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ABSTRACT 

Neurodegenerative diseases, which involve progressive loss of structure and 

function of neurons, and ageing are often associated with cognitive decline. With 

an increase in the ageing population, we need better understanding of the 

neuronal changes that underpin this decline.  

NMDA receptors (NMDARs) are essential for many forms of synaptic plasticity, a 

molecular correlate of learning and memory. They consist of 4 subunits; the 

obligatory GluN1, and regulatory GluN2/3 subunits, which in turn exist in 

different subtypes. Evidence from rodents has shown a correlation between the 

content of a GluN2 receptor subtype, GluN2B, at the synapses of neurons and 

performance in memory tasks. Further evidence in transgenic mice, suggests that 

recruitment of GluN2B containing receptors at the synapse, has a vital role in 

regulating synaptic strength and memory storage.  

My aim was to investigate whether age-dependent changes in synaptic GluN2B 

composition occur in the ageing human brain, and in mouse models harbouring 

mutations associated with neurodegenerative diseases. To address this question, 

we decided to analyse the synaptic composition of excitatory pyramidal neurons 

using electrophysiological and biochemical methods. 

We obtained electrophysiological patch-clamp recordings in neurons from:  

1. Adult living temporal cortical tissue resected during neurosurgery and  

2. Mouse models expressing proteins that harbour mutations associated 

with familial forms of neurodegenerative diseases.  

By analysing inputs to pyramidal neurons using whole-cell voltage clamp, we 

measured NMDA receptor- and AMPA receptor-mediated currents prior to, and 

following pharmacological block of GluN2B subunit. Via the use of co-

immunoprecipitation, we analysed the association of GluN2 subunits with 

synaptic proteins.  

Our findings indicate that a significant fraction of GluN2B-containing NMDARs 

exists in LII-III pyramidal neuron synapses in young adults, and that this synaptic 

component declines with age. Our findings using mouse models, suggested a 

minimal contribution of GluN2B subunits at the synapses.  
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1 Introduction 

1.1 Synaptic transmission 

Synaptic transmission, is essential for the processing and storage of information 

in the central nervous system (CNS) (Vyklicky et al. 2014). Interaction between 

neurons is restricted to specialised junctions, whereby one cell comes into close 

proximity with its target cell (Jessell & Kandel 1993). Chemical neurotransmission 

is mediated by the release of neurotransmitters from the presynaptic terminals 

and is dependent on the interaction of the released chemicals with postsynaptic 

receptors (Jessell & Kandel 1993).  

Excitatory synapses on principal neurons in the mammalian brain occur mainly on 

postsynaptic protrusions (as seen in electron micrographs, Harris & Weinberg 

2012) referred to as dendritic spines (Bourne & Harris 2008), while inhibitory 

synapses are formed on the shaft of dendrites, or on cell bodies and initial 

segments of axons (Sheng & Kim 2011). Excitatory and inhibitory synapses differ 

in their receptor content and morphology (Sheng & Kim 2011).  

Excitatory transmission is key in regulating neuronal electrical properties, while it 

is also important in the development and maintenance of inhibitory synaptic 

transmission (Lu et al. 2013). Moreover, excitatory transmission is important in 

strengthening and dampening of neuronal connectivity as part of synaptic 

plasticity mechanisms, a concept which will be further explored in this section. 

Evidence shows that high excitatory synapse density significantly correlates with 

better cognitive function performance (Scheff & Price 2003; Scheff & Price 2006). 

It has also been shown that synapse loss correlates most strongly with dementia, 

implicating synaptic transmission dysfunction in disease pathogenesis (Koffie et 
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al. 2011). As a result, excitatory transmission and excitatory receptor 

composition have been focused on in this thesis. 

 Ionotropic Glutamate Receptors 

Glutamate mediates the vast majority of neurotransmission throughout the brain 

and spinal cord by acting on a number of distinct membrane receptors (Traynelis 

et al. 2010).  One class of receptors that glutamate acts on, are the ionotropic 

glutamate receptors (iGluRs). iGluRs assemble as tetramers to form cation 

permeable ion channel receptors that are divided into 3 major subgroups based 

on their differential sensitivities to agonists N-methyl d-aspartate (NMDA), a-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and kainate 

(reviewed by Watkins & Jane 2009).  

iGluRs are composed of 4 large subunits which form a central ion pore. Each 

subunit contains 4 separate domains; the extracellular amino-terminal domain 

(ATD), the extracellular ligand binding domain (LBD), the transmembrane domain 

(TMD) and an intracellular carboxy-terminal domain (CTD) (Traynelis et al. 2010).  

Although AMPA receptors (AMPARs), NMDA receptors (NMDARs) and kainate 

receptors are similar in structure, they differ in the excitatory currents they elicit 

in response to glutamate binding (Iacobucci & Popescu 2017). Since most 

excitatory synapses have both NMDARs and AMPARs (Scannevin & Huganir 2000; 

Mcallister & Stevens 2000), excitatory postsynaptic currents (EPSCs) are of 

heterogeneous nature. Following a synaptic stimulus and exocytosis from the 

presynaptic vesicles, glutamate diffuses into the synaptic cleft. When it binds to 

iGluRs, it produces an EPSC. AMPAR currents rise and decay the fastest, 

approximately up to 1.3ms of decay time following stimulation, depending on the 

composition of the receptor (Krampfl et al. 2001), determining the maximal 

amplitude and onset of EPSCs. NMDAR-mediated EPSC deactivation kinetics vary 
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from 40ms to 2s depending on the composition of the receptor, hence strongly 

influencing the decay of EPSCs and the total positive charge entering the cell 

(Vicini et al. 1998). Understanding the molecular composition of the receptors is 

therefore critical for understanding their function. 

 Composition of ionotropic Glutamate Receptors 

1.1.2.1 AMPARs 

AMPARs are made up of combinations of 4 subunits: GluA1, GluA2, GluA3 and 

GluA4, and are the primary mediators of excitatory transmission in the brain 

(Shepherd & Huganir 2007). The expression of GluA subunits is developmentally 

regulated, with GluA1 and GluA4 being highly expressed during development, 

and GluA2 and GluA3 being more readily expressed during adulthood (Monyer et 

al. 1991; Wenthold et al. 1996; Lu et al. 2009; Henley & Wilkinson 2013). The 

most predominantly expressed subunits in the cerebral cortex and hippocampus 

are heterotetramers of GluA1 and GluA2 subunits, with low levels of GluA3 and 

GluA4 (Isaac et al. 2007). AMPARs co-assemble with stargazin or other 

transmembrane AMPAR regulatory proteins (TARPs). TARPs are essential for 

AMPAR maturation, trafficking and channel function (Isaac et al. 2007). 

1.1.2.2 NMDARs 

NMDARs, are heterotetramers of seven differentially expressed subunits: GluN1, 

GluN2A-D and GluN3A-B (Iacobucci & Popescu 2017). A functional NMDAR 

requires 2 GluN1 subunits to be present, classed as the obligatory subunit, and 2 

GluN2/GluN3 subunits, which are classed as regulatory subunits. Each of the 

GluN1 subunits has a glycine binding site, and each of the regulatory GluN2/3 

subunits has a glutamate binding site, for a total of 2 glycine binding sites and 2 

glutamate binding sites on each receptor. NMDARs require both glutamate and 

the co-agonists glycine or D-serine to be activated, and they display slow kinetics 
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which are attributed to the slow unbinding of glutamate (Hollmann & Heinemann 

1994; Traynelis et al. 2010; Paoletti et al. 2013). 

Each receptor contains various sites for the binding and recognition of different 

ligands, which may be either physiological or pharmacological. Each subunit has 

a similar molecular structure, divided into 4 functional domains; an ATD; an LBD; 

a transmembrane region formed by 4 hydrophobic segments (M1 to M4), 

including the re-entrant pore loop (M2), and an intracellular CTD (Figure 1.1). The 

re-entrant M2 loop is part of the channel pore, which mediates the voltage-

dependent magnesium ion (Mg2+) blockade. This blockade is relieved upon 

depolarisation (Dingledine et al. 1999). 

In addition to the glycine and glutamate binding sites, the extracellular region of 

GluN2 contains biding sites for endogenous ligands, such as zinc and for 

exogenous ligands such as synthetic modulators. Zinc, which acts as an 

endogenous allosteric modulator has an important role in controlling synaptic 

NMDAR currents. It targets both the GluN2A- and GluN2B-containing NMDARs, 

with higher affinity for GluN2A-containing receptors (Zhu & Paoletti 2015). 

Synthetic modulators include non-competitive allosteric inhibitors such as 

ifenprodil and the derivative Ro-256981, which are selective for the GluN2B-

containing NMDARs. Crystal structures demonstrate that ifenprodil and 

derivatives make direct interactions with the upper lobes of both GluN1 and 

GluN2B subunits, rather than within the GluN2B cleft alone (Karakas et al. 2011). 

Restriction in the bi-lobed structure of the GluN2B ATD, decreased the sensitivity 

to ifenprodil, suggesting that a certain degree of conformational freedom is 

required for allosteric inhibition of NMDARs (Karakas et al. 2011). 
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Figure 1.1 Schematic representation of the structure of an NMDAR and its 

pharmacological regulation sites. NMDAR subunits consist of an 

amino-termino extracellular domain (NTD), a ligand binding domain 

(LBD), a transmembrane region formed by M1-M4 (M2 partially enters 

the membranes to form the ion channel) and an intracellular carboxy-

terminal domain (CTD).  

 

 

1.1.2.3 Composition of NMDARs determines receptor properties 

The composition of NMDARs determines the channel properties; in particular 

GluN2 subunits, are able to determine properties such as the channel 

conductance, Ca2+ permeability and Mg2+ blockade, all of which ultimately affect 

the function of the neuron. Paoletti et al. (2013)  and Wyllie et al. (2013) have 

summarised the differences in receptor properties determined by the GluN2 

subunit presence (See adapted table 1.1).  

This summary illustrates highest channel open probability for diheteromeric 

GluN2A-containing NMDARs, a finding that was predicted by Chen et al. (1999) 



 

 26	

and directly shown by Erreger et al. (2005). Diheteretomeric GluN2B-containing 

receptors have 3-5 times lower open probabilities than GluN2A-containing 

receptors.  Moreover, channel activity, beginning with the first opening of the 

channel following agonist binding, and ending with the last closing before 

dissociation of the agonist, is also dependent on subunit composition (Wyllie et 

al. 2013). GluN2A diheteromers are in an active state the shortest, while GluN2D 

diheteromers can be in an active state the longest (Vicini et al. 1998; Wyllie et al. 

2013).   

The need for NMDARs to act as coincidence detectors, effectively allowing for 

synaptic integration, requires them to have slow glutamate unbinding, which 

corresponds to slow deactivation kinetics (Attwell & Gibb 2005). Deactivation 

kinetics, the time course of the current decrease following agonist removal 

(Paoletti et al. 2013), is also dependent on subunit composition. Deactivation 

rates are fastest for GluN2A containing receptors (10-40ms), GluN2B and GluN2C 

show intermediate deactivation kinetics (200-400ms), while GluN2D-containing 

receptors exhibit the slowest with decays of ~1-2s (Vicini et al. 1998; Wyllie et al. 

2013b; Paoletti et al. 2013).  

GluN2B-containing NMDARs are more effective in mediating charge transfer 

following a single synaptic event, despite their lower open probability (Erreger et 

al. 2005). Since the Ca2+ permeability for GluN2A- and GluN2B-containing NMDARs 

is similar (Schneggenburger 1996), charge transfer time courses are indicative of 

the time course of Ca2+ through NMDARs, and may underlie distinct roles for 

GluN2A- versus GluN2B-contianing NMDARs. For example, rapid Ca2+ 

concentration changes may activate different downstream signalling mechanisms 

compared to a slower Ca2+ concentration rise.  
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Channel 
properties 

GluN2 subunit  

 

    

Open 
probability 

 

Mg2+ 

sensitivity 
Higher Mg2+ sensitivity Lower Mg2+ sensitivity 

Ca2+ 
permeability 

Higher Ca2+ sensitivity Lower Ca2+ sensitivity 

Deactivation 
rate 

 

Activation 
state 

 

Table 1.1. NMDAR subunit composition determines receptor characteristics. 

Table adapted from  Wyllie et al. (2013); Paoletti et al. (2013). 

  

2A 2B 2C 2D

Fastest Slowest

Shortest Longest 
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1.1.2.4 Developmental changes in NMDAR composition 

GluN1 subunit in rodents, is ubiquitously expressed from the embryonic stages 

to adulthood (Watanabe et al. 1992; Monyer et al. 1994), and can exist in eight 

isoforms due to alternative splicing (Sugihara et al. 1992).  

The four GluN2 subunits, which largely determine the biophysical and 

pharmacological properties of the receptor, have different spatiotemporal 

expression profiles. As shown in the rodent brain, GluN2B and GluN2D subunits 

are expressed during embryonic stages. During the first 2 postnatal weeks, major 

changes occur in the expression profile of GluN2 subunits. GluN2A levels rise to 

become the most abundantly expressed regulatory subunit and continue so until 

adulthood, while GluN2D expression decreases during adulthood in the caudal 

regions and remains expressed mostly in the diencephalon and mesencephalon. 

GluN2B expression peaks around the first week of development and is then 

restricted to forebrain regions during adulthood. Lastly, GluN2C expression 

studied in the rat brain has been shown to start around postnatal day 5 (P5), 

becoming intense around P10 predominantly in the cerebellum and olfactory bulb 

(Watanabe et al. 1992; Monyer et al. 1994; Wenzel et al. 2002; Paoletti et al. 

2013; Wyllie et al. 2013). The high levels of GluN2B expression during neuronal 

development have been attributed to the properties of the subunit. For example, 

it has been suggested that the slower deactivation of these receptors, leading to 

longer EPSCs, allows for more efficient temporal integration of non-synchronous 

inputs which in turn may be important for synaptic plasticity (Erreger et al. 

2005b).   

In many parts of the CNS, including the brain stem, hippocampus and neocortex, 

the GluN2A/GluN2B ratio increases progressively during development (Sheng et 

al. 1994; Quinlan et al. 1999; Roberts & Ramoa 1999; Mierau et al. 2004; Yashiro 

& Philpot 2009). The increase in GluN2A subunit expression during development 
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is driven by sensory experience as shown by experiments investigating the 

composition of NMDARs in pyramidal cells of the primary visual cortex of rats 

and ferrets. Dark rearing from birth, was shown to attenuate GluN2A expression 

during development, a phenomenon which was reversed once rats were exposed 

to light (Quinlan et al. 1999). GluN2A expression was shown to increase rapidly 

following eye opening in ferrets, which in turn was evident in the NMDAR-

mediated current properties (Roberts & Ramoa 1999). Regulation of 

GluN2A/GluN2B ratio is therefore critical for adjusting the threshold for synaptic 

modifications. Cho et al. (2009) showed that lowering the GluN2A/GluN2B ratio 

allows for the strengthening of weak cortical inputs by lowering the threshold for 

synaptic potentiation (modification threshold, q
m
). It is therefore critical to 

understand how this ratio is modified following adolescence, during adulthood. 

GluN2A and GluN2B subunits are the most broadly expressed NMDAR subunits in 

the adult forebrain. Native populations comprise of both diheteromeric receptors, 

where both the regulatory subunits are the same, and of triheteromeric receptors 

where NMDARs contain both GluN2A and GluN2B subunits (Foster et al. 2010). 

Channel properties depend on the composition of NMDARs, hence it is necessary 

to understand the spatiotemporal changes that occur during development and 

adulthood, as they have a major impact in synaptic function due to their distinct 

characteristics which are discussed in the sections to follow. 
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1.1.2.5 Extrasynaptic and synaptic NMDA receptors: Key players in pro-death 
and pro-survival signalling 

NMDARs are found both at synaptic and extrasynaptic sites (Tovar & Westbrook 

1999; Hardingham et al. 2002; Harris & Pettit 2007), which include the cell soma 

and dendritic shafts (Yashiro & Philpot 2009). Synaptic and extrasynaptic 

localisation of NMDARs, has been associated with NMDAR mediated neuronal 

signalling that is involved both in cell survival and plasticity as well as in cell 

death (Hardingham & Bading 2003). This effect is named the “NMDAR paradox”, 

which involves the activation of synaptic NMDARs, which leads to pro-survival and 

plasticity effects, and the activation of extrasynaptic NMDARs, which leads to pro-

death signalling (Hardingham et al. 2002).  

Selective synaptic signalling via NMDARs increases extracellular signal-regulated 

kinase 1/2 (ERK1/2) activation, cAMP response element binding protein (CREB) 

phosphorylation via calmodulin (CaM) kinase activation, and brain derived 

neurotropic factor (BDNF) expression, providing neuroprotection (Hardingham et 

al. 2002; Hardingham & Bading 2010; Parsons & Raymond 2014). On the other 

hand, extrasynaptic NMDAR activation suppresses CREB activity through the 

inactivation of the ERK1/2 pathway, promoting CREB dephosphorylation 

(Hardingham et al. 2002; Ivanov et al. 2006). Extrasynaptic NMDAR activity also 

promotes the transcription of pro-death genes, ultimately leading to apoptotic 

signals (Hardingham & Bading 2010). 

Calpains, a family of calcium-dependent proteases, are differentially activated by 

synaptic and extrasynaptic NMDAR activity and they are responsible for cleavage 

of NMDAR subunit GluN2B (Gladding & Raymond 2011). µ-calpain is activated by 

synaptic signalling, while m-calpain is activated by extrasynaptic signalling, 

resulting in proteolysis of the striatal-enriched protein phosphatase (STEP) and 

activation of p38 mitogen-activated protein kinase leading to cell death (Xu et al. 

2009; Wang et al. 2013). It is important to acknowledge that calpain cleavage of 
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the C-terminus of GluN2B subunit might contribute to a change in 

synaptic/extrasynaptic NMDAR expression, since the CTD is vital in the trafficking 

of GluN2B-containing NMDARs. Full-length GluN2B is therefore an essential 

prerequisite for NMDAR trafficking, which is subject to calpain proteolysis. 

Another important factor that has been implicated in the localisation of NMDARs, 

is receptor composition. Evidence suggests that GluN2A-containing NMDARs are 

mostly synaptic, while GluN2B-containing receptors are enriched at extrasynaptic 

sites in adulthood (Groc et al. 2009; Martel et al. 2009). This body of evidence 

has been challenged. Presence of GluN2A has been reported at extrasynaptic 

sites (Thomas et al. 2006). GluN2B was also shown to associate with the 

postsynaptic scaffolding protein PSD-95 in mouse brain during adulthood (Zhao 

et al. 2009; Zamzow et al. 2013), and to be present in the synaptic plasma 

membrane compartment of adult cortical lysates (Sanz-Clemente et al. 2010). 

Furthermore, electrophysiological analysis of adult mouse synapses in the 

hippocampus (CA3-CA1 synapse) showed that approximately 38-60% of EPSCs 

were GluN2B-containing NMDAR mediated (Kohl et al. 2011), while in the primary 

visual cortex and prefrontal cortex areas there was approximately a 40% and 60% 

GluN2B-mediated component in EPSCs respectively (Wang et al. 2008).  

Although it is tempting to segregate the pro-survival and pro-death signalling 

pathways according to NMDAR composition, it might be an oversimplification. 

Both GluN2A- and GluN2B-containing NMDARs exist synaptically and 

extrasynaptically, and are able to stimulate downstream signalling pathways 

involved both in neuroprotection and cell death. It is thus important to employ 

techniques which allow us to study the synaptic and extrasynaptic components 

separately. Such experiments will allow us to understand the relative proportion 

of NMDAR subunit expression at each compartment. 
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1.1.2.6 Phosphorylation of NMDA receptors; an important determinant of 

intracellular trafficking 

Phosphorylation is defined as the reversible addition of a phosphate group on a 

protein, typically on a serine, threonine or tyrosine residue (Cieśla et al. 2011). 

The presence of a phosphate group, which is heavily charged, can change the 

hydrophobicity of a molecule as well as its electric charge resulting in changes in 

conformation and interaction with other proteins. In the case of NMDARs, 

phosphorylation of the CTD, affects intracellular trafficking as well as channel 

properties, and it heavily depends on the composition of the receptor, since each 

subunit has distinct phosphorylation sites (Lussier et al. 2015). In contrast to the  

highly conserved extracellular and transmembrane domains (60% and 89% 

respectively), the CTDs of GluN2A and GluN2B subunits only share 29% of their 

amino acid sequence identity (Ryan et al. 2013a). This points to the 2 subunits 

having distinct functions and signalling partners.  

Both GluN2A and GluN2B subunits are subject to phosphorylation (summarised 

by Lussier et al. 2015, figure 1.2). In particular, phosphorylation and 

dephosphorylation of the GluN2B subunit, have major implications in regulating 

its trafficking and association with scaffolding proteins (Salter et al. 2009). Of 

particular importance, are 3 major phosphorylation residues shown in figure 1.2; 

S1303, Y1472 and S1480. 

S1303 is phosphorylated by Ca2+/calmodulin-dependent protein kinase II (CaMKII) 

and Protein Kinase C (PKC) within the CaMKII binding site (Omkumar et al. 1996). 

This phosphorylation regulates the association of CaMKII with GluN2B. CaMKII is 

known to translocate to synapses in an activity dependent manner to interact with 

GluN2B-containing NMDARs (Merrill et al. 2005; Coultrap & Bayer 2012). This 

association is necessary for long-term potentiation (LTP), as shown by Barria & 
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Malinow 2005 and Sanhueza et al. (2011), a phenomenon more closely discussed 

in section 1.2. 

Residue Y1472 is part of the YEKL endocytic motif that is recognised by the 

clathrin adaptor AP-2, a step that is required for GluN2B internalisation (Roche et 

al. 2001; Prybylowski et al. 2005). GluN2B phosphorylation by Fyn/Src kinases at 

Y1472 prevents AP-2 binding and endocytosis, resulting in more surface receptor 

expression (Lavezzari et al. 2003; Sanz-Clemente et al. 2010). Fyn/Src kinases 

can directly bind to membrane-associated guanylate kinase (MAGUK) proteins, 

such as PSD-95. It is therefore not surprising that phosphorylation of Y1472 is 

usually associated with synaptic GluN2B, as it is promoted by the interaction of 

Fyn with MAGUK scaffolding proteins (Lussier et al. 2015). 

Phosphorylation and regulation of GluN2B at Y1472 is not solely dependent on 

tyrosine kinases; it also depends on the balance between tyrosine kinase and 

phosphotyrosine phosphatase activity and in particular, on the activity of striatal-

enriched tyrosine phosphatase (STEP) (Pelkey et al. 2002). STEP dephosphorylates 

and inactivates Fyn, leading to internalisation of NMDARs. Therefore excessive 

activation of STEP, ultimately leads to synaptic plasticity impairment (Fitzpatrick & 

Lombroso 2011).  

Increased STEP levels, leading to enhanced activity and in turn surface NMDAR 

internalisation, have also been documented in human AD patients and in AD 

mouse models, where synaptic plasticity is impaired. AD, the most common form 

of dementia, is characterised by the deposition of amyloid-b (Ab) containing 

plaques and neurofibrillary tangles (NFTs) comprised of the microtubule 

associated protein, tau (Huang et al. 2012). The increase in STEP activity was 

mediated following Ab treatment, the protein comprising amyloid plaques in AD, 

suggesting that the regulation of this phosphorylation site is important both for 

physiological and pathological conditions (Kurup et al. 2010). 
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Phosphorylation of S1480 has also been shown to have modulatory properties in 

excitatory synaptic transmission. Casein kinase II (CK2) is responsible for the 

phosphorylation of S1480 within the C-terminal PDZ ligand (ESDV) as shown in 

vitro and in vivo (Chung et al. 2004). Phosphorylation of S1480 disrupts the 

interaction of GluN2B with the MAGUKs, PSD-95 and SAP102, allowing lateral 

diffusion to occur and resulting in decreased surface receptor expression (Chung 

et al. 2004; Sanz-Clemente et al. 2010). Moreover, the activity of CK2 and 

phosphorylation of the PDZ ligand of GluN2B is regulated by activated CaMKII 

(Sanz-Clemente, Gray, et al. 2013), potentially acting as a feedback mechanism to 

prevent overactivation of NMDARs by regulating the number of surface receptors. 

GluN2A is subject to differential regulation compared to that of GluN2B (Figure 

1.2). In contrast to GluN2B, the PDZ ligand domain is not required for maintaining 

its synaptic localisation. Unlike GluN2B, GluN2A subunits do not interact with 

CaMKII, which is one of the major regulators of GluN2B trafficking (Lussier et al. 

2015). Phosphorylation of GluN2A at S900 and S929 by PKA has been shown to 

modulate receptor desensitization (Maki et al. 2013), while S1232 

phosphorylation contributes to NMDAR-dependent LTP induction (Li et al. 2001). 

Moreover, phosphorylation of S1048 by Dyrk1 has been shown to inhibit 

internalisation, allowing for increased surface expression of GluN2A-containing 

NMDARs (Grau et al. 2014). 
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Figure 1.2: GluN2-containing NMDARs are modulated via C-terminal amino 

acid phosphorylation. Phosphorylation is a key regulatory mechanism 

controlling the trafficking of the GluN2-containing NMDARs. GluN2A 

and GluN2B subunits only share 29% homology in their amino acid 

sequence and are subject to different kinases. The major 

phosphorylation sites on the C-terminal tail of the GluN2B and GluN2A 

are shown in green and blue respectibely. GluN2B and GluN2A-

containing NMDAR trafficking is dependent on phosphorylation of key 

residues (S1303, Y1472 and S1480, for the GluN2B subunit  and S900, 

S929 and S1048, for the GluN2A subunit) (Source: Lussier et al. 2015). 
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It is evident from the literature presented above that phosphorylation of GluN2B 

is tightly regulated as it is an important modulator of synaptic transmission and 

plasticity. GluN2A phosphorylation is distinct to that of GluN2B and is not 

important for the interaction of NMDARs with MAGUKs and CaMKII (Barria et al. 

2005). 

A balance needs to be maintained between activity of kinases targeting the CTD 

of GluN2B promoting PSD-95 association, and phosphatases that lead to 

decreased synaptic NMDAR expression levels. Indeed, kinase activity and in 

particular the activity of Fyn, has been implicated in pathological mechanisms 

and in particular, the pathogenesis of AD. Tau, which in its hyperphosphorylated 

state leads to neurofibrillary tangle formation, is a substrate for Fyn via its amino-

terminal projection domain (Lee et al. 1998). The interaction of tau with Fyn has a 

direct role at the PSD in the regulation NMDAR-mediated EPSCs. This was shown 

via the use of a phosphomimetic tau protein, which increased NMDAR-mediated 

EPSCs in hippocampal CA1 cultures. This was a result of the Fyn-tau complex, 

being trafficked at the synapse and being able to interact with the PSD-95-NMDAR 

complex and modulate the NMDAR activity (Mondragón-Rodríguez et al. 2012).  
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1.2 Synaptic plasticity: cellular basis for learning and 

memory 

 Long-term potentiation 

Regulation of neuronal excitability and synaptic strength are involved in 

information processing (Zucker & Regehr 2002). Synaptic strength is a measure 

of synaptic efficacy when signals are being transduced from a presynaptic 

terminal to a postsynaptic neuron (Voglis & Tavernarakis 2006). The Hebbian 

model suggests that presynaptic and postsynaptic neuronal activity, when 

coordinated, can lead to strengthening of synapses. On the other hand, non-

coincidental firing can weaken the synapses (reviewed by Turrigiano & Nelson 

2000). This model is dependent on the ability of synapses to respond and adapt 

to neuronal activity (Voglis & Tavernarakis 2006). 

In 1973, Timothy Bliss and Terry Lømo showed that a brief high frequency train 

of stimuli could produce potentiation in postsynaptic neurons of the rabbit 

hippocampus, which could last for hours, a phenomenon termed long term 

potentiation (LTP) (Bliss & Lomo 1973). This phenomenon, which allows neurons 

to adapt their synaptic efficacy expressing long-lasting activity-dependent 

changes, is believed to be the cellular basis for memory and learning (Morris et 

al. 1986; Bliss & Collingridge 1993; Bear & Malenka 1994; Tsien et al. 1996). 

While LTP involves the strengthening of synaptic transmission, long-term 

depression (LTD) involves the weakening of synaptic transmission. A balance 

between LTP and LTD is what is considered to underlie efficient memory storage 

(Malenka & Bear 2004). 

In addition to coincidental presynaptic glutamate release and postsynaptic 

depolarisation, there are a number of mechanisms that allow LTP to be triggered, 

eventually leading to increased AMPAR expression at the postsynaptic surface 
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(Malenka & Bear 2004). The induction of some forms of LTP, require activation 

and opening of NMDARs which allow Ca2+ influx following the release of Mg2+ 

block. Maintenance of LTP is achieved by the effects triggered via Ca2+ influx. 

