mouse hippocampi. 
a) No pCREB was detected in PBS, Luciferase or GluN1 mouse hippocampi. pCREB was 
detected at approximately 43 kDa in the positive (+ve) control lane.  
b) The total CREB (phosphorylated and non-phosphorylated) expression levels are shown at 
approximately 43 kDa. GAPDH expression level is shown at approximately 37 kDa.  
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4.4. Discussion 

NMDA receptor-mediated signalling pathways such as CaMKII, PI3K/PKB, ERK1/2 

and CREB have all been shown to be essential in memory formation (Barros et al., 2001; 

Sindreu et al., 2007; Buard et al., 2010; Jung et al., 2010; Yang et al., 2011). In this 

investigation, we tested the hypothesis that anti-GluN1 antibody-mediated improvement in 

learning and memory function may not be associated with any changes in receptor expression 

levels but that alterations could occur in NMDA receptor-mediated downstream signalling. 

To investigate whether the anti-GluN1 antibody-mediated improvement in learning and 

memory function is associated with changes to NMDA receptor-mediated downstream 

signalling, we firstly determined whether expression levels of NMDA and AMPA receptors 

had changed in these mouse brains. Secondly, we examined expression levels of CaMKII, 

PKB, ERK1/2, and CREB in the hippocampi of rat anti-GluN1-treated mice using Western 

blotting to determine the involvement of NMDA receptor-mediated signalling pathways in 

learning and memory enhancement. 

4.4.1. NMDA, AMPA receptor and PSD-95 expression levels 

The passive antibody transfer study mouse brains were first analysed to determine 

whether the expression levels of NMDA, AMPA receptor and PSD-95 protein are altered by 

treatment with the rat antibodies. NMDA receptor expression levels were firstly examined by 

looking at GluN1, GluN2A and GluN2B subunit expression. GluN2C and GluN2D 

expression levels were not analysed as neither variant is known to be expressed in the 

hippocampus (Paoletti et al., 2013). The GluN1 subunit is an obligatory subunit of the 

NMDA receptor, and thus is commonly used as an indicator of NMDA receptor expression 

levels (Horak et al., 2014). However, Western blotting analysis only provides information 

about total NMDA receptor expression levels, not whether there are differences in the 

distribution of NMDA receptors in synaptic versus extrasynaptic sites. Moreover, GluN1 

protein expression levels cannot distinguish between cell membrane surface-bound NMDA 

receptors and internalised NMDA receptors.  

Therefore, the lack of significantly increased levels of GluN1 protein found in this 

study suggests that GluN1 antibodies do not affect total NMDA receptor expression levels. 

This is in concordance with what was found in the brains of recGluN1vaccinated rats 

(Chapter 2). The GluN2 subunit composition of NMDA receptors has been suggested to 

have a potential role in regulating NMDA receptor function (Liu et al., 2007; Hardingham 
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and Bading, 2010; Cui et al., 2013). However, when both the GluN2A and GluN2B subunit 

expression levels were investigated, no differences in expression levels were found in the 

GluN1 group compared to the two control groups. These results are consistent with the 

GluN1 expression level analysis, where the total numbers of NMDA receptors within the 

hippocampi of anti-GluN1 antibody-treated mice showed no alteration compared with 

controls. Similarly, GluN2A and GluN2B subunit expression level analyses only reflected the 

total GluN2 protein expression levels, and the differential expression levels between surface 

GluN2A/B and internalised GluN2A/B subunits were not investigated.  

To potentially address this issue, the scaffold protein PSD-95, which has the function 

of anchoring NMDA receptors to the PSD was analysed (Waxman and Lynch, 2005; Cai et 

al., 2006; Petralia et al., 2010). Due to the function of PSD-95 within synapses, this also 

allowed indirect distinction between synaptic and extrasynaptic NMDA receptors. The 

location of NMDA receptors has a major impact on receptor function (Lohmann and Kessels, 

2014). Although the debate is ongoing about whether receptor location is the main 

determining factor in NMDA receptor function, many studies have demonstrated that the pro-

survival pathway ERK1/2 and CREB-dependent pro-survival gene expression are 

predominantly activated by synaptic NMDA receptors and that both are inactivated by 

extrasynaptic NMDA receptor activity (Hardingham et al., 2002a; Ivanov et al., 2006; Zhang 

et al., 2007; Léveillé et al., 2008; Papouin and Oliet, 2014). The expression level of the PSD-

95 protein was not significantly increased in the GluN1 group when compared with the PBS 

and the Luciferase controls. This result indicated that PSD NMDA receptor expression levels 

were not altered by the anti-GluN1 antibody treatment and was consistent with the results 

obtained from the NMDA receptor subunit expression level analysis.  

Although PSD-95 has been found to interact predominantly with the GluN1/GluN2A 

variant of the NMDA receptor (van Zundert et al., 2004; Pérez-Otaño and Ehlers, 2005; 

Papouin and Oliet, 2014), the expression level of the GluN1/GluN2A variant of the NMDA 

receptor could not be accurately determined from the PSD-95 expression level alone. This is 

mainly due to the presence of the triheteromeric form (GluN1/GluN2A/GluN2B) of the 

NMDA receptor, indicating that under some circumstances the interactions between the PSD-

95 proteins and the NMDA receptors may not be limited to the GluN1/GluN2A variants only 

(Hatton and Paoletti, 2005; Rauner and Köhr, 2011).  

AMPA receptor expression level was also investigated in the passive transfer study 

mice due to the essential role that the AMPA receptor plays in NMDA receptor activation 

and learning and memory function (Gruart et al., 2006; Papadia and Hardingham, 2007; Hong 
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et al., 2013). No differences in AMPA receptor expression level between the treatments were 

found. This result was not unexpected after detecting no change in the NMDA receptor 

expression level in rat anti-GluN1 antibody-treated mice.  

Therefore, what these results did not provide was adequate information on the potential 

expression-level changes between cell membrane surface receptors and internalised receptors 

or between synaptic receptors and extrasynaptic receptors. Future in vitro studies, using a 

whole-cell patch-clamp technique to measure whole-cell electrophysiological recordings of 

neuronal NMDA receptor-mediated currents with anti-GluN1 antibody bound to NMDA 

receptors (Weitlauf et al., 2005; de Marchena et al., 2008), in conjunction with electron 

microscopy to distinguish between synaptic and extrasynaptic NMDA receptors, would 

reveal more information on the exact outcome of anti-GluN1 antibody and neuronal NMDA 

receptor interaction.  

4.4.2. NMDA receptor-mediated downstream signalling transduction pathways 

Next we determined the involvement of NMDA receptor-mediated downstream 

signalling pathways in anti-GluN1 antibody-mediated learning and memory enhancement 

(Giese and Mizuno, 2013). CaMKII is a major learning and memory kinase involved in the 

NMDA receptor-mediated CaM kinase cascade (Papadia and Hardingham, 2007; Lucchesi et 

al., 2011; Bossuyt and Bers, 2013). The phosphorylation of a major CaMKII subunit, 

αCaMKII, was used as the marker for CaMKII activation (Coultrap and Bayer, 2012; Souza 

et al., 2012). Interestingly the GluN1 group showed significantly decreased CaMKII 

phosphorylation levels when compared with the control groups, with no changes in the total 

CaMKII expression levels. This result indicates that the rat anti-GluN1 antibody was 

associated with reducing CaMKII activity and suggest a potential weak antagonistic effect 

mediated by the anti-GluN1 antibody as CaMKII phosphorylation is CaM-mediated in a 

Ca2+-dependent manner (Coultrap and Bayer, 2012; Lisman et al., 2012). Chronic inhibition 

of CaMKII activity either by pharmacological NMDA receptor antagonists or direct CaMKII 

inhibitors has been shown to be neurotoxic in vitro (Ashpole and Hudmon, 2011; Sinner et 

al., 2011; Ashpole et al., 2012). Moreover, the blockade of αCaMKII autophosphorylation via 

a peptide-based inhibitor has been shown to impair contextual fear memory formation  

(Buard et al., 2010). Similarly, contextual fear and spatial memory was impaired in a mouse 

model with a knock-in mutation that prevented αCaMKII autophosphorylation (Giese et al., 

1998; Irvine et al., 2005; Irvine et al., 2011). However, we have demonstrated that the 
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CaMKII activity reduction was not enough to be detrimental to brain function. Otherwise, the 

anti-GluN1 antibody-treated mice would have been expected to exhibit cognitive deficits, 

potentially similar to that of anti-NMDA receptor encephalitis patients (Dalmau et al., 2008) 

or human patients during the failed NMDA receptor antagonist clinical trials (Davis et al., 

2000; Muir, 2006; Ginsberg, 2008). Interestingly, memory deficits induced by the prevention 

of αCaMKII autophosphorylation in transgenic mice was reversed by repeated memory task 

training, and the authors suggested that the reversal of memory deficits could be due to the 

generation of multi-innervated dendritic spines (a synaptic spine connecting to multiple pre-

synapses) (Radwanska et al., 2011). However, we found the total NMDA and AMPA 

receptor expression levels were comparable between all three treatment groups. The 

formation of multi-innervated dendritic spines in the GluN1 antibody-treated mice is thus 

unlikely. We speculate that the effects of downregulation of CaMKII activity in GluN1 

antibody-treated mice may be overcome by modulation of other NMDA receptor-mediated 

signalling pathways (Figure 1-4). 

When CaMKII is bound by CaM, βCaMKII disassociates from F-actin and is 

transported to the PSD (Shen and Meyer, 1999; Lin and Redmond, 2008). Mobile CaMKII 

has been known to mediate the increase of AMPA receptor insertion at the PSD and facilitate 

phosphorylation of the GluR1 subunit of the AMPA receptor. Both of these CaMKII-

mediated AMPA receptor modulations have been shown to increase AMPA receptor-

mediated synaptic transmission (Kristensen et al., 2011; Lisman et al., 2012; Hong et al., 

2013; Hell, 2014). Interestingly, the actual kinase activity of βCaMKII is not required for 

contextual fear memory formation (Borgesius et al., 2011). Instead, the reorganisation of the 

cytoskeleton to allow remodelling of the dendritic spine caused by the dissociation of 

βCaMKII from F-actin is more important, as dendritic spine remodelling has been shown to 

be essential for LTM formation (Fukazawa et al., 2003; Okamoto et al., 2009). In future 

studies, investigating the localisation of βCaMKII in hippocampal neuronal cultures would 

provide more mechanistic information on how anti-GluN1 antibodies affect neuronal 

function.  

The interaction between the GluN2B subunit and CaMKII has been shown to play a 

role in learning and memory (Barria and Malinow, 2005; Sanhueza et al., 2011; Halt et al., 

2012). The GluN2B-containing NMDA receptors are preferentially extrasynaptic in mature 

neurons (Sans et al., 2000; van Zundert et al., 2004; Papouin and Oliet, 2014). However, the 

exact effect of reduction in CaMKII activity on the interaction between the GluN2B-

containing NMDA receptor and CaMKII is still unknown. Therefore, in future studies, 
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investigating whether the synaptic or extrasynaptic NMDA receptor is favoured by the anti-

GluN1 antibody binding would further explain the anti-GluN1 antibody-mediated decrease in 

CaMKII activity. Current fluorescence labelling technique in vitro can only separate surface-

bound proteins from internal proteins (Fan et al., 2007; Bengtsson et al., 2008). However, a 

potential method could be co-labelling PSD-95 (synaptic) and SAP-102 (extrasynaptic) as 

both have been shown to be associated to GluN2A and GluN2B, respectively (Petralia et al., 

2010). Another method could involve transgenically tagging either the GluN2A or GluN2B 

with a green fluorescent protein (Luo et al., 2002). These two methods however, do not 

account for a subpopulation of NMDA receptors that contain both GluN2A and GluN2B 

subunits (Rauner and Köhr, 2011). More sensitive techniques would need to be developed to 

clearly distinguish the synaptic NMDA receptor from the extrasynaptic NMDA receptor. 

We also determined whether the PI3K/PKB pathway (Figure 1-4), another major 

NMDA receptor-mediated signalling pathway essential for learning and memory is affected 

by anti-GluN1 treatment. PKB is activated when phosphorylated (Dash et al., 2002; Pal and 

Mandal, 2012), and was used as a marker for PI3K/PKB pathway activation. The importance 

of the PI3K/PKB pathway in learning and memory was demonstrated when the pathway was 

inhibited in experimental animals by pharmacological inhibitors: acquisition, consolidation 

and retrieval of contextual fear LTM were impaired in these animals (Barros et al., 2001). 

When the GluN1 group was compared with the PBS and the Luciferase controls, significantly 

increased pPKB levels were shown in the GluN1 group, with no changes in total PKB 

expression levels. Instead of showing an effect that downregulates PKB activity similar to 

other pharmacological NMDA receptor antagonists (Miao et al., 2005), the rat anti-GluN1 

antibody upregulated PKB activity similar to that of NMDA receptor agonists used (Zhou et 

al., 2013). This suggests that the rat anti-GluN1 antibody also has an agonistic property on 

NMDA receptor function similar to that of other pharmacological NMDA receptor agonists. 

Similar upregulation of PKB activity has also been shown by NMDA receptor partial agonist 

DCS in rat brains after reversing the effect of fear memory extinction deficits induced by a 

pharmacological ERK inhibitor (Yang and Lu, 2005). These results also indicate that the 

learning and memory-enhancing effect was at least partly a result of anti-GluN1 antibody-

mediated upregulation of the PI3K/PKB pathway activity. However, to confirm this 

hypothesis the phosphorylation level of GSK3β, a downstream target of PKB, should be 

investigated (Giese, 2009). GSK3β has been shown to be increasingly inhibited via increased 

phosphorylation in both the hippocampus and the amygdala during contextual fear LTM 

formation (Fujio et al., 2007; Maguschak and Ressler, 2008). Therefore, in future studies, 
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GSK3β phosphorylation level should be included in the analysis of anti-GluN1 antibody-

mediated changes to PI3K/PKB pathway activity. 

We next determined the expression levels of ERK1/2 using pERK1/2 as a marker for 

activation of kinase activity (Chang et al., 2003; Krapivinsky et al., 2003). The expression 

levels of hippocampal ERK1/2 were shown to be elevated during both cued and contextual 

fear conditioning (Atkins et al., 1998). The ERK1/2 pathway (Figure 1-4) has also been 

significantly implicated in memory consolidation, retrieval and reconsolidation (Kelly et al., 

2003; Herry et al., 2006). Pharmacological inhibition of the ERK1/2 pathway activity in a rat 

model showed that STM after acquisition was intact, whereas both consolidation and 

reconsolidation (after retrieval), which are crucial for LTM formation, were impaired 

(Languille et al., 2009). This agrees with the data presented by Valijent and colleagues, where 

the ERK1/2 pathway activity was pharmacologically inhibited during memory retrieval and 

the subsequent reconsolidation process was disrupted, leading to the erasure of previously 

formed LTM (Valjent et al., 2006). When the ERK1/2 pathway was pharmacologically 

inhibited in mouse hippocampi, the retrieval of memory was impaired after contextual fear 

conditioning (Chen et al., 2005a).  

The GluN1 group of mice had significantly elevated ERK2 activity and this result is in 

concordance with a study showing NMDA receptor agonist-mediated upregulation of 

ERK1/2 activity (Zhou et al., 2013). Furthermore, the NMDA receptor partial agonist DCS 

has been shown to upregulate ERK1/2 activity in the brain of animals, similar to what we 

have found with the rat anti-GluN1 antibody (Wu et al., 2008), suggesting the anti-GluN1 

antibody may potentially share similar underlying mechanisms with DCS in modulating 

NMDA receptor function. Interestingly, we also found that the rat anti-GluN1 antibody 

significantly elevated pERK2 but not pERK1 levels. The significantly increased pERK2 was 

not caused by elevated total ERK2 level as neither total ERK1 nor total ERK2 expression 

levels were significantly elevated. These results suggest that the anti-GluN1 antibody-

mediated learning and memory enhancing effect was associated with the elevation of only the 

pERK2 level instead of the combined pERK1/2 levels. This is consistent with observations 

that ERK1 only has an accessory role in ERK2 function (Adams and Sweatt, 2002). The 

importance of ERK2 (but not ERK1) activity in learning and memory is supported by 

findings of learning and memory deficits in transgenic mice engineered with a specific 

knockdown of ERK2 (Selcher et al., 2001; Mazzucchelli et al., 2002; Satoh et al., 2007). 

Moreover, the elevation in pERK2 level is consistent with what was observed in another 
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study where pharmacologically enhanced ERK1/2 activities improved mice spatial learning 

and memory (Zhao et al., 2014).  

One of the primary functions of the ERK1/2 during memory formation is the 

phosphorylation and activation of CREB (Figure 1-4) (Sindreu et al., 2007; Adaikkan and 

Rosenblum, 2012). The phosphorylation of CREB is essential for activating the transcription 

of BDNF and proto-oncogene c-Fos, which are both essential for learning and memory 

(Sheng et al., 1990; Finkbeiner et al., 1997; Adaikkan and Rosenblum, 2012).Therefore, to 

confirm the significantly increased ERK1/2 pathway activity, pCREB levels were analysed. 

Unfortunately, pCREB levels were not detectable in the passive transfer study mice. The 

pCREB level is transiently maintained due to the link between phosphatases and NMDA 

receptor in mature neurons, which actively dephosphorylate CREB (Sala et al., 2000; Brenner 

et al., 2007). The NMDA receptor-mediated downstream signalling pathways such as 

ERK1/2 are only recruited in a transient manner to maintain pCREB levels long enough for 

CREB-dependent transcription during memory formation before the active dephosphorylating 

pathway dephosphorylates CREB (Sala et al., 2000). This was demonstrated in vivo when c-

Fos decayed overtime after initial activation by pCREB, suggesting that pCREB levels also 

decreased overtime (Tronson et al., 2009). Furthermore, pCREB levels that are elevated as a 

protective mechanism after ischaemia have been shown to drop rapidly within 2 hours 

(Mabuchi et al., 2001). Thus the lack of detection of pCREB could be time-dependent in 

brain analyses. We speculate that the pCREB level had dropped to non-detectable levels by 

the time the mice brains were collected, and were not due to the lack of ERK1/2 pathway-

mediated phosphorylation of CREB.  

The importance of ERK1/2 in learning and memory can also be attributed to the ability 

of activated ERK1/2 to regulate the translation of local dendritic mRNA such as the 

immediate early gene Arc/Arg3.1 (activity-regulated cytoskeleton-associated protein) (Wang 

et al., 2009b; Peng et al., 2010; Kindler and Kreienkamp, 2012). The Arc/Arg3.1 protein is 

essential for LTM formation: mice with hippocampal Arc/Arg3.1 knockout were found to 

have recognition, spatial and fear-associated LTM formation deficits (Plath et al., 2006). The 

importance of the Arc/Arg3.1 protein in learning and memory may be due to the ability of the 

Arc/Arg3.1 protein to maintain homeostatic plasticity by mediating the endocytosis of 

overactivated AMPA receptors. With reduced surface AMPA receptors, both LTP and LTD 

are kept in a homeostatic state, which is essential for memory consolidation (Shepherd et al., 

2006; Okuno et al., 2012). This would indicate that extra-nucleic ERK1/2 would be 

dynamically and constantly phosphorylated according to the homeostatic state of neuronal 
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plasticity instead of only being transiently phosphorylated right after a learning task. 

Therefore, any ERK1/2 phosphorylation enhancing effects mediated by the rat anti-GluN1 

antibody should also be accompanied with changes in Arc/Arg3.1 protein expression levels. 

In future studies, investigating the Arc/Arg3.1 protein expression level in the GluN1 group 

would be an interesting approach to elucidating the exact outcome of the anti-GluN1 

antibody and neuronal NMDA receptor interaction in the context of ERK1/2 pathway-

mediated learning and memory improvement. 

The downregulation of CaMKII activity in combination with upregulation of both PKB 

and ERK2 activity in the GluN1 mice provided an interesting new perspective on anti-GluN1 

antibody-mediated learning and memory enhancing effects. There are two potential 

hypotheses to explain these results.  