CaMKII and PKA respond to the increased Ca2+ transients and phosphorylate the 

GluA1 subunit, which in turn enhances its activity via an increase in its open 

probability (Lee et al. 2003). CaMKII also phosphorylates one of the AMPAR 

auxiliary units, stargazin, which allows for more AMPARs to be bound into the 

synapse by PSD-95 (Sanhueza et al. 2013). LTP maintenance also depends on 

other kinases. PKC and cAMP-dependent protein kinase as well as MAPK that 

activates ERKs, have also been implicated in LTP, allowing phosphorylation of 

both nuclear and cytoplasmic ERK substrates. Activation of such substrates, like 

CREB are important in the induction of gene expression that is essential to 

learning (Figure 1.3) (Thomas & Huganir 2004; Xia & Storm 2005). As one of the 

major triggers for LTP, NMDARs are therefore essential in learning and memory 

as explained in more detail in the next section. 
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Figure 1.3 Synaptic plasticity downstream mechanisms triggered by the 

influx of Ca2+ ions via NMDARs. Calcium influx through NMDARs 

triggers an increase in intracellular Ca2+ which triggers the release of 

calmodulin (CaM) from neurogranin. Ca2+/CaM – dependent protein 

kinase II (CaMKII) is activated due to the increase in intracellular Ca2+, 

and in turn it activates downstream signaling partners via cAMP, such 

as PKA which leads to the activation of AMPA receptors through 

phosphorylation of S845. PKC is also activated, leading to the initiation 

of the MAPK cascade and CREB phosphorylation at S133, and induction 

of gene expression vital for learning and memory.  
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 NMDARs and synaptic plasticity 

NMDARs are essential for the initiation of many forms of LTP (Bliss & Collingridge 

1993). In mature synapses, both GluN2A and GluN2B subunits are involved in the 

induction process, existing as diheteromeric and triheteromeric receptors, 

however their contribution might be different  (Foster et al. 2010; Wyllie et al. 

2013).  

Work by Weitlauf et al. (2005) using pharmacological agents targeting either 

GluN2A and GluN2B subunits, showed that both GluN2A- and GluN2B-containing 

receptors are involved in LTP induction. In particular, the ability to induce LTP in 

GluN2A knock-out (KO) mice, suggested that GluN2A-containing receptors are not 

obligatory for the induction of LTP. Furthermore, this study demonstrated non-

specific targeting of GluN2A-only containing NMDARs by the pharmacological 

agent NVP-AAM077, highlighting the need for more elegant ways to determine 

absolute contributions of diheteromeric receptors in LTP induction as well as of 

triheteromeric receptors, which are harder to target. 

With more careful use, and lower doses of either the GluN2A antagonist, NVP-

AAM077, or of GluN2B specific blockers, it was shown that induction of LTP using 

lower frequency paradigms could still be achieved. This finding suggested that 

LTP induction is dependent on both types of GluN2 subunits. These studies also 

eluded to other factors contributing to LTP induction, such as the frequency 

pattern of the stimulation protocol, the amount of charge transfer and Ca2+ influx 

(Berberich et al. 2005; Berberich et al. 2007).  

1.2.2.1 NMDAR CTD – A regulator of synaptic plasticity  

The CTDs of GluN2 subunits are the site of interaction of NMDARs with their 

binding partners, effectively having the potential to shape the downstream 

mechanism of NMDARs. In particular, one of the most important role of NMDAR 
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binding partners is the induction and maintenance of LTP. CaMKII, a NMDAR 

binding partner,  is present at synapses during synaptic strengthening (role of 

CaMKII in LTP reviewed in Lisman et al. 2002; Lisman et al. 2012). The first piece 

of evidence to show an interaction between CaMKII and NMDARs, was presented 

by Omkumar et al. (1996), followed by studies showing that this complex is 

present in live cells primarily following rise in intracellular Ca2+ (Strack & Colbran 

1998; Leonard et al. 1999).  

One of the sites involved in the interaction of CaMKII with NMDARs is residue 

S1303 at the CTD of GluN2B. Activated CaMKII binds strongly to GluN2B allowing 

CaMKII to remain active even after it dissociates from CaM (Bayer et al. 2001). 

Using mutant variants of GluN2B that affect the S1303 residue and residues near 

S1303, Barria et al. (2005), showed that binding between CaMKII and GluN2B was 

inhibited. The lack of GluN2B binding to CaMKII led to reduced LTP. This finding 

highlighted the role of the GluN2B CTD in LTP.  

In a different study investigating the importance of the GluN2B-CaMKII complex, 

authors used mice harbouring mutations on S1303 neighbouring residues L1298 

and R1300. Using hippocampal mouse slices from these mice, the authors 

identified that basal levels of the NMDAR/CaMKII complex were reduced by 40%, 

while LTP was reduced by 50% (Halt et al. 2012). A previous study had already 

shown impairment of synaptic plasticity following disruption of the 

GluN2B/CaMKII complex. This led to a shut off of the CREB system and increased 

insertion of GluN2B extrasynaptically (Gardoni et al. 2009), reinforcing the 

importance of maintaining the balance between synaptic and extrasynaptic 

GluN2B for synaptic plasticity. The role of GluN2B-containing subunits may 

therefore lie in the recruitment of CaMKII to the synapse, thereby tethering more 

AMPARs at the synapse and activating downstream signalling pathways allowing 
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for the expression of genes that are vital for learning and memory (Sanhueza et 

al. 2013). 

Use of chimeric GluN2 subunits also facilitated the investigation of the CTD 

importance in synaptic plasticity. This approach involves switching the CTD of 

one GluN2 subunit with that of the other, making it easier to pinpoint if the CTD 

of one particular subunit is involved in LTP. Block of LTP was shown following 

total deletion of the C-terminal tail of GluN2B, despite no effects on NMDAR 

currents (Foster et al. 2010). This finding suggests that an intact GluN2B CTD is 

required for LTP maintenance at an age when the activity of the GluN2B-

containing channel is not a prerequisite for LTP, reinforcing the importance of 

GluN2B in recruiting relevant binding partners involved in synaptic plasticity 

(Foster et al. 2010). 

Further investigation in the involvement of specific CTDs in LTP using chimeric 

receptors, showed that LTP is dependent on both subunits. Using a conventional 

theta burst stimulation to elicit LTP, the authors showed that LTP was induced in 

both chimeric-receptor-expressing mutant mice. Using a more conservative 

induction protocol, the theta pulse stimulation (trains of single pulse stimulation 

at 5Hz), authors revealed that lack of the GluN2B CTD led to reduced LTP. This 

finding suggests differential roles for the GluN2 CTDs in the discrimination of 

neuronal activity patterns; the GluN2B CTD might be responsible for the detection 

of different forms of LTP (Ryan et al. 2013). 

 NMDARs and their role in learning behavioural tasks 

In addition to the cellular correlate of learning and memory, NMDAR importance 

has been investigated using behavioural tests. NMDAR-dependent synaptic 

plasticity is hypothesised to be the neuronal mechanism underlying spatial 

memory (Martin et al. 2000). One of the most widely used behavioural paradigms 
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for the assessment of spatial learning and hippocampal function is the Morris 

Water Maze (MWM), and has been extensively used in a plethora of rodent models 

(Wills et al. 2013).  

More than 30 years ago, Morris et al., demonstrated that NMDARs are needed for 

the MWM task, a hippocampal-dependent spatial learning task that relies on distal 

cues, where animals swim towards a hidden platform in a circular pool (Morris et 

al. 1986). This was shown via chronic intra-cerebroventricular infusion of the 

NMDAR antagonist D,L-APV, which led to impairment in the acquisition of the 

MWM task (Morris et al. 1986). In a follow-up study, the effects of APV were 

attributed to the active D-isomer, while it was also shown that LTP induction and 

spatial learning were both affected by the same dose of D-APV (Davis et al. 1992).   

In a series of papers that followed, genetically modified mice lacking GluN1 

subunits in the CA1 of the hippocampus were used. Since GluN1 KO mice have a 

lethal phenotype, a conditional model was used. One of the most commonly 

conditional used systems is the Cre system, where two genetic modules are 

introduced separately into the mouse genome: the activator gene (Cre) which 

regulates expression of the second module, and the responsive (target) gene 

flanked by regulatory binding sites for the activator gene product (loxP). These 

conditional GluN1 KO mice had impaired LTP and were impaired in the MWM task. 

This study provided further proof of the importance of hippocampal NMDARs for 

long-term spatial memory (Tsien et al. 1996; Tsien et al. 1996). 

Since then, the findings of this study have been challenged. Conditional mice 

lacking GluN1 subunits in the CA1 and dentate gyrus (DG) of the hippocampus 

were used in same behavioural task, and results showed that they were able to 

acquire the MWM test (Bannerman et al. 2012). These mice lacked the ability to 

find the platform once it was moved to the opposite quadrant, what is known as 

spatial reversal training. These mice were also impaired at acquiring the spatial 
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reference memory component of the radial maze task, during which, mice have to 

learn to discriminate between arms that always contain food rewards and arms 

that do not (Bannerman et al. 2012).  

Spatial reference memory is the ability to respond with a consistent, fixed 

response to a spatial stimulus, reflecting a constant association between the 

spatial location and an outcome (Bannerman et al. 2014). GluN1 KO mice showed 

deficits in spatial reference memory, while mice lacking either the GluN2A 

subunit or its CTD, exhibited a deficit in spatial working memory; the ability to 

maintain trial-specific information for a limited period of time so that spatial 

responses could be made in a flexible manner from trial to trial, an important 

part of foraging behaviour (Bannerman et al. 2008; Bannerman et al. 2014).  

By using the chimeric receptor approach, Ryan et al. (2013), investigated the 

importance of GluN2A and GluN2B CTDs in a battery of behaviours, including a 

perceptual learning and motor tasks. Genetic disruption of either GluN2A and 

GluN2B resulted in impairments in all the behavioural measures tested including 

anxiety and motor coordination tests. Substitution of the GluN2B CTD with that of 

GluN2A, led to impairment a visual discrimination learning task as well as in 

contextual fear conditioning. Substitution of the GluN2A CTD with that of 

GluN2B, resulted in a less impulsive and more anxious state in the animals. 

Consistent with previous findings using chimeric receptors, these results 

reinforce the distinct and specific functions of GluN2A an GluN2B subunits in 

certain cognitive functions (Ryan et al. 2013b).  

There have been several studies focusing on the importance of GluN2B subunits 

in learning tasks in particular. Investigation of GluN2B subunit levels in aged rats, 

showed that GluN2B protein expression correlates with the MWM performance of 

the animals. This finding was confirmed by specific knock-down of Glu2NB in the 

hippocampus of young rats, which resulted in impaired LTP and spatial learning 
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(Clayton et al. 2002).  The Magnusson lab also showed that MWM correlated 

specifically with synaptic GluN2B content in hippocampus and frontal cortex of 

WT mice (Zhao et al. 2009; Zamzow et al. 2013), while late developmental 

deletion of GluN2B in CA1 pyramidal cells caused a decrease in LTP and LTD and 

led to longer latencies of the mutant mice to find the hidden platform in the 

MWM (Jonathan L Brigman et al. 2010). These findings further supporting the 

notion that GluN2B subunits have a functional role in synaptic plasticity and 

learning.  

In an attempt to enhance cognitive abilities, Tsien et al., overexpressed Glu2NB in 

the forebrain of mice using the CaMKII promoter and assessed synaptic plasticity 

and behaviour. Results showed that overexpression of GluN2B led to enhanced 

performance of mutant mice in MWM and other behavioural tasks such as the 

novel object recognition task (Tsien et al. 1999).  

Another tactic of enhancing GluN2B expression in mice, involves knocking out 

Cdk5. Cdk5 KO mice are characterised by an indirect increase in NMDAR-

mediated currents and GluN2B-containing NMDARs. Cdk5 is involved in the 

degradation of GluN2B, possibly by interacting with calpain in response to 

synaptic activity. Increased expression of GluN2B in Cdk5 KO mice, resulted in 

enhanced spatial learning assessed by the MWM, which reinforced the importance 

of GluN2B-containing NMDARs in spatial learning. In addition, the results showed 

that regulation of GluN2B expression by kinases and proteases can ultimately 

affect synaptic plasticity and learning behaviours (Hawasli et al. 2007).  

Regulation of GluN2B by kinase activity and especially CaMKII, was discussed in 

detail in the previous section (1.2.2). In particular, the study of Halt et al., (2012) 

reported synaptic plasticity impairment following the introduction of 2 mutations 

on the GluN2B C-terminus (L1289A and R1300Q) that disrupted the association of 
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GluN2B and CaMKII. In a follow-up study, the same model was used to show that 

spatial learning deficit was apparent during the MWM task (Stein et al. 2014). 

Taken together, NMDARs have an important role in aspects of spatial memory 

and learning (Bannerman et al. 2012; Taylor et al. 2013; Ryan et al. 2013). The 

composition of NMDARs is a key parameter in the differential regulation of 

certain behaviours. For example GluN2A subunits are involved in spatial reference 

memory (Bannerman et al. 2008; Bannerman et al. 2012) and impulsivity (Ryan et 

al. 2013), while GluN2B subunits are involved in perceptual and spatial learning 

(Clayton et al. 2002; Jonathan L. Brigman et al. 2010; Ryan et al. 2013b; Stein et 

al. 2014). High synaptic content of GluN2B subunits correlated with the 

performance of mice in learning behavioural tasks (Zhao et al. 2009; Zamzow et 

al. 2013), hence receptor trafficking, localisation and modulation by kinases and 

phosphatases are all able to influence synaptic plasticity and learning. It is 

therefore critical to characterise these phenomena during ageing and disease 

pathogenesis, as they could provide an insight to the behavioural impairments 

reported.    

 Memory impairment in neurodegenerative diseases 

Cognitive abilities are significantly impaired in humans affected by 

neurodegenerative diseases such as dementia, involving progressive loss of 

structure and function of neurons  (Huang et al. 2012). The most common cause 

of dementia is AD leading to impairment of cognition, memory and language (De 

Strooper & Karran 2016).  

1.2.4.1 Pathological hallmarks of AD 

The main pathological hallmarks of AD were described back in 1906 as ‘miliary 

bodies’ and ‘dense bundles of fibrils’, and are what we refer to today as amyloid 

plaques and NFTs respectively (Blennow et al. 2012).  Histological studies of AD 
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patients revealed that the main component of extracellular amyloid plaques is the 

Aβ peptide, and in particular peptide Aβ1-42, while hyperphosphorylated 

microtubule associated protein tau (MAPT) protein is the main component of 

intracellular NFTs (Boehm 2013). In the early stages of disease, amyloid plaques 

and NFTs are mainly found in brain regions associated with learning and memory 

as well as emotions such as entorhinal cortex, hippocampus and amygdala 

(Mattson 2004). 

The majority of AD cases (~99%) are sporadic or late onset AD, affecting people 

over the age of 60 (Nelson et al. 2009). The most important risk factor identified 

so far, is the apolipoprotein E (ApoE) locus, which has been described as a major 

susceptibility gene for late onset AD (Coon et al. 2007). 

1.2.4.1.1 Mutations involved in familial AD 

With late onset AD accounting for the majority of cases, the early-onset 

autosomal dominant familial AD (fAD), accounts for less than 1% of the AD case 

load. fAD has been associated with mutations in the genes responsible for Aβ  

production (Muller & Zheng 2012). The first gene to be implicated with fAD was 

the amyloid precursor protein gene (APP) on chromosome 21 (Goate et al. 1991) 

(For APP proteolysis and common mutations see figure 1.4). Following further 

investigation of families with fAD, more APP mutations were detected as well as 

mutations on two other genes, PS1 on chromosome 14, and PS2 on chromosome 

1, which are part of the enzyme complex responsible for APP proteolysis (Levy-

Lahad et al. 1995; Sherrington et al. 1995). Although the two forms of AD display 

differences in terms of age of onset and development of the disease, they do 

show wide clinical and pathological overlap (Frisoni et al. 2007), suggesting that 

they share common mechanisms when it comes to the pathogenic stages of the 

disease. 
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Since the discovery of the APP mutations, the ‘amyloid cascade hypothesis’ was 

put forward, which is based on the detrimental effects Ab exerts on synaptic 

density and transmission due to its excess production as a result of mutations in 

the APP gene (Selkoe 1991; Hardy 1991). Several models of fAD as well as acute 

application of Aβ species have therefore been used to investigate how cognition 

and synaptic transmission are affected during AD pathogenesis. 

Evidence has shown that soluble Aβ rather than amyloid plaques correlate with 

the severity of cognitive function (Lue et al. 1999; McLean et al. 1999). This 

association has been investigated thoroughly over the years. Takahashi et al. 

(2002) have suggested that Aβ
1-42

 accumulation in presynaptic and postsynaptic 

compartments is associated with synapse pathology before any amyloid plaques 

can be detected, proposing intracellular amyloid as one of the possible 

candidates contributing to AD pathogenesis. In line with this, use of artificial Aβ 

oligomers on cultured hippocampal neurons has shown that they can bind 

directly to synapses and have detrimental effects on neuronal function (Lacor et 

al. 2004). Further investigation has also suggested that Aβ application might 

cause synaptic dysfunction by directly promoting endocytosis of NMDA receptors 

in cultured cortical neurons as well as depression of NMDA-evoked currents and 

reduced signaling to the cyclic adenosine monophosphate response element 

binding protein, a transcription factor that is essential for long-term memory as 

well as neuronal survival (Snyder et al. 2005).  

Genetic mouse models of fAD, are characterised by the excessive Ab	production 

leading to extracellular plaque deposition. Mutations in the PS genes have been 

associated with fAD, hence transgenic models have been developed, which 

express either APP and PS mutations or both. 

The most common transgenic lines with APP mutations include: 
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1. The J20 model harbouring the Indiana and Swedish mutation driven by the 

platelet-derived growth factor (PDGF) promoter (Mucke et al. 2000),  

2. The APP23 model harbouring the Swedish mutation driven by the Thy-1 

promoter (Sturchler-Pierrat et al. 1997) and, 

3. The Tg2576 model harbouring the Swedish mutation driven by the 

Hamster Prion promoter (Hsiao et al. 1996). 

Some of the most commonly used models harbouring mutations in both the APP 

and PS genes include:  

1. The 5xFAD model, which harbours 3 mutations on the APP gene 

(Swedish, Indiana and Florida) and 2 mutations on the PS1 gene 

(Oakley et al. 2006), and 

2. The APPPS1 model (Swedish mutation and PS1 mutation) (Radde et al. 

2006). 

A comprehensive list of fAD models can be found at: 

http://www.alzforum.org/research-models/alzheimers-disease. 
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Figure 1.4 APP processing and APP mutations. Ab is encoded by amino acids 

672-713 of APP. Ab is produced through sequential cleavage by b-

secretase and then g-secretase. g-secretase can cleave at alternate sites 

to produce either Ab40 or Ab42. Common APP mutations include the 

Swedish mutation (K670N/M671L) at the b-secretase cleavage site and 

the Indiana mutation (V717F) at the g-secretase site.  
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1.2.4.2 Behavioural deficits in fAD models 

Mice harbouring mutations in genes causing the familial form of AD, have been 

extensively used in an attempt to recapitulate aspects of the cognitive 

impairment seen in humans (Webster et al. 2014). Although no model can fully 

recapitulate the whole spectrum of cognitive impairment, fAD models 

overexpressing human genes associated with the familial forms of AD, have 

significantly advanced our knowledge of the disease (De Strooper & Karran 2016). 

MWM was employed in several fAD mouse models. Results from these 

experiments showed that transgenic APP mice were characterised by early plaque 

deposition and deficits in spatial working memory, as seen in the J20 model 

where cognitive deficits were observed by 4 months of age, while plaque 

deposition was observed at 6 months (Mucke et al. 2000; Palop et al. 2003). In 

the APP23 model, cognitive deficits were seen at 3 months, approximately 3 

months prior to plaque deposition  (Calhoun et al. 1998; Lalonde et al. 2004). 

Deficits in cognition in the Tg2576 model were observed approximately during 

the same time as the plaques, between 9 and 10 months of age  (Takeuchi et al. 

2000; Westerman et al. 2002).  

1.2.4.3 Synaptic transmission impairment driven by acute Ab treatment and 
by APP overexpression in fAD models 

LTP has been extensively used as a platform to investigate the effects fAD-

associated mutations have on synaptic strengthening in a long-term manner in 

animal models, as well as the effects of acute Aβ treatment. 

Changes in synaptic transmission were detected in the J20 mouse model between 

3-6 months of age. Both basal synaptic transmission and LTP were impaired in 

the J20 model compared to control mice (Saganich et al. 2006).  In the Tg2576 

model, LTP decline was observed at 5 months of age in the DG, which was 

preceded by a decrease in spine density in the outer molecular layer of the DG 
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(Jacobsen et al. 2006). Impairment in both the DG and CA1 regions of the 

hippocampus were observed in aged mice of 15 months (Chapman et al. 1999).  

Synaptic impairment was also observed in models such as the 5xFAD, where both 

synaptic degeneration was evident around 4 months while LTP impairment in the 

CA1 hippocampal region was apparent around 6 months (Kimura & Ohno 2009). 

In the APPPS1 model, impairments in LTP in the hippocampal CA1 region were 

reported around the age of 7 months (Gengler et al. 2010), which is around the 

same time at which the behavioural deficits started (Serneels et al. 2009). 

Aβ peptide treatment either on acute brain hippocampal slices or cultures, 

resulted in LTP induction impairment as described by Walsh et al. 2002; Lesné et 

al. 2006; Li et al. 2011. This was in accordance with follow-up studies, suggesting 

a decrease in NMDAR mediated Ca2+ influx following Aβ oligomer application 

(Shankar et al. 2007). This paper also showed that Aβ oligomer application 

induced spine loss via an NMDAR dependent mechanism.  

Furthermore, evidence from organotypic slices overexpressing APP suggests 

reduced NMDA, AMPA and GABA mediated currents (Kamenetz et al. 2003). 

Treatment of cultured neurons from transgenic APP mice with Aβ , resulted in a 

decrease in the surface expression of NMDARs, and in particular of GluN2B-

containing NMDARs and reduced NMDA and AMPA mediated currents in CA1 

neurons (Dewachter et al. 2009). Specific synaptic GluN2B subunit internalisation 

was also observed in cortical lysates from 12-month-old Tg2576 mice and in 

primary cortical cultures treated with Ab, suggesting a susceptibility of NMDARs 

and in particular Glu2NB-containing NMDARs to high Ab level exposure (Kurup et 

al. 2010). 

In experiments using a mouse model harbouring the Swedish mutation and a PS2 

mutation (PS2APP mice), pharmacological treatment using a selective GluN2B 
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inhibitor Ro-256981, resulted in partial impairment of LTP and LTD. The authors 

suggested that this observation was a result of extrasynaptic GluN2B-containing 

NMDARs being recruited during bursts of stimulation. Since this effect was not 

observed in wild-type (WT) mice, this result suggests excessive numbers of 

perisynaptic and extrasynaptic GluN2B-containing NMDARs being present in APP 

transgenic mice (Hanson et al. 2015). 

1.2.4.4 Use of inducible models in AD research 

As described above, fAD models have been invaluable in our understanding of AD 

pathogenesis, especially on the effects of overexpression of APP and Ab 

deposition. One of the caveats of using models with promoters such as PDGF and 

Thy-1 however, is that transgene expression begins early during development. In 

the case of PDGF promoter, transgene expression begins at embryonic day 15 

(E15), while expression of the transgene under the Prion promoter begins at 

E12.5 and it is characterised by neuronal, astrocytic and microglial expression.  

Expression under the Thy-1 promoter begins at P7 (Hall & Roberson 2012).  

These promoters, albeit driving strong expression of the transgene, are 

characterised by early developmentally driven patterns of expression. It is 

therefore likely that developmental defects might be a confounding factor in the 

pathogenic effects driven by APP overexpression. Evidence showed that full-

length APP function is an important factor for proper migration of neuronal 

precursors into the cortical plate during the development of the mammalian brain 

(Young-Pearse et al. 2007). It is thus probable that expression of mutant APP 

during the development of the mammalian brain, has effects on neuronal 

migration. 

Mouse lines that allow for the regulation of APP expression include those of 

Jankowsky et al. (2005) and Liu et al. (2015). Expression of APP in these lines is 
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driven by the interaction between the tetO promoter and the tetracycline 

controlled transactivator (tTA), whose expression is driven by the CaMKIIa 

promoter. Transgene expression can be supressed by doxycycline (dox), which 

disrupts the tTA-tetO interaction as shown in figure 1.5. 
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Figure 1.5: Tetracycline-controlled transcriptional activation within APP/tTA 

mice. (a) Tetracycline transactivator (tTA) is expressed in postnatal 

forebrain neurons under the control of the CaMKIIa promoter. APP 

transgene. (b) Doxycycline (dox) binds to tTA, inducing a 

conformational change that prevents it from binding to the tetO 

promoter and consequently prevents the transcription of the APP 

transgene. 

 

This tet-off inducible system allows for temporal control of transgene expression 

via the use of dox. Hence, any developmental effects of APP expression during 

the embryonic and early postnatal days can be prevented. Expression of APP 

during adulthood could be therefore considered a more physiological correlate of 
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AD, where APP transgene related deficits can be attributed to the adult-onset of 

disease, rather than on developmental effects. We therefore chose to investigate 

synaptic transmission, and in particular the synaptic composition of NMDARs, 

which as discussed have an important role in plasticity and cognitive performance 

in an inducible model of AD. 

1.2.4.4.1 Inducible Line 102 Model 

The inducible line 102 model used in this thesis was generated by Jankowsky and 

Borchelt (Jankowsky et al. 2005). It is a double transgenic mouse model 

harbouring the Swedish and Indiana APP mutations expressed under the control 

of the tetO promoter and tTA under the control of the CaMKIIa promoter as 

shown in figure 1.5.   

This inducible line provides us with the means of modulating APP
Swe/Ind

 expression 

and subsequent Aβ production. Previous work by the Jankowsky lab focused on 

the reversibility of Aβ	 induced effects following suppression of Aβ	 production. 

Following expression of APP
Swe/Ind 

for 6 months, the authors suppressed Aβ	

production and reported a 90% reduction of APP levels within 48 hours of dox 

treatment (Fowler et al. 2014). Dox treated mice also performed significantly 

better in a contextual fear conditioning test and in the radial arm watermaze test, 

suggesting that reduction of Aβ	levels can restore cognitive function (Fowler et al. 

2014).  

In this thesis one of the aims was to assess the early effects of Aβ	production on 

synaptic transmission and in particular on NMDAR composition at the synapse, 

via the use of this inducible model and by switching transgene expression on 

during early adulthood. 
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1.3 The role of NMDA receptors in the	human brain 

 Use of living human tissue 

The role of iGluRs has been extensively investigated in the rodent brain and the 

importance of these receptors in synaptic plasticity and learning has been 

demonstrated in numerous studies. Rodent WT animals and models of disease 

cannot fully recapitulate synaptic plasticity mechanisms occurring in the human 

brain and consequently human cognition. We are therefore in need of better 

models and better experimental systems modelling human brain physiology more 

accurately (Perrin 2014; Vargas-Caballero et al. 2016).  

One platform that has been used since 2006 to model human neuronal 

physiology is that of induced pluripotent stem cells (iPSCs) (Scudellari 2016). 

iPSCs have been used with some success in drug discovery, in the screening of 

small molecules and identification of potential drug targets for various 

neurological conditions (Scudellari 2016). Major breakthroughs have been 

achieved in modelling human heart diseases, but in terms of neurological 

disorders, the immature status of iPSCs both morphologically and 

electrophysiologically is probably the major caveat in modelling and 

understanding pathophysiological and physiological mechanisms (Sayed et al. 

2016). 

Our ultimate goal is to understand how synaptic transmission and plasticity are 

governed in the human brain. Cognitive abilities including memory, reasoning 

and phonemic and semantic fluency decline in healthy individuals aged 45-70 as 

reported by Singh-Manoux et al. (2012). This study followed more than 5000 men 

and 2000 women over a 10-year period assessing different types of cognitive 
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abilities. Results suggest that decline is already evident in middle age (45-49 

years old). 

Studies on healthy human subjects investigating the effects of the NMDAR 

antagonist ketamine, showed impaired performance in the acquisition of a virtual 

Morris water task (Rowland et al. 2005), as well as decrements in free recall and 

recognition memory (Malhotra et al. 1996). These studies further support the 

importance of NMDAR function in human cognition. It is therefore essential to 

use human brain tissue to understand how NMDARs are regulated under 

physiological conditions, with ageing, and in pathological conditions, as they 

might explain how synaptic impairment mechanisms are brought about.  

PM tissue has been extensively used and has given us invaluable insight into the 

pathological markers of neurological diseases and morphology of neurons, as 

well as the connectivity of neuronal networks (Lewis 2002; Dedova et al. 2009). 

However, the physiology of neurons cannot be studied using PM tissue. 

An increasingly used platform is that of resected human tissue during 

neurosurgical procedures, with approximately 110 papers reporting the use of 

living human brain tissue so far (Jones et al. 2016). Conditions necessitating 

removal of pathological brain regions that are resistant to pharmacological 

treatment, involve resection of adjacent tissue that needs to be removed to 

obtain access to the pathological foci. The resected tissue is therefore a unique 

opportunity of getting access to living human tissue that involves very short 

intervals between resection and processing. Living human tissue can provide the 

most relevant information about human clinical conditions and neuronal 

physiology, and can lead to the development of animal models that recapitulate 

the human conditions in a more realistic way (Jones et al. 2016).  
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Living human tissue resected during neurosurgery has been used for the analysis 

of synaptic plasticity mechanisms in cortical neurons (Verhoog et al. 2013). It has 

also been used in the investigation of pathogenesis of neurological conditions, 

such as epilepsy (Rakhade et al. 2005; Rakhade et al. 2012), and for 

understanding the mechanism of action of neuroactive drugs (Komlósi et al. 

2012). We therefore propose that use of living human tissue is an excellent 

platform to study the contribution of GluN2 subunits on NMDAR-mediated 

currents. 