First, the decrease in the CaMKII pathway activity, along with increases in both the 

PKB and ERK1/2 pathway activities, could be potentially due to a biased agonist effect. The 

biased agonist concept introduces the notion that the anti-GluN1 antibody acts as an agonist 

that favours specific downstream signalling transduction pathways. The biased agonist theory 

has been actively studied in the field of G-protein coupled receptors (Violin et al., 2014), but 

has not received much attention in NMDA receptor research. More recently, synaptic NMDA 

receptors have been reported to be preferentially activated by D-serine rather than glycine, 

whereas, extrasynaptic NMDA receptors have been reported to be preferentially activated by 

glycine (Gray and Nicoll, 2012; Papouin et al., 2012). This is interesting as the synaptic 

NMDA receptor has been reported to be promoting cell survival and the extrasynaptic 

NMDA receptor has been associated with cell death (Hardingham et al., 2002a; Zhang et al., 

2007; Papadia et al., 2008; Kaufman et al., 2012). Different agonists have been shown to 

dramatically alter the function of the NMDA receptor. Therefore, if the anti-GluN1 antibody 

acted as an agonist to the NMDA receptor, both PI3K/PKB and ERK1/2 pathways could be 

favoured over the CaMKII pathway, as shown in the results. However, a potential problem 

with this hypothesis is that the CaMKII, PI3K/PKB and ERK1/2 pathways are all activated 

by NMDA receptor-dependent CaM (Giese and Mizuno, 2013).  

Therefore, a second hypothesis is proposed, in which the anti-GluN1 antibody acts as a 

partial agonist on the NMDA receptor, as indicated by the downregulation of the CaMKII 

pathway activity. A partial agonist is defined as ligand or drug that activates a given receptor 

with partial efficacy relative to the full agonist of that specific receptor. Partial agonists can 

also be categorised as ligands that exhibit both agonistic and antagonistic effects on a given 

receptor. When both partial and full agonist are present to bind to a specific receptor, the 
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partial agonist acts as a competitive antagonist, competing with the full agonist to cause a net 

decrease in the receptor activation relative to the effect produced by a full agonist (Calvey 

and Williams, 2008). 

 The downregulation of the CaMKII pathway could potentially induce a compensatory 

upregulation of the PI3K/PKB and ERK1/2 pathways. Compensatory action in synaptic 

function is not a new concept, as a similar mechanism can be seen in the modulation of 

NMDA receptor-mediated synaptic plasticity through synaptic scaling and metaplasticity 

(Pérez-Otaño and Ehlers, 2005; Turrigiano, 2012). The strength of synaptic transmission has 

been known to be modulated by synaptic scaling and metaplasticity (Pérez-Otaño and Ehlers, 

2005; Turrigiano, 2012). Synaptic scaling refers to the modulation of synaptic strength by 

altering the number of NMDA receptors in the PSD (Turrigiano, 2012). NMDA receptors 

have been reported to translocate from either internal pools or extrasynaptic sites to synaptic 

sites (Triller and Choquet, 2005; Petralia et al., 2009). Metaplasticity changes the magnitude 

of synaptic plasticity by altering the NMDA receptor subunit compositions (Pérez-Otaño and 

Ehlers, 2005). Synaptic NMDA receptors mainly consist of GluN1/GluN2A or 

GluN1/GluN2A/GluN2B tetramers (Rauner and Köhr, 2011), while extrasynaptic NMDA 

receptors are predominately GluN1/GluN2B (Petralia et al., 2009; Petralia et al., 2010; 

Papouin and Oliet, 2014). Therefore, replacement of either synaptic or extrasynaptic NMDA 

receptor subunits, which can be achieved by receptor trafficking, allows synaptic function to 

be regulated (Pérez-Otaño and Ehlers, 2005). However, the results in this study did not 

provide clear data on how this anti-GluN1 antibody-mediated compensation of the 

downstream signalling pathways could be achieved.  

In future in vitro studies, using the electrophysiological patch-clamp technique 

(Weitlauf et al., 2005) in conjunction with staining neuronal and glial CaMKII, PKB and 

ERK1/2 via immunocytochemistry would provide an opportunity to determine the potential 

agonistic or antagonistic effect of the anti-GluN1 antibody on neuronal NMDA receptor-

mediated signalling pathways. Furthermore, mouse hippocampal lysates were analysed in this 

chapter, but other brain regions such as the peririhinal cortex and amygdala also have 

essential roles to play in learning and memory function (Maren and Hobin, 2007; 

Zimmerman and Maren, 2010; Barker and Warburton, 2011). In future studies, analysing 

other brain regions of anti-GluN1 antibody-treated mice would provide more information on 

how anti-GluN1 antibody mediates the learning and memory enhancing effect.  
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4.4.3. Summary 

Up to this point this study has demonstrated that the rat anti-GluN1 antibody has 

modulatory effects on brain function by binding to NMDA receptors, but how they work 

pharmacologically is unclear. The anti-GluN1 antibody generated via recGluN1 vaccination 

was polyclonal and potentially able to bind to multiple epitopes on the GluN1 subunit of the 

NMDA receptor. Therefore, to get some indication of how the anti-GluN1 antibodies were 

working, we next determined the sites on the GluN1 protein that these antibodies could bind 

to by conducting epitope mapping. 
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Chapter 5. Identifying anti-GluN1 epitope binding profiles 

of anti-GluN1 antibodies 

5.1. Overview 

The recGluN1 protein used for the vaccination consists of extracellular domains of the 

GluN1 protein only. This would suggest that the anti-GluN1 antibodies generated are 

polyclonal and could potentially bind to multiple epitopes located on the extracellular 

domains of the GluN1 protein to modulate NMDA receptor function. Increasing evidence 

suggests the binding of anti-GluN1 antibodies to specific epitopes on the GluN1 protein can 

play a crucial role in modulating the functioning of neuronal NMDA receptors. For example 

anti-GluN1 antibodies, which are associated with and thought to be causative of the clinical 

symptoms of anti-NMDA receptor encephalitis have been shown to target a small epitope 

(Asn368/Gly369) located on the allosteric N-terminus of the GluN1 protein (Gleichman et 

al., 2012).  

Interestingly, even without active vaccination, the immune system is capable of 

developing autoantibodies targeting specific brain antigens especially after trauma to the 

brain such as ischaemic stroke (Bornstein et al., 2001; Becker et al., 2011). Autoantibodies 

targeting either the GluN2A or GluN2B subunit of the NMDA receptor have been identified 

in human stroke patients (Dambinova et al., 2003). Furthermore, our laboratory has recently 

identified autoantibodies that targeted the S2 domain of the GluN1 subunit in approximately 

44% of ischaemic stroke patients that were screened (Kalev-Zylinska et al., 2013). Cognitive 

deficits and cell death are common clinical outcomes in human stroke patients (Schaefer et 

al., 2002; Cumming et al., 2013), and high anti-GluN1-S2 antibody titres have been 

associated with larger infarctions in stroke patients (Kalev-Zylinska et al., 2013). Similar to 

rat anti-GluN1 antibody, these human stroke ani-GluN1 antibodies are also polyclonal and 

could potentially bind to different epitopes located on the GluN1 protein.  

The hypothesis for this chapter is that targeting of anti-GluN1 antibody to different 

regions of the GluN1 protein could be responsible for differential modulation of NMDA 

receptor function and either beneficial or detrimental effects on cognition. To address this, 

epitope profiling firstly aimed to identify the anti-GluN1 epitope binding profile that is 

associated with the learning and memory enhancement shown in passive antibody-transferred 

GluN1 mice using ELISA with recGluN1 peptide library-coated microtitre plates. 
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Furthermore, in a pilot study, comparisons were made using the same serum samples from 

stroke patients tested by Kalev-Zylinska and colleagues (Kalev-Zylinska et al., 2013) to 

determine whether stroke anti-GluN1 antibodies have similar anti-GluN1 epitope binding 

profiles to those of rat anti-GluN1 antibodies, and if they do, whether the clinical data reflects 

better neurological outcomes for these patients. As this was a pilot study and serum samples 

were in limited supply, only stroke sera with the highest anti-GluN1-S2 antibody titres were 

GluN1 epitope profiled (Kalev-Zylinska et al., 2013).  

5.2. Materials and Methods 

5.2.1. Peptide library 

The peptide library was generated by Mimotopes, PepSetsTM (Melbourne, Australia) 

using the rat GluN1 amino acid sequence. The library of peptides was dissolved in dimethyl 

sulfoxide when received and kept at –80ºC until use. The peptide library consisted of 74 

overlapping peptides spanning the extracellular domains of the GluN1 protein consisting of 

734 amino acids (Figure 5-1). The linker was included in the peptide library even though the 

linker was not part of the natural protein structure. This was because the original recGluN1 

protein used in the previous rat vaccination study required the link-bridge to connect the S1 

and S2 domains together. Each peptide was 16 amino acids long with hexamer repeats 

overlapping the adjacent peptides on both ends. Each peptide was biotinylated, designed for 

high-affinity binding to streptavidin-coated microtitre plates. 
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Figure 5-1: The extracellular domains of the GluN1 protein were used to form the 
peptide library. 
TM1-4 = Transmembrane domain 1-4. S1/2 = Membrane spanning domain 1/2.  
 

5.2.2. Rat serum preparation 

Blood samples from recombinant protein-vaccinated rats were collected after 

euthanasia and serum samples were prepared according to the method described in section 

3.2.8. 

5.2.3. Human stroke patients and healthy donor control serum samples 

In total, 48 acute ischaemic stroke patients (STR) were enrolled in the original study 

(Kalev-Zylinska et al., 2013). Information about the study was given to the patients before 

written consent was obtained, and study procedures were approved by the regional Ethics 

Committee. The patients’ neurological dysfunctions were assessed using the National 

Institutes of Health Stroke Scale (NIHSS) at both the time of hospital admission and at 

discharge (approximately seven days after admission). The Trial of Org 10172 in Acute 

Stroke Treatment and Oxfordshire Community Stroke Project (OCSP) criteria were used to 

classify the patients. The Alberta Stroke Program Early Computed Tomography (ASPECT) 

score was used to classify the size and location of infarctions. Blood samples were collected 

from all 48 stroke patients within 48 hours of hospital admission, and again 7 days after 

admission. Where possible, blood samples were collected again approximately 18 months 

after the initial stroke event. 
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A control group of 50 healthy blood donors (DNS) was used. For the control group, 

any individual with a history of stroke or systemic lupus erythematosus was excluded. The 

healthy blood donors and the stroke patients were sex-matched but were not perfectly 

matched for age.  

Blood samples collected from all participants were stored in BD Vacutainer SST II 

tubes and spun at 4000 x g at 4ºC for 10 min. The resulting serum samples were then stored 

at -80ºC until use. 

For this pilot study of the original 48 stroke patients who were screened, the 10 

patients who had shown the highest reactivity to the S2 domain of the GluN1 subunit were 

chosen for serum screening against the GluN1 peptide library that included only the S1 and 

S2 domains. However, the stroke patients who were chosen only met the criteria if the sera 

collected at both hospital admission and seven days after admission were available at the time 

of this pilot epitope profiling study. If serum from either time point was unavailable, the 

patient with the next highest reactivity was chosen. Stroke patients from the non-reactive 

group were chosen at random. In total, four stroke patients from the non-reactive group were 

chosen for epitope profiling. In order to include the same number of healthy blood donors as 

controls, 10 DNS samples at a time were pooled into a group. Due to the unavailability of 

some DNS samples at the time of epitope profiling, seven different pools of DNS serum 

samples were used. 

All human serum sample demographics (stroke and DNS) were kindly provided by Dr 

Maggie Kalev-Zylinska of the University of Auckland. 

5.2.4. ELISA 

ELISA was used to profile the anti-GluN1 epitopes of either recGluN1-vaccinated rat 

or human stroke serum. Microtitre plates (96-well; Thermo Fisher Scientific, Waltham, IL, 

Cat #: 442404) were coated with streptavidin at 5 µg per well at 37ºC overnight. The 

following morning, excess streptavidin was discarded from the plates and the streptavidin-

coated plates were kept at 4ºC until use. Before the day of the epitope profiling, each 

streptavidin-coated plate was blocked with 5% skim milk in 1 x PBS 0.05% Tween 20 

(PBSTw) overnight at 4ºC with shaking.  

Following the blocking step, each plate was washed 3 times for 5 min in 1 x PBSTw. 

Following the wash, each plate was coated with biotinylated peptides at 250 pmol per well in 

1 x PBS. Each peptide sample was coated in triplicate wells. For the controls, a number of 
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wells were not coated with peptides; instead, the control wells were incubated with 1 x PBS 

only, in triplicate. The control wells were used to account for background absorbance. The 

coating of the peptide samples was done at room temperature for 2 h with gentle shaking.  

The plates were washed 3 times for 5 min with 1 x PBSTw after peptide coating. Rat 

serum samples were diluted 1:200 (human serum was diluted to 1:100) using 1% skim milk 

in 1 x PBSTw. All serum samples were applied into the wells in triplicate, including 

streptavidin coated-only control wells. The plates were incubated overnight with gentle 

shaking at 4°C.  

The next morning, the plates were washed with 1 x PBSTw 3 times for 5 min. 

Commercial anti-rat or anti-human IgG-peroxidase antibody (Table 5-1) were applied as 

secondary antibodies and diluted to 1:10,000 in 1 x PBSTw. The plates were then incubated 

at room temperature for 3 h with gentle shaking. After the incubation, the plates were washed 

with 1 x PBSTw 3 times for 5 min. 

For absorbance measurement, 75 µL of o-phenylenediamine dihydrochloride (OPD) 

substrate solution (see Appendix) was applied to all the wells. The microtitre plates were 

incubated in the dark for approximately 30 min. The reaction was stopped by applying 75 µL 

of 1 N H2SO4 per well. The absorbance at 450 nm was measured using Gen5 v1.04.5 software 

(BioTek Instruments Inc., Winooski, VT). 

Name Company Catalogue 
number 

Batch number Dilutions 

Anti-rat IgG 
(whole molecule) 

Peroxidase-
conjugated 

(rabbit) 

Sigma-AldrichTM A-5795 024k4857 1:10,000 

Anti-human IgG 
(whole molecule) 

Peroxidase-
conjugated (goat) 

Sigma-AldrichTM A8667-2ML 061M4812 1:10,000 

Table 5-1: Commercial secondary antibodies. 
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5.2.5. Obtaining Z scores for data analysis 

Z scores were used as the analytical tool to minimise the absorbance variations 

between plates. The Z scores were converted using the absorbance of the individual sample 

minus the mean absorbance of the controls over the mean standard deviation (SD) of the 

controls [(individual absorbancesample – mean abosrbancecontrol) / mean SDcontrol]. Naïve rat 

serum was used as the control for screening anti-GluN1 epitope binding profile in recGluN1-

vaccinated rats, and non-peptide-coated wells were used as the controls for human stroke 

serum anti-GluN1 epitope profiling. The statistically significant threshold for the Z score was 

set as a value equal to or above 3.  

For analysing the epitope profiling data from recGluN1-vaccinated rat serum, the Z 

score threshold was set at 300. This was due to innately high Z score values from the epitope 

profiling, which were expected as those rats were actively vaccinated with recGluN1 

proteins. This threshold of significant reactivity was extrapolated using the original Z score of 

the individual sample minus the mean of the original Z scores of the sample over the mean of 

original SD [(individual Z scoreoriginal sample – mean Z scoreoriginal sample) / mean SDoriginal sample]. 

Only rat serum with an original Z score value of 300 or above would have a new Z score 

value of 3 or above, therefore, the threshold for reactivity was set at 300 above the original Z 

scores. 

For analysing the epitope profiling data from the human stroke serum samples, the Z 

score threshold was set at 3 or above. A Z score of 3 was higher than the maximum Z scores 

obtained from the DNS samples (non-stroke control), and there were no innately high Z 

scores from the stroke patients to warrant the need for extrapolating new Z scores as was 

necessary for the rat serum.  

5.2.6. Statistical analysis  

The data are presented as Z scores and peptides were only regarded as reactive to 

serum when the Z scores were 300 or above for rats and 3 or above for human stroke patients. 

The relationship between the antibody reactive peptides (Z scores) and patient NIHSS and 

ASPECT scores, OCSP classification and lesion site was investigated by applying linear 

regression analysis using SPSS® v22 (IBM®, Armonk, NY) and Prism® v5 (GraphPad, La 

Jolla, CA). All non-parametric data from multiple groups with one factor were analysed using 

a Kruskal-Wallis test. Statistical significance was accepted at p < 0.05. 
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5.3. Results 

In Chapters 3 and 4, rat anti-GluN1 antibody was associated with improved learning 

and memory function coupled with elevated NMDA receptor-mediated PKB and ERK1/2 

signalling pathway activities when passively transferred into mice. Since the rat anti-GluN1 

antibody is polyclonal, it has the potential to bind to multiple epitopes located on GluN1 

protein. The overall aim of this epitope profiling study regarding recGluN1-vaccinated rat 

serum was to determine the anti-GluN1 epitope binding profile that was associated with 

enhanced learning and memory. 

5.3.1. Corresponding the GluN1 peptide library to different epitopes of the 

GluN1 protein 

The peptide library used in anti-GluN1 epitope profiling included both the S1 and S2 

domains of the GluN1 protein, and major epitopes located on the extracellular domains of the 

GluN1 protein were identified. The first objective was to identify essential amino acids that 

have major effects on NMDA receptor functions and glycine affinity via a literature search.  

The boundary of the S1 domain extends from peptides 1-56 and within the S1 domain, 

the region between amino acid Arg019 and His371 (peptides 2-37) is crucial for tPA and 

GluN1 subunit interactions (Fernández-Monreal et al., 2004; Macrez et al., 2011). tPA has an 

essential role in fibrinolysis in thrombosis and is currently the only FDA-approved treatment 

for acute ischaemic stroke (Ahn et al., 1999; Ning et al., 2010; Ning et al., 2013). Amino 

acids Asn368 and Gly369, which are included in peptide 37, have been shown when initially 

bound by antibodies altered NMDA receptor subunit conformations leading to prolonged 

channel opening, and to cause the internalisation of NMDA receptors when chronically 

bound by antibodies (Hughes et al., 2010; Gleichman et al., 2012). Moreover, a number of 

amino acids have been identified as having major roles in GluN1-glycine affinity. These 

amino acids include Phe408 (peptide 41), Lys483 (peptide 48 and 49), Phe484 (peptide 48 

and 49), Pro516 (peptide 51 and 52), Thr518 (peptide 52), Asn520 (peptide 52), Arg523 

(peptide 52 and 53), Gln536 (peptide 53 and 54) and Lys544 (peptide 54 and 55) (Wafford et 

al., 1995; Moretti et al., 2004). Peptide 57 was used as the linkage bridge between the S1 and 

S2 domains for recGluN1 generation and was not given an amino acid sequence number.  

The S2 domain is included in peptides 58-74. Similarly, amino acids that have major 

effects on GluN1-glycine affinity have been identified within the S2 domain. These amino 

acids are Val684 (peptide 60 and 61), Ser687 (peptide 61), Ser688 (peptide 61), Val689 
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(peptide 61), Tyr692 (peptide 61 and 62), Asn710 (peptide 63 and 64), Tyr711 (peptide 63 

and 64), Glu712 (peptide 63 and 64), Ala714 (peptide 63 and 64), Trp731 (peptide 65 and 

66), Asp732 (peptide 65 and 66), Val735 (peptide 65 and 66), Ser756 (peptide 68) and 

Phe758 (peptide 68) (Wood et al., 1997; Moretti et al., 2004; Han et al., 2013). The glycine-

binding site is identified by amino acids that affect GluN1-glycine affinity within the S1 and 

S2 domains as shown in peptides 41-68 (Table 5-2). Therefore, the extracellular domains of 

GluN1 protein were divided into the following 7 major epitopes for all subsequent anti-

GluN1 epitope profiling study: S1 or S2 domain only, both S1 and S2 domains, glycine-

binding site located on either S1 or S2 domain, glycine-binding site located on both S1 and 

S2 domains, and finally the tPA interactive site. 

 
Table 5-2: The recGluN1 peptide library. 
The tPA interactive site spans peptides 2-37. Peptide 37 includes amino acids involved in 
anti-NMDA receptor encephalitis aetiology. The glycine-binding site has been identified as 
extending from peptide 41 to peptide 68. Peptide 57 is the linker between the S1 and S2 
domains. White amino acid letters = cause anti-NMDA receptor encephalitis when bound by 
antibody. Red amino acid letters = affects GluN1-glycine affinity. N/A = not applicable. 
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5.3.2. Using pooled rat serum to map possible epitopes on the extracellular 

domains of the GluN1 subunit. 