 NMDAR expression in human brain 

1.3.2.1 NMDAR expression in human PM tissue 

Characterisation of NMDAR expression and localisation in human tissue is a field 

that has not been extensively studied. Starting with PM studies, expression of 

NMDAR subunit mRNA was studied in 5 PM adult samples with average PMI of 

22.8 hours (Scherzer et al. 1998). NMDAR subunit expression was investigated in 

the prefrontal, parietal, primary visual and motor cortices. All areas exhibited 

high GluN1 expression while GluN2A and GluN2B were also moderately 

expressed in all regions, with higher levels in the hippocampus (Scherzer et al. 

1998). GluN2B protein expression was also shown in human PM samples, and 3 

human resected samples by Bayés et al. (2014) where preservation of the full-

length GluN2B protein correlated with the number of PSD proteins. This study did 

not investigate the effect of subject age on GluN2B expression levels or synaptic 

localisation, however it alluded to the fact that full-length GluN2B, is a 

characteristic of minimally degraded brain tissue.  

Another study using PM tissue, investigated the levels of NMDAR subunits from 

an early developmental age up to adulthood using Western blotting. The results 

suggest that there is high expression of GluN2B in the parieto-occipital grey 

matter during development compared to adulthood (Jantzie et al. 2015). 



 

 60	

Although in this study the authors used a large number of developmental 

samples (n=51), they only used 8 samples from adults with limited blot examples 

for the adult group.  

Another study that investigated NMDAR expression, involved the use of PM 

hippocampal tissue from AD patients where cognitive abilities are compromised. 

In this study, there was a negative correlation between increasing AD 

neuropathology, and protein levels and mRNA expression of GluN1 and GluN2B 

(Mishizen-Eberz et al. 2004). This study therefore supports the hypothesis that 

alterations occur in the expression of NMDAR subunits with increasing AD 

pathologic severity (Mishizen-Eberz et al. 2004). 

 

1.3.2.2 NMDAR expression in living human tissue 

NMDAR expression in living human tissue has been investigated mostly in the 

context of epilepsy. An early study from Dudek et al., recruited 45 patients 

ranging in age from 3 months to 15 years, and investigated NMDARs using 

intracellular recordings. They were able to isolate NMDAR currents in neocortical 

slices of epileptic tissue and non-epileptic tissue; however, they did not observe 

any differences in currents elicited by NMDARs between the epileptic and non-

epileptic tissue (Dudek et al. 1995). 

A more recent study used fetal human tissue (16-19 gestational weeks) to 

investigate the effects of kynurenic acid (NMDAR antagonist), on proliferation and 

survival. Using an in vitro system of multipotent cortical progenitors, they 

observed that antagonism of NMDARs increased death of cortical progenitors and 

decreased proliferation of radial glial cells, suggesting that NMDARs are essential 

during human cerebral development (Bagasrawala et al. 2016). Albeit informative, 

this study focuses on developmental human tissue, and therefore provides no 
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information on the importance of NMDARs in synaptic plasticity mechanisms 

during adulthood. 

It is not surprising that limited literature is available using living human tissue. 

Access to living human tissue requires a close and collaborative relationship 

between the surgical team and basic scientists. Moreover, the ethical permissions 

are complex, and require careful planning and operation. In terms of practical 

difficulties, the operating theatre and the research laboratory need to be in close 

proximity to avoid degradation of tissue, and there needs to be a team prepared 

to process the tissue in case the tissue is available on short notice. Although 

challenging, resected living tissue is the gold standard in the understanding of 

NMDAR-mediated neuronal signalling. In close collaboration with the surgical 

team at the Wessex Neurological Centre and by implementing the collection and 

processing techniques of the Masnvelder lab (VU university), we demonstrate in 

this thesis the importance of using resected tissue for the analysis of NMDAR 

composition and function in temporal cortical pyramidal neurons.   



 

 62	

1.4 Aims 

NMDARs are essential for synaptic plasticity paradigms and learning and memory 

as shown in the extensive experimental literature based on the use of rodent 

tissue. GluN2A and GluN2B regulatory subunits are the most prominently 

expressed subunits in the adult cortex and despite their differences in channel 

kinetics (section 1.1.2.3), they are both involved in synaptic plasticity and 

learning and memory paradigms (sections 1.2.2 and 1.2.3).   

GluN2 regulatory subunits differ in their temporal and spatial expression patterns 

as shown by experiments using rodent tissue; GluN2B subunits are expressed 

during the first postnatal weeks, while GluN2A subunits only begin to be 

expressed at the end of the first postnatal week. Temporal and spatial changes in 

GluN2 regulatory expression are essential for downstream signalling mechanisms 

and physiological neuronal function. Rodent GluN2B-containing NMDARs at the 

synapses of the pre-frontal cortex, are a vital part of working memory and 

decision-making due to generation of slow recurrent currents (Wang et al. 2008). 

Conversely, the adult rodent visual cortex is rich in GluN2A-containing synapses, 

which are characterised by the generation of faster currents that are essential for 

modulation of experience-dependent synaptic plasticity (Quinlan et al. 1999). 

Genetic tools that allowed for the direct or indirect increase of GluN2B subunit 

expression in the forebrain of rodents, led to enhanced cognitive abilities seen as 

improvement in the performance of the MWM (Tsien et al. 1999; Hawasli et al. 

2007).  Thus, targeting GluN2B and its regulatory machinery has been proposed 

as an attractive approach for cognitive enhancement (Bibb et al. 2010). 

Cognitive abilities in humans decrease with age, both in healthy individuals and 

also in individuals diagnosed with neurodegenerative diseases such as AD. 

Although rodents have provided us with a comprehensive understanding of how 
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NMDARs are regulated in early development and adulthood, as well as in 

modelling neurodegenerative diseases, human tissue needs to be used in order 

to understand whether the age-related changes in NMDARs underpin the age-

related decline in cognitive function. 

In this thesis, we aimed to characterise the composition of NMDARs in human 

ageing tissue as well as in tissue from rodent models harbouring mutations 

causing neurodegenerative diseases. 

1. Our first aim was to investigate whether GluN2B subunits could be 

detected in adult human synapses and if so, whether there is an age-

dependent decline in the GluN2B-containing NMDARs in adult ageing 

human tissue. For this, we used living temporal cortical human tissue 

resected during neurosurgery. 

§ We first established that this platform yielded tissue that was 

free from pathology. As part of our quality control 

experiments, we employed several methods such as 

inflammatory marker expression and characterisation of 

GluN2B subunit length integrity. 

§ In order to isolate NMDAR-mediated currents, we employed 

whole-cell patch clamping, and we investigated the 

contribution of GluN2B subunits to NMDAR-mediated 

currents using pharmacological tools. 

§ To validate our electrophysiology results, and to investigate 

the interaction of GluN2 regulatory subunits with synaptic 

proteins, we used co-immunoprecipitation, enriching for the 

postsynaptic protein PSD-95.  

2. Our second aim was to investigate NMDAR composition changes in 

the inducible human mutant APP expressing model. Using an 
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inducible model where the expression of APP is temporally 

controlled, we wanted to analyse how short-term expression of APP 

during early adulthood affected synaptic NMDAR expression. 

§ As part of the model characterisation, we analysed the levels 

of APP and Ab in the hippocampus of these mice at different 

time points of transgene expression. 

§ Using electrophysiological techniques, we investigated 

whether NMDAR-mediated transmission and composition 

were affected at different time points of APP expression in 

the hippocampus. 

3. Our last aim was to link the two pathological hallmarks of AD, Ab, 

and microtubule associated protein, tau, with NMDAR function and 

composition. Using mice that expressed either the WT human MAPT 

locus or the N296H mutant form of human tau protein (Vargas-

Caballero, et al. 2017), we wanted to investigate how acute Ab 

treatment affected NMDAR-mediated signalling.  
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2 Materials and Methods 

2.1 Animal Husbandry 

 Animals 

All experiments were in compliance with the UK Home Office Animal (Scientific 

Procedures) act of 1986. 

Single transgenic APP and tTA mice from mouse line tetO-APP
Swe/Ind

 (line 102) were 

generously provided by the Jankowsky lab (Jankowsky et al. 2005). APP mice 

contained the chimeric mouse APP gene with a humanized Aβ domain containing 

the Swedish and Indiana mutations (hAPP
Swe/Ind

) driven by the tetO promoter. The 

tTA mice contained the tTA gene under the control of the CaMKIIα promoter. The 

colony was maintained by crossing single transgenic tTA and APP offspring. 

Pairing of the APP and tTA mice led to 4 possible genotypes: WT mice, harbouring 

no mutations, single APP
 
or tTA transgenic mice, and double transgenic APP/tTA 

mice harbouring both mutations in 1:1:1:1 ratio, following a Mendelian pattern of 

inheritance.  

Mice were bred in-house and housed at an ambient room temperature of 21±2°C 

and on a standard 12-hour light-dark cycle.  

 Tet-off system 

The presence of the two transgenes in APP/tTA mice, allows for tetracycline-

controlled transcriptional activation. In these mice, tTA is expressed in the 

forebrain region after postnatal day 5, when CaMKIIα gets expressed (Bayer et al. 

1999). tTA is free to bind to the tet-operator (tetO) promoter, under which the 
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APP transgene is expressed, thus allowing the expression of APP within forebrain 

neurons (Figure 1.5a).  

The addition of the antibiotic doxycycline (dox) to the diet of mice allows 

temporal control of APP expression. When administered, dox binds to tTA and 

subsequently prevents it from binding to the tetO promoter, resulting in 

suppression of APP transgene expression (Figure 1.5b).  

 Doxycycline diet  

We classed mice into two separate groups; mice that were not administered dox 

were classed as developmental-onset AD mice, and mice that were treated with 

dox were classed as adult-onset AD mice. The adult-onset mice were fed dox 

containing chow (625mg/kg, TestDiet Limited) during the gestation period and 

during the first 6 weeks following birth. This allowed us to prevent the early 

expression of the APP
 

transgene that can lead to developmental related 

confounds during the early stages of brain development. At 6 weeks of age, when 

mice reached sexual maturity, the diet was switched to normal chow (RM-1, 

Special Diet Services, UK) allowing transgenic APP expression and hence 

mimicking adult-onset AD. 

2.2 Genotyping  

 DNA extraction 

Clippings form the ear were incubated at 54°C for half an hour in 100 µl lysis 

buffer containing 100mM NaCl (Fisher Scientific, UK), 0.5% SDS (Sigma Aldrich, 

UK), 10mM EDTA (Sigma Aldrich, UK), 10mM TRIS pH8 (Fisher Scientific, UK) and 

0.4mg/ml Proteinase K (Promega, UK) dissolved in RNase-free water. The digested 

tissue was centrifuged at 13,000rpm for 10 minutes and the supernatants 
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containing the DNA was removed into fresh 1.5ml RNase-free eppendorfs. An 

equal volume of 2-propanol (Sigma Aldrich, UK) was added to the supernatant to 

precipitate the DNA and spun at 10,000rpm for 5 minutes. Following this, the 

pellet containing the precipitated DNA was retained and was carefully washed in 

two cycles of 70% ethanol before removing the ethanol and allowing the pellets to 

air-dry for 20 minutes. 25µl of RNase-free water was added to the dry pellet to re-

suspend the DNA and the amount and purity of the extracted DNA was estimated 

using a spectrophotometer (NanoDrop ND-1000). Resuspended DNA was stored 

at 4°C until required. 

 PCR 

Genotyping for APP and tTA transgenes were performed in the same PCR reaction 

with five different primers (Eurofins MWG Operon) using the protocol described 

by the Jankowsky lab (Jankowsky et al., 2005). The APP transgene was amplified 

using the forward primer S36 that targets the 39 end of the APP cDNA and the 

reverse primer PrP-Antisense-J (PrP-As-J) that targets the 39 UTR. The tTA 

transgene was amplified using the forward primer Tn10 that targets the Tn10 

tetracycline repressor and the reverse primer VP16 that targets the HSV1 VP16. 

The mouse endogenous prion protein (PrP) gene was used as a positive control 

and was amplified using the forward primer PrP-Sense-J (PrP-S-J) that is specific to 

the mouse PrP open reading frame and the reverse primer PrP-As-J which also 

targets the 39 UTR of the endogenous PrP gene. The primer sequences are listed 

below: 

  PrP-S-J:  GGG ACT ATG TGG ACT GAT GTC GG 

PrP-As-J:  AGC CTA GAC CAC GAG AAT GC 

  Tn10:   CGC TGT GGG GCA TTT TAC TTT AG  

VP16: CAT GTC CAG ATC GAA ATC GTC 

  S36:   CCG AGA TCT CTG AAG TGA AGA TGG ATG 
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Extracted DNA was amplified using REDTaq ReadyMix PCR Reaction Mix (Sigma 

Aldrich, UK) according to the manufacturer’s instruction (Table 2.1). 

 

Total	volume	 25	μl	

REDTaq	ReadyMix	PCR	Reaction	Mix	 12.5	μl	

Nuclease-free	water	 1.5	μl	

S36	primer	(1μM)	 2	μl	

Tn10	primer	(1μM)	 2	μl	

PrP-AS-J	primer	(1μM)	 2	μl	

PrP-S-J	primer	(1μM)	 2	μl	

VP16	primer	(1μM)	 2	μl	

DNA	sample	 1	μl	

 

Table 2.1. Composition of PCR reaction mix used for genotyping APP/tTA 

mice. 
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PCR reaction was run on GeneAmp PCR system 9700 (Applied Biosystems, UK) 

under the following conditions:  

Initial	denaturation	 94°C	 5	minutes	 1	cycle	

Denaturation	 94°C	 30	seconds	 37	cycles	

Annealing	 64°C	 1	minute	

Extension	 72°C	 1	minute	

Final	extension	 72°C	 10	minutes	 1	cycle	

Hold	 4°C	 ∞	 1	cycle	

 

 Agarose Gel electrophoresis 

Electrophoresis was used to separate the negatively charged DNA fragments by 

size. Agarose gels were made by dissolving agarose (Melford, UK) in 1X TBE (89 

mM Tris (pH 7.6), 89 mM boric acid, 2 mM EDTA, prepared by UoS Technical 

Staff), to produce a 1% gel. Once the agarose-TBE gel was heated, Gel Red Stain 

(1:10000, Cambridge Bioscience) was added to the solution and poured into a 

casting mould (VWR, UK) where it was allowed to set for 20-30 minutes. Following 

this, 1X TBE buffer was added to the electrophoresis chamber and 8μ l of a 1kDa 

DNA ladder (Bioline) and 12μ l of each PCR product sample were loaded into 

subsequent wells. The gel was subjected to an electric field of 80-100V for one 

hour. DNA bands were visualised using the G:BOX (Syngene) imager. 

All samples, transgenic and WT, gave a 750-bp product from the endogenous PrP 

gene. Mice containing the APP transgene gave an additional band at 400bp and 

those containing the tTA transgene gave a band of 480bp. 
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2.3 Methods of Tissue Collection 

 Mouse Brain Tissue collection for biochemistry 

Mice were terminally anaesthetized with an intraperitoneal injection of sodium 

pentobarbital. Once anaesthesia status was confirmed by loss of the pedal reflex, 

mice were pinned ventral side up with the thoracic cavity cut open to expose the 

heart. Following a cut to the right atrium, a 23-gauge butterfly needle 

(Venisystems, Eire) was inserted to the left ventricle allowing for the perfusion of 

mice with heparinised saline (0.9% saline containing 5000U/L heparin) at a rate of 

~15ml/minute until the perfusate ran clear.   

2.3.1.1 Mouse Hippocampal extraction 

The forehead skin was removed and lateral cuts were made through the spinal 

cord. The skull was pulled away using Friedman Rongeurs (World Precision 

Instruments) and the brain was extracted using a small spatula. The cerebellum 

was removed and the brain was cut in half through the midline. Overlying cortex 

was removed to reveal the hippocampus. Incisions were made at each end of the 

hippocampus using dissecting forceps, allowing for it to be rolled away from the 

cortex and dissected out. Hippocampal tissue was placed in 1.5ml eppendorfs 

and was snap frozen on dry ice. Tissue was stored at − 80°C until required.  

 Mouse tissue collection for electrophysiology 

Mice were terminally anaesthetised using isoflurane and culled by decapitation in 

accordance with Home Office regulations. The brain was dissected in iced 

artificial cerebrospinal fluid (ACSF), pH 7.2-7.4, with an osmolarity of ~300 mOsm 

and containing NaCl, 126 mM; KCl, 3 mM; NaH
2
PO4, 1.25mM; MgSO

4
, 2 mM; 

CaCl
2
.2H

2
O, 2 mM; NaHCO

3
, 25 mM and glucose, 10mM. The brain tissue was 
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then transferred to a 50 ml falcon tubes containing ice-cold ACSF and was 

transferred for slicing.  

 Human Tissue Collection for electrophysiology, biochemistry and 

immunohistochemistry 

All procedures on human tissue were performed following the approval of the 

Faculty of Medicine Ethics Committee of the University of Southampton and the 

Southampton Research Biorepository, in accordance with the Human Tissue Act, 

2004. Human brain slices were prepared as described in (Verhoog et al. 2013). 

Briefly, tissue was obtained from temporal cortex of patients undergoing surgery 

for the removal of deeper structures following written informed consent. We 

obtained neocortical tissue from 20 patients (11 females, 9 males; age range 19-

71 years) treated for medial temporal epilepsy, dysembryoplastic neuroepithelial 

tumor, malformation (cavernous or arteriovenous), or glioma.  In all patients, the 

resected neocortical tissue was located outside the epileptic focus or tumor. 

Following resection of tissue at the operating theatre, the cortical tissue was 

placed in ice-cold artificial cerebrospinal fluid (ACSF) slicing solution within 1 

minute, which contained the following (in mM): 110 choline chloride, 26 NaHCO
3
, 

10 D-glucose, 11.6 sodium ascorbate, 7 MgCl
2
, 3.1 sodium pyruvate, 2.5 KCl, 

1.25 NaH
2
PO

4
, and 0.5 CaCl

2
.2H

2
O. The tissue was then transported to the 

laboratory, which is located 200m metres away from the operating theatre.  

2.4 Electrophysiology 

 Acute Slice Preparation 

Transition time between resection of tissue and slice preparation was 5-10 

minutes for both mouse and human tissue. Processing of tissue before slicing 

was done in iced ACSF bubbled with carbogen gas (95% O
2
, 5% CO

2
, BOC). 
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Following cerebellum removal for the mice, and pia removal for the human tissue, 

the brain block was glued onto the cutting stage using cyanoacrylate glue. Agar 

blocks (1%) were glued next to the tissue block to provide support during slicing.  

Brain slices (400µm thick coronal mouse slices, 350µm thick human slices) were 

prepared in ice-cold slicing solution using a vibrating microtome (Model 7550 

PSDS, Campden Instruments). Following this, slices were transferred to holding 

chambers in which they were kept at ~35°C for 30 minutes and subsequently at 

room temperature for at least 1 hr before recording in recording ACSF containing 

the following (in mM): 126 NaCl, 2 CaCl
2
.2H

2
O, 10 Glucose, 2 MgSO

4
.7H

2
O, 3 KCl, 

1.25 NaH
2
PO

4
.2H

2
O, 26 NaHCO

3
, pH 7.2-7.4, bubbled with carbogen gas (95% O

2
, 

5% CO
2
, BOC) and with an osmolality of ~300 mOsm.  

 Electrophysiological Recordings in Brain Slices 

Slices were transferred to a submerged-style recording chamber, superfused with 

ACSF at rate of ~1.5ml/minute using a peristaltic pump (MINIPULS® 3, Gilson). 

Slices were secured using a platinum horseshoe, which consisted of single strips 

of very fine nylon threads running across its two arms. The region of interest was 

located using an Axioskop 2 FS MOT (Zeiss, UK) water immersion microscope, 

using low magnification (20x) and, later on, individual healthy pyramidal cells 

were identified using higher magnification (40x). 

Micropipettes were pulled from fire polished borosilicate glass tubing of 1.5mm 

outer diameter and 0.84 mm inner diameter (1B120F-4, World Precision 

Instruments) using P-97 Flaming/Brown Micropipette Puller (Intracel). Recordings 

were made at room temperature (21-25°C) using CsCl-based intracellular solution 

containing (in mM): 10 CsCl, 5 NaCl, 10 BAPTA (contributes to rapid elimination 

of intracellular Ca2+ buildup), 10 HEPES, 10 QX-314, 0.3 GTP-NaCl (conserves G-

protein mediated responses), 4 ATP-Mg (supplies energy for intracellular 
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reactions) and 70 Gluconic Acid used to adjust pH to 7.2-7.4 with CsOH. The 

estimated final Cs concentration for the intracellular solution was 120 mM and 

the osmolarity was between 275-295 mOsmol-1. Intracellular application of QX-

314 blocks Na+ channels as well as partially Ca2+ and K+ channels contributing to 

the block of action potentials during recordings (Walz et al. 2007). In addition, 

CsCl-based solution is used to block voltage-gated K+ channels and stabilise 

recordings at depolarised membrane potentials (Walz et al. 2007). 

Recording pipette movements were controlled via the use of a micromanipulator 

(SM7, Luigs & Neumann). Positive pressure was applied throughout this 

procedure to ensure the tip of the electrode remained unclogged from 

microscopic debris. Pyramidal neurons in mouse and human slices were identified 

using differential interference contrast (DIC) microscopy by the prominent apical 

dendrite and pyramid-shaped cell bodies.  

Once the electrode was brought adjacent to a healthy cell body, positive pressure 

was released and negative pressure was applied via gentle continuous suction in 

order to obtain a GΩ  seal. While the seal was formed, the cell was voltage 

clamped at − 70mV (Multiclamp 700B, Molecular Devices). Gentle, sharp sucks 

ensured that the cell membrane was ruptured and the pipette had electrical 

access to the intracellular space. Once the membrane was ruptured, a 5mV 

square pulse was injected to the cell to confirm the healthy state of the cell. 

 Acquisition of evoked excitatory postsynaptic currents (evoked EPSCs) 

EPSCs were recorded 10 minutes after initiating whole-cell patch, to allow the 

dialysis of the Cs-based internal solution. EPSCs in mouse hippocampal slices 

were evoked by the delivery of electrical stimuli via a microelectrode (Stainless 

Steel Electrodes, Diameter 0.010 in., Length 3 in., A-M systems) placed within the 

stratum radiatum and within 100-150µm away from the CA1 pyramidal neuron 
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soma using a micromanipulator (NMN-25 micromanipulator, Narishige). In human 

and mouse cortical slices, the stimulating electrode was placed 100-150µm away 

from the soma and along the apical dendrite. Stimulation pulses were delivered 

with a stimulus isolator box (ISO-Flex, A.M.P.I) and the intensity of the stimulus 

was adjusted so that the amplitude of the AMPA current would reach a small 

(~200pA) peak amplitude to minimise space clamp error.  Synaptic stimulation 

was evoked at 0.07Hz using with a 100µs stimulus length. Recordings were made 

using an Axon Multiclamp 700B amplifier and MultiClamp Commander Software 

(Molecular Devices, Sunnyvale, U.S.A), at an acquisition frequency of 20kHz and 

low pass filter of 2KHz. Recordings were converted from an analog to a digital 

signal via a National Instruments card and acquired within Matlab R2014b using 

the custom software MatDAQ (HPC Robinson). Series resistance was not corrected 

for but was monitored throughout. The liquid junction potential was measured as 

described by (Neher 1992).  The resulting offset reading of approximately 10mV 

was corrected for post-hoc.  

To measure the contributions of AMPAR- and NMDAR-mediated EPSCs, the 

holding membrane potential was clamped at − 70mV and +50mV respectively. A 

brief 100µs stimulus was given at every sweep as shown in figure 2.1. 
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Figure 2.1: Voltage clamp and stimulation paradigm. The duration of the 

evoked EPSC protocol lasted 7.65s for each sweep, with an inter-sweep 

interval of 14s. (a) A 5mV square pulse lasting 100ms was injected to 

the cell at 0.1s. At 0.4s the cell either remained clamped at −70mV 

(blue line), or was clamped at +50mV (green line) in order to measure 

AMPAR- or NMDAR-mediated current contribution respectively. (b) 

EPSCs were evoked at 4s by applying a TTL of 5V for 100µs. Cells were 

clamped at −70mV in between stimuli (cells that were clamped at 

+50mV during the stimulation were clamped back to holding potential 

of −70mV at 7.4s). 
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Evoked EPSCs were analysed using custom-written MatLab scripts (M. Vargas-

Caballero). A minimum of 5 continuously recorded sweeps for AMPAR- and 

NMDAR-mediated currents were measured. AMPAR-mediated currents were 

measured at the peak and NMDAR-mediated currents were measured as the 

average amplitude at 55-57ms following stimulation at which time the AMPAR-

mediated current had decayed to ~5% of its peak amplitude. The NMDA/AMPA 

ratio was then calculated by dividing the amplitude of NMDAR-mediated current 

measured, by the peak AMPAR-mediated current. 

Averaged evoked NMDAR-mediated currents were fitted with a least-squares 

exponential fitting routine and was referred to as weighted NMDA time constant 

(t
weighted

). Data vectors from peak to baseline were fitted with double exponential 

equations of the form:  

I
t
 = I

fast
*exp(− t/tau

fast
) + I

slow
*exp(− t/tau

slow
)  

where I
fast

 and I
slow

 were the amplitudes of the fast and slow decay components, 

and tau
fast

 and tau
slow

 are the decay time constants. Following  (Stocca & Vicini 

1998) we used a weighted mean decay time constant to compare a single 

experimental value across conditions:  

t
weighted 

= [I
fast

/(I
fast

 + I
slow

)]*tau
fast

 +  [I
slow

/(I
fast

 + I
slow

)] * tau
slow

.  

NMDA-mediated total charge transfer (C) was also normalised against the NMDA-

mediated maximum amplitude (A) (Q
NMDA

/A
NMDA

). Q
NMDA

/A
NMDA

 represents the total 

charge transfer of NMDAR-mediated current starting at 50ms following the 

stimulation until the current has decayed, and it is divided over the maximum 

amplitude of NMDAR-mediated current. 

Data analysed in MatLab were then exported into GraphPad Prism for the 

production of graphs and statistical analysis. 
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The last measure employed was the normalisation of NMDA-mediated charge 

transfer (C) to the maximum AMPA-mediated current amplitude (A). This measure 

will be referred to as NMDA charge transfer/Peak AMPA amplitude (Q
NMDA

/A
AMPA

). 

 Paired Pulse ratio recordings 

Paired pulse ratio (PPR) recordings were acquired at a holding potential of -70mV 

and in the presence of gabazine (3μ M, Tocris). The paired pulse ratio for each 

cell was measured as the ratio between the peak current responses of two 

consecutive 50μ s pulses delivered at inter-pulse intervals ranging from 40 to 

640ms (40, 80, 160, 320, 640 ms). Three sweeps were recorded for each inter-

pulse interval and the average of the three sweeps was then taken to calculate the 

PPR. The PPR for each inter-pulse interval was taken as the ratio of the peak EPSC 

of the second response (EPSC2) and that of the first (EPSC1) 

(EPSC2
amplitude

/EPSC1
amplitude

).  

Stimulation was achieved in the same way as for the NMDA/AMPA ratio 

recordings; for mouse recordings, the stimulating electrode was placed within the 

stratum radiatum and within 100-150μ m away from the CA1 pyramidal neuron 

soma, and for human recordings the stimulating electrode was placed 100-

150μ m away from the soma and along the apical dendrite.  

 Pharmacology 

Evoked EPSCs and PPRs were recorded in the presence of gabazine (3μ M) (Tocris) 

to block GABA
A
-mediated currents. The selective blocker of GluN2B-containing 

NMDARs, Ro 25-6981 maleate (Tocris), was used at a concentration of 500nM. 

The NMDA antagonist D-AP5 (Tocris) was used at concentration of 10μ M to 

confirm the nature of NMDA-mediated currents at +50mV.  
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2.5 Western Blotting 

 Tissue lysis 

Frozen brain tissue samples were weighed and transferred to clean 1.5ml 

eppendorfs. Tissue was sonicated in 1:5 (w/v) 2% SDS, supplemented with Halt 

protease and phosphatase inhibitor cocktail (ThermoFisher Scientific) for 10 

minutes.  Following sonication, samples were diluted 1:1 with 2x SDS-free RIPA 

buffer (2X PBS, 1% deoxycholate, 1% NP40 and 5mM EDTA) supplemented with 

Halt protease and phosphatase cocktail (Fowler et al. 2014), resulting in a 10% 

w/v dilution. Tissue samples were lysed on ice using a cordless pellet pestle 

(Sigma Aldrich). Following lysis, samples were boiled at 95°C for 5 minutes and 

centrifuged at 14,000 rpm at room temperature. Supernatants were collected and 

transferred to clean 1.5ml eppendorfs.  

 Protein Assay 

Lysate protein concentration was quantified using the PierceTM BCA Protein Assay 

Kit (ThermoFisher Scientific). For the standard curve, Albumin Standard Ampules 

were used containing bovine serum albumin (BSA) at 2mg/mL in 0.9% saline and 

0.05% sodium azide at 2000, 1500, 1000, 750, 500, 250, 125 and 25μ g/ml, 

diluted in 2% SDS and 2x SDS free RIPA buffer as described above. Samples were 

diluted 1:5 in the appropriate lysis buffer, and 10μ l of each sample as well as BSA 

standard were loaded into a 96 well plate in duplicates, followed by the 200μ l 

BCA working reagent (50:1, Reagent A:B). Samples were incubated for 30 minutes 

at 37°C and the absorbance at 562nm was measured using FLUOstar OTIMA (BMG 

LABTECH). Absorbance was assessed using OPTIMA data analysis software and 

raw data were exported in Microsoft Excel and GraphPad Prism where the 

absorbance was plotted against the concentration of BSA and a linear 

interpolation was used to calculate protein concentration in lysates.  
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 Sample preparation 

Once the concentration was determined, lysates were diluted to 2.5 µg/µl, using 

lysis buffer. Following this, 4× sample buffer (See Appendix) was added to the 

lysates, reaching a concentration of 1.875 µg/µl. Samples made up with 4× 

sample buffer, were stored at − 20°C until used. Excess lysates were stored at 

− 80°C until used. 

 SDS-polyacrylamide gel electrophoresis (PAGE) 

SDS-PAGE gels were made from resolving (See Appendix) and stacking solutions 

(See Appendix).  Front (short plate) and back (spacer plate) plates (1.5 mm) (Bio-

Rad) were both wiped with 70% ethanol and then assembled into a casting frame 

(Bio-Rad). ~7 ml of resolving gel solution was poured between the two glass 

plates. The resolving gel was then overlaid with water. Once the resolving gel had 

set (~20 minutes), the water was removed. ~3 ml of the stacking solution was 

then poured on top of the resolving gel. A 10 well 1.5 mm comb was inserted 

into the stacking gel. Once the stacking gel had set (~20 minutes) the gel 

cassette sandwich (i.e. the gel in between the two plates) could be removed from 

the casting frame and placed into a gel tank (Bio-Rad) containing 1× Laemmli 

buffer (25 mM tris, 192 mM glycine and 1% SDS, prepared by UoS Technical Staff). 

Samples were routinely boiled at 95 °C for 5 minutes, before being vortexed and 

centrifuged at 14,000 rpm for 5 minutes at room temperature. Equal volumes of 

protein were loaded into individual wells and resolved next to a 6 µl of SeeBlue® 

Plus2 Pre-Stained Protein Standard or 6 µl of Novex™ Sharp Pre-Stained Protein 

Standard. The gels were run until the bromophenol blue dye front had run off the 

gel and the protein ladder was sufficiently separated.   
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%	Separation	
Gel	

Stacker	
solution	

30%	
Acrylamide	

3M	TRIS	(pH	
8.8)	

10%	APS	 10%	SDS	 dH2O
*	 TEMED	

15	 -	 5ml	 1.25ml	 50μl	 100μl	
	
	
Up	to	
10ml	

10μl	

12.5	 -	 4.2ml	 1.25ml	 50μl	 100μl	 10μl	

10	 -	 3.3ml	 1.25ml	 50μl	 100μl	 10μl	

7.5	 -	 2.5ml	 1.25ml	 50μl	 100μl	 10μl	

Stacking	Gel	 5ml	 -	 -	 50μl	 -	 -	 10μl	

 

Table 2.2.  Reagents and volumes required to make different % SDS-PAGE 

gels. APS, ammonium persulphate; ddH2O, double distilled water 

and TEMED, N, N, N’ N’-tetramethylethylenediamine. 

 

 Electroblotting of protein to nitrocellulose membrane 

Sponges (Bio-rad), Thin blot paper (Bio-rad) and nitrocellulose membrane 

(ThermoFisher Scientific) were used to assemble the transfer sandwich. The SDS-

PAGE gel was sandwiched between the filter paper and nitrocellulose membrane 

(Figure 2.3). Once secure, this sandwich was placed into a tank containing 

transfer buffer (1:2:7, (10x) Laemmli buffer: Methanol: dH
2
O). Protein samples 

were transferred from the acrylamide gel to the nitrocellulose membrane at 30V 

(overnight) at 4 °C. For proteins of 100kDa or more, voltage was increased to 50V 

during the last hour of transfer. The transfer buffer was circulated during the 

overnight transfer using a stir bar and placing the blotting tank on magnetic 

stirrer. 
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Figure 2.2 SDS-PAGE gel-nitrocellulose transfer sandwich.  This consisted of a 

sponge (not shown), 2× Thin Blot paper, a nitrocellulose membrane, 

SDS-PAGE gel, 2× Thin Blot paper and another sponge (not shown). The 

sandwich was then placed between plastic cassettes and inserted into 

the transfer tank. The sandwich was placed in the tank in an 

orientation which meant that the nitrocellulose membrane was closest 

to the anode (+), in the direction of protein migration. The transfer was 

done overnight at 4° C, with stirring. 

 

 Antibody labelling of transferred proteins 

The nitrocellulose membrane which contained the transferred proteins was 

removed from its sandwich and incubated in blocking solution (Appendix) for 1 

hr, with gentle rocking. Membrane were then washed three times (5 

minutes/wash) in wash buffer (1xTBS Tween 0.1%). The membrane was then 

incubated with the appropriate primary antibody (Table 2.3) in primary antibody 

solution with gentle rocking, overnight at 4°C (See Appendix). Subsequently, the 

membrane was washed three times (5 minutes/wash) in wash buffer and then 

incubated with the appropriate fluorescent secondary antibody (Table 2.4) in 

secondary antibody solution (See Appendix). The membrane was then washed 

three times (5 minutes/wash) and scanned with an Odyssey® CLx Infrared Imaging 
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System (LICOR) at the appropriate wavelength (700 nm and/or 800 nm) using 

Image Studio software. 

 

Primary	
Antibody	

Supplier	-	
Catalogue	
Number	

Species	 Epitope	 Dilution	 Predicted	
MW	(kDa)	

Transfer	
Conditions	

Incubation	
Conditions	

6E10	 BioLegend/	
Covance	-	
SIG-39320	

Mouse	 Epitope	lies	
within	aa	3-
8	of	Ab	

1:1000	 100	(APP)	 21	hr	at	4°C	 Overnight	at	
4°C	

CREB	
(86B10)	

CST	-	9104	 Mouse	 N/A	 1:1000	 43	 18	hr	at	4°C	 Overnight	at	
4°C	

GAPDH	
(D16H11)	

CST	-	5174	 Rabbit	 N/A	 1:1000	 37	 18	hr	at	4°C	 Overnight	at	
4°C	

GluN2A	
[EPR7063]	

Abcam	-	
ab133265	

Rabbit	 Epitope	lies	
within	aa	
850-1200	
of	GluN2A	

1:1000	 165	 21	hr	at	4°C	 Overnight	at	
4°C	

GluN2B	
(610416)	

BD	-	4212	 Mouse	 Epitope	lies	
within	aa	
892-1051	
of	GluN2B	

1:1000	 180	 21	hr	at	4°C	 Overnight	at	
4°C	

GluN2B	
(D15B3)	

CST	-	5174	 Rabbit	 N/A	 1:1000	 180	 21	hr	at	4°C	 Overnight	at	
4°C	

Phospho-
CREB	
(Ser133)	

Merck	
Millipore	-	
06-519	

Rabbit	 N/A	 1:1000	 43	 18	hr	at	4°C	 Overnight	at	
4°C	

Phospho-
GluN2B	
(pY1472)	

R&D	
Systems	-	
PPS014	

Rabbit	 Epitope	
surrounds	
aa	1472	

1:1000	 180	 21	hr	at	4°C	 Overnight	at	
4°C	

PSD95	
(D27E11)	XP	

CST	-	3450	 Rabbit	 N/A	 1:1000	 95	 21	hr	at	4°C	 Overnight	at	
4°C	

β3-Tubulin	
(D71G9)	XP	

CST	-	5568	 Rabbit	 N/A	 1:1000	 55	 18	hr	at	4°C	 Overnight	at	
4°C	

 

Table 2.3. Primary antibodies used for Western Blotting 
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Secondary	
Antibody	

Supplier	–	
Catalogue	Number	

Species	 Dilution	 Incubation	Conditions	

Goat	anti-Mouse	
680	

LICOR	-	926-68020	 Goat	
	

1:10000	 1	hr	at	room	temperature	

Goat	anti-Mouse	
800	

LICOR	-	926-32210	 Goat	
	

1:10000	 1	hr	at	room	temperature	

Goat	anti-Rabbit	
680	

LICOR	-	926-68021	 Goat	
	

1:10000	 1	hr	at	room	temperature	

Goat	anti-Rabbit	
800		

LICOR	-	926-3211	 Goat	
	

1:10000	 1	hr	at	room	temperature	

 

Table 2.4. Secondary antibodies used for Western Blotting 
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 Quantification of protein levels 

Quantification of total protein and the intensity of immunolabelling was done 

using fluorescent Image Studio software. A rectangular box was drawn around 

each visualised area of interest or immunolabelled protein and a signal intensity 

was calculated. Signal intensity for each sample was then normalised to the signal 

intensity of housekeeping protein.  

2.6 Immunoprecipitation 

 Human tissue lysis and preparation 

Tissue lysis was performed using live resected human tissue that was snap-frozen 

upon arrival to the laboratories from the operating theatre. Tissue was 

homogenized on ice using a Pellet Pestle, by a 10% w/v dilution, in SDS-free RIPA 

buffer (2x PBS, 1% sodium deoxycholate, 1% NP40, 5mM EDTA), plus protease and 

phosphatase inhibitor cocktail (ThermoFisher Scientific).  Once tissue was 

homogenised, approximately 20µl of homogenate were set aside to determine 

the efficiency of homogenisation in the different samples obtained.  

Homogenates were centrifuged at 4°C at 14000 rpm, for 10 minutes and 

supernatant was collected. Protein concentration was determined using the 

PierceTM BCA Protein Assay Kit (ThermoFisher Scientific). 20-30µl of lysates were 

set aside for the input lanes and a final volume of 10µl (18.75µg of protein) was 

loaded as input for each case and every round of experiments. 

For immunoprecipitation, a total of 1mg of protein was made up to 1ml of RIPA 

buffer. A pre-clear step was performed by adding protein A-agarose beads (Merck 

Millipore) to the lysates while rotating for 30minutes at 4°C. Following 

centrifugation at 10000 rpm for 2 minutes, the supernatants were collected and 

samples were incubated with the appropriate antibody (PSD95, CST, #2507, 1:50 
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dilution) overnight at 4°C while rotating. Samples were precipitated by incubating 

with protein A-agarose beads for 1 hr at 4°C. Precipitated proteins underwent 4 

wash cycles with SDS-free RIPA buffer (2 minutes each). Precipitated proteins were 

then released from the beads by boiling at 95°C for 5 minutes in 4X sample 

buffer. 

Equal grams of protein were resolved by SDS-PAGE and were subjected to 

fluorescent based Western blotting. 

2.7 Immunohistochemistry 

 Tissue preparation of fresh-fixed samples 

Freshly resected human tissue was fixed in 4% paraformaldehyde (prepared by 

the UoS technical Staff) for 24-48hr upon arrival to the laboratories from the 

operating theatre before being transferred to 0.1M Phosphate Buffer (Appendix). 

35µm sections were cut from the paraformaldehyde-fixed human tissue by 

embedding it in agar (Appendix). Sections were cryoprotected (Cryoprotectant 

prepared by the UoS technical Staff, see Appendix) and stored at − 20°C until 

used. 

 DAB staining using free floating sections 

Sections were removed from cryoprotectant solution and placed in 12-well plates, 

where they were washed three times (5 minutes/wash) in 1X PBST 0.1%. All 

washes were performed in 1X PBST 0.1% unless stated otherwise. Sections were 

incubated in 0.3% H
2
O

2
, 10% methanol in 1X PBST 0.1% for 30minutes, followed 

by incubation in a blocking solution made up of 5% goat serum (Sigma Aldrich), 

5% BSA (Fisher Scientific) in 1X PBST 0.2% for 1hr. Sections were then incubated 

overnight at 4°C in the blocking solution containing one of the following primary 
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antibodies: anti-GFAP (1:2000; Merck Millipore, MAB360) and anti-Iba1 (1:500; 

Wako, 019-19741). Following primary antibody incubation, sections were washed 

and incubated with the appropriate biotinylated secondary antibody (1:200, 

Biotinylated Goat Anti-Mouse Antibody (BA-9200), 1:200, Biotinylated Goat Anti-

Rabbit Antibody (BA-1000), Vector Labs). Sections were then incubated in the 

avidin-biotinylated horseradish peroxidase complex (ABC) for 30 minutes (made 

by adding 8ul of reagent A and 8ul of reagent B per 1ml of PBS). Following the 

ABC incubation sections were mounted onto gelatinised slides and were left to 

dry before developed using 3,3’-diaminobenzidine (DAB) precipitation. Sections 

were washed three times (5 minutes/wash) in 0.1M PB, dehydrated using 

increasing ethanol percentages (70%, 80%, 95% and 2x100%, for 5 minutes each). 

Sections were incubated in xylene (2x10minutes each) and coverslipped with 

Entellan® New, mounting medium. 

Images from stained sections were taken using a Leica Microscope (Leica 

DM5000B) with Q software for image capture. Representative images from 

different regions of the cortex or hippocampus were captured using the same 

microscope settings at each magnification. 

The quantification of GFAP positive, or Iba1 positive cells was performed in 

Layers II-III of the temporal cortex in the putative non-pathological tissue, and in 

the hippocampus or glioma of the pathological tissue. Quantification was 

performed using ImageJ software.  

2.8 Mesoscale Discovery Amyloid beta measurement 

Lysates prepared as previously described in section 2.5.1, were used to measure 

the levels of Ab via the mesoscale discovery platform. 
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Multispot ELISA (Mesoscale Discovery, Rockville, MD, V-PLEX Aβ  Peptide Panel 

(6E10) Kit) was used to determine the concentration of Aβ  peptide in mouse and 

human brain lysates. All of the lysates were diluted 1:20 using Diluent 35 

supplied by the manufacturer, in order to comply with the manufacturer’s 

instructions regarding SDS concentrations (£0.1% SDS). All incubations were 

performed with gentle rocking.  

As per kit instructions, for the Ab measurement, the 96 well Mesoscale plates 

were blocked with supplied Diluent 35 for 1 hour, washed 3 times with 1X PBS 

T0.05%, followed by the addition of samples and calibrators for 2 hours. Plates 

were washed a further 3 times followed by the addition of the read buffer (150µl) 

in each well. Ab levels were measured using a Sector PR400 reader. Aβ
 

concentrations were calculated using the standard curves as a reference point in 

pg/ml. 

In order to convert the Aβ  concentrations from pg/ml to pmol/g the following 

calculations were used: 
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Aβ  conversion from pg/ml to pmol/g. 

1pmol of Aβ
1-42

 = 4514pg 

1pmol of Aβ
1-40

 = 4330pg 

1pmol of Aβ
1-38

 = 4132pg 

"	 $%&' 	÷ 	
4514$%
$&,' 		= 	"	 $%&' 		×	

1$&,'
4514$% 	= 	" $&,'

4514&' 

The total protein concentration was used to normalise the Aβ	levels in our lysates.  

2.5&%
&' = 0.4&'

&% 	

" $&,'
4514&' 	×	

0.4&'
&% = 	0.4(")$&,'4514&% = 0.0886(")	$&,'/% 

In the same manner, and by using the molecular weights of Aβ
1-40 

and Aβ
1-38

 the 

conversion equations of these two species are: 

0.0924(")	$&,'/%	 for Aβ
1-40 

 

0.0968(")	$&,'/%	 for Aβ
1-38 

Comparison of Aβ	 concentrations between genotypes and different time points 

was performed by 2-way ANOVA followed by post-hoc t-tests using the Sidak 

correction. 
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2.9 Statistical analysis 

Electrophysiological, biochemical, immunohistochemistry results and data 

collected using the Mesoscale assay were imported into GraphPad Prism. 

GraphPad Prism software was used for the production of graphs and for statistical 

analysis. The analyses used in this thesis include: 1-way and 2-way ANOVA tests, 

with either post-hoc Sidak or Dunnett’s multiple comparisons correction tests, 

unpaired and paired Student’s t-tests (one-tailed and two-tailed) and Spearman’s 

correlation test.   The statistical test information used for the analysis of data sets 

is included in figure legends in Results Chapters 3-6.  A value of P £ 0.05 was 

considered as statistically significant.  
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3 Assessing neuroinflammation and synaptic 

protein integrity in living human resected 

tissue  

3.1 Introduction 

Use of human brain tissue in preclinical research usually entails the use of post-

mortem (PM) tissue obtained from brain banks. It is critical to bear in mind that 

PM tissue quality depends on post-mortem intervals (PMIs); the interval between 

time of death and tissue collection (freezing/fixing) (Blair et al. 2016). Long PMIs 

do not allow for accurate assessment of enzymatic activity due to enzyme 

inactivation, and lead to disruption of nucleic acid and protein integrity (Blair et 

al. 2016). Although PM tissue has given us invaluable insight into the 

pathological hallmarks of diseases, it is not informative for the analysis of 

baseline biochemical measurements.  

The alternative to the use of PM tissue and iPSCs for baseline biochemical and 

physiological parameters, is the use of freshly resected human tissue during 

neurosurgical procedures. This platform is increasingly used, and addresses the 

need to understand neuronal signaling and to model disease-related mechanisms 

(Darmanis et al. 2015; Zhang et al. 2016; Spaethling et al. 2017; Andersson et al. 

2016). Living resected tissue can be kept in physiological media for hours to days 

(Andersson et al. 2016), facilitating research on tissue that is not characterized 

by PM effects. This tissue can also be immediately frozen or fixed, minimising 

protein degradation seen in PM tissue.  
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Particular focus on the integrity of NMDAR subunit integrity analysis has shown 

that that PM tissue is characterized by protein degradation (Bayés et al. 2014). 

Western blot analysis of the GluN2B subunit from PM human brain tissue 

exhibited high levels of protein cleaved products of ~150kDa and ~115kDa 

(calpain cleavage product). Bayes et al., (2014) proposed that the ratio of full-

length GluN2B protein versus the cleaved products can be a measure of 

proteomic integrity, what they referred to as ‘Human Synapse Proteome Integrity 

Ratio’ (HUSPIR). Higher ratios of full-length GluN2B versus cleaved products, 

correlated with higher numbers of intact proteins in the PSD, which were isolated 

using serial fractionation. Following this observation, the authors concluded that 

samples exhibiting high ratios (>1), were characterised by better PSD proteome 

integrity (Bayés et al. 2014). 

3.2 Aims 

In this chapter, our aim was to characterize living resected human tissue we 

obtained during neurosurgical procedures and to determine whether the 

pathological conditions that led to neurosurgery had affected the adjacent 

resected tissue. Using cortical tissue from WT mice, we sought to show that long 

PMIs (~48hrs) are a critical factor in the detection of posttranslational 

modifications, supporting the use of living human tissue for the analysis of 

baseline biochemical measurements. 

Furthermore, through the use of inflammatory markers, we assessed the 

inflammatory state of resected tissue. We also investigated the integrity of the 

protein of our interest, GluN2B, and looked at the phosphorylation state of one of 

the proteins upregulated during excitotoxic states, CREB. 
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3.3 Use of mouse cortical tissue for the investigation of 

tissue integrity using GluN2B as a readout 

Collection of human tissue from theatre and transfer to the lab incurs an 

inevitable delay. We therefore wanted to investigate how well proteins, and in 

particular GluN2B, would be preserved during this delay of approximately 10-15 

minutes, and how well phosphorylation changes could be detected. 

Phosphorylation of the GluN2B subunit as discussed in the Introduction, is critical 

for the trafficking of the receptor and regulation of channel activity.  

To analyse the aforementioned parameters, we also collected tissue from WT 

C57Bl/6 mice following terminal anaesthesia. Collection of mouse brain tissue 

was performed at 3 different time points;  

(1) immediate freezing of freshly resected tissue (Fresh),  

(2) freezing of tissue blocks that were incubated in ACSF for 10-15 minutes 

following resection (ACSF), which is the average amount of time for which 

human tissue from neurosurgeries is kept in ACSF before being processed, 

and  

(3) freezing of tissue stored at 4-8°C for ~48 hours following resection 

(PM).  

GAPDH was used as a loading control for the Western blotting experiments as it 

has been shown that the gapdh gene is less susceptible to degradation at PMIs of 

up to 72 hours in rat brain tissue (Nagy et al. 2015). This was shown at a protein 

level by Blair et al., 2016, where no effect was seen on cytoskeletal protein levels, 

and in particular GAPDH and actin levels, in PM tissue with PMIs of up to 54 

hours.  
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Results showed that the integrity of the full-length GluN2B protein and 

phosphorylation state of the GluN2B subunit depends on the time point of tissue 

collection (representative blots in figure 3.1a). Using the HUSPIR proteomic 

integrity index used by Bayés et al. (2014) (Section 3.1), we analysed the ratio of 

full length GluN2B protein (Band1) to cleaved protein products (Band2+Band3).  

Quantification of Band1/Band2 showed no effect of time point (F
2,6 

= 0.888, 

P=0.176) (Fresh: 3.07 ± 0.12, ACSF: 3.53 ± 0.28, PM: 2.64 ± 0.40) (Figure 3.1b). 

Univariate analysis of the quantification for Band1/(Band2+Band3) ratio revealed 

an effect of time point (F
2,6 

= 9.399, P<0.05). Post-hoc pairwise comparisons 

between Fresh vs ACSF groups revealed no significant differences (Fresh: 2.42 ± 

0.17, ACSF: 2.52 ± 0.24, t test, P=0.971). Significant differences were observed 

following post-hoc analysis between Fresh vs PM groups (Fresh: 2.42 ± 0.17, PM: 

1.51 ± 0.12, t-test, P<0.05) and ACSF vs PM groups (ACSF: 2.52 ± 0.24, PM: 1.51 

± 0.12, t-test, P<0.05) (Figure 3.1c).  

Univariate analysis of total-length GluN2B levels normalised to the housekeeping 

protein GAPDH showed an effect of time point (F
2,6

 = 7.556, P<0.05). Post-hoc 

pairwise comparisons corrections between Fresh vs ACSF groups, and Fresh vs PM 

groups revealed no significant differences (P = 0.127 and P = 0.572 respectively) 

(Fresh: 0.05 ± 0.001, ACSF: 0.06 ± 0.003, PM: 0.05 ± 0.002). A significant 

difference was observed between ACSF group vs PM group, with PM samples 

exhibiting lower band intensities of total-length GluN2B protein (P<0.05) (Figure 

3.1d).  

Univariate analysis of the relative phosphorylated GluN2B levels at Y1472 

normalised to full-length GluN2B, showed an effect of time point (F
2,6

 = 29.43, 

P<0.001). Post-hoc pairwise comparisons showed differences between all groups 

(Fresh: 0.28 ± 0.029, ACSF: 0.19 ± 0.005, PM: 0.08 ± 0.011). A significant 
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decrease in phosphorylation levels was observed in samples incubated in ACSF 

compared to freshly frozen samples (P≤0.05). The phosphorylation levels of PM 

samples were significantly different from both fresh frozen (P≤0.001) and ACSF 

collected samples (P≤0.01). There was also a decrease in the phosphorylation 

state between ACSF samples and PM samples, with PM samples exhibiting 

significantly lower levels of phosphorylated protein when compared to ACSF-

incubated samples (P<0.01) (Figure 3.1e). We therefore concluded, that the 

phosphorylation state of the GluN2B subunit as well as its integrity as a full-

length protein depends on the time point of collection, with freshly frozen tissue 

having the most favourable characteristics. Tissue that is freshly resected may 

even allow for mechanistic studies, such as in the analysis of phosphorylation 

cascades in physiological or disease-mimicking conditions.   
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Figure 3.1. Characterisation of full-length GluN2B integrity and cleavage 

using different time points of tissue collection. (a) Representative 

western blot of C57Bl/6 mouse cortical tissue, collected and frozen 

immediately, freshly frozen (Fresh), frozen following ACSF incubation 

(ACSF) or frozen following ~48 hours of resection (PM). Lysates of 

these samples were probed with anti-GluN2B and anti-phospho GluN2B 

(pY1472) antibodies. GluN2B probed samples show three main bands; 

Band 1 corresponds to the full-length protein (~180kDa), Band 2 to a 

~150kDa cleavage product and Band 3 to a ~115kDa product. (b) 

Band1/Band2 intensity ratio plotted for each treatment. Univariate 

analysis showed no differences between groups (c) 

Band1/(Band2+Band3) ratio plotted for each time point. Univariate 

analysis and post-hoc comparisons revealed a significant decrease in 

the PM group compared to the Fresh and ACSF groups (d) Relative 

intensity of total-length GluN2B plotted for each time point. Univariate 

analysis and post-hoc comparisons revealed a significant decrease in 

total-length GluN2B levels in PM samples compared to ACSF samples. 
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GAPDH was used as a loading control (e) Relative intensity of 

phosphorylated GluN2B (pY1472) plotted for each time point. 

Univariate analysis and post-hoc comparisons revealed a significant 

decrease of pY1472 intensity in ACSF samples and further decrease in 

PM samples. Total-length GluN2B was used as loading control. Data in 

graphs represent mean ± SEM of protein expression values. N=3 

animals per treatment. Statistical differences: * P≤0.05, * P≤0.01, *** 

P≤0.001. Data were analysed with a 1-way ANOVA.  

 

 

Analysis of the GluN2B subunit from WT mice (Figure 3.1), showed that brain 

tissue collection following ACSF incubation for 10-15 minutes is still sufficient to 

cause a significant decrease in our ability to detect phosphorylated states 

compared to tissue that was frozen immediately. Nevertheless, the bands were 

significantly brighter than those detected following a ~48-hour interval at 4-8°C.  

Moreover, GluN2B integrity was preserved amongst the different samples 

collected at various time points. Our findings suggest that protein integrity is less 

susceptible to ACSF incubations but still susceptible to intervals of ~48 hours as 

shown by the Band1/(Band2+Band3) ratio for ACSF and PM samples. We therefore 

propose that ACSF incubated samples can be used to study both protein integrity 

and posttranslational modifications.  
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3.4 Use of living human tissue 

 Collection of tissue during neurosurgeries 

Use of human tissue from neurosurgeries has become more common in the 

recent years allowing us to study neuronal morphology (Mohan et al. 2015) and 

synaptic signalling in living human neurons (Verhoog et al. 2013). This platform 

enables the investigation of differences between rodent and human neuronal 

signalling as well as allowing the modelling of disease mechanisms using human 

tissue. 

In collaboration with Wessex Neurological Centre, we obtained temporal cortical 

tissue resected during neurosurgery from patients diagnosed with drug-resistant 

medial temporal epilepsy, gliomas or other conditions necessitating tissue 

resection. Tissue collection and experiments were carried in accordance with the 

Human Tissue Act, 2004, following written informed consent from patients. 

Temporal cortical tissue was obtained from 17 patients (age range 21-71 years) 

between June 2014 and September 2016. Patient parameters, prescribed 

medication along with past medical history details for each patient are presented 

in Table 3.1. Representative MRI scans of patients diagnosed with different 

conditions are illustrated in Figure 3.2.  
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Figure 3.2.  Coronal view enhanced representative MRI images from recruited 

patients. (a) Contrast-enhanced T2 image of patient 0018 diagnosed 

with cavernous malformation (b) Contrast-enhanced T2 image of 

patient 0016 diagnosed with hippocampal sclerosis (c) Contrast-

enhanced Flair image of patient 0007 diagnosed with DNET and (d) 

Contrast-enhanced T1 image of patient 0011 diagnosed with glioma. 

These MRI scans were taken prior to the surgeries and the areas 

depicted in red represents the area of pathology necessitating 

neurosurgical removal, while the areas depicted in white represent the 

adjacent tissue used for analysis.  
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Patient	
Numbe
r	

Gender	 Age	 Diagnosis	 Medication	
prescribed	

Past	medical	
history	

Experiment
s	Performed	

0004	 M	 52	 Hippocamp
al	sclerosis	

Lamotrygine,	
Clobazam	

None	known	
	

E,	IHC,	WB	

0005	 F	 60	 Hippocamp
al	sclerosis	

Citalopram,	
Keppra,	
Omeprazole,	
Amitriptyline,	
Phenytoin,	
Morphine,	
Mebeverine	

None	known	
	

E,	IHC,	WB	

0007	 F	 21	 DNET	 Dexamethasone,	
Omeprazole,	
Lamotrygine,	
Eslicarbazepine	

None	known	
	

E,	IHC,	WB	

0008	 M	 71	 Glioblasto
ma	

Alfuzosin,	
Allupurinol.	
Dexamethasone,	
Phenytoin,	
Paracetamol,	
Lansoprazole	

None	known	
	

E,	IHC,	WB	

0010	 M	 28	 Hippocamp
al	sclerosis	

Lamotrygine,	
Clobazam,	
Carbamazepine	

None	known	
	

E,	IHC,	IP,	
WB	

0011	 F	 42	 Glioma	 N/A	 None	known	
	

E,	IHC,	WB	

0014	 M	 32	 Hippocamp
al	sclerosis	

Citalopram,	
Lamotrigine,	
Levetiracetam,	
Pregabalin,	
Paracetamol,	
Salbutamol	

Asthma,	
Depression	

E,	IHC,	IP,	
WB	

0016	 F	 36	 Hippocamp
al	sclerosis	

Gabapentin,	
Senna,	
Omeprazole,	
Lamotrigine,	
Citalopram,	
Paracetamol	

None	known	
	

E,	IHC,	IP,	
WB	

0017	 F	 62	 Hippocamp
al	sclerosis	

Lamotrygine,	
Carbamazepine,	
Citalopram,	
Diazepam,	
Pregabalin,	
Prochlorperazine	

Depression,	
Hypertension
,	Gastroreflux	
disease	

E,	IHC,	IP,	
WB	

0018	 M	 30	 Cavernous	
malformati
on	

Lamotrygine,	
Levetiracetam	

None	known	
	

E,	IHC,	IP,	
WB	

0020	 F	 70	 Arterioven
ous	
malformati
on	

Paracetamol,	
Amlodipine,	
Omeprazole,	
Estradiol,	
Fentanyl	Patch,	

Hysterectomy
,	Urostomy,	
Acute	
Myocardial	
Infarction,	

E,	IHC,	WB	
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Table 3.1. Parameters of recruited patients. F, female; M, male; DNET, 

Dysembryoplastic neuroepithelial tumour; E, Electrophysiology; 

IHC, Immunohistochemistry; IP, Immunoprecipitation; WB, 

Western Blotting; N/A, Not available. 