Following the establishment of major epitopes of interest located on the GluN1 

protein, we next determined the anti-GluN1 epitope binding profile for vaccinated rat sera. 

Sera from PBS-treated, Luciferase- and recGluN1-vaccinated rats (the same sera that were 

used to purify rat antibodies used in the passive antibody study in Chapter 3) were collected 

and pooled and screened against the recGluN1 peptide library by ELISA. Naïve rat serum 

was used as the background control. Pooled rat serum was used for this anti-GluN1 epitope 

profiling because the same rat serum pools were used for the passive antibody transfer study. 

The threshold for significant reactivity was extrapolated to a Z score of 300 or above due to 

innately high Z score values from the recGluN1-vaccinated rat serum, which was expected as 

those rats were actively vaccinated with recGluN1 proteins. 

Anti-GluN1 epitope profiling of pooled rat serum is presented in Figure 5-2. Naïve 

rats were used as the control for the background signals and showed the same levels of 

reactivity as wells-coated with no peptides. The screening showed that both the PBS and 

Luciferase rats had minimal reactivity, all below the threshold, similar to the Naïve rats, 

indicating minimal background reactivity against the recGluN1 peptides. When the pooled 

serum samples from the recGluN1-vaccinated rats were screened, high reactivity to all 

peptides was observed when compared with the Naïve, PBS and Luciferase control sera as 

expected. However, only 21 peptides showed reactivity that was higher than the threshold 

when screened against pooled recGluN1 rat serum. The first two peptides with Z scores 

higher than the threshold were identified as peptides 20 and 22 within the tPA interactive site 

on the S1 domain. The recGluN1-vaccinated rat sera showed higher reactivity to 

Asn368/Gly369 containing peptide 37 than the rat control sera, but the Z score was still 

below the threshold. Interestingly, peptide 38, located between the tPA interactive and 

glycine-binding sites, had the highest Z score of all the reactive peptides when screened 

against the recGluN1 rat sera, suggesting it is one of the preferred binding sites for rat anti-

GluN1 antibodies. Within the glycine-binding site located in the S1 domain, 10 peptides were 

shown to have reactivities higher than the threshold. These 10 peptides included peptide 43, 

44, 45 50, 51, 52, 53, 54, 55 and 56, and amino acids that had shown major effects on GluN1-

glycine affinity (peptide 51-55; Pro516, Thr518, Asn520, Arg523, Gln536 and Lys544). 

Peptide 57 was shown to have high reactivity even though it was not native to the GluN1 

protein, but this was expected as the previous rat vaccination study also included the link-
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bridge peptide sequence. The S2 domain included 7 peptides that were considered reactive 

(above the threshold). More importantly, all of the S2 domain reactivity peptides that had 

reactivities higher than the threshold were within the boundaries of the glycine-binding site. 

These 7 peptides included peptides 58, 59, 60, 61, 62, 64 and 65 and amino acids that have 

major effects on GluN1-glycine affinity such as Val684, Ser687, Ser688, Val689, Tyr692, 

Asn710, Tyr711, Glu712, Ala714, Trp731, Asp732 and Val735 were included within these 

S2 domain reactive peptides. Finally, out of the 21 peptides found reactive to the recGluN1 

rat serum, 18 (approximately 85.7%) were located within the glycine-binding site. Epitope 

profiling with pooled recGluN1 rat serum showed that the antibodies tended to target 

epitopes within the glycine-binding site in preference to epitopes located outside of the 

glycine-binding site. Therefore, recGluN1 rat serum has an anti-GluN1 epitope binding 

profile that shows high affinity of these antibodies to the glycine-binding site. 

 
Figure 5-2: Epitope profiling of the S1 and S2 domains of the GluN1 protein with 
pooled recGluN1-vaccinated rat serum samples. 
The S1 domain includes peptides 1-56. The S2 domain spans peptides 58-74. Peptide 57 is 
the linker between S1 and S2 domains of recGluN1. The tPA interactive site is located 
between peptides 2 and 37. The glycine-binding site is located between peptides 41 and 68. 
The threshold was set at Z score ≥ 300. 
 
 
 
 
 
 
 



 

174 
 

5.3.3. Profiling possible epitopes on the extracellular domains of the GluN1 

subunit with individual recGluN1-vaccinated rat serum samples. 

After demonstrating that control rat sera have minimal reactivity towards the recGluN1 

peptide library and that only recGluN1 rat serum exhibited an anti-GluN1 epitope binding 

profile with high affinity to the glycine-binding site, we next determined whether the anti-

GluN1 epitope binding profile was similar in individual recGluN1 rat sera or whether distinct 

epitopes within the glycine-binding site were targeted in different animals. The anti-GluN1 

epitope binding profile from each individual recGluN1 rat serum was investigated using 

ELISA with a recGluN1 peptide library and the threshold of significant reactivity was set at a 

Z score ≥ 300. 

All 10 recGluN1 rat sera were screened individually, and again, Naïve rat serum was 

used as the control for background absorbance. The screening of the individual rat sera 

revealed that the peptide reactivity pattern shown with the pooled recGluN1 rat sera was 

similar between individual rats (Figure 5-3). Approximately 75-90% of reactive peptides (Z 

scores above the threshold) were located within the glycine-binding sites. On top of that, all 

reactive peptides that were detected in section 5.3.2 were included in the reactivity pattern of 

at least one individual recGluN1 rat serum. Reactive peptides 20 and 22 were due to rat sera 

numbers 7 and 9, respectively. However, for peptide 38, all individual rat sera that were 

screened showed high reactivity above the threshold, and coincided with what was shown by 

the pooled recGluN1 rat serum (section 5.3.2). These results indicate that the anti-GluN1 

epitope binding profiles of individual recGluN1rat sera corresponded with what was observed 

in the pooled rat serum samples. We next determined whether the anti-GluN1 epitope binding 

profile of recGluN1 rat serum was similar to that found in human stroke sera. 

 
 
 
 
 
 
 
 
 
Figure 5-3: Epitope profiling of individual recGluN1-vaccinated rat serum. 
Peptides 1-56 correspond to the S1 domain. The S2 domain is included within peptides 58-
74. Peptide 57 is the link-bridge between S1 and S2 domains. The tPA interactive site is 
located between peptides 2 and 37. The glycine-binding site is located between peptides 41 
and 68. The threshold was set at Z score ≥ 300. 



 

175 
 

 



 

176 
 

5.3.4. Mapping anti-GluN1 epitopes of individual human stroke serum samples 

that have anti-GluN1-reactive antibodies. 

We next compared the anti-GluN1 epitope binding profile between rat and human 

stroke sera. The same GluN1 peptide library as described in section 5.3.1 was used in this 

study because the degree of homology for GluN1 amino acids is approximately 99% between 

human and rat (Karp et al., 1993; Le Bourdellès et al., 1994). Previous work in our laboratory 

had identified serum samples from 48 stroke patients with antibody reactivity against the S2 

domain of the GluN1 subunit. All 48 stroke sera were screened against recGluN1 proteins 

that only contained the S2 domain (recGluN1-S2), using ELISA and Western blotting 

(Kalev-Zylinska et al., 2013). Of the 48 stroke sera screened, 10 that had shown the highest 

reactivity against the S2 domain were chosen to undergo a pilot epitope profiling study due to 

limited supply of these samples. Four stroke patient sera (no reactivity to the S2 domain) 

were also chosen as non-reactive stroke serum controls. The pilot epitope profiling involved 

screening human stroke sera collected at two time-points using ELISA against the recGluN1 

peptide library: the first time-point was at the time of hospital admission and the second was 

approximately seven days later. Healthy blood donor serum (DNS) was used as a non-stroke 

control, and set the threshold of significant reactivity for peptides at Z score ≥ 3.  

All 10 human stroke and DNS control sera were shown to react to peptide 10 (Figure 

5-4). Due to high Z scores observed with peptide 10 from both stroke and DNS serum 

samples, an amino acid sequence alignment screen was carried out using BASTP v2.2.3 

(NCBI BLAST®,  Bethesda, MD), a web-based sequencing program. After the alignment 

screen, approximately 285 different human proteins were found to have similar amino acid 

sequences to peptide 10 (Database: RefSeq protein (human); Result ID: DESJBF8S015). The 

high reactivity observed with peptide 10 could be cross-reactivity of autoantibodies targeting 

other native protein sequences. Therefore, peptide 10 was excluded as a reactive peptide 

during subsequent human stroke sera anti-GluN1 epitope profiling.  

Stroke serum from patient number 39 (STR039) had the strongest reactivity (highest Z 

score) against peptides to both the tPA interactive site and S1-glycine-binding site at the time 

of hospital admission when compared with other stroke sera (Figure 5-4, a). At 7 days after 

admission, increased numbers of reactive peptides were detected within the tPA interactive 

site, S1-glycine-binding site, and S2 domain. Asn368 and Gly369 (Peptide 37), which have 

been shown to play a major role in NMDA receptor subunit conformational changes and 

internalisation when bound by antibodies were also observed to be reactive 7 days after 
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admission for STR039 (Hughes et al., 2010; Gleichman et al., 2012) (Figure 5-4, b). STR038 

serum showed reactivity against peptides located within the S1 domain and S1-glycine-

binding site and only reactivity against peptides located within the glycine-binding site 

increased at 7 days after admission (Figure 5-4, c and d). Weak reactivity just above the 

threshold was detected against the glycine-binding site on both S1 and S2 domains for 

STR005, and only STR005 showed reactivity against the S2 domain out of all 10 stroke sera 

profiled at the time of hospital admission (Figure 5-4, e). We observed no increase in 

reactivity against the S2 domain with the exception of reactive peptides located within the S1 

domain and S1-glycine-binding site at 7 days after admission for STR005 (Figure 5-4, f). 

The reactive peptides detected for STR040 are mainly located within the S1-glycine-binding 

site with a single reactive peptide located within the S2-glycine-binding site (Figure 5-4, g). 

Interestingly, at 7 days after admission the reactivity pattern for STR040 had changed to 

show more reactive peptides located on the S2 domain (Figure 5-4, h). Only a single reactive 

peptide located within the tPA interactive site was detected for STR013 at admission, but at 7 

days after admission, an 18-fold increase in the number of reactive peptides was detected in 

multiple epitopes located on both S1 and S2 domains. Moreover, STR013 is one of only two 

stroke sera that showed reactivity against peptide 37 (Asn368/Gly369; Figure 5-4, i and j). 

Similar to STR013, STR049 only showed one reactive peptide located within the S1 domain 

glycine-binding site just above the threshold, but changes to the anti-GluN1 profile of 

STR049 were detected with increased reactivity against the glycine-binding site and S2 

domain at 7 days after admission (Figure 5-4, k and l). Four reactive peptides were detected 

in patient STR037: two were located within the S1-glycine-binding site and two on the non-

glycine-binding S1 domain; however, the reactivity of single peptides located between tPA 

interactive and glycine-binding sites and S2 domain increased substantially at 7 days after 

admission (Figure 5-4, m and n). For STR001, only 2 reactive peptides located within either 

the tPA interactive or the S1-glycine-binding site were detected, and at 7 days after admission 

only a small increase in the number of reactive peptides was detected, with the Z score value 

staying relatively similar to that obtained on admission (Figure 5-4, o and p).  

Interestingly, both STR002 (Figure 5-4, q and r) and STR004 (Figure 5-4, s and t) 

showed no reactivity towards peptides located within the S2 domains at either time-point, 

even though both patients had been anti-GluN1-S2 antibody-positive in our previous study 

(Kalev-Zylinska et al., 2013). However, for STR002, reactivity against the S1 domain was 

still detected at both time-points (Figure 5-4, q and r). In comparison, the reactivity pattern 

from STR004 underwent a drastic change, with the number of reactive peptides decreasing 
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from four to one at 7 days after admission (Figure 5-4, s and t). Finally none of the DNS 

sera showed reactivity against any peptide at levels higher than the threshold. The numbers of 

reactive peptides from all 10 stroke sera are summarised in Table 5-3. 

These results indicate that at the time of hospital admission and 7 days after, all 10 

human stroke sera had different anti-GluN1 epitope profiles. Only serum STR005 showed 

reactive peptides located within the S2 domain at the time of hospital admission, but 8 out of 

10 stroke sera showed reactivity towards peptides located within the glycine-binding site 

located in both S1 and S2 domains in sera collected 7 days after hospital admission, which 

suggests that anti-GluN1 epitope binding profiles for human stroke sera are not stationary and 

can be altered after the initial stroke insult. Interestingly, at 7 days after hospital admission, 

only patients STR039 and STR013 showed reactivity against NMDA receptor function 

essential Asn368/Gly369 (Gleichman et al., 2012). Finally, no human stroke serum showed 

an anti-GluN1 epitope binding profile that was exactly similar to the rat antibody shown in 

section 5.3.2, but some of the epitopes detected in the human samples were the same as those 

detected by the rat antibodies.  
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Figure 5-4: Anti-GluN1 epitope binding profiles of 10 different human stroke serum 
samples collected on admission and 7 days after hospital admission. 
Each stroke patient was screened at the time of hospital admission and again 7 days after 
hospital admission. The S1 domain is located between peptides 1 and 56. Peptides 58-74 
correspond to the S2 domain. Peptide 57 corresponds to the link-bridge. The tPA interactive 
site is located between peptides 2 and 37. Peptides 41-68 represent the glycine-binding site. 
The threshold for peptide reactivity was set at Z score ≥ 3. 
 

 
Table 5-3: A summary of the number of reactive peptides detected during anti-GluN1 
epitope profiling of 10 different human stroke serum samples. 
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5.3.5. Anti-GluN1 epitope profiling of individual anti-GluN1-S2 antibody 

negative human stroke serum samples. 

We next screened four different anti-GluN1-S2 negative human stroke sera against the 

recGluN1 peptide library using ELISA to investigate whether these anti-GluN1-S2 antibody-

negative stroke patient sera were reactive to epitopes outside of the S2 domain. 

None of the anti-GluN1-S2 stroke sera showed reactivity against the S2 domain, 

consistent with what was previously found (Figure 5-5) (Kalev-Zylinska et al., 2013). 

However, reactivity against the S1 domain was detected in both STR019 and STR016 

(Figure 5-5, a, b and d), suggesting that two out of four anti-GluN1-S2 antibody-negative 

human stroke sera developed anti-GluN1 antibodies targeting a non-S2 domain. The 

alteration of epitope profiles overtime shown by STR016 was consistent with the results 

observed in section 5.3.4. The final number of reactive peptides observed is summarised in 

Table 5-4. Again, none of these anti-GluN1-S2 antibody-negative stroke sera showed exactly 

similar anti-GluN1 epitope binding profiles to that of rat anti-GluN1 antibody, but some 

reactive epitopes detected in the S1 domain by rat antibodies were also detected by the 

human stroke serum. After characterising all 14 stroke serum anti-GluN1 epitope profiles, the 

potential association between these anti-GluN1 epitope binding profiles and stroke patient 

clinical characteristic data were examined in a subsequent correlation study. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-5: Anti-GluN1 epitope binding profiles of 4 anti-GluN1-S2 antibody negative 
human stroke serum samples. 
Four stroke serum samples were collected at the time of hospital admission and again 7 days 
later. Peptides 1-56 constitute the S1 domain. The S2 domain is encompassed between 
peptides 58 and 74. Peptide 57 is the link-bridge. The tPA interactive site is between peptides 
2 and 37. Peptides 41 and 68 set the boundary for the glycine-binding site. The threshold of 
reactivity was set at Z score ≥ 3. 
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Table 5-4: A summary table showing the number of reactive peptides found in four 
human stroke sera during anti-GluN1 epitope profiling. 
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5.3.6. Pilot correlation study between anti-GluN1 epitope profiles and clinical 

characteristics of stroke patients 

Following the characterisation of anti-GluN1 epitope binding profiles from 14 human 

stroke sera, the clinical characteristic data were correlated with the established stroke serum 

epitope profiles to determine whether clinical data could be associated with specific epitope 

profiles.  

Clinical features of the 14 anti-GluN1 epitope-profiled stroke patients were analysed 

for correlation with the number of peptides located within a specific epitope on the S1 and S2 

domains of the GluN1 protein. The size and location of infarcts observed in the stroke 

patients were classified using ASPECT score, which detects the rate of ischaemic changes in 

the middle cerebral artery territory based on computed tomography scans. The scale used in 

ASPECT ranges from 0-10 with lower scores indicating larger infarcts (Barber et al., 2000). 

A stroke patient with an ASPECT score of 7 or lower was considered as having either a 

medium or large infarct. 

The NIHSS was used to assess the severity of neurological dysfunction caused by the 

ischaemic stroke. The key aspects of stroke-related neurological dysfunction were assessed 

by medical professionals trained in administering the NIHSS. The NIHSS score ranges from 

0-23, where 0 indicates mild neurological dysfunction and 23 represents severe neurological 

dysfunction (Kasner et al., 1999). 

The OCSP uses a clinical scheme designed to determine the size and location of a 

stroke. The OCSP separates patients with intracerebral lesions into four clinical criteria. 

These clinical criteria are: total or partial anterior circulation infarcts (TACI or PACI, 

respectively), lacunar infarcts (LACI) and posterior circulation infarcts (POCI). LACI are 

usually small and sub-cortical, whereas, TACI are large and located cortically (Mead et al., 

2000). 

The clinical characteristics of 14 stroke patients are presented in Table 5-5. The 

average age of the 14 stroke patients that underwent anti-GluN1 epitope profiling was 64.54 

years, and 6 of them were males. In comparison, the neurologically normal humans who 

donated control DNS sera had an average age of 52.2 years. 
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Table 5-5: Clinical characteristics of stroke patients whose sera were epitope-profiled. 
ASPECT = Alberta Stroke Programme Early Computed Tomography. NIHSS = National 
Institutes of Health Stroke Scale. NIHSS 1 was collected at the time of hospital admission 
and NIHSS 2 at 7 days after the admission. OCSP = Oxfordshire Community Stroke Project. 
TACI = total anterior circulation infract, PACI = partial anterior circulation infarct, LACI = 
lacunar infarct, POCI = posterior circulation infarct. N/A = not applicable. 
 

To be included in the pilot correlation analysis, a stroke patient had to have at least one 

reactive peptide (excluding peptide 10) detected at either hospital admission or 7 days after 

admission. Patients that showed less than one reactive peptide either on admission or 7 days 

after admission were excluded from the pilot correlation study. The clinical characteristics of 

stroke patients with no reactive peptides could be non-anti-GluN1 antibody-related as no 

antibodies were shown to bind to the GluN1 protein. Therefore, both stroke sera STR015 and 

STR029 were excluded from the correlation study (n = 12). 

Anti-GluN1 epitopes were divided into 7 categories, including the total number of 

reactive peptides (both S1 and S2 domains), the S1-S2 glycine-binding site, the S1 glycine 

binding site, the S2 glycine-binding site, the S1 domain, the S2 domain and the tPA 

interactive site. 

The ASPECT primarily measures the size of infarcts throughout the middle cerebral 

artery territory. For this study, the ASPECT scores were recorded at the time of hospital 

admission only and not 7 days after the admission. The goal here was to determine whether 
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the ASPECT score recorded at the time of hospital admission was associated with the number 

of reactive peptides detected both on admission and 7 days later. From the correlation 

analysis, no statistically significant linear relationship was found between the ASPECT 

scores and the number of reactive peptides located within any particular epitope, suggesting 

there was no correlation between the ASPECT scores at the time of admission and the 

number of reactive peptides located within a particular epitope at both time-points (Table 5-

6).  

The NIHSS score measures neurological deficits caused by stroke insult. The objective 

here was to investigate whether the number of reactive peptides was associated with changes 

in NIHSS scores of stroke patients from admission to 7 days later. On hospital admission, 

correlation between the NIHSS score and the number of reactive peptides located within all 

epitopes on the GluN1 showed no significant trend in associating low reactive peptide 

numbers with high NIHSS scores (more severe neurological dysfunction in patients), and a 

similar result was observed again 7 days after admission (Table 5-6). These results could be 

because of low group sizes (p = 0.1952, F = 1.998, R = 0.447, Linear regression).  