 

 

 

Avastatin,	Qvar	
100,	
Colecalciferol,	
Prednisolone,	
Nitrofurantoin	

Hypertension
,	Polymyalgia	
Rheumatica,	
Hypercholest
erolaemia,	
Recurrent	
Urinary	Tract	
Infections	

0021	 M	 49	 Hippocamp
al	sclerosis	

Carbamazepine,	
Atenolol	

Glandular	
Fever	

E,	IHC,	IP,	
WB	

0022	 F	 58	 Subarachno
id	
haemorrha
ge	

Paracetamol,	
Dihydrocodeine,	
Nimodipine	

Multiple	
Aneurysms	

IP,	WB	

0024	 F	 50	 Cavernous	
malformati
on	

Lamotrygine,	
Brufen,	
Paracetamol	

Gall	stones,	
Hysterectomy	

E,	IHC,	IP,	
WB	

0026	 M	 27	 Mesial	
temporal	
DNET	with	
signal	
changes	in	
the	
hippocamp
us	

Carbamazepine,	
Clobazam,	
Levetiracetam,	
Dexamethasone,	
Omeprazole,	
Dihydrocodeine,	
Paracetamol,	
Zonisamide,	
Morphine,	
Colecalciferol	

None	known	
	

E,	IHC,	IP,	
WB	

0028	 F	 38	 	 N/A	
	

N/A	 WB	

VU	
case	

M	 49	 Hippocamp
al	sclerosis	

Carbamazepine	 None	known	
	

E	
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 Characterisation of resected human tissue 

3.4.2.1 GluN2B subunit cleavage analysis 

Following the characterisation of mouse tissue incubated in ACSF, we 

hypothesised that human tissue would exhibit the same trend in terms of GluN2B 

receptor integrity following collection from theatre in ice-cold ACSF. In order to 

confirm that the GluN2B subunit did not undergo excessive cleavage between 

resection and freezing, we performed Western blotting using cortical lysates from 

tissue that was collected and frozen within 10-15 minutes following resection, to 

analyse the ratios of full-length protein and the cleaved products. As shown in 

figure 3.3, all but one of the human cortical lysates exhibited high levels of full 

length GluN2B compared to cleaved products (ratio>1). The ratios for both 

Band1/Band2 and Band1/(Band2+Band3) were comparable to the ratios we 

obtained using mouse tissue incubated in ACSF as shown in figure 3.1a. We 

plotted ratios against case number and patient age, to investigate whether 

cleaved protein levels fluctuated during the course of sample collection or 

whether they were age-dependent.  

Band1/Band2 and Band1/(Band2+Band3) ratios remained similar throughout the 

course of the tissue collection (mean = 3.14 ± 0.28, mean = 1.83 ± 0.11 

respectively) (Figure 3.3b and 3.3d) and there was no correlation between 

cleavage ratios and age of the patients as shown in figures 3.3c and 3.3e (P = 

0.474, Band1/Band2), and P = 0.565, Band1/(Band2+Band3). Only case 0011 

exhibited a Band1/Band2 ratio of <1 (0.80) and a Band1/(Band2+Band3) ratio of 

0.65. According to the HUSPIR classification criteria (Bayés et al. 2014), ratios 

lower than 1 in synaptic fractions reflect degradation of synaptic components. 

Due to this observation, case 0011 was deemed as unhealthy and was not 

analysed further using electrophysiological and biochemical techniques. For some 
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of the biochemical measures, cases that were deemed pathological were plotted 

in red for comparison purposes. 

 

Figure 3.3. GluN2B subunit cleavage on human tissue is comparable to mouse 

tissue and it is not dependent on course of tissue collection or age. 

(a) (i) GluN2B immunoblot using human resected samples, lysates 

made from resected tissue that was frozen within 10-15 minutes 

following resection (ii) Immunoblot shows the cleavage products from 

mouse cortical tissue incubated in ACSF for 10-15 minutes. GAPDH was 

used as a loading control (b) Band1/Band2 ratio plotted for each 

patient and (c) Band1/Band2 ratio plotted against the age of recruited 

patients (d) Band1/(Band2+Band3) ratio plotted for each patient and (e) 

Band1/(Band2+Band3) ratio plotted against the age of recruited 

patients. No correlation is observed between the ratios and the age of 

the patients (Spearman’s coefficient of correlation (r) and p-value (p) 

are indicated).  



Chapter 3 

 105	

 

3.4.2.2 Immunohistochemical analysis of resected tissue 

Sections of resected tissue were examined to assess the extent of local 

inflammation and determine whether tissue was normal or pathological.  Fixed 

sections of freshly resected tissue were analysed using immunohistochemistry. 

Glial cells are reliable indicators of inflammatory responses in tissue 

characterised by pathological states (Graham et al. 1999; Gomez-Nicola & Perry 

2015). Upregulation of GFAP, the main constituent of astrocyte intermediate 

filaments occurs in reactive astrocytes in human pathological states (Pekny & 

Pekna 2014), hence we used this as a pathological marker.  Furthermore, we 

performed staining for ionized calcium-binding adapter molecule 1 (Iba1), which 

is expressed by microglia, and is implicated in an array of diseases (Gomez-Nicola 

& Perry 2015). 

Temporal cortical sections of resected tissue (putative non-pathological, PNP 

tissue) were compared with resected tissue sections from the regions of 

pathology, i.e. the epileptic focus or the tumour itself. Tissue from the regions of 

pathology were clearly pathological (P) (Figure 3.2 shows the pathological regions 

enclosed within red boxes). Pathological tissue was collected and processed for 

glial immunohistochemistry from 4 patients (0011, 0021, 0024, 0026). PNP 

tissue was compared to pathological tissue (Figure 3.4(a)(iii)), and was either 

classed as non-pathological (NP) (Figure 3.4(a)(i)) or observed pathological (OP) 

(Figure 3.4(a)(ii).  

Analysis of all PNP tissue compared to the average of pathological tissue from 

cases 0011, 0021, 0024 and 0026 using unpaired t-tests, showed that PNP tissue 

was characterised by significantly fewer GFAP positive and Iba1 positive cell 

density as shown in figure 3.4(b) and 3.4(c) (P < 0.0001 for both tests).  
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When PNP tissue was compared to the pathological tissue, the majority of PNP 

tissue samples exhibited lower densities of GFAP and Iba1 positive cells. 

Univariate ANOVA analysis and post hoc tests were performed for all samples, 

compared to the mean of pathological samples from cases 0011, 0021, 0024 and 

0026 (F
14, 315

 = 33.93, P < 0.0001 for Iba1 and F
14, 315

 = 100.8, P < 0.0001 for GFAP). 

Dunnett post-hoc correction was used, as each case was compared to the mean 

of pathological tissue sections. By performing paired t-test analysis for the cases 

we had obtained pathological tissue from we confirmed that PNP regions were 

significantly different from the regions of pathology. PNP tissue from cases 0011, 

0021, 0024 and 0026 was characterised by significantly lower densities of GFAP 

and Iba1 positive cells (P < 0.05 and P < 0.01 respectively) when tested against 

pathological tissue from the same patients (Figure 3.5). 

 We also investigated the morphology of the cells. We searched for enlarged cell 

bodies and reduced ramified morphology for microglia (Kettenmann et al. 2011) 

and hypertrophy of astrocytic processes (Pekny & Pekna 2014).   

With the use of morphological features of microglia and astrocytes and using cell 

density as a quantitative measure, we were able to determine the quality of 

resected cortical tissue. Cases that exhibited similar levels of either GFAP or Iba1 

positive cell density to pathological tissue, and also showed activated 

morphology for both GFAP and Iba1, were considered pathological. These were 

cases 0008 and 0020.   

The observations described here were compared against the neuropathological 

reports for these patients, kindly provided by Prof. James Nicoll. We observed that 

tissue from cases 0008 and 0020 was characterised by pathological features such 

as increased levels of macrophages, possibly due to infiltration of tumour cells to 

the surrounding brain regions. 



Chapter 3 

 107	

 

Table 3.2. Quantitative and qualitative immunohistochemical analysis for GFAP 

and Iba1 positive cells in resected temporal cortex from recruited 

patients. Immunohistochemistry data obtained from all patients were 

analysed using 1-way ANOVA and Dunnett’s multiple comparisons test, 

whereby each case was compared to the mean of pathological cases. 

****P<0.001. ns, not significant. Y, yes; N, No. 

 

Patient	

Number	

PNP	GFAP	

Quantification	Vs.	

Pathological	

PNP	Iba1	

Quantification	Vs.	

Pathological	

Pathological	

Morphology	Observed	

(GFAP)	

Pathological	

Morphology	

Observed	(Iba1)	

0004	 ****	 ****	 Y	 Y	

0005	 ****	 ****	 Y	 N	

0007	 ****	 ***	 N	 N	

0008	 ****	 n.s.	P	=	0.99	 Y	 Y	

0010	 ****	 ****	 N	 N	

0011	 ****	 ****	 N	 N	

0014	 ****	 ****	 N	 Y	

0016	 ****	 ****	 N	 N	

0017	 ****	 ****	 N	 N	

0018	 ****	 ****	 N	 N	

0020	 ****	 n.s.	P	=	0.28	 Y	 Y	

0021	 ****	 ****	 N	 Y	

0024	 ****	 ****	 Y	 N	

0026	 ****	 ****	 N	 N	
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Figure 3.4. Immunohistochemical analysis of putative non-pathological 

resected tissue against pathological tissue resected from the 

region of underlying pathology. (a) Representative images of 

immunostaining for inflammatory markers, GFAP and Iba1, of (i) 

putative non-pathological (PNP) resected temporal cortex showing no 

pathology (NP), of (ii) putative non-pathological resected temporal 

cortex where we observed pathology (OP), and of (iii) known 

pathological tissue, resected from the regions of underlying pathology 

(P). Quantification of positive cells for all putative non-pathological 

(PNP) tissue versus pathological (P) tissue for (b) GFAP and for (c) Iba1. 

Breakdown of the density of positive cells for each recruited case 

showing putative non-pathological and pathological tissue 

quantification for available cases stained for (d) GFAP and (e) Iba1. 

Cases 0008 and 0020 exhibit pathological characteristics as shown by 

the statistical analysis in Table 3.2. Scale bars = 100μm, inset = 20μm. 
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Figure 3.5. Quantification of positive cells for putative non-pathological (PNP) 

tissue from cases 0011, 0021, 0024 and 0026 versus pathological 

(P) tissue from the same cases for (a) GFAP and for (b) Iba1. 

Significantly lower densities for both GFAP and Iba1 positive cells 

revelaed by paired t-tests (P < 0.05 and P < 0.01 respectively). 

 

We also analysed the immunohistochemistry results obtained for the freshly 

resected tissue for age-dependent effects using correlation analyses. Results are 

shown in figure 3.6. No significant correlation was found for GFAP and Iba1 

positive cell densities with increasing age for all included cases as shown in 

figure 3.6a and 3.6b.  
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Figure 3.6. Correlation analysis for age-dependent effect on inflammation 

marker expression. GFAP positive (a) and Iba1 positive (b) cells shown 

against the age of recruited patients for all available cases. No 

significant correlation found between the variables. Quantification for 

all available cases was plotted, but only non-pathological cases shown 

in black were used for the analysis. Cases for which pathology was 

observed were plotted in red and were not included in the analysis. 

(Spearman’s coefficient of correlation (r) and p-value (p) are indicated 

for each measure). 
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3.4.2.3 Investigation of CREB levels in resected tissue 

Along with the GluN2B cleavage and immunohistochemical analysis, we 

quantified the expression of the cAMP responsive element binding protein (CREB) 

in the neocortical resected tissue. CREB is a nuclear protein that modulates the 

transcription of genes with cAMP responsive elements in their promoters (Silva et 

al. 1998). Calcium and/or cAMP concentration increase can trigger the activation 

and phosphorylation of CREB (pCREB). Activation of CREB has been implicated in 

the regulation of a plethora of functions including memory (Silva et al. 1998) but 

increased levels of activated CREB have also been associated with tissue 

exhibiting an epileptic phenotype (Moore et al. 1996; Xi et al. 2007). This was 

replicated in a report where pCREB levels were shown to be higher in human 

epileptic tissue compared to adjacent cortical resected tissue (Beaumont et al. 

2012). 

Thus, in order to investigate whether increased activated CREB could be used as a 

reliable marker of pathological tissue, we investigated the levels of total and 

phosphorylated CREB in the resected tissue from the patients we recruited. Using 

Western blotting we analysed the expression levels of total CREB and pCREB, 

using b3-tubulin as loading control: its higher molecular weight of 55kDa allowed 

for easier separation and detection of bands compared to GAPDH (37kDa).   

We used PNP tissue and compared it to hippocampal sclerotic pathological tissue 

from cases 0026 and 0028 (representative Western blots in figure 3.7a). Grouped 

analysis of all the values from PNP tissue against hippocampal sclerotic tissue 

revealed significant increases in pCREB/CREB levels in sclerotic tissue (P < 

0.0001) (Unpaired t-test). No differences were observed for relative CREB levels (P 

= 0.589) nor pCREB/tubulin levels (P = 0.584) (Unpaired t-tests). As we only 

collected and froze sclerotic tissue from 2 patients and we performed these 

experiments once, there was not enough power for direct comparisons between 
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subjects. Our collective analyses however suggest that relative total CREB levels 

(Figure 3.7b) and pCREB levels (Figure 3.7c) normalised to b3-tubulin from PNP 

tissue show similar expression levels to sclerotic tissue. Our data regarding 

pCREB expression levels normalised to total CREB levels (Figure 3.7d) showed that 

there is more activated/phosphorylated CREB in the pathological sclerotic tissue.  

In this pilot study, results using all the PNP values versus the pathological values 

(t-test analysis), point to a non-pathological nature of adjacent cortical areas. This 

can be attributed to lower activation state levels of CREB normalised to total 

levels of CREB observed in these samples, when compared with sclerotic tissue.  
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Figure 3.7. Increased phosphorylated CREB in sclerotic pathological tissue. (a) 

Representative immunoblot for total CREB and pCREB levels using b3-

Tubulin as loading control from human PNP tissue and pathological (P) 

sclerotic hippocampal tissue. Relative intensity of total CREB 

normalised to b3-Tubulin (neuronal marker) (b), pCREB normalised to 

b3-Tubulin (c) and pCREB normalised to total CREB (d) for every case 

for which PNP tissue was available and for the average of the sclerotic 

pathological cases from patients 0026 and 0028.  
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Additional to the analysis of phosphorylated CREB state in the cortical samples 

versus hippocampal samples, we performed a correlation analysis of total CREB 

and pCREB versus age of recruited patients for non-pathological cases.  

Results show no correlation between relative CREB (P = 0.843) and pCREB (P = 

0.939 and 0.979) levels with age, as shown by the correlation coefficients in 

figure 3.8. This finding suggests that relative CREB and pCREB levels are not 

susceptible to ageing and they can be used as reliable markers in the 

characterisation of epileptic-like tissue. 

 

 

Figure 3.8. No correlation between CREB and pCREB levels with increasing 

age. Relative intensity of (a) CREB/Tubulin (b) pCREB/Tubulin and (c) 

pCREB/CREB plotted against the age of recruited patients for all the 

available cases. No correlation was observed between any variables 

(Spearman’s coefficient of correlation (r) and p-value (p) are indicated 

for each measure). Quantification for all available cases was plotted, 

but only non-pathological cases shown in black were used for the 

analysis. Cases for which pathology was observed were plotted in red 

and were not included in the analysis. 
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3.5 Discussion 

In this chapter, we performed a quality-control characterisation of living resected 

neocortical tissue from patients. Taking into consideration the fact that these 

patients were diagnosed with conditions necessitating neurosurgery, we wanted 

to make sure that the adjacent tissue we used for further analysis was not 

characterised by pathological characteristics. 

Since one of our main goals was to investigate the composition of human 

excitatory synapses, and in particular the contribution of GluN2B-containing 

NMDARs to the overall receptor composition, we decided to characterise how well 

the integrity of full-length GluN2B was preserved in the human resected cortex. 

Reports have associated calpain mediated cleavage of GluN2B with excitotoxic 

events and synaptic remodelling (Simpkins et al. 2003) as well as excitotoxicity in 

neurodegeneration (Xu et al. 2009; Parsons & Raymond 2014). Moreover, full-

length GluN2B was previously positively correlated with the number of intact 

proteins in the PSD (Bayés et al. 2014). 

Our first experiment looked at the quality of brain tissue from WT C57Bl/6 mice 

following immediate freezing, ACSF incubation or storage in the cold room for 

~48 hours following resection, to mimic PMIs. Tissue that was frozen immediately 

and following ACSF incubation, did not show differences in cleavage and relative 

expression of GluN2B. The relative phosphorylation of GluN2B at Y1472, was 

decreased in ACSF-incubated samples compared to fresh samples, however it was 

higher than that seen in samples stored in a cold room for ~48 hours, showing 

that after this PMI, this modification is no longer detectable (Figure 3.1).  

We wanted to address whether the quality of the human living resected brain 

tissue resembled that of the mouse tissue that was incubated in ACSF prior to 

freezing. The results suggest excellent preservation of the full-length GluN2B 



Chapter 3 

 117	

protein as evidenced by the ratios of Band1/Band 2 and Band1/(Band2+Band3) 

shown in figure 3.3. Only one case showed a ratio lower than 1, and that case 

was excluded from further analysis using electrophysiological and biochemical 

measures.  

Gliosis is evident in sclerotic hippocampi from epilepsy patients (Thom 2014). 

However, inflammatory markers from putative non-pathological (PNP) tissue 

resected from patients undergoing surgery for epilepsy, gliomas, DNET etc., have 

not been extensively characterised. We stained for GFAP and Iba1 in resected 

human tissue from the pathological focus and directly compared it to the 

adjacent cortical tissue we used for the investigation of excitatory synapse 

composition. As shown in figure 3.5, we observed a quantitative increase of GFAP 

and Iba1 positive density in tissue from the pathological focus compared to the 

adjacent cortical tissue. On a case by case analysis, we showed that the majority 

of cases were normal and that only 2 cases exhibited high numbers of GFAP and 

Iba1 positive cells along with morphological features associated with glial 

activation, while all epilepsy cases were characterised by normal inflammatory 

marker expression (Figure 3.4). Cases that were characterised by ongoing 

pathological processes, were excluded from further electrophysiological and 

biochemical analysis. 

Relative expression levels of CREB were also investigated. Apart from synaptic 

plasticity (sections 1.2.1 and 3.4.2.3), CREB activation has also been associated 

with increased neuronal activity in epileptic states (Moore et al. 1996; Xi et al. 

2007). There has also been evidence linking increased pCREB expression in 

sclerotic hippocampal tissue (Beaumont et al. 2012), which is characterised by 

patterns of neuronal loss and gliosis (Thom 2014). Frozen sclerotic tissue from 2 

patients was used to compare pCREB levels to adjacent PNP tissue. Grouped 

analysis of results from PNP tissue compared to pathological tissue revealed 
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significant differences in pCREB levels. Pathological tissue exhibited much higher 

levels of pCREB levels compared to those from adjacent PNP tissue. This was in 

accordance with the literature and suggested that excitotoxicity-driven effects 

such as CREB activation increase was absent in adjacent cortical tissue (Beaumont 

et al. 2012).  

We were also able to show that CREB and pCREB expression were not dependent 

on increasing age as shown by correlation analysis (Figure 3.8). Provided that the 

results will be replicated with more sclerotic hippocampi samples, relative pCREB 

levels could be used as a reliable marker for assessing the quality of resected 

tissue in the future. 

We also observed that b3-tubulin bands from sclerotic hippocampal tissue were 

lighter compared to the bands from adjacent cortical tissue despite the fact that 

the same amount of protein was loaded in every well. We believe that this is due 

to cell death in the sclerotic hippocampus as a consequence of the epileptic 

activity and excitotoxicity, as supported by the literature (Thom 2014) and by the 

pathological reports performed by the neuropathology team. 

We propose that analyses of GluN2B integrity and quantification of full-length 

expression levels compared to cleaved products, and GFAP and Iba1 qualitative 

and quantitative analysis are reliable measures to investigate the state of resected 

tissue from neurosurgeries. As we have observed, some measures might be more 

sensitive than others. In the case of 0011, GluN2B integrity was compromised 

whereas the inflammatory status of the tissue was normal. On the other hand, for 

cases 0008 and 0020, GluN2B integrity was normal while the inflammatory 

marker expression was upregulated. It is therefore essential that both types of 

analyses are performed to fully evaluate the quality of resected tissue. Moreover, 

with a higher cohort of epileptic tissue, pCREB levels might prove to be a reliable 

measure of epileptic tissue state. 
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4  NMDA receptor and AMPA receptor age-

dependent expression profile in resected 

human cortical tissue 

4.1 Introduction 

Human cognitive decline correlates with age, with evidence suggesting that 

decline is detected in middle aged adults of 45-49 years of age (Singh-Manoux et 

al. 2012). Cognitive abilities, such as learning and memory have been linked to 

the function of glutamate receptors and in particular that of NMDARs. As 

highlighted in the Introduction, NMDARs play a pivotal role in mediating synaptic 

plasticity mechanisms during adulthood (Bliss & Collingridge 1993; Barria & 

Malinow 2005; Weitlauf et al. 2005; Berberich et al. 2005; Berberich et al. 2007; 

Foster et al. 2010; Ryan et al. 2013b), making them essential for cognition. 

NMDARs are also involved in synaptic development (Watanabe et al. 1992; 

Monyer et al. 1994; Aamodt & Constantine-Paton 1999; Gambrill & Barria 2011) 

and they have a crucial role both in physiological and pathophysiological synaptic 

transmission throughout mammalian life.  

Thus, it is essential to understand how these receptors are trafficked away from 

the endoplasmic reticulum (ER) and whether they are expressed synaptically or 

extrasynaptically as this might have effects on the ability of NMDARs to confer 

toxic effects. Looking at the interaction of NMDARs with synaptic proteins such 

as MAGUKs, this will enable to identify the location of the receptors. Moreover, as 

discussed in Introduction, the composition of NMDARs has effects on the 
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induction and maintenance of plasticity mechanisms, on the ability to interact 

with kinases such as CaMKII, ultimately affecting cognitive abilities. 

Subcellular localisation and composition of NMDARs are parameters that have 

been investigated in the rodent brain as described in the Introduction. Briefly, 

evidence shows that NMDARs, and in particular overexpression of GluN2B 

subunits, contributes towards enhanced cognition in mice during behavioural 

tests (Tsien et al. 1999; Cui et al. 2011). High cognitive scores from mouse 

behavioural experiments have also been correlated with high synaptic GluN2B 

subunit content, while both measures have been characterised by an age-

dependent decline (Zhao et al. 2009; Zamzow et al. 2013). Moreover, poor 

performance in spatial memory tasks in aged mice has been associated with 

decreased synaptic GluN2B expression in prefrontal regions and the 

hippocampus (Magnusson 1998; Magnusson et al. 2007).  

There is a limited number of studies involving human tissue for the study of 

NMDAR expression pattern with in development and ageing (Dudek et al. 1995; 

Scherzer et al. 1998; Mishizen-Eberz et al. 2004; Jantzie et al. 2015; Bagasrawala, 

Memi, et al. 2016).   

PM studies have shown that NMDAR subunit mRNA expression is still observed in 

adult human tissue with an average PMI of 22.8 hours (Scherzer et al. 1998). 

NMDAR mRNA subunit expression was investigated in prefrontal, primary visual 

and motor cortex and hippocampus. GluN1 mRNA expression was high in all of 

the regions, while GluN2A and GluN2B were also moderately expressed in all 

regions, with higher levels in the hippocampus (Scherzer et al. 1998). GluN2B 

protein expression was also demonstrated in human PM samples and human live 

samples by Bayés et al., where preservation of the full-length protein GluN2B 

correlated with the number of PSD proteins (Bayés et al. 2014), suggesting that 

GluN2B integrity is a predictive factor for preservation of synaptic components.    
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Another study using PM tissue, investigated the levels of NMDAR subunits from 

an early developmental age and up to adulthood using Western blotting. The 

results suggest that there is higher expression of GluN2B in the parieto-occipital 

grey matter during development compared to adulthood (Jantzie et al. 2015). 

Although this study used a large number of human developmental samples 

(n=51), they only used 8 samples from adults with limited representative blots for 

the adult samples, hence a more comprehensive study is needed to confirm these 

observations. 

As we have shown in Chapter 3, PMIs significantly affect GluN2B full-length 

preservation, shown by the excessive protease activity responsible for the 

cleavage of the CTD. Moreover, we have shown that a PMI of ~48 hrs, and also 

incubation in ACSF prior to tissue freezing leads to significantly reduced our 

ability to detect phosphorylated GluN2B protein at Y1472.  

Limited evidence is available for the study of NMDARs and AMPARs in living 

human tissue and it has mostly involved the investigation of NMDAR expression 

in the context of epilepsy. The study from Dudek et al., investigated NMDARs via 

intracellular recordings using tissue from the focus of epilepsy and surrounding 

tissue, gathered from infants of 3 months up to teenagers of 15 years of age. 

They were able to isolate NMDAR currents in both types of tissue, however, they 

did not observe any differences in electrophysiological characteristics between 

the 2 groups (Dudek et al. 1995).  

In a later study using samples from 4 epileptic patients (3.5-17 years of age), the 

authors aimed to compare the levels of PSD-95 complexes with GluN2B using co-

immunoprecipitation between epileptic and non-epileptic tissue. Results 

suggested an increased association of GluN2B with PSD-95 in epileptic tissue 

(Ying et al. 2004). There are some limitations in this study that we should take 

into account. The low number of samples and the variability in age between 
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subjects, are determining factors. During childhood, there might be changes in 

the composition of receptors under physiological conditions, something that the 

authors did not account for. Moreover, no negative controls were presented for 

the co-immunoprecipitation experiments, which are essential in determining that 

the bands observed, represent true complexes of PSD-95 and GluN2B. 

In a more recent study using fetal human tissue (16-19 gestational weeks) 

authors employed an in vitro system of multipotent cortical progenitors to 

investigate the effects of the NMDAR antagonist, kynurenic acid, on proliferation 

and survival. They observed that antagonism of NMDARs increased death of 

cortical progenitors and decreased proliferation of radial glial cells, suggesting 

that NMDARs are essential during human cerebral development (Bagasrawala et 

al. 2016). A study from the same laboratory, described global mRNA and protein 

expression levels for GluN1, GluN2A and GluN2B using human brain tissue from 

fetuses (10-24 gestational weeks). Results showed that GluN2A mRNA and 

protein levels rise significantly after gestational week 17 and remain stable until 

week 24, while GluN2B mRNA and protein levels decrease significantly after week 

17 and remain stable until week 24 (Bagasrawala, et al. 2016). This study 

reinforces the importance of NMDAR subunit composition in human cortical 

development, but also raises the question of how NMDARs are regulated during 

adulthood. 
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4.2 Aims 

It remains unknown how NMDAR subunit expression changes with ageing in 

humans, and whether the expression of certain subunits differs at the synapse. 

Our main question, focuses on how NMDAR protein expression levels change with 

ageing, as these changes may be involved in cognitive decline.  

To investigate the changes in subunit protein expression, we first examined the 

global protein expression changes of excitatory receptor subunits in 

homogenates of human resected tissue (temporal cortex) using Western blotting, 

and later on we investigated the synaptic levels of GluN2B and GluN2A NMDAR 

subunits, employing quantitative whole cell recordings and co-

immunoprecipitation methods. Our hypothesis was that synaptic levels of GluN2B 

decrease with ageing in human temporal pyramidal neurons. To analyse whether 

significant changes occur before/after middle age, data were also grouped into 2 

age groups using the study of Singh-Manoux et al. (2012) as a guideline; the first 

group included subjects that were younger than 45 years and the second one 

included subjects of 45 years and older.  
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4.3 Results 

 Western blotting shows decline in GluN2B and GluN2A protein levels 

but not in and GluA1 

4.3.1.1 GluN2B subunit expression declines with age in living temporal 
cortex 

Using tissue that fulfilled our quality control criteria for inflammatory 

characteristics and cleavage profile of GluN2B subunit (see Chapter 3), we 

investigated the expression levels of NMDAR and AMPAR subunits in brain 

homogenates using Western Blotting. Statistical analysis included non-

pathological cases only as assessed in section 3.4.2.2. Data points for cases 

which exhibit pathological features are also shown for each measure for 

comparison purposes. 

Increased GluN2B activation as well as synaptic plasticity induction protocols have 

been associated with increased phosphorylation of GluN2B at Y1472 mediated by 

Fyn kinase (Nakazawa et al. 2001). Phosphorylation of the subunit at Y1472 has 

also been associated with stabilisation of the receptor at the synapse (Roche et al. 