Finally, the location of lesions was correlated with anti-GluN1 epitope binding profiles 

in the subsequent correlation analysis.  
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Table 5-6: Statistical summary showing the correlation of ASPECT and NIHSS scores 
with the number of reactive peptides located within different epitopes at two different 
time-points. 
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The four OCSP clinical criteria were correlated with the number of reactive peptides 

located within a particular epitope. The OCSP assessment was performed at the time of 

hospital admission. The goal of this correlation analysis was to determine whether the 

number of peptides located within a given epitope was a predictor for OCSP classification at 

hospital admission and 7 days later. The correlation showed the results were not statistically 

significant, suggesting there was no correlation between OCSP clinical criteria and number of 

reactive peptides in all epitopes (Table 5-7). However, this result could be due to the number 

of samples screened being limited to only 12 stroke sera (p = 0.1335, Kruskal-Wallis test). 

The sites of lesions located within stroke patients were compared with the number of 

reactive peptides within a given epitope to determine possible association between site of 

lesion and reactive peptides located in different epitopes. The sites of lesions were divided 

into three locations: cortex, subcortex and brainstem. The results show that the mean numbers 

of reactive peptides located within a given epitope were similar across the three lesion sites at 

both time of hospital admission and 7 days later (Table 5-7). 

Neither OCSP nor lesion site analyses showed significant correlations to the number of 

reactive peptides within a given epitope. Therefore, to further investigate the association 

between anti-GluN1 epitope binding profile and neuronal function, a pilot rat primary 

neuronal cell culture study was conducted using neuronal cell viability as a functional 

readout. The results of this study are reported in the next chapter. 
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Table 5-7: Statistical summary showing the correlation of OCSP clinical criteria and 
lesion sites to the number of reactive peptides located within different epitopes at two 
different time-points. 
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5.4. Discussion 

In Chapters 3 and 4, passive transfer of rat anti-GluN1 antibodies to mice was 

associated with improved learning and memory and elevated PKB and ERK2 activities. 

Polyclonal rat anti-GluN1 antibodies have the potential to bind to multiple epitopes on the 

GluN1 protein. . Moreover, polyclonal anti-GluN1 antibodies that targeted the S2 domain of 

the GluN1 protein were detected in human ischaemic stroke serum samples (Kalev-Zylinska 

et al., 2013). We hypothesised that whether anti-GluN1 antibody leads to detrimental or 

beneficial effects is dependent on which specific parts of GluN1 it binds to leading to 

differential effects on NMDA receptor function. In this chapter, serum samples collected 

from PBS-treated, recGluN1- and Luciferase-vaccinated rats were screened against a 

recGluN1 peptide library using ELISA to identify potential anti-GluN1 epitopes targeted by 

recGluN1 antibodies that might be associated with modulation of NMDA receptor function 

leading to improved learning and memory function. Furthermore, a pilot study was conducted 

to compare potential anti-GluN1 epitope binding profiles of human stroke serum (Kalev-

Zylinska et al., 2013) to that of recGluN1-vaccinated rat serum. Finally, stroke serum anti-

GluN1 epitope binding profiles were correlated with clinical stroke assessment data to 

determine whether there was any association between epitope binding profiles and stroke 

severity.  

5.4.1. Anti-GluN1 epitope binding profile of recGluN1-vaccinated rat serum 

Our results show that Naïve, PBS and Luciferase control sera had minimal reactivities 

against the peptides within the recGluN1 peptide library, as expected. The recGluN1 sera 

reacted with approximately 80% of the peptides located within the glycine-binding site, 

suggesting anti-GluN1 antibody-mediated improved learning and memory was associated 

with an anti-GluN1 epitope binding profile with high affinity to the glycine-binding site. 

However, peptide 38 showed the strongest reactivity when compared with all other reactive 

peptides. The significance of peptide 38 is currently unknown as it is located between the tPA 

interactive and glycine-binding sites. Reactivity to peptide 57 from the recGluN1 group was 

not unexpected as the peptide was foreign and not native to the GluN1 protein and was 

expected to be identified by the immune system more easily. To confirm that the pooled anti-

GluN1 antibody epitope binding profile was consistent between animals and not caused by 

distinct differences in epitope reactivity pattern between animals, individual anti-GluN1 

epitope profiling was conducted for each recGluN1 rat serum. The reactivity (Z score) of 
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each individual recGluN1 rat sample was lower, but the patterns were consistent with the 

pooled anti-GluN1 epitope binding profile. Approximately 75-90% of reactive peptides were 

located within the glycine-binding site when each individual recGluN1 rat serum was epitope 

profiled. This suggests that the increased PKB and ERK2 activities observed in the anti-

GluN1 antibody-treated mice (Chapter 4) may be linked to antibodies targeting the glycine-

binding site (Yang and Lu, 2005; Wu et al., 2008).  

However, from these data it is difficult to decipher how these rat anti-GluN1 antibodies 

would interact and bind to native GluN1 under normal physiological conditions, as the 

peptide library is linear compared to the native GluN1 subunit in its 3-dimentional structure. 

This is because antibodies bind differently between conformational epitope and linear epitope 

(Forsström et al., 2015). Under normal conditions, antibodies recognise conformational 

epitopes as protein folds. If the antibody was developed against linear epitopes then it would 

depend on the target protein’s natural state of folding to determine whether the antibodies 

could bind to the target protein or not. This is because the epitope used to raise the antibody 

might be covered up by the protein folds or distributed across several discontinuous regions 

and prevented the antibody from binding to the target protein (Brown et al., 2011). 

The reason behind the specific anti-GluN1 epitope binding profile (high affinity to the 

glycine-binding site) is unclear, as it is uncertain how closely the recGluN1 proteins used in 

the rat vaccination study resembles the native GluN1 protein structure. We speculate that the 

recGluN1 protein has a structural configuration that specifically exposes the glycine-binding 

site to the immune system of the rat. Protein crystallisation techniques would be an 

interesting approach in future studies to compare the structural differences between recGluN1 

and native GluN1 protein.  

Nevertheless, our results suggest that the rat anti-GluN1 antibody could be working 

pharmacologically as a partial agonist at NMDA receptors as the phenotypes observed are 

consistent with that of DCS, a known partial-agonist for NMDA receptors (Sunyer et al., 

2008; Bado et al., 2011; Kochlamazashvili et al., 2012). Whether the learning and memory 

enhancing effect was indeed caused by the anti-GluN1 antibody targeting the glycine-binding 

site would need more validation. This was due to the fact that even though the recGluN1 rat 

serum has showed high affinity to the glycine-binding site, other epitopes located on the 

GluN1 protein were also shown to be reactive and whether this has any functional 

consequence is unknown. In future passive antibody transfer studies, using anti-GluN1 

antibodies that specifically target the glycine-binding site would provide interesting 

information to further our understanding of the specific effects of different GluN1 epitopes 
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on NMDA receptor function when bound by antibodies. Furthermore, receptor binding 

studies in combination with electrophysiology techniques will be needed to investigate the 

pharmacological mode of action on anti-GluN1 antibody. 

5.4.2. Anti-GluN1 epitope binding profile of human stroke serum 

To compare anti-GluN1 epitope binding profiles between recGluN1-vaccinated rat 

serum and human stroke serum, 10 stroke samples with high anti-GluN1-S2 antibody titres 

and four non-antiGluN1-S2-reactive stroke samples as determined by ELISA and Western 

blotting were selected for analysis (Kalev-Zylinska et al., 2013). Human stroke serum 

samples collected on hospital admission and 7 days later were anti-GluN1 epitope profiled. 

At the time of admission all 10 stroke patients showed various reactivity patterns to epitopes 

located within both the S1 and S2 domains of the GluN1 protein and none were similar to 

those seen in recGluN1 rat serum. Interestingly, at the time of admission, only STR005 from 

the 10 stroke sera that were chosen because of their high anti-GluN1-S2 antibody titres, 

showed reactivity towards the S2 domain. There are two factors that potentially contributed 

to these results. First, in our previous anti-GluN1-S2 antibody screening study the recGluN1 

protein used consisted of only the S2 domain. The S2 domain was not made into 17 

overlapping peptides and may have contributed to the variability observed in this pilot study. 

Second, the threshold was set at Z score ≥ 2 instead of 3 for the S2 domain screening study. If 

the threshold had been lowered to Z score ≥ 2 for this pilot epitope profiling study, most 

human stroke sera would have shown reactivity to the S2 domain. This was due to the fact 

that the threshold set in the anti-GluN1-S2 antibody screening study used young healthy 

blood donors (Kalev-Zylinska et al., 2013). These young healthy blood donor serum samples 

were not available at the time when this pilot epitope profiling study was conducted. Instead, 

non-age-matched DNS sera were used. The main reason for this discrepancy was that, 

healthy older people (DNS) were less likely to have donated blood than their younger 

counter-parts. This was the main limiting factor in obtaining age-matched DNS samples. 

Nevertheless, in future studies new DNS samples would need to be age-matched as closely to 

the human stroke serum samples as possible. At 7 days after the hospital admission all human 

stroke sera showed reactivity towards the peptides located within the S2 domain, with the 

exception of STR002 and STR004. The exact reason behind the lack of reactivity to S2 

domain peptides in stroke sera STR002 and STR004 at 7 days after admission is unclear. 

Even more puzzling for stroke patient STR004 was the drop in reactivity towards the peptides 
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located within the S1 domain at 7 days after admission. We propose a potential explanation: a 

similar drop in anti-GluN1 antibody reactivity in stroke patients sera approximately 7 days 

after hospital admission has observed in another study where the authors hypothesised that 

there could have been antibody consumption via massive binding of antibodies to their 

targets which lowers antibody titres in the serum (Zerche et al., 2015). The notion of antibody 

consumption is that antibodies promote phagocytosis of the targets they are bound to and get 

internalised alone with their targets by phagocytes (Mellman et al., 1984; Ordás et al., 2012). 

This process therefore prevented detection of anti-GluN1 antibodies in patient sera 7 days 

after hospital admission. 

Nevertheless, at 7 days after admission human stroke sera also showed a range of 

diverse anti-GluN1 epitope binding profiles that were dissimilar to recGluN1 rat serum. 

These results indicate that the anti-GluN1 epitope binding profiles of stroke sera were not 

fixed between the two time-points, suggesting anti-GluN1 epitope binding profiles of human 

stroke sera could be altered during the time after stroke insult. We speculate that there are 

two potential explanations for this phenotype. Firstly, the antibody consumption hypothesis 

could explain this by having anti-GluN1 antibodies that target specific epitopes on the GluN1 

subunit been consumed 7 days after admission and not be available to bind to the 

GluN1subunit, which led to altering in the anti-GluN1 epitope binding profiles in some 

patients. Secondly, the exposure of more native GluN1 peptides (through neuronal death 

during stroke) as fragments of peptides in different length and structure to the immune system 

could alter the anti-GluN1 epitope binding profiles in some patients over time.  

Sera STR019 and STR016 from the anti-GluN1-S2 antibody-negative human stroke 

sera showed reactivity towards the S1 domain (section 5.3.5). However, this result does not 

contradict what we have previously shown, as the anti-GluN1-S2 antibody screening study 

only screened for reactivity against the S2 domain (Kalev-Zylinska et al., 2013).  

Interestingly, 9 out 14 human stroke patients that were epitope mapped showed affinity 

(reactivity above the threshold) to the GluN1 peptides at the time of hospital admission. We 

hypothesise that this specific phenotype is caused by previous transient ischaemic stroke or 

traumatic brain injury that these patients may have suffered, which facilitated dissemination 

of neuronal antigens into the blood and allowed the immune system to develop immune 

responses towards the NMDA receptor and other brain proteins (Dambinova et al., 2003; 

Raad et al., 2014). However, the exact cause of the anti-GluN1 antibody response in these 

stroke patients at the time of hospital admission is difficult to determine as neither transient 
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ischaemic stroke nor traumatic brain injury events were tracked in the clinical characteristics 

data. 

This pilot epitope profiling study of human stroke sera showed that there was not 

definite pattern to the anti-GluN1 epitope binding profile, suggesting the small number of 

human stroke sera chosen to be epitope profiled was not ideal. Increasing the number of 

stroke patients in future epitope mapping studies would provide more insight into the type of 

anti-GluN1 epitope binding profiles human stroke sera may have. However, this pilot epitope 

mapping study did show a trend of increasing reactivity towards the GluN1 peptides between 

hospital admission and 7 days later. This finding coincided with what was shown in our 

previous anti-GluN1-S2 antibody screening, where the general reactivity towards the S2 

domain also increased between admission and 7 days later (Kalev-Zylinska et al., 2013). The 

anti-GluN1 epitope binding profiles of the human stroke sera were also shown to be different 

from that of rat anti-GluN1 antibody. This was potentially due to different methods for 

generating the anti-GluN1 antibodies. The rat anti-GluN1 antibody was generated through 

active recGluN1 protein vaccination, and the human stroke anti-GluN1 antibody was 

associated with a stroke event (Kalev-Zylinska et al., 2013).  

5.4.3. Correlation between stroke patient clinical characteristic data and anti-

GluN1 epitope binding profiles 

Subsequently, the anti-GluN1 epitope binding profiles of the human stroke sera were 

correlated with the appropriate clinical characteristics data to determine whether there was 

any association. No correlation between the ASPECT and NIHSS scores and the number of 

reactive peptides located within a particular epitope on the GluN1 protein was found. These 

results indicate that the anti-GluN1 antibody preference for epitope did not correlate with the 

size and location of the stroke infarct and gave no positive correlation with better 

neurological outcome. However, these results need more validation as the small sample size 

was not ideal for investigating this correlation. Moreover, the ASPECT score needs to be 

recorded at both the time of hospital admission and 7 days after the admission. In this study 

the correlation was made only with the ASPECT scores at the time of hospital admission due 

to the lack of ASPECT scores at 7 days after hospital admission. Similarly, due to the small 

group sizes and wide error bars in the OCSP clinical criteria correlation analysis, the 

correlation between the numbers of reactive peptides within any particular anti-GluN1 

epitope and OCSP clinical criteria is inconclusive. 
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A recent study by Zerche and colleagues shows that stroke patients with pre-existing 

serum anti-GluN1 antibodies at the time of the stroke event are associated with smaller lesion 

sizes (Zerche et al., 2015). Interestingly, this is not the same as what we have observed 

(Kalev-Zylinska et al., 2013). A number of differences between the two studies could 

contribute to this inconsistency. Firstly, we screened stroke sera for presence of anti-GluN1 

IgG, whereas Zerche and colleagues screened for IgA and IgM antibodies, as they did not 

detect enough anti-GluN1 IgG-positive stroke sera to correlate with clinical data; secondly, 

we screened for stroke sera that targeted the GluN1-S2 domain and Zerche and colleagues 

screened IgA and IgM that targeted the whole GluN1 subunit (Kalev-Zylinska et al., 2013; 

Zerche et al., 2015). The contributions of other autoantibodies that target other brain antigens 

in stroke pathology have also not been adequately addressed. Dambinova and colleagues 

demonstrated the presence of anti-GluN2A/B IgG and IgM within three hours of stroke on 

set, and serum anti-GluN2A/B antibody concentration was significantly correlated to 

neurological deficits (Dambinova et al., 2003). Furthermore, the presence of autoantibodies 

in stroke patient sera that target neurofilaments has also been demonstrated, but the exact 

clinical significance of these autoantibodies following stroke is unclear (Bornstein et al., 

2001). However, anti-neurofilament antibodies have been shown to be associated with 

primary degenerative dementia (Chapman et al., 1989; Soussan et al., 1994).  

The exact implication of anti-GluN1 antibodies in patient sera following stroke insult 

is unclear. In future studies, purifying the human stroke anti-GluN1 antibodies that have 

different anti-GluN1 epitope binding profiles and passively transferring these stroke anti-

GluN1 antibodies into mice could provide an insight into whether different human stroke 

anti-GluN1 antibodies lead to beneficial or detrimental effects on neuronal function. 

5.4.4. Summary 

In summary, the results show that rat anti-GluN1 antibodies have an anti-GluN1 

epitope binding profile with significantly higher affinity to the glycine-binding site. However, 

more validation is needed to confirm that the learning and memory enhancing effect is 

mediated by the rat anti-GluN1 antibody interacting with the glycine-binding site. The 

preliminary epitope profiling results showed that no human stroke sera have exactly similar 

anti-GluN1 epitope binding profiles to that of the rat anti-GluN1 antibody. Interestingly, a 

general trend shows increased anti-GluN1 antibody reactivity to the S2 domain of the GluN1 

protein over a period of 7 days, coinciding with what was shown in the our previous anti-
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GluN1-S2 antibody screening study (Kalev-Zylinska et al., 2013). The correlation results in 

this pilot study are inconclusive due to small sample sizes. More stroke patients would need 

to be included in future epitope profiling to allow more accurate and robust correlation 

studies between human stroke epitope profile and clinical data. Nevertheless, the variety of 

anti-GluN1 epitope binding profiles shown from the screened human stroke sera gave rise to 

a question: if learning and memory is associated with anti-GluN1 antibody binding to 

glycine-binding site, would a difference in sites targeted in human stroke patients lead to 

different effects? Therefore, as a proof of concept, in the next chapter, anti-GluN1 antibodies 

from four human stroke patients with distinctively different epitope profiles towards the 

GluN1 protein were investigated using neuronal viability as functional readout. 
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Chapter 6. A pilot study investigating effects of anti-

GluN1 antibody on neuronal viability in vitro 

6.1. Overview 

In previous chapters, rat anti-GluN1 antibodies were shown to enhance learning and 

memory in mice and this was associated with upregulation of NMDA receptor-mediated 

signalling pathway PI3K/PKB and ERK1/2 molecules essential for neuronal cell survival 

(Hardingham, 2006; Papadia and Hardingham, 2007). The pharmacological effect of anti-

GluN1 antibodies at the glycine-binding site on NMDA receptor function is unclear, but the 

behavioural phenotypes observed in the passive transfer study suggest these antibodies could 

be acting like partial agonists at the NMDA receptor (Zlomuzica et al., 2007; Sunyer et al., 

2008; Bado et al., 2011). NMDA receptor antagonists are typically associated with inducing 

locomotor hyperactivity in animals (Maj et al., 1991; Leriche et al., 2003; Tort et al., 2004), 

but we did not observe this behavioural phenotype in mice in our passive antibody transfer 

study (Chapter 3), suggesting that the rat anti-GluN1 antibodies are not full antagonists of 

NMDA receptors. 

Interestingly, the anti-GluN1 epitope binding profiles of the human stroke sera 

screened in Chapter 5 were different, with GluN1 antibodies binding to epitopes including 

those mapping to the glycine-binding site and the N-terminus domain of GluN1 including 

amino acids Asn368/Gly369, which when bound by antibodies are associated with causing 

anti-NMDA receptor encephalitis (Gleichman et al., 2012). As neuronal cell death is a 

common clinical symptom in stroke patients (Schaefer et al., 2002) and because of the 

association between higher levels of GluN1 antibodies in stroke patients and larger infarcts 

(Kalev-Zylinska et al., 2013), we explored the possibility that anti-GluN1 antibodies in stroke 

could contribute to functional effects. We therefore hypothesised that different anti-GluN1 

epitope binding profiles would have different effects on neuronal viability; specifically that 

stroke-derived anti-GluN1 antibodies could contribute to stroke-mediated neuronal cell death. 

To investigate the effects of anti-GluN1 antibodies (with different epitope profiles) on 

neuronal function, in this pilot in vitro study, rat primary hippocampal neuronal cell cultures 

were treated with purified rat or human anti-GluN1 antibodies, and the effect on neuronal cell 

viability was assessed as a functional readout.  
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6.2. Materials and Methods 

6.2.1. Human stroke Ig purification by octanoic/caprylic acid 

Antibodies from human stroke patients and healthy blood donors were purified and 

quantified according to the methods described in section 3.2.1, 3.2.2 and 3.2.4.  

6.2.2. Antibody pre-absorption 

The purified stroke antibodies used in both the primary cell cultures and Western blot  

pre-absorption experiments were incubated with either recGluN1 or Luciferase proteins 10 

times the molar concentration of the respective recombinant proteins overnight at 4ºC with 

shaking. The following morning, the pre-absorbed antibodies were centrifuged at 4,000 x g 

for 5 min and carefully transferred into another tube without disturbing the recombinant 

protein pellets. The pre-absorbed antibody was concentrated down to a final volume of 50 µL 

in a microconcetrator (Sigma-AldrichTM, St Louis, MO, Cat #: 13269C4G) with 100 kDa 

cutoff at 4ºC, and stored at -80ºC until use.  

6.2.3. Rat primary neuronal cell cultures 

Primary hippocampal neuronal cultures from P0 Sprague-Dawley rat pups were 

prepared by Miss Angela Wu as follows. Glass coverslips were immersed in concentrated 

nitric acid in a 1 L beaker for 36 hours in darkness. The beaker was swirled periodically to 

ensure all coverslips were exposed to the acid. At the end of the 36-hour incubation the 

coverslips were washed in dH2O 10 times over 2 h. After the wash, the coverslips were stored 

in 100% ethanol in the dark until used.  

A day before the primary cell preparation, primary cell culture coverslips were flame-

sterilised in a laminar flow hood and placed in 6-well tissue culture plates. One hundred and 

twenty five millilitres of poly-D-Lysine (PDL; Sigma-AldrichTM, St Louis, MO, Cat #: 

p1149) diluted in 1 x PBS to achieve a concentration of 10 µg/mL was added to each well. A 

gentle swirling was given to the plates to ensure even coverage of the PDL solution. The 

plates were then incubated at 37ºC overnight. The next morning the PDL solution was 

aspirated and each coverslip was washed once with 2 mL of sterile 1 x PBS with gentle 

swirling followed by addition of an extra 1 mL of sterile 1 x PBS to each well. 

Different solutions (see Appendix) required for primary cell cultures were prepared 

and pre-warmed to 37ºC. These solutions included cell culture media, papain mixture and 
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enzyme inactivation solution. After pre-warming the solutions, 4 small Petri dishes were 

filled with 4 mL of ice-cold Hank’s balanced salt solution (HBSS; see Appendix) and left on 

ice in a laminar flow hood. Four Pasteur pipette tips with one snapped at the tip to act as a 

glass dropper and the pipette filler were irradiated under ultra violet (UV) light for 30 min. 

The dissection was done in the laminar flow hood with sterile dissection tools. Before 

the dissection each rat pup was wiped gently around the head with 70% ethanol. The brain 

was carefully removed and quickly transferred into a Petri dish previously filled with ice cold 

HBSS. The hippocampi were carefully separated from the brain and carefully transferred into 

a new Petri dish filled with ice cold HBSS.  

The hippocampi were transferred into the papain mixture (see Appendix) with the glass 

dropper and incubated at 37ºC for 15 min with gentle inversion every 5 min. The papain 

mixture was removed as much as possible with the Pasteur pipette. The enzyme inactivation 

solution (see Appendix) was then added to the hippocampi and incubated for 2 min. The 

solution was then removed as much as possible. The hippocampi were added with 1 mL of 

cell culture media (see appendix) and triturated slowly and gently using the Pasteur pipette 10 

times. One millilitre of cell culture media was added to the hippocampi and large 

hippocampal tissue masses were allowed to settle before transferring the cell suspension (no 

tissues) into 48 mL of pre-warmed cell culture media. The coverslips containing 6-well tissue 

culture plates were aspirated of all 1 x PBS and 2 mL of the cell suspension was added to 

each well. A gentle swirl was given to all culture plates to achieve even distribution of cells 

and the tissue culture plates were incubated at 37ºC with 5% CO2. The cells were refed on the 

following day by replacing 0.5 mL of the cell culture media with freshly made media. A 

second refeeding was done 7 days after the first refeeding. Purified human stroke antibodies 

were added to the wells on the same day as the second refeeding. 

In total, 8 different batches of rat primary neuronal cell cultures (each batch prepared 

from an individual P0 rat pup) were prepared for two separate experiments with four 

independent cultures per experiment. The first experiment involved treating the rat primary 

cell cultures with purified rat IgG antibodies at a standardised centration of 7 µg/mL per well 

for all treatments (PBS, Luciferase and GluN1) except for the Naïve cells. The second 

experiment involved a pilot study treating the rat primary cell cultures with purified human 

stroke and healthy human antibodies, and the concentration used was also standardised to 7 

µg/mL per well. For the wells used as the Naïve cell controls, no antibodies were added. One 

percent penicillin-streptomycin (Gibco®, Carlsbad, CA, Cat #: 15140) mixture was also 

added to each well when antibodies were added. 
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6.2.4. Immunocytochemistry 

The culture medium was removed from each well 7 days after the antibody treatments. 

Each coverslip was immersed in 2 mL of 1 x PBS for 1 min, followed by 1 mL of 4% 

paraformaldehyde (PFA; see Appendix) for 20 min at room temperature. After discarding 4% 

PFA, each well was washed twice with 2 mL of 1 x PBS for 5 min. The primary neuronal 

cells were permeabilised with 1 mL of 1 x PBS with 0.25% Triton X-100 for 5 min. The 

coverslips were then washed twice again with 2 mL of 1 x PBS for 5 min.  

After the wash, each coverslip was then blocked with 600 µL of 1 x PBS 3% normal 

goat serum (NGS; Gibco®, Carlsbad, CA, Cat #: 16210072) for 1 h at room temperature. 

After the blocking step, the coverslips were carefully placed inside a humidified chamber and 

200 µL of commercial anti-microtubule-associated protein 2 (MAP2) antibodies (Table 6-1) 

in 3% NGS at 1:10,000 dilutions was applied to each coverslip and incubated overnight at 

4ºC.  

The following morning, each coverslip was washed 3 times with 1 x PBS for 10 min 

with gentle shaking. The coverslips were then placed back into the humidified chamber and 

incubated with 200 µL of Alexa Fluor anti-mouse antibody (Table 6-1) in 3% NGS at 1:500 

dilutions for 1 h at room temperature in the dark. The coverslips were then washed 3 times 

with 1 x PBS. 

After the wash, all coverslips were incubated with 200 µL of 4’,6-diamidino-2-

phenylindole (DAPI) staining solution (Sigma-AldrichTM, St, Louis, MO, Cat #: D9542) at 50 

ng/mL for 20 min at room temperature in the dark. The coverslips were then washed twice 

with 1 x PBS for 10 min. After the wash, each coverslip was mounted onto a slide with 

glycerol-based mounting medium (Citifluor Ltd., London, UK) and left to settle overnight at 

4ºC in the dark. On the following morning the coverslips were sealed with nail polish and 

stored in the dark at 4ºC. 
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Name Company Catalogue 
number 

Batch number Dilutions 

Anti-MAP2A 
Antibody, 2B 

(mouse) 

MilliporeTM MAB378 LV1764704 1:10,000 

Alexa Fluor® 
488 donkey 

anti-mouse IgG 
(H+L) 

InvitrogenTM A21202 55980A 1:500 

Table 6-1: Commercial antibodies for immunocytochemistry. 
 

6.2.5. Image acquisition and cell count 

Images of MAP2 and DAPI positive cells were taken with a camera-mounted 

microscope (Olympus Provis AX70, Tokyo, Japan) and imaging software QCapture Suite 

(QImaging, Surrey, Canada). For each slide, 5 images were taken (4 corners and 1 in the 

centre; Figure 6-1, a). MAP2 positive neurons and DAPI positive cells were counted in each 

of the 5 images using ImageJ v1.46r (National Institutes of Health, Bethesda, MD). MAP2 

positive neurons were counted using the Cell Counter plugin from ImageJ v1.46r. Each 

neuron had to fit a number of criteria including an intact cell body and at least two distinctive 

separate dendrites emanating from the cell body (Figure 6-1, b). MAP2 positive neuron 

numbers from all 5 images were then averaged. DAPI positive cells were counted using an 

automated cell count plugin from ImageJ v1.46r by firstly going to Process and Subtract 

Background with Rolling Ball Radius set at 15 pixels. Then the image was stacked using Z 

Project at maximum intensity. The threshold of the image was chosen to be automatically 

adjusted by the program and applied. Pixels that were shown to be stuck together were 

separated with the Binary Watershed function. The counting process was conduct using the 

Analyse Particles function with the size of pixels set from 15 to infinity. The final numbers of 

DAPI positive cells were then averaged across all 5 images. The counting process was 

repeated for all controls and treatment groups. Both MAP2 and DAPI positive cell counts 

were then normalised between different primary cell culture batches by dividing the Naïve 

cell count from each batch of the primary cell culture by the cell counts of different 

treatments (Cell countNaive / Cell countTreatment). The resulting ratio values were then used in 

comparisons between the controls and treatments. 
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Figure 6-1: Cell count criteria. 
a) Images were taken at 4 corners and the centre of the coverslip as indicated by red circles. 
b) A neuron had to have an intact cell body and at least 2 distinctive dendrites emanating 
from the cell body in order to be counted. 

6.2.6. Western blotting 

Western blotting was conducted as described in section 2.2.8. The purified human 

stroke antibodies were applied to the membranes at 1:100 dilutions. 

Name Company Catalogue 
number 

Batch number Dilutions 

Purified mouse 
anti-NMDAR1 

(GluN1) 

BD PharmingenTM 556308 89984 1:3,000 

Firefly Luciferase 
antibody (rabbit) 

Fitzgerald Industries 
International® 

70C-
CR2029RAP 

07H06 1:5,000 

Anti-GAPDH 
antibody [6C5] 

(mouse) 

Abcam® AB8245 GR57834-4 1:2,000,000 

Goat anti-mouse 
IgG-HRP 

Santa Cruz 
Biotechnology® 

Sc-2005 G1213 1:10,000 

Goat anti-rabbit 
IgG-HRP 

Santa Cruz 
Biotechnology® 

Sc-2004 L0312 1:5,000 

Goat anti-rat IgG-
HRP 

Santa Cruz 
Biotchnology® 

Sc-2006 A0711 1:5,000 

Peroxidase-
conjugated 

AffiniPure Goat 
Anti-Human IgG 

(H+L) 

Jackson 
ImmunoResearch 
Laboratories, Inc. 

109-036-088 N/A 1:20,000 

Peroxidase-
conjugated 

AffiniPure Goat 
Anti-Human IgA 

Jackson 
ImmunoResearch 
Laboratories, Inc. 

109-035-011 116060 1:20,000 

Peroxidase-
conjugated 

AffiniPure Goat 
Anti-Human Serum 

IgM 

Jackson 
ImmunoResearch 
Laboratories, Inc. 

109-035-129 111076 1:20,000 

Table 6-2: Commercial antibodies for Western blotting. 
 
 



 

204 
 

6.2.7. Statistical analysis  

The data are presented as the mean ± SEM of normalised cell counts. Differences 

between multiple groups of antibody-treated primary cells with one factor were tested by 

one-way ANOVA. Dunnett’s post hoc test was used when comparing different treatment 

groups against the control. Paired data were analysed using the Paired-Samples t-test. The 

statistical programs used were SPSS® v22 (IBM®, Armonk, NY) and Prism® v5 (GraphPad, 

La Jolla, CA). Statistical significance was accepted at p < 0.05. 
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6.3. Results 

In Chapter 5, rat and human stroke anti-GluN1 antibodies were shown to have various 

and differing anti-GluN1 epitope binding profiles. The principle aim of this pilot study was to 

investigate the effect of recGluN1 vaccination-generated antibodies compared to stroke-

derived anti-GluN1 antibodies on the viability of rat primary neurons.  

6.3.1. Purified rat anti-GluN1 antibodies have no toxic effect on rat primary 

neurons. 

In this pilot study, four different treatments (Naïve, rat PBS-treated, anti-Luciferase 

and anti-GluN1 antibodies) were compared. All primary neuron cultures were standardised to 

receive 7 µg/mL purified rat antibodies, with the exception of Naïve neurons. Naïve cells 

were used to normalise cell counts (Naïvecount / Treatmentcount) to minimise variations 

between different batches of cultures. In total, five coverslips were analysed per treatment 

over four independent cultures. In this study, a single concentration of 7 µg/mL antibody was 

used based on estimates of the likely concentration in the brain under normal physiological 

conditions. Under normal conditions the concentration of IgG within the bloodstream of an 

adult rat is approximately 5 to 8 mg/mL (Bazin et al., 1974; Salauze et al., 1994). It has been 

estimated that approximately 0.1% of the circulating antibodies can enter the CNS (Bard et 

al., 2000; Banks et al., 2007). 

Immunocytochemistry was conducted using an anti-MAP2 antibody to detect neurons 

within the cultures. Representative images of MAP2 positive neurons and DAPI positive cells 

are shown in Figure 6-2, a-d. Long and arborised dendrites emanating from neuronal cell 

bodies were observed in all treatment groups. No observable morphological differences were 

observed when the GluN1 group was compared with the PBS, luciferase or Naïve controls. 

There were also no conspicuous differences in the length and number of dendritic growths 

between treatment groups. As expected, no MAP2 signal was observed in the no primary 

antibody control, and the DAPI signals were indicative of the presence of other cell types in 

the culture (Figure 6-2, e). Normalised MAP2 positive cell counts from each treatment group 

were compared and no difference in numbers of neurons was observed between the treatment 

groups (p = 0.9241, F = 0.1563, R = 0.1687, one-way ANOVA; Figure 6-2, f). This result 

indicates that anti-GluN1 antibody has no deleterious effect on neuronal viability, at least at 

the antibody concentration used. Similarly, normalised DAPI positive cell counts were 

compared between treatments with no statistically significant differences found (p = 0.6951, 



 

206 
 

F = 0.4885, R = 0.2897, one-way ANOVA; Figure 6-2, g), suggesting the rat anti-GluN1 

antibody also has no effect on other cell types. 
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Figure 6-2: Investigating the effects of anti-GluN1 antibodies on rat neuronal 
proliferation. 
Arrowheads point to representative examples of co-localisation between MAP2 positive 
neurons (green) and DAPI (blue) staining. Arrows point to representative examples of 
healthy dendrites emanating from neuronal cell bodies. Scale bar = 200 µm. 
a) No antibody treatment 
b) Treated with PBS-treated rat antibodies 
c) Received purified rat anti-Luciferase antibodies 
d) Treated with purified rat anti-GluN1 antibodies 
e) No antibody treatment and no commercial MAP2 antibody during immunocytochemistry. 
f) Normalised MAP2 positive cell counts between different treatment groups, presented as 
mean ± SEM (n = 5 per treatment group). 
g) Mean ± SEM (n = 5 per treatment group) of normalised DAPI positive cell counts between 
different treatment groups. 
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We confirmed that the rat anti-GluN1 antibody could bind to native GluN1 expressed 

on rat hippocampal neurons. Distinctive bands were detected at a molecular weight of 

approximately 120 kDa in both commercial and rat anti-GluN1 IgG lanes, corresponding to 

the predicted molecular weight of the GluN1 subunits (Figure 6-3).  

 
Figure 6-3: Screening naïve rat hippocampal lysates with rat antibodies purified from 
recombinant protein-vaccinated rats. 
Antibodies purified from rats (PBS-treated, Luciferase- or GluN1-vaccinated) were screened 
against native rat hippocampal lysates using the Western blotting technique. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

210 
 

6.3.2. Identifying isotypes in purified human stroke Ig 

Human stroke Ig fractions were purified for application onto primary hippocampal 

neurons. Serum samples from stroke patients STR005, STR013, STR038 and STR039 were 

selected as they had different anti-GluN1 epitope binding profiles and sufficient volumes of 

these 7-day post-stroke sera samples were available. For a non-stroke control, a pooled 

sample of DNS was used. Ig from individual stroke sera were purified using the method 

described in section 3.2.1 using 5% octanoic acid. 

Samples of stroke Ig fractions were assessed by SDS-PAGE followed by Coomassie 

staining (Figure 6-4, a). Clear bands were observed at approximately 150 kDa consistent 

with the whole IgG protein. A protein band at approximately 75 kDa was also observed 

consistent with the molecular weight of the heavy chain of IgM (Hermanson, 2013). At 

approximately 60 kDa, a set of bands was observed with a molecular weight slightly higher 

than the reported heavy chain for IgA (Lohse et al., 2011). The set of bands were later 

confirmed to be the heavy chain of IgA by Western blotting. Bands corresponding to the 

heavy and light chains of IgG were observed at approximately 50 kDa and 29 kDa as 

expected. The same banding patterns for different Ig isotypes were also observed in the 

purified DNS Ig fraction (Figure 6-4, a). 

Ig isotypes in these purified Ig fractions were confirmed by detection with commercial 

anti-human IgG, IgA and IgM antibodies using Western blotting. IgG antibodies were 

detected at three different molecular weights corresponding to whole IgG protein (150 kDa), 

heavy (50 kDa) and light (29 kDa) chains (Figure 6-4, b). Distinctive bands at approximately 

60 kDa corresponded to the heavy chain of IgA, confirming observations made by Coomassie 

staining (Figure 6-4, c). Bands representing the heavy chain of IgM were detected at 

approximately 75 kDa when all purified human antibody fractions were probed with the anti-

human IgM-HRP antibody (Figure 6-4, d). Therefore, human Ig fractions with high purity 

contained IgG, IgA and IgM antibodies for the subsequent studies. 
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Figure 6-4: Purified human Ig fraction isotypes identified by Coomassie staining and 
Western blotting.   
a) Coomassie staining showing purified human stroke and DNS Ig fractions 
b, c and d) Western blotting detection of purified human Ig fraction isotypes (IgG, IgA and 
IgM). 
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6.3.3. Characterisation of purified human stroke Ig fractions with recGluN1 

proteins and naïve rat hippocampal lysates 

We next assessed whether each of the three Ig isotypes could bind to the NMDA 

receptor by screening against recGluN1 and rat hippocampal lysates using Western blotting. 

The degree of homology for GluN1 subunit amino acids is approximately 99% between 

human and rat (Karp et al., 1993; Le Bourdellès et al., 1994). Stroke Ig fractions were probed 

against recGluN1 proteins, and either recGluN1 or luciferase-pre-absorbed Ig fractions were 

also probed against the recGluN1 protein. Secondly, these Ig fractions were probed against 

naïve rat hippocampal lysates to visualise the reactivity between purified human stroke Ig and 

native rat GluN1 proteins. 

IgG antibodies from all four stroke patients were found to be reactive against 

recGluN1 protein, as indicated by bands observed at approximately 83.5 kDa. These bands 

were detected when the stroke IgG fraction was pre-absorbed with Luciferase, a non-brain 

protein, but were not detected when the stroke IgG was pre-absorbed with recGluN1 protein. 

These results indicate that the human IgG antibodies can bind recGluN1 protein (Figure 6-5, 

a and b). IgA antibodies are also reactive against recGluN1 protein, and the 83.5 kDa bands, 

which corresponded to recGluN1 protein, were also removed after recGluN1 protein pre-

absorption (Figure 6-5, c). Again, pre-absorption with Luciferase proteins was not able to 

remove the reactivity of IgA against recGluN1 from STR039 (Figure 6-5, d). These results 

suggest that IgA fractions from purified human stroke sera can bind to recGluN1 proteins. 

Interestingly, human stroke IgM showed no reactivity against recGluN1 protein 

irrespective of recGluN1 protein pre-absorption, suggesting no specific reactivity against the 

recGluN1 protein (Figure 6-5, e). This lack of reactivity against recGluN1 protein by human 

stroke IgM also suggests that the immune response to the GluN1 subunit was established long 

before the ischaemic insult in these patients, as it is an indication of Ig isotype switching. 

During early B-cell activation, it pre-dominantly produces IgM, which general peaks at 

approximately one week after the initial B-cell activation. If the infection continues, B-cells 

switch to the production of IgG, which is known as Ig isotype switching, and is accompanied 

by the decline of IgM production. The IgG production peaks at approximately two weeks 

after the initial B-cell activation (Pocock et al., 2013). 