2001; Yaka et al. 2002; Prybylowski et al. 2005), hence we performed an analysis 

of phosphorylated levels of the subunit at this site, as this would provide us with 

some insight into its age dependence and synaptic localisation.  

Western blotting for GluN2B levels in brain homogenate and phosphorylated 

GluN2B levels at Y1472 show that there is a negative correlation of GluN2B 

expression with increasing age (P < 0.05), as shown using Spearman’s correlation 

and a significant difference between the 2 age groups shown using one-tailed t-

test analysis (P ≤ 0.01). No significant differences were observed for relative 

phosphorylated levels of GluN2B (pY1472) against the increasing age of recruited 

patients (P = 0.11). This also held true following a one-tailed t-test analysis (P = 

0.07) (Figure 4.1). 
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Figure 4.1. Quantification of relative GluN2B and phosphorylated GluN2B 

levels in temporal cortical tissue of recruited patients. 

Representative Western blotting (a) and related quantification (b) & (c) 

for full-length GluN2B levels normalized to GAPDH and (d) & (e) of 

phosphorylated GluN2B (pY1472) normalized to total full-length 

GluN2B.  GluN2B and pY1472GluN2B levels were plotted against the 

age of recruited patients and were split in 2 groups according to the 

age of subjects. (b) Correlation was observed between relative GluN2B 

levels and age of recruited patients (r = -0.61, P<0.05). (c) Significant 

differences were observed between the 2 age groups for relative 

GluN2B levels with subjects of <45 years exhibiting higher levels of 

GluN2B (0.043 ± 0.007, N = 7) compared to subjects of ³45 years 

(0.020 ± 0.003, N = 6) (P≤0.01) (One-tailed t-test). (d) No correlation 

was observed between relative phosphorylated GluN2B levels and age 

of recruited patients (r = -0.36, P = 0.11, N = 6). (e) A trend towards 

decreased levels of phosphorylated GluN2B was observed for subjects 

aged ³45 (0.317 ± 0.113, N = 6) compared to subjects aged <45 
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(0.601 ± 0.136, N = 7) (P = 0.07) (One-tailed t-test). All available cases 

were plotted, but only non-pathological cases shown in black were 

included in the analysis. Cases for which observed pathology was 

observed were plotted in red. Statistical differences: **P≤0.01. 

(Spearman’s coefficient of correlation (r) and p-value (p) are indicated 

for each measure). 

 

4.3.1.2 GluN2B subunit expression in post-mortem human tissue 

Global GluN2B changes in the temporal cortex were also analysed using 

homogenates of post-mortem human tissue obtained from ‘The Edinburgh Brain 

and Tissue bank’ using Western blotting (Parameters in Appendix). Using one-

sided t-test analysis, we found a trend towards a decrease in the global levels of 

GluN2B in older patients (³45 years) compared to the levels observed in younger 

patients (<45 years) (Figure 4.2b, P = 0.06) (Older patients: 0.016 ± 0.004, 

Younger patients: 0.027 ± 0.004) thus being in agreement with the age-related 

change seen in resected tissue. It was not possible to quantify the 

phosphorylated bands for GluN2B, as they were not visible. As shown in figure 

3.1 (Chapter 3) using mouse brain tissue that had been frozen at different time 

points following resection, detection of phosphorylated epitopes is subject to 

post-mortem delays. 
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Figure 4.2. Quantification of relative GluN2B levels in temporal cortical post-

mortem human tissue. Representative Western blotting (a) and related 

quantification (b) for total GluN2B levels normalized to GAPDH (P ≤ 

0.05) using post-mortem tissue from young, <45 years (0.027 ± 0.004) 

and old, ³45 years subjects (0.016 ± 0.004). N=3 samples per age 

group. (P = 0.06, Data were analysed using one-sided t-test). 

 

4.3.1.3 GluN2A subunit expression in living temporal cortex 

GluN2A was shown to be the most abundantly expressed subunit in the rodent 

adult brain, by Watanabe et al. (1992) and Monyer et al. (1994). These studies 

showed that GluN2A expression starts shortly after birth and rises to become the 

most highly expressed regulatory NMDAR subunit in virtually every CNS area. We 

wanted to investigate the relative expression levels of GluN2A in adult living 

tissue. Our hypothesis was that GluN2A relative expression would remain stable 

throughout adulthood.  

We firstly analysed GluN2A relative expression using Western Blotting with 

respect to the age of the subjects (representative blots in figure 4.3a). Only 

samples that were deemed non-pathological were included in the analysis. Upon 

analysis, we discovered a negative correlation between increasing age of subjects 

and relative levels of GluN2A (r = -0.60, P<0.05, figure 4.3b). We also proceeded 

with two-tailed t-test analysis, following separating subjects according to their 
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age. We did not observe a significant difference between the age groups (P = 

0.08) (Figure 4.3c).  

 

Figure 4.3. Quantification of relative GluN2A levels in adult human temporal 

cortical tissue shows an age-dependent effect. (a) Representative 

Western blotting using temporal cortical tissue lysates (b) Related 

quantification for GluN2A showed a significant correlation between 

relative GluN2A expression and increasing age (r = -0.60, P < 0.05) (c) 

Analysis for the relative expression levels of GluN2A show no 

significant differences between <45-year-old (0.193 ± 0.03, N= 7) and 

³45-year-old subjects (0.120 ± 0.02, N=5) (P = 0.08). Quantification for 

all available cases is shown, but only non-pathological cases shown in 

black were included in the analysis. Cases for which pathology was 

observed were plotted in red and were not included in the analysis. 

Data were analysed with Spearman’s correlation tests and two-tailed t-

test. Statistical differences: *P≤0.05. (Spearman’s coefficient of 

correlation (r) and p-value (p) are indicated for each measure). 
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Upon Western Blotting analysis, we noticed the presence of a doublet at 

approximately 180kDa with an intense upper band (Band 1) and less intense 

lower band (Band 2) denoted as GluN2A (Figure 4.4). Both of the doublet bands 

were greater than the 160kDa pre-stained protein standard mark (Figure 4.4), 

which would correspond to the 2 human isoforms of GluN2A. We also observed a 

band between the 110kDa and 160kDa marks, (pointed by red arrowhead in 

figure 4.4). These bands were also present in lysates processed from human 

living tissue shown in figure 4.3. 

 

 

Figure 4.4. Representative Western blot, showing GluN2A expression in living 

human tissue cortical homogenate. Representative western blotting 

of temporal cortical tissue lysates from 2 recruited patients for GluN2A 

and GAPDH scanned at channel 700 using Odyssey® CLx Infrared 

Imaging System (LICOR) and analysed using Image Studio Software. 

Novex™ Sharp Pre-stained Protein Standard was used to identify the 

molecular weight of the proteins of interests. The molecular weights 

are shown in kDa on the left of the blot. According to the antibody 

specifications this antibody recognises an internal region between 

amino acids 850-1200 of the human GluN2A (Abcam, ab133265). The 

predicted MW of the full-length protein is ~180kDa. 
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The presence of the doublet at 180kDa could be the result of proteolytic 

cleavage. There is evidence of GluN2A cleavage by the calcium dependent 

protease calpain (Dong et al. 2004), resulting in an approximately 115kDa 

product. There is also evidence of N-terminal domain cleavage of GluN2A, with 

the molecular weight of the cleaved product being approximately 140kDa (Yuan 

et al. 2009). Both of these products are smaller than the Band 2 we observed 

using human resected tissue (Figure 4.4). The third band (red arrowhead) we 

detected could be the product of proteolytic enzymatic activity. 

This led us to hypothesise that the observed Band 2 just below the expected full 

length GluN2A band, was either a cleaved product different than those described 

by Dong et al. 2004 and Yuan et al. 2009, or a second isoform. Open reading 

frame sequencing of human tissue, suggests that there are 2 distinct isoforms for 

GluN2A, the first of which has predicted molecular weight of ~165kDa and the 

second of which has predicted molecular weight of ~144kDa (Gerhard et al. 2004) 

(http://www.uniprot.org/uniprot/Q12879#sequences). The second predicted 

isoform lacks amino acids 1259-1464 and consequently the ESDV domain which 

is a PDZ ligand (Chen & Roche 2007). It also lacks several serine and tyrosine 

residues which are targeted by Src/Fyn kinases and PKC (Lussier et al. 2015), 

which in turn may have differential effects in the trafficking of the predicted 

isoform 2 GluN2A-containing NMDARs at the PSD compared to the canonical 

GluN2A isoform. 

In order to replicate the observations we had using living human tissue, we 

proceeded by probing for GluN2A in lysates from human post-mortem cortical 

tissue. As shown in figure 4.5a (ii) there was a lower molecular weight band 

present, albeit faint, below the expected full length band. That band was at a 

similar position, and thus molecular weight, to the Band 2 seen in lysates from 

fresh human resected tissue.  
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We also probed for GluN2A in lysates from WT C57BL/6 mice. There is no 

evidence suggesting alternative splicing of the grin2a gene in mice 

(http://www.uniprot.org/uniprot/P35436). We could not observe a doublet in 

mouse lysates as shown in figure 4.5a(iii). These experiments, suggest potentially 

important differences between mouse and human tissue due to distinct cleavage/ 

isoform profiles. The molecular identity of the two distinct bands in the GluN2A 

doublet needs further analysis. For example, enrichment of the doublet could be 

performed with immunoprecipitation, while proteomic characterisation could be 

performed using mass spectrometry. Mass spectrometry analysis would confirm 

whether the doublet is indeed detected due to the presence of 2 isoforms. 

We proceeded with specific GluN2A Band 2 analysis. No significant correlation 

was observed between the age of recruited patients and relative levels of GluN2A 

Band 2 (r = -0.52, P = 0.08, figure 4.5b). Post-hoc analysis between the 2 age 

groups regarding the relative intensity of GluN2A Band 2 revealed no significant 

differences between band intensities for subjects <45 years (0.097 ± 0.01, N=7) 

and subjects of ³45 years (0.064 ± 0.01, N=5) (P = 0.12, figure 4.5c). 

Analysis was performed for non-pathological cases only, with the observed 

pathological cases being represented in red for comparison purposes.  
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Figure 4.5. Quantification of relative GluN2A band 2 expression levels in adult 

human temporal cortical tissue does not show an age-dependent 

effect. Representative Western blotting using (a)(i) living temporal 

cortical tissue lysates (a)(ii) post-mortem cortical tissue lysates (a)(iii) 

cortical WT mouse tissue lysates. (b) Related quantification for GluN2A 

band 2 showed no age-dependent effects GluN2A band 2 and 

increasing age (r = -0.52, P = 0.08). (c) Analysis for the relative levels 

of GluN2A band 2 showed no significant differences between the <45-

year-old (0.097 ± 0.01, N=7) and ³45-year-old subjects (0.064 ± 0.01, 

N=5) (P = 0.12). Quantification for all available cases is shown, but only 

non-pathological cases shown in black were included in the analysis. 

Cases for which pathology was observed were plotted in red and were 

not included in the analysis. Data were analysed with Spearman’s 

correlation tests and a 2-way ANOVA followed by post-hoc t-tests using 

Sidak correction. Statistical differences: *P≤0.05. (Spearman’s 

coefficient of correlation (r) and p-value (p) are indicated for each 

measure). 
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4.3.1.4 GluA1 subunit expression 

AMPARs are the primary mediators of excitatory synaptic transmission in the 

brain (Shepherd & Huganir 2007). The subunit expression is developmentally 

regulated with GluA1 and GluA4 long C-tail subunits being expressed readily 

throughout development, and less so during adulthood (Section 1.1.2.1) (Henley 

& Wilkinson 2013). GluA2 and GluA3, which are the short C-tail subunits, are 

expressed during adulthood, while GluA1/GluA2 containing AMPARs are the most 

abundant combination during adulthood as shown by studies focused on the 

hippocampus (Wenthold et al. 1996; Lu et al. 2009). 

During synaptic plasticity paradigms, such as LTP, there is an insertion of 

AMPARs postsynaptically, which in turn increases the amplitude of excitatory 

responses (Malenka & Bear 2004). Insertion of AMPARs at the plasma membrane 

is dependent on the subunit composition of the receptor, with insertion of GluA1-

containing AMPARs occurring slowly under basal conditions and being stimulated 

by neuronal activity (Hayashi 2000). In contrast, GluA2 insertion, occurs under 

basal conditions without the need for synaptic activity (Passafaro et al. 2001; Shi 

et al. 2001). Receptors containing the GluA1/2 subunit combination exhibit the 

surface trafficking properties of GluA1, and can be rapidly mobilized from the 

receptor pool in the ER to the surface (Henley & Wilkinson 2013).  

We therefore decided to investigate the relative expression levels of GluA1, which 

together with GluA2 form the most abundantly expressed diheteromer, and which 

have an important role in the trafficking of the receptors during synaptic 

plasticity. Using Western blotting, we probed for GluA1 using all available 

samples and compared the relative expression levels to increasing age of 

subjects who provided resected samples. Similar to the analysis for GluN2B and 

GluN2A, we normalised GluA1 levels to GAPDH levels. Representative blots are 

shown in figure 4.6a. 
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Correlation analysis for relative GluA1 expression showed no significant 

correlation between the two parameters (r = -0.49, P = 0.11, figure 4.6b).   Two-

tailed t-test between subjects of ³45 years and subjects of <45 years showed the 

same result as the correlation analysis. We observed no differences in the relative 

levels of GluA1 in younger versus older subjects (0.034 ± 0.006, N=7) (0.019 ± 

0.004, N=7) (P = 0.11, figure 4.6c). Only non-pathological cases were included in 

the analysis, with observed pathological cases being represented in red. 
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Figure 4.6. Quantification of relative GluA1 levels in temporal cortical tissue 

of recruited patients. Representative Western blotting of temporal 

cortical tissue lysates from resection samples from patients (a) and 

quantification for relative GluA1 levels normalized to GAPDH. (b) 

Analysis for the relationship of GluA1 relative expression did not show 

correlation between the 2 parameters (r = -0.49, P = 0.11). (c)  t-test 

did not show differences in relative levels of GluA1 in ³45-year-old 

subjects (0.034 ± 0.006, N= 7) when compared to <45-year-old 

subjects (0.019 ± 0.004, N= 5). Quantification for all available cases 

was plotted, but only non-pathological cases shown in black were used 

for the analysis. Cases for which pathology was observed were plotted 

in red and were not included in the analysis (Spearman’s coefficient of 

correlation (r) and p-value (p) are indicated). 
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 Co-immunoprecipitation experiments investigating association of 

synaptic protein PSD-95 and NMDAR GluN2 subunits in human cortical 

tissue.  

Western Blotting allowed us to analyse the protein expression levels of NMDAR 

and AMPAR subunits in brain homogenate. However, this technique, did not allow 

us to investigate whether these subunits were located synaptically or 

extrasynaptically. To investigate whether NMDAR subunits were associated with 

synaptic proteins, we employed the co-immunoprecipitation technique. This 

technique allowed us to identify NMDAR subunits interacting with the scaffolding 

protein PSD-95, which is primarily located at the postsynaptic density. There is 

prior evidence of PSD-95 co-immunoprecipitating both with GluN2B and GluN2A 

(Sans et al. 2000a). By using a specific antibody to capture the synaptic protein 

PSD-95 and along with it any complexes it forms, we were able to indirectly probe 

for NMDAR subunits that were synaptically localised. Of particular interest to us 

was whether the GluN2A doublets were equally expressed in at the synapse, as 

well as the expression profile of GluN2B.  

Precipitation for PSD-95 was performed by conjugating the PSD-95 antibody onto 

A-Agarose beads. Precipitated proteins were released from the beads following 

boiling of samples and immunoblotting was performed to probe for GluN2B or 

GluN2A subunits. Samples from 9 subjects spanning 27 to 62 years of age, were 

processed in batches of 3/4 cases per experimental round. Only blots with clear 

IgG lanes where there was no unspecific binding between the antibody and 

antigens in the sample were used for analysis. In some cases, there was some 

unspecific binding to epitopes within the IgG, so we only analysed the samples 

where we could not see unspecific bands in the IgG lane (see Appendix for full 

blots). 
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For the quantification of our experiments, we used the ratios of either GluN2A or 

GluN2B and PSD-95, subsequently giving us a measure of the relative expression 

of NMDAR subunits at the postsynaptic density. Analysis was performed using 

available samples from 9 subjects and representative blots are shown in figure 

4.7a, along with input lanes and IgG lanes representing negative controls.  

Correlation analysis and t-tests were performed for the 2 measures we looked at 

(GluN2A/PSD-95 and GluN2B/PSD-95). For GluN2A analysis, we proceeded with 

analysing Band 1 (canonical band). For t-test analysis, we grouped results 

according to the age of the subject from which the sample was collected from 

(subjects of <45 years and subjects of ³45 years of age). As discussed below for 

relative GluN2A synaptic expression, we used GluN2A Band 1.  

Ratios of co-immunoprecipitated GluN2A Band 1 and PSD-95 were plotted as 

shown in figure 4.7b. Results showed no correlation of GluN2A/PSD-95 ratio with 

increasing age of recruited patients (r = 0.32, P = 0.20). T-tests performed after 

grouping of results according to the age of subjects, showed no significant 

differences between subjects of <45 years (0.035 ± 0.011, N = 5) and subjects of 

³45 years of age (0.024 ± 0.015, N = 4) (P = 0.571, figure 4.7c). 

By probing for GluN2B following PSD-95 immunoprecipitation, we could clearly 

see bands for 6 out of 9 samples used. Correlation analysis, showed a decrease in 

the interaction of GluN2B with PSD-95 as the age of subjects increased, shown by 

the negative correlation between GluN2B/PSD-95 ratio and increasing age (r = 

-0.64, P<0.05, figure 4.7d). T-test analysis showed similar results to the 

correlation analysis, with subjects of <45 years showing significantly higher 

relative GluN2B levels (0.072 ± 0.014, N = 5) compared to subjects of ³45 years 

of age (0.010 ± 0.005, N = 4) (P < 0.01, figure 4.7e). 
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Figure 4.7. Co-immunoprecipitation of NMDAR subunits with PSD-95. (a) Representative 

blots of GluN2A and GluN2B subunits co-immunoprecipitated with PSD-95 using 

temporal cortical tissue lysates from recruited patients. (b) Relative intensity of 

GluN2A immunoprecipitated with PSD-95 does not correlate with increasing age of 

recruited patients (r = 0.09, P = 0.41). (c)  t-test showed no difference in relative 

synaptic GluN2A levels between <45-year-old subjects (0.035 ± 0.011, N= 5) and 

³45-year-old subjects (0.024 ± 0.015, N = 4) (P = 0.571). (d) Relative intensity of 

GluN2B immunoprecipitated with PSD-95 significantly declines with age (r = -0.64, P 

£ 0.05). (e)  t-test showed significant differences in relative synaptic GluN2B levels 

between <45-year-old subjects (0.072 ± 0.014, N= 5) and ³45-year-old subjects 

(0.010 ± 0.005, N = 4) (P ≤0.01). Input is 18.75µg of lysate. IgG is nonspecific rabbit 

IgG. 1mg of protein was used for the immunoprecipitation reaction. Statistical 

differences: *P≤0.05, ** P≤0.01. (Spearman’s coefficient of correlation (r) and p-

value (p) are indicated for each measure).  
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Consistent with the earlier Western blotting observations, we observed 2 bands of 

similar molecular weight present for GluN2A. We therefore quantified the relative 

levels of the 2 visible GluN2A bands, which co-immunoprecipitated with PSD-95 in 

order to identify any potential differences in their expression pattern. 

Correlation analysis for the 2 bands showed that levels of GluN2A Band 1 co-

immunoprecipitating with PSD-95 are not dependent on age (r = - 0.46, P = 0.22, 

figure 4.8a). Analysis for GluN2A Band 2, showed that as the age of recruited 

patients increased, the relative GluN2A Band 2/PSD-95 expression decreased (r = 

- 0.68, P ≤ 0.05, figure 4.8a). We also analysed the results regarding expression 

of GluN2A bands using a 2-way ANOVA depending on the age group of the 

subjects. Statistical analysis showed that relative intensities of GluN2A 

immunoprecipitating with PSD-95, were not affected by the age of subjects (F
1, 14

 = 

2.44, P = 0.141). There was no effect of GluN2A band (F
1, 14

 = 0.54, P = 0.475) and 

no age*band interaction (F
1, 14

 = 0.12, P = 0.74) (Figure 4.8b). 

The second isoform as discussed before, lacks the PDZ binding domain. A 

possible explanation for its presence in the co-immunoprecipitated lane could be 

attributed to pulling down complexes, such as the PSD-95-GluN1 complex, which 

could in turn interact with GluN2A isoform 2. Eight GluN1 isoforms have been 

identified in the human brain as a result of alternative splicing of the grin1 gene 

(Vrajová et al. 2010). Four of them contain an SSTV domain, which is a PDZ ligand 

domain responsible for the binding of GluN1 subunits to PSD proteins, such as 

PSD-95. More information regarding the GluN1 isoforms can be found at: 

http://www.uniprot.org/align/A20170712F725F458AC8690F874DD868E4ED79B

88BE81B6B).  

Another possible explanation for the association of GluN2A isoform Band 2 and 

PSD-95, is the presence of triheteromeric NMDARs, which include both GluN2B 
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and GluN2A subunits and could potentially be part of the complex which is pulled 

down. Finally, this second band could also be attributed to proteolytic cleavage of 

GluN2A. Further experiments that include the use of protease inhibitors in sliced 

human living tissue are needed to investigate whether GluN2A Band 2 is indeed a 

product of an as yet unidentified proteolytic event.  

 

 

Figure 4.8. GluN2A immunoprecipitated bands with PSD-95 have different 

patterns of expression. (a) Relative GluN2A/PSD-95 intensities for 

Band 1 and Band 2 plotted against age of recruited patients. GluN2A 

band 1 relative expression does not correlate with increasing age of 

recruited patients (r = - 0.46, P = 0.22) while GluN2A Band 2 relative 

expression is dependent on increasing age; negative correlation 

observed (r = -0.68, P £ 0.05). (b) Relative intensity of GluN2A/PSD-95 

bands for subjects younger or older than 45 years old do not show 

expression differences for relative synaptic GluN2A expression 

between the 2 age groups for Band 1 and Band 2. Statistical 

differences: *P≤0.05 (Spearman’s coefficient of correlation (r) and p-

value (p) are indicated for each measure). 
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 Whole-cell recordings in LII-III pyramidal neurons from living human 

temporal cortex 

Cortical tissue adjacent to the pathological foci was resected as part of the 

neurosurgical procedures needed for the treatment of patients. Resected tissue 

was immediately placed in oxygenated ice-cold ACSF and transferred to the 

laboratory within 10-15 minutes. The tissue was then processed for acute slice 

electrophysiology experiments. 11 out of the 17 human tissue samples yielded 

tissue for electrophysiology, and met the criteria we set during the post-hoc 

quality control experiments (Sections 3.4.2.2 and 3.4.2.2). We therefore analysed 

the synaptic composition of excitatory receptors from these samples ranging 

from 21-62 years of age. 

EPSCs were evoked using a stimulus isolator unit connected to a monopolar 

extracellular stainless steel electrode (250 µm diameter) placed near the apical 

dendrite and within 100-150µm from a LII-III pyramidal neuron soma. By voltage 

clamping at alternating holding potentials of -70mV and +50mV, we were able to 

estimate the contribution of AMPAR- and NMDAR-mediated currents to the 

resultant synaptic response with and without the addition of the selective GluN2B 

subunit inhibitor Ro-256981 (Fischer et al. 1997), a derivative of ifenprodil 

(Section 1.1.2.2). Previous work by Mierau et al. (2004), has shown that voltage 

clamping at different holding membrane potentials is a reliable way of estimating 

the NMDAR and AMPAR mediated currents, demonstrated by the use of 

pharmacological blockers for each receptor.  

Moreover, representative traces following ~10 minutes D-APV treatment during 

our experiments provide further evidence of how NMDAR- and AMPAR- mediated 

currents can be isolated by clamping at different holding membrane potentials 

(Figure 4.9(ii)). Following APV treatment we observed only a very small current 

remaining at +50mV, exhibiting fast decay properties. This transient was 
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qualitatively similar to those described by Lu et al. (2011) in terms of decay 

kinetics following silencing of GluN1 subunits in rodent pups via the use of a 

conditional knockout system. 

Quantification of this current before and following ~10-15 minutes of APV 

treatment, reinforced our qualitative observations regarding isolation of NMDAR- 

and AMPAR mediated currents. The NMDA/AMPA ratio decreased from 0.405 as 

measured under Ro-256981 conditions, to 0.080 following APV treatment. In 

addition, the NMDAR-mediated current measured at 55ms following extracellular 

stimulation was 14.0pA under APV conditions compared to 83.4pA under Ro 

conditions, which followed normalisation to the AMPAR mediated current, showed 

that we were able to block the current elicited at +50mV by ~ 80% (Figure 

4.9(a)(ii)). Although a minor component of AMPAR-mediated currents may still be 

present following D-APV treatment, we were still able to get an estimate of the 

NMDAR-mediated current at 55ms following extracellular stimulation. Estimates 

at a later time point may introduce bias as the signal to noise ratio could be 

greater.  

In this section, we present the analysed data for NMDA/AMPA ratios, weighted 

NMDA-mediated time constant (ms, t
weighted

), normalised NMDA-mediated charge 

transfer to NMDA current amplitude (Q
NMDA

/A
NMDA

), and normalised NMDA-mediated 

charge transfer normalised to AMPA current amplitude (Q
NMDA

/A
AMPA

). We 

investigate the effects of age with and without Ro-256981 treatment. 

Representative traces with and without pharmacological treatment are presented 

in figure 4.9a(i).  

From the currents elicited at -70mV and +50mV, we plotted the current-voltage 

relationship curve by measuring both the early (AMPAR-mediated) and late 

(NMDAR-mediated) components at various holding potentials in the range of -70 

to +40mV (-70, -40, -20, 0, +15 and +40mV) in the presence of gabazine (3µM). 
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A minimum of 3 repeats of the I/V protocol were performed for each cell, and at 

least 2 cells from each patient were included in the analysis. The average I/V 

curves presented here, represent data collected from 7 patients (Figure 4.9b). 
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Figure 4.9. Representative traces of LII-III pyramidal neuron synaptic currents  

from human cortical slices with and without drug treatment. (a) 

Representative NMDA- and AMPA-mediated currents from adult human 

slices in LII-III temporal cortex with and without 500nM Ro and 10µM 

D-APV treatment. Evoked EPSCs were elicited using extracellular 

stimulation (100-150μm away from the pyramidal neuron soma) and 

measured at a holding potential of –70mV and +50mV (i) 

Representative NMDA-mediated current from a young patient (32 yrs.) 

shows sensitivity to Ro treatment (NMDA/AMPA ratio is 0.71 under 

control conditions and 0.17 under Ro conditions,) while NMDA-

mediated current from an older patient (52 yrs.) shows no sensitivity to 

Ro treatment (NMDA/AMPA is 0.49 under control conditions and 0.53 

under Ro conditions). (ii) NMDA-mediated currents show sensitivity to 

APV treatment (NMDA/AMPA ratio is 0.41 under Ro conditions and 

0.08 under APV conditions).  (b) Average I/V relations for NMDA and 

AMPA responses (n=7 patients). I/V curve acquired by clamping at 

various holding potentials from -70 to +40mV (-70, -40, -20, 0, +15 

and +40mV). I/V relations for NMDA-mediated responses show a 

voltage dependence (characteristic ‘J-shaped’ curve), showing the Mg2+ 

block of receptor at hyperpolarized membrane potentials below 

~-35mV. I/V relation for AMPA-mediated responses show an inward 

rectification of responses at depolarised potentials.  
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4.3.3.1 Subtle changes in GluN2B subunit contribution in younger patients 

using the NMDA/AMPA ratio readout 

We firstly analysed NMDA/AMPA ratios with and without Ro-256981 treatment. 

Under control conditions, we observed a negative correlation between 

NMDA/AMPA ratios and age of subjects (r = -0.557, P ≤ 0.05), whereas this 

correlation was not significant in currents recorded following Ro treatment (r = 

-0.022, P = 0.949). These observations suggested that GluN2B contribution is 

larger in recordings from younger patients (Figure 4.10a). 2-way ANOVA analysis 

for NMDA/AMPA ratios showed a trend towards an effect of Ro treatment (F
1, 18

 = 

3.926, P = 0.06). We observed no effect of age (F
1, 18

 = 0.751, P = 0.40) nor an 

effect of Ro treatment*age interaction (F
1, 18

 = 0.967, P = 0.34), so we did not 

proceed with post-hoc comparisons. 

4.3.3.2 Weighted NMDA time constant analysis suggests presence of 

triheteromeric NMDARs  

Diheteromeric GluN1-GluN2A and GluN1-GluN2B NMDARs have distinct decay 

kinetics (Stocca & Vicini 1998). We thus further analysed our data by fitting a 

double exponential decay function to all recorded currents with or without 

GluN2B inhibition, obtaining a single weighted time constant value (Weighted 

NMDA time constant, t
weighted

) for each case (see Materials and Methods, section 

2.4.3).  

A negative correlation was observed under control conditions, with weighted 

NMDA time constant decreasing significantly with increasing age of recruited 

patients (r = -0.783, P ≤ 0.01) (Figure 4.10b). A negative correlation was also 

observed following Ro-256981 treatment, between weighted NMDA time constant 

and increasing age of recruited patients (r = -0.573, P ≤ 0.05) (Figure 4.10b). 