Purified human stroke IgG, IgA and IgM fractions were next screened against naïve rat 

hippocampal lysate to determine reactivity against native rat GluN1 proteins. 
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Figure 6-5: Probing purified and recombinant protein-pre-absorbed human stroke Ig 
fractions against recGluN1 proteins. 
Human stroke IgG, IgA and IgM were screened against the recGluN1 proteins using Western 
blotting. 
a) Reactivity against the recGluN1 protein is shown by purified human stroke IgG, but not 
recGluN1 pre-absorbed human stroke IgG. 
b) Human stroke IgG retained reactivity against recGluN1 proteins after Luciferase pre-
absorption. 
c) Purified human stroke IgA is reactive against the recGlun1 protein but this reactivity 
diminishes after recGluN1 pre-absorption. 
d) Luciferase pre-absorption does not prevent human stroke IgA from reacting against the 
recGluN1 proteins. 
e) Human stroke IgM does not react to recGluN1 proteins. 
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We next screened the stroke Ig fractions against naïve rat hippocampal lysates to 

determine whether these Ig antibodies have reactivities against native rat GluN1 proteins and 

potentially other brain proteins. When the IgG fractions isolated from the four stroke patients 

were screened against rat hippocampal lysates, bands at approximately 120 kDa, indicative of 

the native rat GluN1 protein were detected (Figure 6-6, a). In contrast, isolated human stroke 

IgA fractions showed no bands that corresponded to full-length native rat GluN1 proteins at 

approximately 120 kDa (Figure 6-6, b). Non-specific banding patterns observed below the 

120 kDa bands in stroke IgG and IgA fractions suggest that the two stroke Ig fractions are 

also reactive to other brain proteins. Irrespective of the patients the IgM fractions were 

purified from, none showed reactivity at approximately 120 kDa (representing native rat 

GluN1 proteins) (Figure 6-6, c). The purified human antibodies from the DNS pool were not 

probed against the recGluN1 and native rat GluN1 proteins due to the fact that the purified 

DNS Ig fractions were not expected to have affinity to the GluN1 protein: our results in 

Chapter 5 demonstrated that the DNS pool used in this pilot study does not have reactivity 

against the GluN1 protein. In summary, these results have shown that isolated human stroke 

IgG and IgA can bind recGluN1 protein, but only stroke IgG showed reactivity against native 

rat GluN1 proteins. 
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Figure 6-6: Screening purified human stroke Ig fractions against naïve rat hippocampal 
lysate samples. 
Human stroke IgG, IgA and IgM fractions isolated from different patient sera were screened 
against naïve rat hippocampal lysates using Western blotting. 
a) Purified human stroke IgG fractions show reactivity at approximately 120 kDa 
corresponding to full-length native rat GluN1 proteins.  
b) No specific reactivity against the native rat GluN1 protein was detected in any human 
stroke IgA fractions.  
c) Purified IgM fractions isolated from stroke patient sera have no specific reactivities against 
native rat GluN1 proteins. 
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6.3.4. Investigating possible effects of purified human stroke antibodies on the 

viability of rat primary hippocampal neurons. 

In section 6.3.1 we demonstrated that rat anti-GluN1 antibodies with specific high 

glycine-binding site affinity anti-GluN1 epitope binding profiles did not mediate neurotoxic 

effects. However, other studies have shown that when anti-GluN1 antibodies bind to other 

epitopes such as the allosteric N-terminus (Asn368/Gly369) of the GluN1 subunit, deleterious 

effects on neuronal function are mediated (Dalmau et al., 2008; Hughes et al., 2010; 

Gleichman et al., 2012). This indicates that the potential effect of anti-GluN1 antibody on 

neuronal function may be mediated by the epitope of interaction. In the context of stroke, 

neuronal cell death is a common clinical symptom in patients (Schaefer et al., 2002) and we 

have previously associated higher levels of GluN1 antibodies in stroke patients with larger 

infarcts (Kalev-Zylinska et al., 2013). Therefore, to test the hypothesis that different 

antibodies with different anti-GluN1 epitope binding profiles would have different effects on 

neuronal function, we treated naïve rat primary hippocampal neurons with isolated human 

stroke antibodies that have been shown to have different anti-GluN1 epitope binding profiles, 

in a pilot primary hippocampal neuronal culture study using neuronal viability as a functional 

readout. 

Purified human stroke antibodies with different anti-GluN1 binding profiles at 7 days 

after hospital admission were selected (see Chapter 5 for more details on the anti-GluN1 

epitope binding profiles). In brief, stroke serum STR039 had strong reactivity to the S1 

domain. In comparison, STR038 showed reactivity mostly in the S1 glycine-binding site, 

whereas, both STR005 and STR013 targeted epitopes throughout the S1 and S2 domains. 

Furthermore, STR039 and STR013 were chosen partially because both sera had shown 

reactivity towards Asn368/Gly369 (peptide 37), amino acids associated with anti-NMDA 

receptor encephalitis when bound by antibodies (Gleichman et al., 2012). No stroke sera were 

chosen for the S2 domain specifically as no serum had shown an epitope profile that 

primarily targeted the S2 domain.  For the non-stroke control, a pooled sample of DNS was 

used. Both purified rat anti-GluN1 and anti-Luciferase antibodies were also included as 

controls. The Naïve cells were used to normalise the cell count between each independent 

culture (Naïvecount / Treatmentcount). The concentration of antibodies was standardised to 7 

µg/mL and applied to 5 coverslips from independent cultures. 

Representative images of MAP2 positive neurons and DAPI positive cells of the four 

treatments are presented (Naïve, Luciferase, GluN1 and DNS; Figure 6-7, a-d). Long healthy 
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dendritic growths were observed in all the control groups and the amount of dendritic growth 

emanating from the neuronal cell bodies did not appear to be different between the four 

treatments. No discernible morphological changes were observed when the DNS control was 

compared with the Naïve, Luciferase and GluN1 controls suggesting that the DNS treatment 

does not lead to neurotoxicity.  

In comparison, morphological changes were detected in STR005 antibody-treated 

neurons. Neurons with abnormally shorter and less arborised dendrites (thin arrows) were 

observed compared to DNS antibody-treated neurons. Moreover, the number of neurons 

observed was also reduced in comparison to the DNS control, which resulted in the spaces 

between neurons being observed to be wider in STR005 antibody-treated neurons (Figure 6-

7, e). Reductions in both dendritic growth and number of neurons were observed when rat 

neurons treated with recGluN1-pre-absorbed STR005 Ig fraction were compared with DNS 

(thin arrows). In comparison, the length of the dendrites and the number of dendrites 

emanating from neuronal cell bodies were similar to that of STR005 antibody-treated neurons 

(Figure 6-7, f). These results suggest that removing anti-GluN1 antibodies is not enough to 

prevent neurotoxicity potentially mediated by the presence of other autoantibodies in the 

STR005 Ig fraction. 

When rat neuronal cells were treated with STR013 antibodies, major changes in 

neuronal morphologies were observed in contrast to the DNS control. The thin arrows point 

to representative examples of neurons with reduced dendritic growth. When compared to the 

DNS control, the length and number of dendrites emanating from the neuronal cell bodies 

were noticeably reduced in STR013 antibody-treated neurons (Figure 6-7, g). Interestingly, 

in neurons that were treated with recGluN1 protein-pre-absorbed STR013 antibodies, no 

changes in the length and number of neuronal dendrites between pre-absorbed STR013-

treated and DNS-treated were observed (arrows; Figure 6-7, h), suggesting that anti-GluN1 

antibodies in the isolated STR013 Ig fraction were potentially the mediator of neurotoxicity 

as the removal of them prevented neurotoxicity. 

Slight morphological changes in the length and number of dendrites were observed in 

STR038 antibody-treated neurons when compared with the DNS control (arrows), but the 

changes were not to the extent of what was observed in either STR005 or STR013 Ig 

fraction-treated neurons. (Figure 6-7, i). Pre-absorbed STR038-treated neurons showed 

similar morphologies to the STR038-treated ones, and when compared to the DNS control, 

the pre-absorbed STR038-treated neurons showed slight reduction in dendritic growth, both 

in length and number (arrows; Figure 6-7, j). These results suggest that anti-GluN1 
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antibodies in STR038 Ig fraction did not have a strong enough effect to cause significant 

morphological changes in neurons. 

Significant morphological changes in STR039-treated neurons were observed when 

compared with the DNS control indicated by significant reductions in dendritic growth 

including length and number (thin arrows). Furthermore, the number of neurons were also 

shown to have dramatically decreased when compared with the DNS control (Figure 6-7, k), 

suggesting the STR039 Ig fraction is neurotoxic. Interestingly, the detrimental effects on rat 

neurons were not observed with the recGluN1-pre-absorbed STR039 treatment when 

morphologies and number of neurons treated with pre-absorbed STR039 antibodies were 

compared to those of the DNS control. (Figure 6-7, l). These results indicate that anti-GluN1 

antibodies in the STR039 Ig fraction are neurotoxic and that the toxic effect can be prevented 

by the removal of anti-GluN1 antibody. 

To further investigate the effects of different anti-GluN1 epitope binding profiles on 

neuronal survival, normalised cell counts for both neurons (MAP2) and all cell types (DAPI) 

were compared between treatment groups. When the MAP2 count of the DNS control was 

compared with other treatments significant differences were found (p < 0.0001, F = 6.129, R 

= 0.7643, one-way ANOVA; Figure 6-7, m) due to significant differences in the following 

treatment groups: STR005 (DNS vs STR005, p = 0.006, Dunnett’s post hoc test); pre-

absorbed STR005 (DNS vs pre-absorbed STR005, p = 0.022); STR013 (DNS vs STR013, p = 

0.019); and STR039 (DNS vs STR039, p < 0.001). As expected, when the DNS control was 

compared with the Naïve, Luciferase and GluN1 controls, no statistical significances were 

found.  

Both STR013 and STR039 were found to be able to reverse the deleterious effects of 

the human stroke antibodies after pre-absorption, therefore the MAP2 positive cell count ratio 

values from non-pre-absorbed and pre-absorbed human stroke Ig fractions were compared 

(Figure 6-7, m). When STR013 was compared with pre-absorbed STR013 significant 

differences were found (p = 0.0131, R = 0.9051, Paired Sample t-test). Similarly, when 

STR039 was compared with pre-absorbed STR039, a significant difference in MAP2 counts 

was detected (p = 0.0045, R = 0.9446, Paired Sample t-test). These semi-quantitative results 

confirmed the morphological changes observed suggesting that STR005, STR013 and 

STR039 Ig fractions were neurotoxic, but that only the toxicities observed with STR013 and 

STR039 could be prevented via recGluN1-pre-absorption and were thus potentially 

associated with STR013 and STR039 anti-GluN1 antibody treatments.  
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The DAPI positive cell count from the DNS control was found to be not significantly 

different to all other treatment groups (p = 0.9781, F = 0.3188, R = 0.2609, one-way 

ANOVA), suggesting the purified human stroke antibodies have no effect on other non-

neuronal cells (Figure 6-7, n).   

This pilot study has shown that no morphological changes in neurons were observed 

when the DNS control was compared with the other three controls. However, when rat 

primary neurons were treated with purified human stroke antibodies morphological changes 

and decrease in neuronal cell counts were found in STR005-, pre-absorbed STR005-, 

STR013- and STR039-treated, suggesting neurotoxicity. Interestingly, the toxic effect was 

prevented only in rat primary neurons that were treated with pre-absorbed STR013 and pre-

absorbed STR039 antibodies, indicating that the neurotoxic effects associated with STR013 

and STR039 are linked to the human anti-GluN1 antibodies. 
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Figure 6-7: A pilot in vitro study showing the effects of purified human stroke 
antibodies on rat primary neurons. 
Human stroke antibodies isolated from sera collected at 7 days after hospital admission were 
applied to naïve rat primary neuronal cultures. Arrowheads point to representative MAP2-
immunoreactive neurons (green) and DAPI (blue). Arrows point to representative examples 
of healthy dendrites growing from neuronal cell bodies. Thin arrows point to representative 
examples of neurons with abnormal growth. Scale bar = 200 µm. 
a) No antibody treatment 
b) Rat anti-Luciferase antibody 
c) Rat anti-GluN1 antibody 
d) DNS (non-stroke antibody control) 
e) STR005 antibody 
f) recGluN1-pre-absorbed STR005 antibody 
g) STR013 antibody 
h) recGluN1-pre-absorbed STR013 antibody 
i) STR038 antibody 
j) recGluN1-pre-absorbed STR038 antibody 
k) STR039 antibody 
l) recGluN1-pre-absorbed STR0039 antibody 
m) Normalised MAP2 positive cell counts between different treatment groups presented as 
mean ± SEM (n = 5 per treatment group, *p < 0.05, **p < 0.01, ***p < 0.001 Dunnett’s post 
hoc test and Paired Sample t-test). 
n) Mean ± SEM for n = 5 per treatment group comparing normalised DAPI positive cell 
counts between different treatment groups. 
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6.4. Discussion 

In Chapter 5 we demonstrated that antibody with an anti-GluN1 epitope binding 

profile that has high affinity to the glycine-binding site was associated with the learning and 

memory enhancing phenotype in treated mice. Interestingly, human stroke sera screened in 

this study showed a variety of different anti-GluN1 epitope binding profiles, but exact effects 

on brain function associated with these epitope profiles are unknown. Therefore, in this 

chapter we tested the hypothesis that the effects of anti-GluN1 antibody on brain function 

may be associated with specific anti-GluN1 epitope binding profiles using neuronal cell 

viability as a functional readout.  

6.4.1. No neurotoxicity is associated with rat anti-GluN1 antibodies  

In the first pilot rat primary neuronal cell culture, no observable morphological 

changes and no significant changes to neuronal cell counts were detected when rat anti-

GluN1 antibody-treated rat primary neurons were compared with the Naïve, PBS- and 

Luciferase-treated controls, indicating that the rat anti-GluN1 antibody produced no 

neurotoxic effect, at least at the concentration tested. The rat anti-GluN1 antibodies were 

probed against naïve rat hippocampal lysate and specific reactivity to native rat GluN1 

proteins was detected; therefore, the lack of neurotoxicity was not due to the rat anti-GluN1 

antibody not binding to the NMDA receptors on rat primary neurons. Moreover, there were 

no significant differences in DAPI counts between treatment groups, suggesting the rat anti-

GluN1 antibody has no effect on other cell types. These results support what was found in 

Chapter 2, which indicated that recGluN1-vaccinated rats did not exhibit neurotoxic 

phenotypes. Neurotoxicity has been linked to the blockade of NMDA receptor activity by 

antagonists both in vitro and in vivo (Olney et al., 1991; Sinner et al., 2011; Shirakawa et al., 

2013). However, we have demonstrated that at the concentration used in this study, the rat 

anti-GluN1 antibody does not have the same neurotoxic effect on neurons as NMDA receptor 

antagonists and supports that notion that it is not a full NMDA receptor antagonist. Moreover, 

these results suggest that the rat anti-GluN1 antibody has partial agonist effects on NMDA 

receptor function, similar to that of DCS, as both are targeting the glycine binding site, 

mediating improved learning and memory in animals and upregulating NMDA receptor-

linked PI3K/PKB and ERK1/2 pathways (Ohno and Watanabe, 1996; Yang and Lu, 2005; 

Wu et al., 2008; Bado et al., 2011; Kochlamazashvili et al., 2012). Further studies are needed 

to investigate the effect of anti-GluN1 antibody on neuronal function, other parameters such 
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as changes in synaptic NMDA receptor expression levels, qualitative analyses of dendritic 

length and thickness, NMDA receptor synapse number and distribution, and finally, the effect 

on synaptic plasticity. 

6.4.2. Neurotoxicity associated with human stroke antibody treatment in a pilot 

in vitro study 

Next we tested the effect of human stroke antibodies on neuronal viability. The 

purified human stroke Ig fractions were found to contain IgG, IgA and IgM isotypes. It was 

necessary to identify different Ig isotypes because studies have shown that both IgA and IgM 

can have detrimental effects on neuronal function when interacting with the NMDA receptor 

(Prüss et al., 2012; Doss et al., 2014). The purified human IgG, IgA and IgM were then 

probed against the recGluN1 and native rat GluN1 proteins to confirm specific reactivity 

against the NMDA receptor. Pre-absorbing human stroke Ig with recGluN1 and Luciferase 

proteins indicated that both IgG and IgA can bind to recGluN1 protein but only human stroke 

IgG showed reactivity against native rat GluN1 proteins. However, both IgG and IgA were 

shown to have reactivities against other proteins in rat brains. 

Inclusion of the DNS control was essential in ensuring that the effect observed was not 

due to simply adding human antibodies to rat primary neurons. Therefore, the DNS antibody-

treated rat primary neuronal culture was used as the main control instead of PBS, Luciferase, 

GluN1 and Naïve. When the DNS control was compared with the Naïve control, no 

morphological changes and no differences in MAP2 and DAPI counts were found, indicating 

that the DNS antibody had no toxic effect on the rat primary neurons. These results also 

suggested that the antibody concentration used in this pilot study was not neurotoxic as naïve 

control neurons were not subjected to external modification and were representative of the 

morphology and proliferation of healthy neurons in a normal non-toxic environment. When 

the PBS, Luciferase and GluN1 groups were compared with the DNS control, no 

morphological or neuronal count changes were indicated. These results confirmed the non-

toxic effect of rat anti-GluN1 antibody shown in the previous pilot rat primary neuronal cell 

culture study in section 6.3.1. 

Human stroke sera with different anti-GluN1 epitope profiles were used in a pilot rat 

neuronal cell culture study. Serum STR039 was chosen because it showed strong affinity to 

the S1 domain and affinity to Asn368/Gly369 (peptide 37). STR038 was chosen for showing 

reactivity favouring the S1-glycine-binding site. STR005 was chosen for moderate affinity 
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towards epitopes located within both the S1 and S2 domains of the GluN1 protein without 

reacting to Asn368/Gly369. STR013 was chosen for moderate reactivity towards both S1 and 

S2 domains, but with affinity towards Asn368/Gly369.  

When human stroke antibodies were applied to rat primary neurons, STR005-, 

STR013- and STR039-treated neurons all showed toxicity, indicated by significant 

morphological changes and decreased neuronal cell counts when compared with DNS-treated 

controls. In contrast, no significant reduction in neuron counts and morphological changes 

were found in STR038-treated neurons, suggesting the anti-GluN1 epitope binding profile 

specific to STR038 did not mediate neurotoxicity. Interestingly, the neurotoxic effects were 

prevented when both STR013 and STR039 antibodies were pre-absorbed with recGluN1 

proteins before treating rat neurons, but the same result was not found in STR005-treated 

neurons. These results indicate that the neurotoxic effects on rat hippocampal neurons were 

associated with the treatment of STR013 and STR039 anti-GluN1 antibodies, as pre-

absorption failed to prevent the neurotoxic effects found in STR005-treated neurons. This 

result supports the idea that the neurotoxic effect of STR005 was not anti-GluN1 antibody-

mediated and may have been due to targeting of other brain proteins. Another factor to 

consider when looking into the cause of this neurotoxic effect is the presence of IgA and IgM 

in isolated stroke Ig fractions. Both Ig isotypes have been associated with cognitive 

impairment and dementia in patients when bound to the NMDA receptor (Prüss et al., 2012; 

Doss et al., 2014), but in the context of stroke, anti-GluN1 IgA and IgM molecules have been 

implicated to enter the CNS through the disrupted BBB, and the presences of anti-GluN1 IgA 

and IgM has been linked to neuroprotective effects leading to smaller lesion size (Zerche et 

al., 2015). The contribution of stroke IgA and IgM to the observed neurotoxic effect is thus 

unclear as more data would be needed. 

Epitope-dependent alterations to protein function by antibodies have previously been 

shown in other studies. In the brain, anti-synapsin monoclonal antibody has been 

demonstrated to modulate synapsin phosphorylation when targeting specific epitopes, leading 

to further alterations in synapsin-mediated downstream signalling (Vaccaro et al., 1997). 

Another example of epitope-dependent modulation of protein function by antibody is shown 

by the ability of an antibody to alter the function of a specific protein from pro-inflammatory 

to therapeutic in an epitope-dependent manner in a mouse asthma model (Sizing et al., 2007). 

However, in our results, both STR013 and STR039 had different epitope profiles towards the 

GluN1 protein; therefore in this pilot study definitive evidence showing the underlying 
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mechanism for the observed neurotoxicity is due to the interaction between human stroke 

antibodies and a specific anti-GluN1 binding epitope is lacking.  

Interestingly, the anti-GluN1 antibodies from both STR013 and STR039 showed 

affinity for the amino acids Asn368/Gly369 (peptide 37), linked to causing anti-NMDA 

receptor encephalitis when bound by antibodies. Asn368/Gly369 on the N-terminus domain 

has been reported to cause internalisation of NMDA receptor, which leads to disruption of 

NMDA receptor-mediated synaptic transmission that mediates the clinical symptoms 

associated with this disease (Hughes and Maginnity, 2007; Gleichman et al., 2012; Moscato 

et al., 2014). However, from this pilot study, definitive conclusions could not be made about 

targeting Asn368/Gly369 as the determining factor behind neurotoxicity associated with 

STR013 and STR039-treatment. This was due to the fact that anti-GluN1 antibodies from 

patients STR013 and STR039 also showed epitope profiles that reacted to other epitopes 

located along the S1 and S2 domains of the GluN1 protein. To test this hypothesis in the 

context of human stroke antibody-mediated neurotoxicity in future studies, the anti-GluN1 

antibody that targets Asn368/Gly369 would need to be removed by pre-absorption, followed 

by assessment of whether the neurotoxic effect had persisted. Alternatively, rats could be 

vaccinated with Asn368/Gly369-containing peptide 37 to produce antibodies that only target 

Asn368/Gly369. These antibodies that target Asn368/Gly369 could then be applied to rat 

neuronal cultures for toxicity screening. Moreover, the studies that reported anti-GluN1 

antibody-mediated synaptic NMDA receptor internalisation only used CSF samples from 

anti-NMDA receptor encephalitis patients. Although, anti-GluN2A/B antibodies have been 

identified in these anti-NMDA receptor encephalitis patient CSF samples (Dalmau et al., 

2007; Dalmau et al., 2008), the contribution of anti-GluN2A/B antibodies to the disease was 

never thoroughly investigated. However, anti-GluN2A/B antibodies have also been shown in 

human stroke patients (Dambinova et al., 2003). How much the anti-GluN2A/B antibodies 

contributed to the neurotoxic effects shown in the STR013 and STR039 groups is unknown. 

Unfortunately, anti-GluN2A/B antibodies were not screened for in these stroke patients. The 

question is, if anti-GluN2A/B antibodies had been removed from the STR013 and STR039, 

would the same neurotoxic effect have persisted? Therefore, in future studies, removing the 

anti-GluN2A/B antibodies using the pre-absorption method would allow further insight into 

the effect of human stroke anti-GluN1 antibody on neuronal survival.  

Two major limiting factors in this pilot study were complicated the attempt to interpret 

the results in this chapter. The DNS controls were not age-matched to the human stroke 

patients chosen. The stroke patients were approximately 12.34 years older than the DNS 
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controls. In hindsight, age-matched stroke patient sera that did not show affinity to the GluN1 

protein above the threshold should have been included in the pilot study as controls. 

Furthermore, the variety of epitope profiles was limited by the small number of human stroke 

patients used. The neurotoxic phenotype shown in some of the human stroke patient antibody 

treatments was therefore difficult to associate with a particular epitope profile. Since the same 

neurotoxic phenotype was not repeated by another human patient antibody with a similar 

epitope profile towards the GluN1 protein, a conclusion could not be made about the 

neurotoxicity effect of that particular epitope profile. This was because there were other 

potential factors that could be attributed to the neurotoxic phenotype, such as the presence of 

autoantibodies to other brain antigens in human patients after strokes (Bornstein et al., 2001; 

Dambinova et al., 2003; Becker et al., 2011). 

6.4.3. Summary 

Firstly in this chapter, the anti-GluN1 antibodies generated from recGluN1-vaccinated 

rats were screened for neurotoxicity in rat primary neuronal cell culture. No neurotoxicity 

was shown by the rat anti-GluN1 antibodies with epitope profiles that had high affinity to the 

glycine-binding site. This result, in combination with previous chapters, showed that the rat 

anti-GluN1 antibody had no deleterious effect on neuronal function, and instead exhibited a 

beneficial effect that helped to support neuronal function in learning and memory. However, 

more studies would be needed to uncover the fundamental physiological effects these rat anti-

GluN1 antibodies have on neurons. Different human stroke patient antibodies, which had 

different anti-GluN1 epitope binding profiles, showed dramatically different effects on rat 

neurons. A proof of concept study using four human stroke patients showed that the epitope 

profiles with affinity to the glycine-binding site were not toxic to neurons, which was in 

contrast to the neurotoxicity shown with the anti-GluN1 epitope binding profiles that showed 

affinity for the S1 domain and Asn368/Gly369, but further evidence is required to determine 

whether these epitopes are specifically linked to the neurotoxic effects observed. 

Furthermore, these results have suggested that there were other contributing factors in human 

stroke antibody association to neurotoxicity, as recGluN1 pre-absorption failed to prevent the 

neurotoxicity in one of the stroke human antibody treatments. In order to determine if the 

neurotoxic effects of the human anti-GluN1 antibodies are associated with specific types of 

anti-GluN1 epitope binding profiles, modifications would need to be included in future rat 

primary neuronal cell culture studies. Age-matched non-stroke controls and more human 
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stroke patient antibody samples would need to be included in future studies to provide a more 

valid toxicity reference and a wider variety of different epitope profiles. The increase in 

human stroke patient GluN1 epitope profiles will increase the possibility of coming across 

types of GluN1 epitope profiles that repeat the neurotoxic phenotype. This would help in 

narrowing down the specific epitope profile that is causing neurotoxicity. 
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Chapter 7. Summary and conclusions 

7.1. Summary 

The conventional concept of an immunologically privileged brain has shifted with 

increasing evidence that antibodies and lymphocytes in the systemic circulation are able to 

enter the CNS and modulate brain function (Rogers et al., 1994; Bard et al., 2000; 

Rothhammer et al., 2011; Zago et al., 2012). We have previously shown that anti-GluN1 

antibodies generated in recGluN1-vaccinated rats entered the CNS and mediated improved 

learning and memory function (Chen, 2010). Furthermore our laboratory has shown that a 

novel genetic vaccine that generated high anti-GluN1 antibody titres in animals was 

associated with neuroprotection against experimental stroke (During et al., 2000). The same 

neuroprotective effect of the anti-GluN1 antibody has subsequently been repeated in a 

number of other studies using animal stroke models (Benchenane et al., 2007; Macrez et al., 

2011).  

Therefore, we hypothesised that when anti-GluN1 antibodies bind to NMDA receptor 

epitopes on neurons the definite outcomes of such interactions are unknown, but some may 

be beneficial to neuronal function. To test this hypothesis, five aims were described for this 

thesis. The first objective was to investigate the association between recGluN1 vaccination 

and NMDA and AMPA receptor expression levels in rat hippocampi. The second objective 

was to provide more specific evidence that purified rat anti-GluN1 antibodies mediate 

improved learning and memory function in naïve mice. The investigation of anti-GluN1 

antibody-mediated alteration in NMDA receptor-linked signalling pathways to determine the 

underlying mechanisms of alteration in cognitive function of the anti-GluN1 antibody-treated 

mice was the third objective. The fourth objective was to firstly identify the anti-GluN1 

epitope binding profile associated with cognitive function alterations in anti-GluN1 antibody-

treated mice, and secondly in a pilot study, compare rat to human stroke anti-GluN1 epitope 

binding profiles, followed by correlation analysis between human stroke anti-GluN1 epitope 

binding profiles and patient clinical characteristics. The final objective was to determine the 

effects of different rat and human stroke anti-GluN1 epitope profiles on neuronal function in 

rat primary neurons using neuronal viability as a functional readout. 

In Chapter 2 no neurotoxicity was found in the brains of the recGluN1-vaccinated 

rats, indicating that the rat anti-GluN1 antibody did not mediate deleterious effects similar to 

that of anti-NMDA receptor encephalitis-causing anti-GluN1 antibody (Dalmau et al., 2008; 
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Planagumà et al., 2015). Interestingly, the analysis of the recGluN1-vaccinated rat 

hippocampi did not show significant alterations to the total expression levels of NMDA, 

AMPA receptor and PSD-95, suggesting that recGluN1 vaccination may be mediating the 

improved learning and memory phenotype via other mechanisms such as changes in NMDA 

receptor-mediated downstream signalling pathways (Giese and Mizuno, 2013; Marotta et al., 

2014). However, these NMDA receptor-mediated downstream signalling transduction 

pathways were not analysed in the recGluN1-vaccinated rats due to inappropriately prepared 

hippocampal lysate samples.  

Cellular immune response has been shown to support learning and memory, 

hippocampal neurogenesis and stem cell proliferation in the brain (Butovsky et al., 2006; Ziv 

et al., 2006; Pan et al., 2008). Therefore, to provide more specific evidence of anti-GluN1-

mediated cognitive improvement, in Chapter 3, naïve mice were passively administered 

isolated rat anti-GluN1 antibodies and showed improved short-term object recognition 

memory and long-term fear-associative memory. Moreover, the rat anti-GluN1 antibodies 

were able to bind to natively expressed mouse hippocampal NMDA receptors, and were also 

detected in the hippocampal lysates of the passive transfer study mice. These results indicate 

that the learning and memory-enhancing effects in rat anti-GluN1 antibody-treated mice are 

antibody-mediated. Moreover, these results also confirmed the results from our previous rat 

recGluN1 vaccination study, which showed an association between improved learning and 

memory function and recGluN1 vaccination (Chen, 2010). However, to definitively 

distinguish beneficial anti-GluN1 antibodies from the human anti-NMDA receptor 

encephalitis-causing anti-GluN1 antibody (Sansing et al., 2007; Dalmau et al., 2008; Dalmau 

et al., 2011), both vaccination-generated and encephalitis-causing anti-GluN1 antibodies 

would need to be compared to each other to detect changes in animal cognitive function in 

future passive antibody transfer studies. 

Chapter 4 described the involvement of NMDA receptor-mediated downstream 

signalling transduction pathways in anti-GluN1 antibody-mediated learning and memory 

enhancement. The results showed that no significantly increased NMDA receptor, AMPA 

receptor or PSD-95 expression levels were associated with anti-GluN1 antibody treatment, 

confirming what was found in Chapter 2. The anti-GluN1 antibody was found to be 

associated with non-neurotoxic downregulation of CaMKII activity and also with 

significantly upregulated PKB and ERK2 activities in the hippocampi of GluN1 mice. The 

exact mechanism of the PKB and ERK2 elevation is still elusive, but we hypothesise that the 

upregulation of both PKB and ERK2 activities was due to a partial agonistic effect of the 
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anti-GluN1 antibody on NMDA receptors, induced by the downregulation of CaMKII 

activity of the anti-GluN1 antibody when bound to the NMDA receptor. However, this study 

lacks clear data to explain how this anti-GluN1 antibody-mediated compensation of the 

downstream signalling pathways was pharmacologically accomplished. Furthermore, 

microglial and astroglial cell functions have also been shown to be regulated by CaMKII, 

PKB and ERK1/2 activities (Suh et al., 2005; Zhuang et al., 2005; Arai and Lo, 2010; 

Ashpole et al., 2013; Lin et al., 2013). Therefore, results from the passive transfer study mice 

were not able to indicate whether the downregulation of CaMKII activity and the 

upregulation of PKB and ERK1/2 activities were only due to neurons in the GluN1 mice 

hippocampi or whether glial cells such as microglia and astrocytes had contributed to the 

results. In future in vitro studies, measuring the electrophysiology recordings of NMDA 

receptor-mediated currents using a patch-clamping technique after applying the anti-GluN1 

antibody to primary neurons would provide a clear view of the effect of anti-GluN1 antibody 

on NMDA receptor-mediated synaptic transmission (Weitlauf et al., 2005). 

An anti-GluN1 epitope binding profile that showed high affinity to the glycine-binding 

site was identified for the rat anti-GluN1 antibody in Chapter 5. Subsequently, 14 different 

human stroke sera were found to have a variety of different anti-GluN1 epitope binding 

profiles that did not share similarity to the rat anti-GluN1 antibody. Epitope profiling of the 

rat anti-GluN1 antibody showed that an anti-GluN1 epitope binding profile with a high 

affinity to the glycine-binding site was associated with enhanced learning and memory 

function and elevated PKB and ERK2 activity. This result also provided more evidence that 

anti-GluN1 antibodies act as partial agonists to the NMDA receptor as DCS, a 

pharmacological NMDA receptor partial agonist, also acts on the glycine-binding site located 

in the NMDA receptor and mediates upregulation of PKB and ERK1/2 activities (Yang and 

Lu, 2005; Sunyer et al., 2008; Bado et al., 2011; Kochlamazashvili et al., 2012). When the 

epitope profiles from the human stroke sera were correlated with the clinical characteristic 

data in a linear regression study, no significant correlation was shown. This was mainly due 

to the small number of human stroke sera screened in this pilot epitope profiling study. In 

future epitope profiling studies, more human stroke sera would need to be included to 

increase the robustness of the correlation made between anti-GluN1 epitope profiles and 

stroke patient clinical characteristics. 

Chapter 6 described the rat anti-GluN1 antibody and four human stroke antibodies 

(specifically chosen for differences in anti-GluN1 epitope binding profiles) that were 

investigated for the effects of different anti-GluN1 epitope profiles on neuronal function in 
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vitro in pilot rat primary neuronal cell culture studies. The results confirmed that rat anti-

GluN1 antibody-mediated downregulation of CaMKII activity was not enough to be 

neurotoxic, otherwise neuronal death would have been observed (Ashpole and Hudmon, 

2011; Sinner et al., 2011; Ashpole et al., 2012). Furthermore, these results also confirmed the 

non-neurotoxic property of rat anti-GluN1 antibody as described in Chapter 2, and indicated 

that the rat anti-GluN1 antibody does not interfere with neuronal viability. The second pilot 

in vitro study in Chapter 6 described the neurotoxicity found in 3 of the selected human 

stroke antibodies. However, this was not unexpected as neuronal cell death is a common 

characteristic in human stroke patients (Schaefer et al., 2002). Interestingly, the anti-GluN1 

epitope profile with a preference for the GluN1 glycine-binding site (STR038) was the only 

one that did not display neurotoxicity. In contrast, the anti-GluN1 epitope binding profile 

with moderate affinity towards both the S1 and S2 domains (STR005) showed neurotoxicity. 

The neurotoxic effect of the STR005 anti-GluN1 antibody was not prevented even after the 

removal of the STR005 anti-GluN1 antibody via recGluN1-pre-absorption, indicating that the 

neurotoxic effect was due to other unknown mechanisms, potentially linked to autoantibodies 

targeting other brain proteins. The neurotoxic effects shown by the STR013 and STR039 

anti-GluN1 antibodies were prevented after the removal of both anti-GluN1 antibodies by 

pre-absorption. These were interesting results as STR013 has an epitope profile of moderate 

affinity across both S1 and S2 domains of the GluN1 protein, whereas, STR039 showed 

higher affinity towards the S1 domain of the GluN1 protein. Interestingly, both STR013 and 

STR039 showed affinity towards the anti-NMDA receptor encephalitis-contributing amino 

acids Asn368/Gly369 (Gleichman et al., 2012). These results suggest that neurotoxicity is 

associated with stroke anti-GluN1 antibody treatment, but not enough to provide definitive 

evidence that the neurotoxic effects shown by STR013 and STR039 were associated with 

specific anti-GluN1 epitope binding profiles or caused by antibodies binding to 

Asn368/Gly369. Further in vitro neurotoxicity screening with Asn368/Gly369-targeting 

antibodies removed via peptide pre-absorption would be needed to provide more data to 

confirm if Asn368/Gly369 or any other anti-GluN1 epitope binding profiles were the main 

cause of neurotoxicity. In future studies, increasing the number of stroke patients screened 

would help to narrow down the specific anti-GluN1 epitope binding profile types that are 

causing neurotoxicity 

In conclusion, the studies described in this thesis demonstrated that the recGluN1 

vaccination-generated anti-GluN1 antibody has beneficial effects in supporting neuronal 

function in the brain, and this beneficial effect may be mediated by the potential partial 
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agonistic effect on the NMDA receptor that upregulates PKB and ERK2 activities. The 

characterisation of the effects of recGluN1 vaccination-generated anti-GluN1 antibody on 

neuronal function when interacting with the NMDA receptor provides a guide to further the 

development of the anti-GluN1 antibody as a novel treatment strategy for stroke. 

7.2. Limitations of this study 

A number of limitations have complicated the interpretation of results in this thesis. 

Firstly, the fresh frozen mouse brains collected from the antibody transfer study were not 

perfused with saline before harvesting. Thus the detection of rat antibodies in mouse 

hippocampus could be a result of residual blood in the capillaries instead of in the brain 

parenchyma. 

Secondly, the NMDA receptor and associated downstream signalling kinase activity 

and expression levels were only analysed by Western blotting. This technique provides good 

data on total protein expression and activity levels, but does not provide necessary 

information on the differences between regions, such as differences in NMDA receptor 

expression levels between dentate gyrus, CA1 and CA2 regions of mouse hippocampus, nor 

distinguish between neurons and glial cells by this technique. 

Thirdly, the rat anti-GluN1 antibody used is polyclonal. While it has been shown to 

have an anti-GluN1 epitope binding profile that favours the glycine-binding site, reactivities 

to epitopes outside of the glycine-binding site have also been detected. Therefore, 

conclusions could only be made that the learning and memory enhancing effects of 

vaccination-generated rat anti-GluN1 antibody is associated with a specific epitope-binding 

‘profile’ and not specific epitope. 

Lastly, the number of human stroke patient sera that have been epitope profiled and 

used in the primary neuronal cultures was too small. The small number of stroke sera 

prevented meaningful correlation analyses between human stroke anti-GluN1 epitope binding 

profile and patients’ clinical characteristics. Furthermore, the number of stroke sera used in 

the primary neuronal culture study was too small to identify a specific anti-GluN1 epitope 

binding profile that causes neurotoxicity. 
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7.3. Future directions 

Currently, stroke is the second largest cause of global mortality (World Health 

Organization, 2011). However, many tested pharmacological NMDA receptor antagonist 

stroke treatments to date not only lack efficacy, but also induce many deleterious side-effects 

(Ikonomidou and Turski, 2002; Lacuta et al., 2007; Ginsberg, 2008). Moreover, current anti-

thrombotic preventative and treatment strategies such as aspirin (acetylsalicylic acid) and tPA 

(which needs to be given to stroke patients within 3 h of the stroke insult) for ischaemic 

stroke have been shown to increase mortality in some patients due to increased intracerebral 

haemorrhaging (Lacuta et al., 2007; Lansberg et al., 2007; Leys et al., 2009; Ning et al., 

2013). Furthermore, a potential stroke treatment should also address the cognitive deficits 

commonly shown by stroke patients (Cumming et al., 2013), but these are currently 

overlooked by many pharmacologically-based and anti-thrombotic stroke treatments. 

Previous work from this laboratory has shown that a novel genetic GluN1 vaccine has 

exhibited neuroprotective effects in rat using an MCAO stroke model (During et al., 2000). 

Furthermore, this laboratory has shown that recGluN1-vaccinated rats have improved 

learning and memory function, and the learning and memory-enhancing phenotype was 

repeated in the passive antibody transfer study described in Chapter 3 of this thesis. 

Furthermore, an anti-GluN1 epitope binding profile with high affinity to the glycine-binding 

site was shown by the rat anti-GluN1 antibody. Therefore, the implication of the results 

described in this thesis is that the anti-GluN1 antibody specifically targeting the glycine-

binding site of the GluN1 subunit could be a candidate as a future immunotherapeutic 

treatment for stroke. The potential antibody-based stroke treatment strategy would use a 

passive antibody transfer approach, aiming to achieve neuroprotection and reversal of 

cognitive deficits post-stroke. The neuroprotective efficacy of the glycine-binding site 

targeting anti-GluN1 antibody in animal models of stroke will need to be investigated. 

Further behavioural studies will also need to be conducted on anti-GluN1 antibody-treated 

stroke animals to assess the level of rehabilitation after stroke-induced cognitive dysfunction. 
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Appendix 

Supplementary result A: recGluN1 vaccination study 
The following recGluN1 vaccination study was completed in partial fulfilment of the 

requirements for the degree of Master of Science in Biomedical Sciences, The University of 

Auckland (Chen, 2010). 