These observations show that NMDAR-dependent currents become faster in the 
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older patients of this cohort following Ro treatment. This faster time constant is 

consistent with the idea that remaining NMDARs in older adults contain GluN2A 

subunits owing their faster kinetics to faster glutamate dissociation (Vicini et al. 

1998).  

2-way ANOVA analysis for weighted NMDA time constant according to age group 

showed a trend towards an effect of Ro treatment (F
1, 18

 = 3.28, P = 0.09). We 

observed a significant effect of age (F
1, 18

 = 9.936, P < 0.01) but no effect of Ro 

treatment*age interaction (F
1, 18

 = 0.756, P = 0.40). Post-hoc comparisons revealed 

significant differences between the 2 age groups under control conditions (P < 

0.05) with subjects of <45 years exhibiting t
weighted

 of 234ms ± 11.60 (N = 5) while 

subjects of ³45 years of age exhibited t
weighted

 of 167ms ± 20.45 (N = 6). No 

differences were observed under Ro conditions between the 2 groups (P = 0.23) 

(189ms ± 11.49, for <45 year-old-subjects (N = 5) and 151ms ± 17.36, for ³45 

year-old-subjects (N = 6)). 

4.3.3.3 NMDA charge transfer analysis reveals a strong effect of age  

We then analysed NMDA charge transfer normalised to NMDA amplitude 

(Q
NMDA

/A
NMDA

). Results were similar to the weighted NMDA time constant 

observations.  A significant negative correlation between normalised NMDA 

charge transfer and increasing age of subjects was observed under control 

conditions (r = -0.739, P ≤ 0.01). A significant effect was also observed following 

Ro treatment (r = -0.573, P ≤ 0.05) (Figure 4.10c). 

Following 2-way ANOVA analysis for Q
NMDA

/A
NMDA

, we observed a trend towards an 

effect of Ro treatment (F
1, 18

 = 3.55, P = 0.08). We observed a significant effect of 

age (F
1, 18

 = 8.772, P < 0.01) but no effect of Ro treatment*age interaction (F
1, 18

 = 

0.593, P = 0.45). Post-hoc comparisons revealed significant differences between 

the 2 age groups under control conditions (P < 0.05) with subjects of <45 years 
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exhibiting normalised NMDA charge transfer of 0.264 ± 0.016 (N = 5) while 

subjects of ³45 years of age exhibited normalised NMDA charge transfer of 0.190 

± 0.023 (N = 6). No differences were observed under Ro conditions between the 2 

groups (P = 0.26) (0.211 ± 0.012, for <45 year-old-subjects (N = 5) and 0.168 ± 

0.022, for ³45 year-old-subjects (N = 6)). 

We also normalised the charge transfer of NMDAR-mediated responses by the 

peak AMPAR-mediated current amplitude (Q
NMDA

/A
AMPA

). This allowed us to 

normalise the NMDAR-mediated response to a different parameter other than 

itself, similar to the NMDA/AMPA ratios. Our analysis showed similar results to 

the NMDA/AMPA ratio measure.  Under control conditions, there was a significant 

negative correlation between NMDA normalised charge transfer and increasing 

age of subjects (r = -0.674, P ≤ 0.05) suggesting a decrease in charge transfer in 

the older patients of this cohort. This effect was not apparent following Ro 

treatment. There was no correlation between normalised NMDA charge transfer 

and increasing age following Ro treatment (r = -0.064, P = 0.42) (Figure 4.10d). 

This means that there are less GluN2B containing NMDARs in the older subjects 

which can be successfully blocked by Ro-256981 consistent with our 

NMDA/AMPA ratio results that suggest an age-dependent decrease in 

diheteromeric GluN2B-containing NMDARs. 

Following 2-way statistical analysis for Q
NMDA

/A
AMPA

, we observed a significant effect 

of Ro treatment (F
1, 18

 = 5.97, P < 0.05). We observed no effect of age (F
1, 18

 = 

2.148, P = 0.16) and no effect of Ro treatment*age interaction (F
1, 18

 = 1.396, P = 

0.25). Post-hoc comparisons for the effects of Ro treatment, revealed significant 

differences between control and Ro-256981 conditions (P < 0.05) for subjects of 

<45 years (0.216 ± 0.022 under control conditions and 0.131 ± 0.011 under Ro 

conditions (N = 5).  Post-hoc comparisons for the effects of Ro treatment for ³45 

years of age revealed no significant differences between control and Ro-256981 
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conditions (P = 0.59) (0.154 ± 0.028 under control conditions and 0.124 ± 0.024 

under Ro conditions (N = 6)). 

This set or results shows that there is a significant contribution of GluN2B 

diheteromers at the synapses of younger subjects that can be inhibited by the 

specific GluN2B inhibitor, Ro-256981. We also observed significant negative 

correlation for Q
NMDA

/A
NMDA

 and NMDA weighted time constant
 
under Ro conditions 

suggesting the presence of triheteromeric NMDARs in younger subjects.  

This does not exclude the possibility that there might be a large proportion of 

triheteromeric NMDARs in older recruited subjects. Additional treatment of 10µM 

Ro-256981 , which  blocks both the diheteromeric and triheteromeric NMDARs 

(France et al. 2017)  would be a way of testing for the presence of triheteromeric  

receptors. 
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Figure 4.10. Correlation analyses for NMDAR-mediated synaptic currents and 

age. (a) NMDA/AMPA ratios are negatively correlated with increasing 

age of recruited patients under control conditions (r = –0.557, P ≤ 0.05). 
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No correlation was observed between NMDA/AMPA ratios and 

increasing age for recordings carried under Ro conditions (r = –0.022, P 

= 0.95). (b) Analysis of weighted NMDA time constant against increasing 

age of recruited patients shows that the two parameters are negatively 

correlated under control conditions (r = –0.783, P ≤ 0.01) and under Ro 

conditions (r = –0.573, P ≤ 0.05). (c) Analysis for Q
NMDA

/A
NMDA

 

measurements shows that they are negatively correlated with increasing 

age of recruited patients. A decline of NMDA decay is observed both 

under control conditions (r = –0.739, P ≤ 0.01) and under Ro conditions 

(r = –0.577, P ≤ 0.05). (e) Analysis for Q
NMDA

/A
AMPA

 against increasing age, 

shows that the 2 parameters are negatively correlated under control 

conditions (r = –0.538, P ≤ 0.05) but not following Ro treatment (r = –

0.064, P = 0.42). Scatter dot plots with error bars in graphs represent 

mean ± SEM per patient. 12 patients were included in the analysis. 

Statistical differences: *P≤0.05, ** P≤0.01. (Spearman’s coefficient of 

correlation (r) and p-value (p) are indicated for each measure).  
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Figure 4.11. Synaptic NMDAR-mediated currents grouped according to age 

into <45-year-old subjects and ³45-year-old subjects. (a) 

NMDA/AMPA ratios from <45-year-old subjects and ³45-year-old 

subjects show no sensitivity to Ro treatment (0.674 ± 0.043 without 

and 0.466 ± 0.06 with Ro treatment for <45-year-old subjects) and 

(0.544 ± 0.09 without and 0.474 ± 0.07 with Ro treatment ³45-year-old 

subjects). (b) Analysis of weighted NMDA time constant time shows an 

effect of age. Significant differences were observed under control 

conditions between <45-year-old subjects and ³45-year-old subjects 

(234ms ± 11.59 and 167ms ± 20.45 respectively). No differences 

observed under Ro conditions between the 2 age groups (189ms ± 

11.49 and 151ms ± 17.36 for <45-year-old subjects and ³45-year-old 

subjects respectively). (c) Q
NMDA

/A
NMDA

 analysis shows an effect of age. 

Significant differences observed under control conditions between <45-

year-old subjects and ³45-year-old subjects (0.264 ± 0.016 and 0.190 ± 

0.023 respectively). No differences observed under Ro conditions 
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between the 2 age groups (0.211 ± 0.012 and 0.168 ± 0.022 for <45-

year-old subjects and ³45-year-old subjects respectively).  (d) 

Q
NMDA

/A
AMPA

 shows an effect of treatment. Significant differences were 

observed for <45-year-old subjects without and with Ro treatment 

(0.216 ± 0.022 and 0.131 ± 0.011 respectively). No differences 

observed for ³45-year-old subjects without and with Ro treatment 

(0.154 ± 0.028 and 0.124 ± 0.024 respectively). Data represent mean ± 

SEM. Each dot represents the mean value of each patient. N = 5 

patients for <45-year-old subjects and N = 6 for ³45-year-old subjects. 

Data were analysed with a 2-way ANOVA and post-hoc t-tests using 

Sidak correction. Statistical differences: * P≤0.05.  
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4.3.3.4 Paired cell analysis shows a significant contribution of GluN2B 

subunits in NMDAR-mediated currents in subjects <45 years 

All of the analyses above were carried out using cells that were treated either just 

with gabazine (control conditions) or gabazine in combination with the GluN2B 

antagonist Ro-256981. The above analysis includes cells for which recordings 

were acquired for either or condition or the other, but not necessarily for both. 

This is due to the pre-incubation time needed for Ro-256981 (30 minutes), before 

acquisition of data, which along with the recordings acquired under control 

conditions could add up to 1 hour of the cell being in whole-cell configuration 

before even starting to record under GluN2B inhibition conditions.  

Studies using Ro-256981 have reported pre-incubation times ranging from 20 

minutes to 1 hour (Waxman & Lynch 2005; Paul & Connor 2010). During this pre-

incubation time, the series resistance, which is the sum of the access resistance 

and the initial pipette resistance, is subject to increase. Moreover, the leak 

current (the current that flows from the pipette into the bath through the seal 

(Morgan & Decoursey 2014)) can rapidly increase, suggesting that the seal is no 

longer tight between the pipette and the neuron. 

 The increase in series resistance and leak current, along with cells spontaneously 

rupturing and dying, led to a limited number of cells from which we obtained 

paired recordings, i.e. before and after Ro-256981 treatment. Paired recordings 

from individual cells were analysed per patient (figure 4.12) and per age group 

(figure 4.13). Although the dataset is quite small (3 cells for subjects <45 years 

and 8 cells for subjects ³45 years), it is in accordance with the results obtained 

using the whole dataset.   
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As shown in figure 4.12, NMDA/AMPA ratios (a) and Q
NMDA

/A
AMPA

 (d), show clear 

effects of Ro-256981 for 2 out of 3 subjects <45 years. The effects for those 

patients are not as pronounced for t
weighted

 (b) and Q
NMDA

/A
NMDA

 (c). For most of the 

subjects ³45 years, data points before and after Ro-256981 treatment, are 

overlapping for all measures, suggesting that GluN2B inhibition has little effect 

on the NMDAR-mediated currents obtained from those cells.  

Correlation analysis for NMDA/AMPA ratios using the data points from paired cell 

recordings showed no effect of age under control and Ro treatment conditions (r 

= -0.548, P = 0.17 and r = -0.167, P = 0.70 respectively). There was a strong 

effect of age on the rest of the measures. We observed significant negative 

correlation between age and t
weighted

 under control conditions (r = -0.857, P < 

0.05), but not following Ro treatment (r = -0.524, P = 0.20). Similarly, for 

Q
NMDA

/A
NMDA

, there was a strong negative correlation with age under control 

conditions (r = -0.905, P < 0.01), but not a significant correlation under Ro 

conditions (r = -0.667, P = 0.08). A significant correlation with age was also 

observed for Q
NMDA

/A
AMPA

 under control conditions but not following Ro treatment 

(r = -0.857, P < 0.05 and r = -0.262, P = 0.53 respectively).  

Taken together, paired recording results show that following Ro treatment there 

is no correlation between increasing age and NMDAR-mediated currents, while 

there is an age-dependent decrease in NMDAR-mediated currents under control 

conditions for 3 out of 4 measures. This suggests that there is a significant 

contribution of GluN2B subunits to the synaptic NMDAR-mediated currents in 

younger adults.  
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Figure 4.12. Correlation analysis for NMDAR-mediated synaptic currents and 

age using paired recordings. Spearman’s coefficient of correlation (r) 

and p-value (p) were used for each measure (a) No signifcant age 

dependent effects for NMDA/AMPA ratios under control nor Ro 

conditions (r = -0.548, P = 0.17 and r = -0.167, P = 0.70 respectively). 

(b) Analysis of weighted NMDA time constant against increasing age 

shows negative correlation between the 2 measures under control 

conditions (r = -0.857, P < 0.05) but not under Ro conditions (r = 

-0.524, P = 0.20). (c) Analysis for Q
NMDA

/A
NMDA

 measurements shows 

negative correlation with increasing age of recruited patients under 

control conditions (r = -0.905, P < 0.01) but not following Ro 

treatment (r = -0.667, P = 0.08). (d) Analysis for Q
NMDA

/A
AMPA

 against 

increasing age, shows that the 2 parameters are negatively correlated 

under control conditions but not following Ro treatment (r = -0.857, P 

< 0.05 and r = -0.262, P = 0.53 respectively). Scatter dot plots with 

error bars in graphs represent mean ± SEM per patient. 
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Grouping our results according to age, revealed significant effects of Ro 

treatment for 2 out 4 measures in the <45-year-old subjects, whereas no 

differences were observed in ³45-year-old subjects (figure 4.13).  

Following 2-way ANOVA analysis for NMDA/AMPA ratios we observed an effect of 

Ro treatment (F
1, 6

 =8.398, P < 0.05) (figure 4.13a). We observed no significant 

effect of age (F
1, 6

 = 0.917, P = 0.38) and no effect of Ro treatment*age interaction 

(F
1, 6

 = 4.747, P = 0.07). Post-hoc comparisons revealed significant differences 

between the 2 age groups following Ro treatment (P < 0.05) with subjects of <45 

years exhibiting NMDA/AMPA ratios of 0.882 ± 0.203 under control conditions, 

reduced to 0.457 ± 0.048 following Ro treatment (N = 3). NMDA/AMPA ratios 

recorded from subjects of ³45 years did not show an effect of Ro (0.535 ± 0.148 

under control condition and 0.474 ± 0.080 following Ro treatment (N = 5)). 

Analysis for t
weighted 

revealed no effects for age nor Ro treatment (F
1, 6

 = 3.962, P = 

0.09 and F
1, 6

 = 0.05, P = 0.83 respectively). There was no Ro treatment*age 

interaction (F
1, 6

 = 1.512, P = 0.26) (figure 4.13b). Similar effects were observed 

following analysis of Q
NMDA

/A
NMDA

. There was no effect for Ro treatment and age (F
1, 

6
 = 0.615, P = 0.46 and F

1, 6
 = 3.457, P = 0.11 respectively). No interaction of the 2 

parameters was observed (F
1, 6

 = 2.432, P = 0.17) (figure 4.13c).  

Analysis for Q
NMDA

/A
AMPA

 showed a significant effect of treatment (F
1, 6

 = 11.05, P < 

0.05), but not one for age (F
1, 6

 = 2.07, P = 0.2). A Ro treatment*age interaction 

was also observed (F
1, 6

 = 7.28, P < 0.05) (figure 4.13d). Post-hoc comparisons 

showed that effects of Ro treatment were different for the 2 age groups. Subjects 

of <45 years exhibited a significant reduction in Q
NMDA

/A
AMPA

 (0.299 ± 0.071 to 

0.136 ± 0.012, N= 3), while subjects of ³45 years did not show a reduction in 

Q
NMDA

/A
AMPA

 (0.148 ± 0.042 to 0.131 ± 0.029, N= 5). 



Chapter 4 

 161	

 

Figure 4.13. Paired cell analysis of synaptic NMDAR-mediated currents from 

<45-year-old subjects and ³45-year-old subjects. (a) NMDA/AMPA 

ratios from <45-year-old subjects show sensitivity to Ro treatment 

while ³45-year-old subjects do not (0.882 ± 0.20 before and 0.457 ± 

0.05 after Ro treatment for <45-year-old subjects and 0.535 ± 0.15 

before and 0.474 ± 0.08 after Ro treatment for ³45-year-old subjects). 

(b) Analysis of t
weighted 

shows no effect of age nor treatment (246ms ± 

9.95 before and 229ms ± 36.2 following Ro treatment for <45-year-old 

subjects and 158ms ± 22.4 before and 170ms ± 27.6 following Ro 

treatment for ³45-year-old subjects. (c) Analysis of Q
NMDA

/A
NMDA 

shows no 

effect of age nor treatment (0.264 ± 0.01 before and 0.243 ± 0.03 

following Ro treatment for <45-year-old subjects and 0.173 ± 0.03 

before and 0.180 ± 0.03 following Ro treatment for ³45-year-old 

subjects (d) Q
NMDA

/A
AMPA

 shows an effect of treatment. Significant 

differences observed for <45-year-old subjects before and following Ro 

treatment (0.299 ± 0.07 and 0.136 ± 0.01 respectively). No differences 

observed for ³45-year-old subjects before and following Ro treatment 
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(0.148 ± 0.04 and 0.131 ± 0.03 respectively). Each data point 

represents the mean value of each patient. N = 3 patients for <45-year-

old subjects and N = 5 for ³45-year-old subjects. Data were analysed 

with a 2-way ANOVA and post-hoc t-tests using Sidak correction. 

Statistical differences: * P≤0.05.  
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 Whole-cell recordings from mouse temporal cortex 

Evidence regarding a shift from GluN2B-containing NMDARs to GluN2A-containing 

NMDARs during the first postnatal weeks in rodents was documented over 2 

decades ago (Watanabe et al. 1992; Monyer et al. 1994). Although this view is 

simplistic and it does not take into consideration the existence of triheteromeric 

NMDARs which has been investigated over the past few years (Sheng et al. 1994a; 

Hatton & Paoletti 2005; Rauner & Kohr 2011; Tovar et al. 2013), it is still 

considered to be accurate in terms of the high proportion of GluN2B 

diheteromeric receptors present during the first postnatal weeks. Our results 

from adult human temporal cortical synapses show an evident GluN2B synaptic 

component which is not consistent with the full GluN2A to GluN2B shift in early 

development.  

In line with the evidence regarding high cortical expression of diheteromeric 

GluN2B-containing NMDARs during the first postnatal weeks in rodents, we 

performed electrophysiological experiments using 350µm acute coronal slices 

from 2 different age groups of WT mice. We used P6-15 mice to confirm the 

existence of a large component of GluN2B-mediated NMDA currents in the 

temporal cortex during the developmental stages, and 3-5-month-old mice to 

investigate the extent of switch to a Ro-insensitive component at the synapses of 

temporal pyramidal neurons from young adult WT mice.  

We set out to replicate previous findings (Sheng et al. 1994a; Roberts & Ramoa 

1999; Quinlan et al. 1999; Mierau et al. 2004) showing that there is a large 

component of GluN2B-containing NMDARs present during the first 2 weeks of 

development. We recorded from LII-III pyramidal neurons from the primary 

somatosensory area of P6-15 and 3-5-month-old acute mouse slices as 

highlighted in purple in the brain atlas image from the Allen Institute shown in 

figure 4.14. 
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Figure 4.14. Coronal mouse section showing the area of electrophysiological 

recordings.  As illustrated in the atlas by the shaded purple area, 

recordings were made from LII-III pyramidal neurons of the 

somatosensory cortex. Image Credit: Allen Institute. 

 

4.3.4.1 I/V curves in in developmental (P6-15) and adult WT mice 

Similar to whole cell recordings from human slices, we plotted the current-voltage 

relationship curve by measuring both the early (AMPAR-mediated) and late 

(NMDAR-mediated) components at various holding potentials in the range of -70 

to +40mV (-70, -40, -20, 0, +15 and +40mV) in the presence of gabazine (3µM). 

A minimum of 3 repeats of the I/V stimulation protocol were performed for each 

cell, and we present the average of 3 cells for each age group (Figure 4.15).  We 

observed a reversal potential of approximately 0mV for both NMDAR- and 

AMPAR-mediated responses confirming the nature of EPSCs recorded, and a J-

shaped curve for the NMDA-mediated component.  
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Figure 4.15. Current-voltage (I/V) curves in LII-III somatosensory cortex from 

developmental and adult mice. Average I/V relations for NMDA and 

AMPA responses from (a) developmental mice and from (b) adult mice 

of 3-5 months. I/V relations for NMDA-mediated responses show a 

voltage dependence (characteristic ‘j-shaped’ curve), suggesting the 

block of receptor at membrane potentials below 0mV. I/V relation for 

AMPA-mediated responses in P6-16 mice are much smaller in 

amplitude and show an inward rectification of responses at 

depolarised potentials. Data points represent mean ± SEM. N 

correpsonds to number of cells. 

 

 

4.3.4.2 Evoked NMDA-mediated currents in developmental (P6-15) and adult 
WT mice 

Similar to the recordings performed using human slices, EPSCs were evoked via 

an extracellular stimulating electrode placed near the apical dendrite and within 

100-150µm from the LII-III pyramidal neuron under whole-cell configuration. 

Voltage clamping at alternating holding potentials of -70mV and +50mV was 

used in order to estimate the contribution of AMPAR- and NMDAR-mediated 

currents to the resultant synaptic response without and with the addition of Ro-

256981. Under these conditions, we analysed data for NMDA/AMPA ratios, 

weighted NMDA-mediated time constant (ms), normalised NMDA charge 

transfers: Q
NMDA

/A
NMDA

 and Q
NMDA

/A
AMPA

. 
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We observed a significant effect of Ro-256981 on NMDAR-mediated currents from 

P6-15 animals as expected. Representative traces can be seen in figure 4.14a. We 

analysed NMDA/AMPA ratios using a 2-way ANOVA statistical test. We observed a 

significant effect of Ro treatment (F
1, 27

 = 10.18, P < 0.01). Post-hoc comparisons 

revealed significant differences between untreated and treated conditions for P6-

15 mice (P<0.01), while no difference was observed in the adult slices for 

NMDA/AMPA ratio before to and after Ro treatment (P = 0.54). Analysis for the 

effect of age did not show statistical significance for this measure (F
1, 27

 = 2.86, P 

= 0.10). We did not observe an effect of Ro treatment*age interaction (F
1, 27

 = 2.80, 

P = 0.11) (Figure 4.16b).  

Analysis of weighted NMDA time constant (ms) revealed significant effects of Ro 

treatment (F
1, 27

 = 4.40, P < 0.05) and of age (F
1, 27

 = 7.60, P < 0.01). We also 

observed a significant Ro treatment*age interaction (F
1, 27

 = 4.18, P < 0.05). Post-

hoc comparisons showed that the weighted NMDA time constant from P6-15 

slices under baseline conditions were significantly slower compared to Ro-treated 

conditions (P < 0.01), as shown in figure 4.16c. There were no differences 

between control conditions and Ro treatment in adult slices (P = 0.99) (Figure 

4.16c).  

Analysis of normalised NMDA decay (Q
NMDA

/A
NMDA

), revealed somewhat different 

effects to those we observed with the weighted NMDA time constant results. 2-

way ANOVA showed a trend for an effect of Ro treatment (F
1, 27

 = 3.94, P = 0.06). 

The same effects were seen for age (F
1, 27

 = 3.84, P = 0.06) and Ro treatment*age 

interaction (F
1, 27

 = 3.35, P = 0.08) (Figure 4.16d). We were not able therefore to 

proceed with post-hoc analyses for any of the measures.  

Analysis of NMDA normalised charge transfer (Q
NMDA

/A
AMPA

) showed a strong effect 

of age (F
1, 27

 = 7.23 P < 0.01). We also observed a strong Ro treatment effect (F
1, 27

 

= 7.90, P < 0.01).  Post-hoc comparisons revealed a significant increase of 
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(Q
NMDA

/A
AMPA

) for P6-15 mice (P < 0.01), while no effect was seen for adult mice (P = 

0.81). Analysis of Ro treatment*age interaction did not reach statistical 

significance (F
1, 27

 = 3.72, P = 0.06) (Figure 4.16e).  

The GluN2B-containing NMDAR shift to GluN2A-containing NMDARs in the 

developing brain has been documented in a number of papers (Sheng et al. 

1994a; Roberts & Ramoa 1999; Quinlan et al. 1999; Mierau et al. 2004). With that 

in mind, we sought to replicate these findings by employing four different ways 

of analysis for the NMDA-mediated and AMPA-mediated receptor currents. Out of 

the 4 measures we used, we were able to detect robust effects of Ro-256981 

treatment in the temporal cortex of P6-15 mice for NMDA/AMPA ratio, NMDA 

weighted time constant and Q
NMDA

/A
AMPA

, which were not seen in young adult mice 

of 3-5 months of age.  
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Figure 4.16. Significant GluN2B contribution in NMDA-mediated currents from 

P6-15 mouse slices but not from adult mouse slices. (a) 

Representative NMDA- and AMPA-mediated currents from P6-15 and 3-

5-month-old mouse slices without and with Ro treatment. (b) 

NMDA/AMPA ratios from P6-15 mice show sensitivity to Ro treatment 

(1.255 ± 0.18 without and 0.540 ± 0.08 with Ro treatment), while 

recordings from 3-5-month-old mice do not (0.760 ± 0.08 without and 

0.538 ± 0.10 with Ro treatment). (c) Analysis of weighted NMDA time 

constant shows sensitivity to Ro treatment in P6-15 mice (311ms ± 

47.3 without and 157ms ± 22.9 with Ro treatment). No differences 

were observed in the 3-5-month-old mice (132ms ± 11.4 to 130ms ± 

10.6). (d) Q
NMDA

/A
NMDA

 analysis from P6-15 and 3-5-month-old slices did 

not reach statistical significance (0.324 ± 0.05 to 0.152 ± 0.04 for P6-

15 mice and 0.153 ± 0.01 to 0.146 ± 0.01 for 3-5-month-old mice). (e) 

Q
NMDA

/A
AMPA

 shows sensitivity to Ro treatment in slices from P6-15 mice 

(0.458 ± 0.07 without and 0.161 ± 0.06 with Ro treatment). No 

changes in Q
NMDA

/A
AMPA

 were observed in 3-5-month-old mice (0.169 ± 

0.03 without and 0.114 ± 0.02 with Ro treatment). Scatter dot plots 

with error bars in graphs represent mean ± SEM. Data were analysed 

with a 2-way ANOVA and post-hoc t-tests using Sidak correction. 

Statistical differences: * P≤0.05, **P≤0.01. Numbers in brackets 

correspond to number of cells. Scale bar: 50ms, 100pA. 
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4.4 Discussion 

NMDAR subunit composition switch from GluN2B-containing to GluN2A-

containing receptors, has been previously described in the rodent brain during 

synaptic maturation (Watanabe et al. 1992; Monyer et al. 1994; Bellone & Nicoll 

2007). GluN2B is widely expressed during human prenatal development and 

during the first weeks following birth (Jantzie et al. 2015; Bagasrawala et al. 

2016).  

In the adult mouse brain, GluN2B is mostly expressed in the forebrain but down-

regulated in other brain regions. On the other hand, GluN2A expression is 

expressed in very low levels around the time of birth and then dramatically 

increases during the second postnatal week (Monyer et al. 1994).  

The subcellular localisation of NMDARs containing GluN2A and GluN2B subunits 

has been a subject of debate; one view being that GluN2A-containing NMDARs 

are synaptic while GluN2B-containing receptors are enriched at extrasynaptic 

sites (Groc et al. 2009). This generalised notion has been challenged by 

numerous studies showing that GluN2B-containing NMDARs exist at synapses in 

the hippocampus and frontal cortex of adult mice (Sheng et al. 1994b; Al-Hallaq 

et al. 2007;  Rauner & Kohr 2011; Tovar et al. 2013). The presence of Glu2NB 

subunits at the synapse was also addressed using co-immunoprecipitation and it 

was predictive of rodents’ performance during behavioural tasks (Zhao et al. 

2009; Zamzow et al. 2013). This is in agreement with previous observations, 

where GluN2B overexpression improved performance in memory tests and 

enhanced synaptic plasticity in rodent hippocampus and prefrontal cortex (Tsien 

et al. 1999; Cui et al. 2011).  

While the developmental shift has been studied in rodents, it has not been 

investigated in great degree in humans. A recent study using post-mortem 
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samples has shown that there are increased GluN2B protein levels in the grey and 

white matter during the first 20-50 postconceptional weeks compared to an adult 

subject (62 years) (Jantzie et al. 2015), while samples from foetuses between 10-

24 gestational weeks were also characterised by high GluN2B mRNA and protein 

expression levels which decline after week 17. These studies however did not 

separate synaptic and extrasynaptic pools, since they only investigated global 

levels of subunit expression from total tissue homogenates.  

PM human tissue has also been used to study mRNA expression levels of GluN2B. 

In an early study, it was shown that GluN2B mRNA was present in adult post-

mortem human samples, predominantly in the hippocampus but also in 

pyramidal cells of the neocortex (Scherzer et al. 1998). Evidence regarding the 

proportion of grin2a/grin2b mRNA ratio, showed decreased mRNA expression of 

grin2b in human adult hippocampal samples, however this was not explored at a 

protein level (Law et al. 2003). 

In this chapter, we have shown that GluN2A, GluN2B and GluA1 subunits are 

expressed in the temporal cortex in human brain by probing for these proteins 

using Western blotting. Analysis for the global levels of ionotropic glutamate 

receptors was carried out using the same cases of resected tissue that did not 

exhibit pathological features as discussed in Chapter 3 (Sections 3.4.2.1 and 

3.4.2.2). Cases that exhibited inflammatory activation and GluN2B cleavage were 

not included in the western blot quantification. 