Materials and Methods 

Animal study 

Vaccination and behavioural test schedule 

Thirty male Wistar rats at 7 weeks of age were divided into 3 groups. The first 10 rats 

were administered with PBS mixed with Alum adjuvant (Thermo Fisher Scientific, Waltham, 

MA, Cat #: 77161). The second group of 10 rats were vaccinated with Luciferase mixed with 

Alum adjuvant. The third group was vaccinated with a recGluN1 protein (consists of only the 

extracellular domains; Figure A-1) also mixed with Alum adjuvant.  

All rats from Luciferase and recGluN1 group were vaccinated subcutaneously with 

100 µg of the designated protein initially at priming, and then with 50 µg for each subsequent 

boost. Six boosts were given to all groups fortnightly (Figure A-2). The vaccination took 

over a period of 20 weeks to firstly ensure antibody affinity maturation towards the protein of 

interest. Affinity maturation is a process by which B-cells develop antibodies with increasing 

affinity towards a specific antigen over the course of an immune response with repeated 

exposure to the same antigen (Victora and Nussenzweig, 2012). Secondly, to maintain 

antibody presence for a longer period of time, to allow vaccination-developed antibodies to 

cross the BBB and interact with target proteins, in particular NMDA receptor for recGluN1-

vaccinated rats.  

Serum samples from all animals were collected at week 10 and week 20 (before 

euthanasia). Brains were also collected at week 20 after euthanasia. Behavioural tests were 

commenced on week 13 as indicated in Figure A-2. All specific animal group identifications 

were covered during the course of the study. Instead, random numerical numbers were 

assigned to each rat to ensure the main investigator carrying out the study was blinded to the 

specific vaccination procedure for individual rats. 
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Figure A-1: recGluN1 protein used in the vaccination study. 
 

 
Figure A-2: The schedule including passive transfer and behavioural test timeline. 
OFT = Open field test. NORT = Novel object recognition test. STPAT = Step-through 
passive avoidance test. 
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OFT 

The OFT was conducted in a plexiglass arena 60 (width) x 85 (length) x 50 cm 

(height). The floor of the arena was subdivided by masking tape into 9 rectangles of 20 

(width) x 20 (length) cm. Each rat was allowed to explore the arena for 5 min. Movements of 

rats were monitored and the number of lines that rats crossed was determined. In order to be 

counted as a cross, more than half of the rat’s body had to be over the line. All rat activities 

during the OFT were digitally recorded using a Sony handycam OCR-HC42H camera (Sony 

Corporation, Tokyo, Japan) mounted on a tripod.  

 

NORT 

Each rat was handled for at least 5 min per day by the main investigator for 5 

consecutive days. The NORT was conducted in a plexiglass arena 60 (width) x 85 (length) x 

50 cm (height). Each rat was individually habituated to the arena on 2 consecutive days, for 5 

min on each day. Twenty four hours after the second habituation (i.e. on day 3), the rat was 

allowed to explore 2 identical objects (A) for 5 min. The 2 identical objects were placed in 

opposite corners of the arena (approximately 20 cm from the wall). Then the rat was removed 

from the arena and returned to the home cage. This constituted a sample session. In the first 

choice session, 5 min after completing sample session, one of the two familiar objects (A) 

was replaced by a novel object (B), and the rat was allowed to explore for 2 min. The rat was 

then removed again and returned to the home cage. In the second choice session, 3 h later, 

object B was replaced again by another new object (C). The rat was allowed to explore for 2 

min. The arena and objects were cleaned thoroughly with Chlorhexidine (ORIN Laboratory 

Pty. Ltd.) between each session. Explorative behaviours of rats were recorded in all sessions 

using a Sony handycam OCR-HC42E camera (Sony Corporation, Tokyo, Japan), mounted on 

a tripod above the arena. Time to explore objects was measured from tape by an observer 

blinded to the identity of the rats. 

The Discrimination Ratio (DR) was calculated as the difference in exploration time 

between the two objects divided by the total time spent exploring the objects [(B-A) / 

(B+A)]. The DR was used to determine the level of recognition memory for the familiar 

object. 
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STPAT 

A two-compartment metal chamber separated by a sliding door was prepared to be 

distinctly different in the visual, textile and olfactory cues from the home cage of a rat. The 

chamber consisted of a light and a dark chamber, separated by a sliding door. The walls of 

the dark chamber were covered with black plastic material and the light chamber was weakly 

illuminated using a 20 W bulb. The principal part of the step-through Inhibitory Avoidance 

(IA) test was performed over 3 days. On the first day, each rat was placed in the light 

chamber and was free to explore both chambers for 60 s. The time it took a rat to enter the 

dark chamber was recorded and the rat was then returned to the home cage. This comprised 

the exploration session. Twenty four hours later, in the training session, the rat was placed in 

the light compartment without access to the dark chamber for the first 60 s. When 60 seconds 

elapsed, the sliding door was opened and the rat was allowed to enter the dark chamber. The 

time latency to enter the dark chamber was measured. The sliding door was closed and the rat 

subjected to a weak electrical shock (0.75 mA) for 2 s. The door was kept closed for a further 

30 s to enhance association of a shock with the experimental apparatus, following which the 

rat was returned to the home cage. Twenty four hours later, the rat was placed in the light 

chamber again with free access to the dark chamber. The time to step-through in to the dark 

chamber with all four paws was determined (step-through latency). No electrical shock was 

given. The maximum time allowed in a session to enter the dark chamber was 600 seconds. 

The retention session was repeated after a further 24 h for rats that did not enter the dark 

compartment within 600 seconds. If multiple retention sessions were performed, times form 

each session were added together. The experimental apparatus was cleaned thoroughly with 

Chlorhexidine (ORIN Laboratory Pty. Ltd.) between each session. 
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Results 

OFT 

The OF test examines the level of animal mobility. Rats were separated into three 

groups during the OF test according to their vaccine treatments. There were no significant 

differences in the level of locomotion between rats (Figure A-3). The PBS group (n = 9) 

showed a mean of 60 ± 4 crosses, the Luciferase group (n = 10) showed a mean of 53 ± 6 line 

crosses, and the recGluN1 group (n = 10) showed an average of 58 ± 4 line crosses (p = 

0.701, Kruskal-Wallis test). The OFT results indicate that the recGluN1 vaccination was not 

associated with hyperlocomtion. 

 
Figure A-3: Level of locomotion during OFT. 
The data are presented as mean ± SEM for n = 9-10 animals in each treatment group. 
 
NORT 

NORT examines object recognition memory and is mostly dependent on hippocampal 

NMDA receptors. This receptor modulation is known to affect memory retention in the 

NORT.  

We observed that recGluN1-vaccinated rats showed better recognition memory for a 

familiar object at both five-minute and three-hour time-points (Figure A-4).  

Figure A-4, a shows the DR value from the first choice phase. The PBS group had 

mean DR of 0.36 ± 0.079, and the Luciferase group, 0.27 ± 0.039. In comparison, recGluN1 

vaccinated rats had a DR of 0.6 ± 0.047, reflecting strong memory for objects they were 

previously exposed to (p = 0.0023; Kruskal-Wallis test). Mann-Whitney U test showed p-

value = 0.0002 when the recGluN1 group was compared with the Luciferase group. When the 

recGluN1 group was compared with the PBS group, the p-value was 0.0220. When both 

control groups were compared to each other, no significant difference had been shown (p = 

0.4002, Mann-Whitney U test). 
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In the second choice phase, effects on memory were more diverse between groups. The 

recGluN1-vaccinated rats still displayed stronger memory. In addition, differences appeared 

between the two control groups (Figure A-4, b). The PBS group had a DR of -0.16 ± 0.088. 

The Luciferase group had an average of 0.09 ± 0.059 and the recGluN1 group had 0.29 ± 

0.057. Kruskal-Wallis test revealed that there were significant differences between the mean 

DR values between the treatment groups (p = 0.001). Mann-Whitney U test showed that there 

were large differences between the PBS and recGluN1 group (p = 0.0003). Further statistical 

analysis revealed a significant difference between the mean DR of recGluN1 and Luciferase 

group (p = 0.0232, Mann-Whitney test). Mann-Whitney test showed significant differences 

between the two control groups (p = 0.035). 

Our data from the NORT indicates that the recGluN1 vaccination resulted in robust 

enhancement of object recognition memory in rats. In addition, generalised stimulation of the 

immune system may have also had some cognitive benefit, as manifested in the Luciferase-

vaccinated group at three hours. 

 
Figure A-4: Discrimination ratio during the NORT. 
The DR are presented as mean ± SEM for n = 9-10 for each treatment group. 
a) The mean DR form all three treatment groups during the first choice session, 5 min after 
the sample session (*p < 0.05, ***p < 0.001, Mann-Whitney U test).  
b) The average DR of the three treatment groups during the second choice session, 3 h after 
the sample session (*p < 0.05, ***p < 0.001, Mann-Whitney U test). 
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STPAT 

The retention session measured the latency required for a rat to enter the dark chamber 

24 h after receiving an electric shock in that dark chamber during the training session. Long 

latency indicates strong fear-associative learning and memory, whereas, short latency reflects 

weak fear-associative learning and memory. 

To determine if rats from all three treatment groups had similar latencies for entering 

the dark chamber before fear-associative memory formation, mean latency was compared 

between the three treatment group (Figure A-5, Training). All rats showed short latencies to 

enter the dark chamber during the training session, indicative of the nature preference for the 

dark environment. No significant differences were shown when the latencies between the 

three treatment groups were compared during the training session (p = 0.2137, Kruskal-

Wallis test). 

During the retention session, we observed that the recGluN1 group had a significantly 

longer latency when compared with both PBS-treated and Luciferase-vaccinated rats (PBS vs 

Luciferase vs recGluN1, p = 0.0018, Kruskal-Wallis test; PBS vs recGluN1, p = 0.001, 

Mann-Whitney U test; Luciferase vs recGluN1, p = 0.0232, Mann-Whitney U test; Figure A-

5, Retention). It was also noted that the Luciferase group showed significantly longer latency 

than the PBS group (p = 0.035, Mann-Whitney U test).  

The STPAST also showed that rats from all three treatment groups formed fear-

associative memory after the training sessions, as indicated by the significantly increased 

latency between training and retention sessions (PBS, p = 0.0574, Paired Sample t-test; 

Luciferase, p = 0.0063, Paired Sample t-test; recGluN1, p = 0.0006, Paired Sample t-test;  

Figure A-5,  Training and Retention). 

 These data indicate that the recGluN1 vaccine robustly improved fear associative 

learning and memory in rats. Some minor improvement was also observed for the luciferase 

group, which raises a possibility that generalised stimulation of immunity may support 

neuronal functioning. 
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Figure A-5: Latency for entering the dark chamber during both training and retention 
sessions of STPAT. 
The data are presented as mean ± SEM for the 3 treatment groups (n = 9-10 per group; *p < 
0.05, *p < 0.01, ***p < 0.001, Mann-Whitney U test; Paired Sample t-test).  
 
 
Detection of anti-GluN1 antibodies in recGluN1-vaccinted rats 10 weeks after priming 

We aimed to demonstrate that anti-GluN1 antibodies were developed in rats following 

a ten-week vaccination scheme. Robust anti-GluN1 antibody reactivity was detected when 

the serum samples from all ten recGluN1-vaccinated rats were screened against the recGluN1 

protein (same one that was used during vaccination) by Western blotting (Figure A-6). The 

reactivity patterns against the recGluN1 protein from recGluN1-vaccainted rat were found to 

be very similar to that of the commercially available anti-GluN1 antibody (MilliporeTM, 

Billerica, MA, Cat #: MAB363). The differences were that rat sera produced positive bands 

below 31 kDa, which were not present with the commercial antibody. The commercial anti-

GluN1 antibody is monoclonal; hence certain differences compared with the polyclonal rat 

antibodies generated by vaccination were not unexpected. 
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Figure A-6: Anti-GluN1 antibody detection in rat sera by Western blotting at week 10. 
 
 
Detection of anti-GluN1 antibodies in the cerebrospinal fluid (CSF) of recGluN1-

vaccinted rats 

This study was performed in naïve rats with an intact BBB. Considering strong effects 

on cognition described in previous sections, we examined, if antibodies against the proteins 

used for vaccination could also be found in the CSF. CSF samples were collected at week 20 

just before euthanasia. Only samples with no peripheral blood contamination were analysed 

for the antibody presence by Western blotting against recGluN1 proteins. 

Anti-GluN1 antibodies were detected in all analysable CSF samples obtained from 

recGluN1-vaccinated rats. The CSF sample from PBS-treated rat was used as the negative 

control and showed no antibody reactivity against the recGluN1 protein (Figure A-7). 

 
Figure A-7: Anti-GluN1 antibodies in CSF recGluN1-vaccinated rats. 
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Anti-GluN1 antibody titres in recGluN1-vacinated rats 

To exclude the possibility that the effects of the anti-GluN1 antibodies in animals 

would be influenced to any significant degree by variations in titres, these were determined at 

the end of behavioural testing. By convention, titre has been defined as the highest dilution at 

which reactivity with the antigen is no longer observed.  

Sera from all rats were collected 20 weeks after vaccine priming. All recGluN1-

vaccinated rat serum samples were screened against recGluN1 proteins. Titres were measured 

by ELISA. Serum from one PBS-treated rat was used as the negative control. Wells that were 

not coated with recGluN1 proteins were also included as background controls. 

In summary, anti-GluN1 antibody titres were confirmed to be high and comparable for 

animals within the recGluN1 vaccination group (Figure A-8). This excludes the notion that 

anti-GluN1 antibody titres would significantly affect results for individual rats, and no 

correction for titre was concluded to be required. 

 
Figure A-8: Graphical representation of anti-GluN1 antibody titres in recGluN1-
vaccinated rats. 
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Supplementary result B: characterising β-tubulin, β-actin and GAPDH as 

housekeeping proteins for Western blotting 
To semi-quantify protein expression levels by Western blotting, three different 

housekeeping proteins were investigated to determine the one most suitable for our studies 

(Figure B-1). GAPDH expression levels were the most consistent out of the three. The 

molecular weight of each housekeeping protein was also considered. This is because many of 

the proteins involved in NMDA receptor-mediated downstream signalling have molecular 

weights of approximately 45-66 kDa. This would not have been ideal if β-tubulin (55 kDa) or 

β-actin (43 kDa) had been used as the housekeeping protein (Eng et al., 1999). In addition, 

both β-tubulin and β-actin are used in cells to support protein trafficking and receptor 

positioning (Waxman and Lynch, 2005), which have the potential to be modulated through 

anti-GluN1 antibody-mediated effects. GAPDH is an enzyme that is involved in glycolysis 

(Seidler, 2013). Therefore, GAPDH was chosen as the preferred housekeeping protein for all 

semi-quantitative analyses described in this thesis. 

 
Figure B-1: Characterising different housekeeping proteins for Western blotting. 
β-tubulin, β-actin and GAPDH expression levels in naïve mouse hippocampus in triplicate. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

246 
 

General Materials and Protocols 

General solution 

10 x PBS, pH 7.4 
1 mM KH2PO4 
4.3 mM Na2HPO4.7H2O 
137 mM NaCl 
2.7 mM KCl 
 

Collection of animal brains 

4% paraformaldehyde 
Dissolved in dH2O at a concentration of 40 g/500 mL and heated to 60ºC with stirring. Added 
NaOH pellets one at a time until solution cleared. Cooled and filtered through filter paper. 
Diluted with 0.2 M phosphate buffer at 1:1 dilution and adjusted to pH 7.4.  
 

Coomassie staining 

Fixative 
10% (v/v) Acetic acid 
40% (v/v) Methanol 
 
Coomassie stain 
10% (v/v) Acetic acid 
50% (v/v) Methanol 
0.05% (w/v) Coomassie brilliant blue R-250 (Bio-Rad Laboratories, Hercules, CA, Cat #: 
161-0400) 
 
Destain 
7% (v/v) Acetic acid 
5% (v/v) Methanol 
 

ELISA 

0.05 M phosphate-citrate buffer 
25.7% (v/v) 0.2 M Na2HPO4 
24.3% (v/v) 0.1 M Citric acid 
pH adjusted to 5 with CH3COOH 
 
OPD substrate solution 
0.05 M phosphate-citrate buffer, pH 5 
0.04% (v/v) 30% Hydrogen peroxide  
OPD substrate (Sigma-AldrichTM, St Louis, MO, Cat #: P6912) 
 

Immunohistochemistry 

Immunobuffer 
96% (v/v) PBSTx 
4% (v/v) Horse serum (Life Technologies, Carlsbad, CA, Cat #: 16050-122) 
0.04% (w/v) Merthiolate 
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0.2 M Phosphate buffer 
200 mM Na2HPO44 (dibasic solution) 
173.3 mM Na2HPO4.H2O (monobasic solution) 
Added monobasic solution to dibasic solution to achieve pH 7.4 
 
DAB substrate solution 
0.5 mg/mL DAB (Sigma-AldrichTM, St Louis, MO, Cat #: D5637)  
50% (v/v) dH2O 
50% (v/v) 0.2 M phosphate buffer  
0.01% (v/v) H2O2 
 

Primary neuronal cell cultures 

Cell culture media  
98% (v/v) NeurobasalTM Medium (NBM) (1X) (Gibco®, Carlsbad, CA, Cat #: 21103-049) 
2% (v/v) B27® Serum-Free Supplement 50X (Gibco®, Carlsbad, CA, Cat #: 17504-044) 
1% (v/v) GlutaMAXTM Supplement (added before applying the media to cultures) (Gibco®, 
Carlsbad, CA, Cat # 35050-061) 
Stored at 4ºC 
 
Hank’s balanced salt solution (HBSS) 
0.95% (w/v) 9.5 g bottle Hank’s balanced salt (Sigma-AldrichTM, St Louis, MO, Cat #: 
H2387) 
0.238% (w/v) HEPES (Sigma-AldrichTM, St Louis, MO, Cat #: H3375) 
pH adjusted to 7.2 with 5 M NaOH 
Filtered with a 0.2 µm filter 
Stored at 4ºC 
 
Papain mixture 
100% (v/v) 5 mL of HBSS 
One bottle of papain powder (Worthington Biochemical Corporation®, Lakewood, NJ, Cat #: 
LK003178) 
 
Enzyme inactivation solution 
100% (v/v) 5 mL Minimum Essential Media (Gibco®, Carlsbad, CA, Cat #: 11090-081) 
10% Fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, Cat #: HYCSH30406.02) 
 

SDS-PAGE and Western blotting 

Tissue lysis buffer 
50 mM Trish-HCL, pH 7.5 
2 mM EDTA 
0.05% (v/v) Triton X-100 
Protease inhibitors (Complete Mini, Roche Life Science, Branford, CT, Cat #: 11836153001) 
Phosphatase inhibitors (PhosSTOP, Roche Life Science, Branford, CT, Cat #: 04906845001) 
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2 x SDS sample buffer 
125 mM Tris-HCL, pH 6.8 
20% (v/v) glycerol 
4% (w/v) SDS 
2% (v/v) β-mercaptoethanol 
0.01% (w/v) Bromophenol blue 
 
12% Acrylamide running gel 
375 mM Tris-HCL, pH 8.8 
12% (w/v) Acrylamide 
0.1% (w/v) SDS 
0.1% (w/v) APS 
0.05% (v/v) Tetramethylethylenediamine (TEMED; Sigma-AldrichTM, St Louis, MO, Cat #: 
T9281-25ML) 
 
Acrylamide stacking gel 
125 mM Tris-HCL, pH 8.8 
5% (w/v) Acrylamide 
0.1% (w/v) SDS 
0.1% (w/v) APS 
0.05% (v/v) TEMED 
 
SDS-PAGE running buffer 
25 mM Tris 
192 mM Glycine 
0.1% (w/v) SDS 
 
Transfer buffer 
25 mM Tris 
192 mM Glycine 
20% (v/v) Methanol 
 
TBSTw 
20 mM Tris 
500 mM NaCl 
0.1% (v/v) Tween-20 
pH adjusted to 7.5 with HCL 
 
Western blot stripping buffer 
200 mM Glycine 
0.001% (w/v) SDS 
0.01% (v/v) Tween-20 
pH adjusted to 2.2 with HCL 
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