 Global GluN2B expression decreases with age 

We have shown that there is an age-dependent decrease in GluN2B protein 

expression levels (section 4.3.1.1). As already discussed, phosphorylation of the 

subunit at Y1472 has been associated with stabilisation of the receptor at the 

synapse, rather than at extrasynaptic sites (Roche et al. 2001; Prybylowski et al. 
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2005), so we quantified phosphorylated levels of GluN2B as a potential indicator 

of how synaptic levels of GluN2B change with age.  Quantification of the 

phosphorylated levels of the protein at tyrosine 1472, did not show any 

significant age-dependent effects following correlation analysis, however we 

observed a trend when subjects were split into 2 age groups (P = 0.07), with >45-

year-old subjects, exhibiting lower relative phosphorylated GluN2B levels (section 

4.3.1.1). Increasing the sample size may indicate that this measure can be used a 

predictor of synaptic GluN2B levels. 

Age-dependent differences were also observed in a small post-mortem tissue 

cohort, by comparing younger and older subjects. A trend towards an overall 

decrease in GluN2B protein expression levels in older subjects was observed. No 

bands were detected for GluN2B phosphorylated at tyrosine 1472 in post-mortem 

tissue in contrast to live tissue (Section 4.3.1.2). This finding shows that post-

translational modifications are highly susceptible during PMIs and reinforces the 

need to use live human tissue for the investigation of proteins undergoing post-

translational modifications. 

 Global GluN2A expression decreases with age 

GluN2A protein expression levels were also analysed using Western blotting, as 

this subunit is the predominant GluN2 subunit shown in rodent studies. Relative 

GluN2A expression levels also correlated with age, as seen by an age-dependent 

decrease in protein expression levels (Section 4.3.1.3).  

During our analysis, we observed a doublet for GluN2A on the Western blots at 

around 180kDa with an upper band (Band 1) that was more intense than a lower 

band (Band 2).  The lower band of the doublet, did not match the MW of the 

cleaved GluN2A product of about 115kDa, which has been documented in the 

literature (Yuan et al. 2009). We hypothesised that the second band was a second 
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isoform of GluN2A as described by sequencing data, however further 

experiments using mass spectrometry are needed to confirm this.  

 GluA1 expression does not change with age 

Results for GluA1 subunit, which is the most readily expressed long C-tail AMPAR 

subunit and has a role in the trafficking of AMPARs, did not show significant age-

dependent effects (Section 4.3.1.4).  

Blots for this protein exhibited a higher background signal than normal and 

although a trend was observed, this set of experiments needs to be repeated in 

order to reveal significant differences between age groups. Further work includes 

the investigation of the relative GluA2 expression levels.  

 Synaptic NMDAR composition – significant contribution of GluN2B 

subunits in adulthood 

We proceeded with a more sensitive technique that allowed us to isolate protein 

complexes, i.e. GluN2B and GluN2A subunits that formed a complex with PSD-95. 

The PDZ binding motifs of GluN2B and GluN2A CTDs interact with MAGUKs, 

which act as scaffolding proteins (Sanz-Clemente et al. 2013). A preferential 

association of GluN2A with PSD-95 and of GluN2B with SAP102 has been reported 

in mice, however this does not exclude association of these receptor subunits to 

other MAGUKs (Sans et al. 2000b; Al-Hallaq et al. 2007). 

Using co-immunoprecipitation, we were able to isolate PSD-95 complexes with 

GluN2A and GluN2B, a finding that proves the association of GluN2A and GluN2B 

with synaptic proteins in the human adult brain. We achieved co-

immunoprecipitation using samples from 9 patients where we isolated the 

synaptic GluN2A and GluN2B proteins. As shown in figure 4.7, there was no age-

dependent decrease in the synaptic GluN2A expression after quantification of 
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both bands present. When Bands 1 and 2 were analysed separately, we observed 

no significant decrease with ageing in the synaptic GluN2A Band 1 levels, while a 

significant age-dependent decrease was observed for Band 2 (Figure 4.8). When 

the cohort was split into age groups the effect was no longer seen but this could 

be attributed to the small numbers of patients in our cohort.  

We observed clear bands in the precipitated PSD-95 fraction for GluN2B for 6 out 

of 9 patients. This is in agreement with observations in the rodent brain, where 

synaptic GluN2B in the hippocampus and frontal cortex of 26-month-old mice has 

been reported (Zamzow et al. 2013).  

In order to investigate whether there was specific GluN2B synaptic decrease 

during ageing in the human brain, we analysed the contribution of GluN2B-

mediated NMDAR currents electrophysiologically in resected non-pathological 

cortical tissue. We used the negative allosteric modulator, Ro 25-6981 to block 

the activity of diheteromeric GluN2B-containing NMDARs.  

Evidence showed that at concentrations of up to 1µM, Ro blocks diheteromeric 

GluN2B-containing receptors (IC
50

 value in the low nanomolar range) (Volianskis et 

al. 2013). Taking our co-immunoprecipitation results into account, although we 

could not distinguish whether the GluN2B subunits associated with PSD-95 were 

part of a diheteromeric or triheteromeric NMDAR complex, use of Ro-256981, 

suggests that diheteromeric GluN2B NMDARs exist at the synapses of adults 

under the age of 45.  

Using 500nM concentration of Ro-256981, which is sufficient to block only the 

diheteromeric GluN2B-containing receptors, we investigated NMDA/AMPA ratios 

and kinetics of the NMDAR-mediated EPSCs. We observed a negative correlation 

under control conditions for NMDA/AMPA ratios and Q
NMDA

/A
AMPA

, the two 

measures where we normalised to the AMPA component and took the relative 
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expression of AMPARs at the synapses into account, potentially making them 

more robust measures. We also observed negative correlation with ageing under 

both control and Ro-256981 conditions for weighted NMDA time constant and 

Q
NMDA

/A
NMDA

.  

As part of our analysis we proceeded with paired cell comparisons for recordings 

obtained from the same cells before and after Ro treatment. This allowed us to 

directly investigate the effects of Ro-256981 on synaptic NMDAR-mediated 

currents. Although our dataset is quite small, we observed significant effects 

after Ro treatment for subjects <45 years (section 4.3.3.4).  2 out of 3 cells 

recorded from this cohort showed significant decreases in NMDAR-mediated 

currents (figure 4.12 and 4.13). The effects of Ro treatment were much less 

pronounced for cells recorded from ³45-year-old subjects (figure 4.13), with data 

points for the 2 conditions almost overlapping (figure 4.12), suggesting that 

there is limited presence of synaptic diheteromeric GluN2B-containing NMDARs. 

Analysis using all the cells which we had paired recordings from, showed 

significant negative correlation with age for 3 out 4 measures used to 

characterise NMDAR-mediated currents, further pointing to the fact that synaptic 

diheteromeric GluN2B-containing NMDARs are subject to ageing (figure 4.12). 

Taking both the paired analysis and the analysis using the whole dataset, we 

concluded that there is a significant NMDAR component which can be inhibited, 

in slices from young human adults, with 500nM Ro-256981 suggesting that this 

represents a current elicited by diheteromeric GluN2B-GluN1 receptors as seen by 

the effects on NMDAR-mediated currents.  

Our observations using the whole dataset, suggest that the age-dependent 

decreases in weighted NMDA time constant and Q
NMDA

/A
NMDA 

in the presence of Ro-

256981, may be attributed to the presence of triheteromeric NMDARs. At 

concentrations of 10µM, Ro-256981 blocks both diheteromeric and 
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triheteromeric NMDARs since it effectively inhibits LTP induction (France et al. 

2017). Therefore, further work to test this hypothesis would be to treat slices 

with 10µM Ro-256981, following the 500nM treatment. If the NMDAR-mediated 

currents are inhibited, this will suggest that there are triheteromeric NMDARs at 

the synapses.   

The presence of GluN2B containing NMDARs sensitive to 500nM Ro-256981 in 

the young human adult synapse suggests an important role of dihetereromers in 

synaptic signalling. This might be explained by the ability of CaMKIIa to bind 

specifically to GluN2B C-terminal domain unlike GluN2A (Barria & Malinow 2005) 

following NMDAR activation. This association between CaMKIIa and GluN2B is 

regulated by the CaMKII/PKC phosphorylation as shown by Raveendran et al. 

2009. In addition, this association is also required during LTP maintenance since 

its disruption was shown to inhibit potentiation (Sanhueza et al. 2011), 

suggesting an essential role for GluN2B-containing receptors in synaptic plasticity 

mechanisms. From what has been shown in the literature, the role of GluN2 

subunits can be detrimental in the discrimination of neuronal activity patterns 

(Ryan et al. 2013) (Section 1.2.2.1). Diheteromeric GluN2B-containing NMDARs 

are essential in visual discrimination tasks and contextual fear conditioning tasks. 

A large-scale study looking at discrimination tasks in ageing healthy adults may 

provide evidence supporting this, however it would not be possible to confirm 

this using brain tissue from the same subjects. 

 Differences in human and mouse temporal cortical pyramidal synaptic 

content 

We confirmed we could detect changes in NMDAR-mediated currents by recording 

from cells using mouse developmental and young adult slices. We replicated the 

effects reported by (Sheng et al. 1994a; Roberts & Ramoa 1999; Quinlan et al. 
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1999; Mierau et al. 2004) regarding the developmental shift from GluN2B-

containing NMDARs to GluN2A-containing NMDARs in slices from P6-15 mice in 

cortical regions. At 3-5 months of age we could no longer observe sensitivity to 

500nM Ro-256981 treatment in mouse LII-III pyramidal neurons, suggesting no 

Ro-sensitive component at cortical synapses of young mouse adults.  

Results using human slices suggest that there is a significant diheteromeric 

component of NMDARs during adulthood that can be blocked using 500nM Ro-

256981. This result is in contrast with the findings using mouse temporal cortical 

tissue, highlighting differences between the synaptic NMDAR composition in 

humans and rodents. 

In this chapter, we have demonstrated there is a synaptic GluN2B component in 

adult human temporal cortical pyramidal neurons using both electrophysiological 

and co-immunoprecipitation techniques. The synaptic component was subject to 

age, since we observed an age-dependent decline in GluN2B-containing NMDARs. 

This effect was not apparent for the GluN2A component in our results using 

immunoprecipitation. 

Moreover, we did not observe a significant GluN2B synaptic component in adult 

mouse cortical pyramidal neurons, a result which suggests discrepancies in 

NMDAR subunit expression between humans and mice during adulthood. We 

therefore suggest that use of human tissue is critical in our understanding of 

excitatory synaptic transmission and composition in human adult synapses.



Chapter 4 

 177	

 

 

 

 





Chapter 5 

 179	

5 NMDA receptor-mediated signalling in a 

mouse model of familial Alzheimer’s disease  

5.1 Alzheimer’s Disease and synaptic impairment 

AD is the primary cause of dementia with approximately 35 million people 

affected worldwide (Querfurth & LaFerla 2010). The main pathological hallmarks 

of the disease are amyloid plaques consisting of Ab, and NFTs comprising of the 

microtubule associated protein tau (Boehm 2013). 

Ab is produced following the proteolysis of APP, which depends on a number of 

enzymes. APP is delivered to the plasma membrane where it can be cleaved by β -

secretase (BACE) releasing the carboxyl terminal fragment (referred to as C99). 

C99 is a direct substrate of γ -secretase, which then cleaves this terminal APP 

fragment at varying sites, leading to the formation of Aβ  peptides with the most 

common being Aβ
1-40

 and Aβ
1-42

 (O’Brien & Wong 2011; Zhang et al. 2012).  

Transgenic APP mouse models and treatment of rodent cultured neurons or slices 

with Ab, have alluded to the synaptotoxic effects high levels of Aβ  have. Briefly, 

basal synaptic transmission and LTP were impaired in 3-6 month old J20 mice 

compared to control mice (Saganich et al. 2006). In the Tg2576 model, LTP 

decline was observed at 5 months of age (Jacobsen et al. 2006). Synaptic 

impairment was also observed in the 5xFAD model, where both synaptic 

degeneration was evident around 4 months, while LTP impairment in the CA1 

hippocampal region was apparent around 6 months (Kimura & Ohno 2009).  

Aβ peptide treatment either on acute brain hippocampal slices or cultures, 

resulted in LTP induction impairment as described by Walsh et al. 2002; Lesné et 

al. 2006; Li et al. 2011. Investigation of Aβ treatment on cultured cortical 
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neurons, showed that Aβ application reduced glutamatergic transmission via 

NMDAR endocytosis and surface expression reduction (Snyder et al. 2005). This 

was in accordance with studies that followed, suggesting a decrease in NMDAR 

mediated Ca2+ influx following Aβ oligomer application (Shankar et al. 2007). This 

paper also showed that Aβ oligomer application induced spine loss via an NMDAR 

dependent mechanism.  

5.2 Aims 

In this chapter, we aimed to characterise the levels of APP and Ab in an inducible 

transgenic mouse model harbouring mutations associated with fAD (section 

1.2.4.4) and we sought to investigate how NMDAR-mediated currents and 

composition are affected by APP overexpression and Aβ  production. For these 

experiments, we used whole-cell patch clamping and the specific GluN2B inhibitor 

Ro-256981. According to preliminary data from our lab, acute Ab treatment 

reduced NMDAR-mediated currents by specifically inhibiting GluN2B-mediated 

currents (Shipton et al., unpublished). These results, along with literature 

supporting internalisation of synaptic receptors and impairment in plasticity, led 

us to hypothesize that accumulation of Ab would inhibit or reduce GluN2B-

mediated synaptic currents in our model. 
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5.3 Results 

 Ab concentration in mice with adult-onset hAPP
Sw,Ind

 expression  

In order to confirm that hAPP
Sw,Ind

 transgene expression was effectively suppressed 

by the dox diet during the first 6 weeks of dox administration, we analysed fresh 

frozen hippocampal tissue from WT, tTA, APP and APP/tTA mice and used the 

SDS-soluble lysates to measure Ab and APP expression levels. Tissue lysis was 

performed as described in Fowler et al. 2014.  

The expression levels of APP and the concentration of Ab were measured at four 

time points after switching dox-containing diet to normal chow (3, 14, 21 and 84 

days following transgene expression switch on as shown by the timeline in figure 

5.1). This enabled us to ensure that only APP/tTA mice expressed the hAPP
Sw,Ind

 

transgene, characterised by the production of Ab peptides. 
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Figure 5.1. Experimental Design: Timeline showing the time points at which 

APP expression and Ab levels were measured. The transcription of 

the APP transgene can be prevented by adding dox to the mouse diet. 

In this experimental design, a dox diet was used during the first 6 

weeks of life in line-102 mice. The timeline shows the time points at 

which Ab levels and APP expression were measured via the Mesoscale 

Platform and Western Blotting. 

 

We first wanted to confirm that APP expression leading to soluble Ab 

accumulation is supressed by dox. Using lysates from 6 weeks old mice that had 

been reared on a dox diet, we employed the Mesoscale platform, to measure Ab
1-

42
, Ab

1-40
 and Ab

1-38 
levels. Our results confirmed that Ab levels were similar for all 

genotypes, WT, tTA, APP and APP/tTA and these results confirmed that there was 

minimal transgene leakage during dox administration (Table, 5.1, and Figure 

5.2).  

Within the first 3 days of dox removal, levels of Ab
1-42

, Ab
1-40

 and Ab
1-38 

in 

hippocampal lysates from APP/tTA mice did not show significant increase when 

compared to WT, tTA and APP mice as indicated by post-hoc tests (For Ab
1-42

: F
3, 44

 

= 21.36, P<0.0001, post hoc test: P = 0.99, For Ab
1-40

: F
3, 44

 = 21.38, P<0.0001, 

post hoc test: P = 0.86, For Ab
1-38

: F
3, 44

 = 35.48, P<0.0001, post hoc test: P = 

0.87).  
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By 14 days of dox removal from diet, Ab levels in APP/tTA mice increased by a 3-

fold, which was significantly higher compared to WT, tTA and APP mice (Figure 

5.2). A 2-way ANOVA analysis for Ab
1-42

 levels revealed an effect of genotype (F
3, 44

 

= 21.36, P<0.0001), an effect of days-off-dox (F
4, 44

 =4.42, P<0.01) and a 

genotype*days-off-dox interaction (F
12, 44

 = 5.446, P<0.0001). Post-hoc 

comparisons showed significant differences between APP/tTA lysates and WT 

(P<0.05), tTA (P<0.05) and APP (P<0.05) lysates as shown in figure 5.2.  

Similarly, 2-way ANOVA analysis for Ab
1-40

 levels revealed an effect of genotype (F
3, 

44
 = 21.38, P<0.0001), an effect of days-off-dox (F

4, 44
 =2.495, P≤0.05) and a 

genotype*days-off-dox interaction (F
12, 44

 = 4.132, P<0.001). APP/tTA lysates 

showed an approximate 10-fold increase compared to the other genotypes. Post-

hoc comparisons showed significant differences between APP/tTA lysates and WT 

(P<0.001), tTA (P<0.001) and APP (P<0.05) as shown in figure 5.2.  

Statistical analysis using 2-way ANOVA for the Ab
1-38 

peptide, revealed an effect of 

genotype (F
3, 44

 = 35.48, P<0.0001), an effect of days-off-dox (F
4, 44

 =4.691, P<0.01) 

and a genotype*days-off-dox interaction (F
12, 44

 = 5.625, P<0.0001). Post-hoc 

comparisons showed significant differences between APP/tTA and WT (P<0.0001), 

tTA (P<0.0001) and APP (P<0.0001) lysates as shown in figure 5.2.  

Ab levels remained high in lysates from APP/tTA mice expressing for 21 days. 

Post-hoc comparisons for Ab
1-42

 levels revealed significant differences between 

APP/tTA lysates versus WT (P<0.05), tTA (P<0.05) and APP (P<0.05) lysates as 

shown in figure 5.2. In terms of Ab
1-40

 levels, post-hoc comparisons revealed 

similar effects to those observed at 14 days of expression, with significant 

differences between APP/tTA lysates versus WT (P<0.01), tTA (P<0.01) and APP 

(P<0.05) lysates as shown in figure 5.2. Similarly, for the Ab
1-38

 peptide, post-hoc 
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comparisons showed significant differences between APP/tTA lysates versus WT 

(P<0.0001), tTA (P<0.0001) and APP (P<0.0001) lysates as shown in figure 5.2. 

By 84 days of transgene expression, Ab levels increased further in APP/tTA mice 

while they remained low in WT, tTA and APP lysates. Post-hoc tests for APP/tTA 

mice for Ab
1-42

, Ab
1-40 

and Ab
1-38

 levels, exhibited differences compared to WT 

(P<0.0001), tTA (P<0.0001) and APP (P<0.0001) lysates as shown in figure 5.2. 

Struyfs et al. 2015 have shown that the CSF Ab
1-42

/Ab
1-40

 ratio can be used as a 

diagnostic tool to differentiate non-demented individuals from subjects with mild 

cognitive impairment (MCI), with lower ratios being observed in MCI individuals 

compared to non-demented subjects. It has also been documented that both Ab
1-

42
/Ab

1-40
 and Ab

1-42
/Ab

1-38 
ratios were significantly more accurate in detecting 

amyloid positive individuals using positron emission tomography (PET), when 

compared to Ab
1-42 

(Adamczuk et al. 2015). For this reason, we investigated Ab
1-

42
/Ab

1-40
 and Ab

1-42
/Ab

1-38 
ratios at 3, 14, 21 and 84 days, at which points, levels of 

Ab
1-42

 were within the detection range of the Mesoscale platform.   

2-way ANOVA analysis showed an effect of genotype for Ab
1-42

/Ab
1-40

 ratio (F
3, 36

 = 

5.422, P<0.0001), however we observed no effect of days-off-dox (F
3, 36

 = 0.6371, 

P = 0.639). The same effects were observed using a 2-way ANOVA analysis for the 

Ab
1-42

/Ab
1-38

 ratio, showing an effect of genotype (F
3, 36

 = 41.92, P<0.0001), but not 

for days-off-dox (F
3, 36

 = 0.6211, P = 0.601). These results show that Ab
1-42

/Ab
1-40

 

and Ab
1-42

/Ab
1-38 

ratios do not change during the adult-onset of APP expression in 

our model (Figure 5.2). 
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Ab1-42	 	

	 WT	 tTA	 APP	 APP/tTA	

Days-off-dox	 Mean	
(pmol/g)	

SEM	 N	 Mean	
(pmol/g)	

SEM	 N	 Mean	
(pmol/g)	

SEM	 N	 Mean	
(pmol/g)	

SEM	 N	

0	 0	 0	 3	 0.491	 0.246	 3	 0.853	 0.332	 3	 1.190	 0.183	 3	

3	 0.633	 0.293	 3	 0.422	 0.219	 3	 0.936	 0.191	 3	 4.927	 0.228	 3	

14	 0	 0	 3	 0.157	 0.157	 3	 1.358	 0.175	 3	 15.625	 2.305	 3	

21	 0.249	 0.137	 3	 0.323	 0.323	 3	 1.332	 0.270	 3	 14.946	 2.632	 3	

84	 0.727	 0.532	 3	 1.332	 0.186	 3	 1.085	 0.032	 3	 38.207	 6.367	 7	

Ab1-40	 	
	 WT	 tTA	 APP	 APP/tTA	

Days-off-dox	 Mean	
(pmol/g)	

SEM	 N	 Mean	
(pmol/g)	

SEM	 N	 Mean	
(pmol/g)	

SEM	 N	 Mean	
(pmol/g)	

SEM	 N	

0	 9.339	 2.391	 3	 10.158	 0.987	 3	 6.067	 2.174	 3	 7.374	 3.424	 3	

3	 7.386	 3.370	 3	 8.870	 3.218	 3	 1.380	 1.380	 3	 29.014	 1.395	 3	
14	 3.425	 3.107	 3	 0	 0	 3	 11.322	 1.997	 3	 91.045	 5.658	 3	

21	 4.719	 2.485	 3	 0.708	 0.708	 3	 7.404	 2.495	 3	 91.230	 9.400	 3	
84	 0	 0	 3	 0.708	 0.708	 3	 6.271	 1.528	 3	 162.908	 31.478	 7	

Ab1-38	 	
	 WT	 tTA	 APP	 APP/tTA	

Days-off-dox	 Mean	
(pmol/g)	

SEM	 N	 Mean	
(pmol/g)	

SEM	 N	 Mean	
(pmol/g)	

SEM	 N	 Mean	
(pmol/g)	

SEM	 N	

0	 0	 0	 3	 0	 0	 3	 0	 0	 0	 0	 0	 3	
3	 2.149	 2.149	 3	 0	 0	 3	 0	 0	 3	 18.703	 4.904	 3	
14	 0	 0	 3	 0	 0	 3	 0	 0	 3	 84.031	 3.586	 3	

21	 0	 0	 3	 0	 0	 3	 0	 0	 3	 86.225	 5.293	 3	

84	 0	 0	 3	 0	 0	 3	 0	 0	 3	 127.403	 21.743	 7	

Ab1-42/	Ab1-40	 	
	 WT	 tTA	 APP	 APP/tTA	

Days-off-dox	 Ratio	 SEM	 N	 Ratio	 SEM	 N	 Ratio	 SEM	 N	 Ratio	 SEM	 N	

3	 0.258	 0.190	 3	 0.082	 0.05	 3	 0.051	 0.051	 3	 0.170	 0.001	 3	

14	 0	 0	 3	 0	 0	 3	 0.122	 0.007	 3	 0.171	 0.020	 3	
21	 0.038	 0.024	 3	 0	 0	 3	 0.228	 0.045	 3	 0.162	 0.012	 3	

84	 0.031	 0.031	 3	 0	 0	 3	 0.027	 0.013	 3	 0.174	 0.037	 7	

Ab1-42/	Ab1-38	 	
	 WT	 tTA	 APP	 APP/tTA	

Days-off-dox	 Ratio	 SEM	 N	 Ratio	 SEM	 N	 Ratio	 SEM	 N	 Ratio	 SEM	 N	

3	 0	 0	 3	 0	 0	 3	 0	 0	 3	 0.291	 0.054	 3	

14	 0	 0	 3	 0	 0	 3	 0	 0	 3	 0.189	 0.034	 3	
21	 0	 0	 3	 0	 0	 3	 0	 0	 3	 0.171	 0.019	 3	

84	 0	 0	 3	 0	 0	 3	 0	 0	 3	 0.266	 0.055	 7	
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Table 5.1. Multiplexed analysis of the concentration of SDS-soluble Ab
1-42

, Ab
1-40

 

and Ab
1-38   

in hippocampal lysates of WT, tTA, APP and APP/tTA mice 

at 0, 3, 14, 21, and 84 days following dox removal and subsequent 

transgene expression. SDS-soluble Ab
 
levels represented as mean, SEM 

of concentration (pmol/g). Ab
1-42

/Ab
1-40 

and Ab
1-42

/Ab
1-38 

ratios; calculated 

using the values obtained by the Multiplexed analysis of soluble Ab
. 

Values are represented as mean and SEM. N represent numbers of mice 

used per each group. 
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Figure 5.2. Multiplexed analysis of the concentration of SDS-soluble Ab 

peptides in hippocampal lysates from adult-onset WT, tTA, APP and 

APP/tTA mice. Ab
1-42

 (a) Ab
1-40 

(b) and Ab
1-38 

(c)  levels measured at 0, 3, 

14, 21, and 84 days following dox removal and subsequent transgene 

expression. Ab
1-42

/Ab
1-40

 ratio (d) and Ab
1-42

/Ab
1-38

 ratio (e) were 

calculated using the obtained values from figures (a), (b) and (c). 	
Soluble Ab levels are represented as mean and SEM in pmol/g. Data in 

graph represent mean ± SEM of Ab peptide concentration, or peptide 

ratios. Data were collected from n=3 animals per genotype and time 

point, except for APP/tTA mice expressing for 84 days for which n=7. 

Statistical differences: * P≤0.05, ** P≤0.01, *** P≤0.001 and **** 

P≤0.0001. Data were analysed with a 2-way ANOVA, post-hoc t-tests 

using Sidak correction.  

  



 

 188	

 APP expression in adult-onset mice 

We wanted to confirm using Western blotting that APP expression could be 

suppressed with dox diet, so we used lysates from mouse brains collected as 

described in experimental design above in figure 5.1. Results using lysates from 

mice that had always been on dox, were in accordance with the findings we 

observed using the Mesoscale platform. Low levels of APP were detected using 

the 6E10 antibody, which is reactive to amino acid residue 1-16 of human Ab 

(Table 5.2, Figure 5.3). 

Repeated measures (RM) 2-way ANOVA, exhibited an effect of days-off-dox (F
4, 32

 = 

5.27, P < 0.01) and of genotype (F
3, 8

 = 89.7, P < 0.0001). In addition, there was a 

genotype*days-off-dox interaction effect (F
12, 32

 = 5.14, P < 0.001). We used post-

hoc statistical analysis to test whether the effects were significant for each time-

point. We compared the relative APP intensity of tTA, APP and APP/tTA mice 

against WT mice. Due to decreased sensitivity of Western blotting compared to 

the Mesoscale platform, we decided to use Dunnett correction and compare each 

genotype to the WT observations. This would allow for less stringent analysis by 

minimising the effects of a type II error. 

We observed no significant differences at 3 days-off-dox (WT vs. tTA, P = 0.99, 

WT vs. APP, P = 0.99 and WT vs. APP/tTA, P = 0.75) and we observed significant 

differences between WT, tTA and APP mice versus APP/tTA mice at 14 days-off-

dox (WT vs. tTA, P = 0.99, WT vs. APP, P = 0.99 and WT vs. APP/tTA, P < 0.0001).  

Following this time point, the relative expression of APP between WT mice against 

the three other genotypes did not differ significantly as assessed by post-hoc 

comparison tests. For 21 days-off-dox, results showed a trend between WT vs. 

APP/tTA mice for APP expression levels, (WT vs. tTA, P = 0.99, WT vs. APP, P = 

0.99 and WT vs. APP/tTA, P = 0.10). The same trend was observed at 84 days-off-
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dox when comparing APP/tTA mice vs. the rest of the groups (WT vs. tTA, P = 

0.99, WT vs. APP, P = 0.99 and WT vs. APP/tTA, P = 0.09) (Table 5.2 and Figure 

5.3).  
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Table 5.2. Western blot analysis of APP expression in SDS-soluble 

hippocampal of WT, tTA, APP and APP/tTA mice at 0, 3, 14, 21, 

and 84 days following dox removal and subsequent transgene 

expression using the 6E10 antibody. Relative APP
 
levels are 

represented as mean ± SEM, with the number of animals used 

per group. N represent numbers of mice used per each group. 

APP	
Intensity	

WT	 tTA	 APP	 APP/tTA	

Expressi
on	days	

Relative	
Intensity	
of	6E10	

SEM	 N	 Relative	
Intensity	of	

6E10	

SEM	 N	 Relative	
Intensity	of	

6E10	

SEM	 N	 Relative	
Intensity	
of	6E10	

SEM	 N	

0	 0.0002	 0.0000
6	

3	 0.0003	 0.0003	 3	 0.0015	 0.0002	 3	 0.0023	 0.000
5	

3	

3	 0.0002	 0.0000
4	

3	 0.0002	 0.0000
7	

3	 0.0023	 0.0004	 3	 0.0205	 0.006
7	

3	

14	 0.0008	 0.0000
7	

3	 0.0001	 0.0000
7	

3	 0.0037	 0.0006	 3	 0.2217	 0.072
8	

3	

21	 0.0001	 0.0000
2	

3	 0.0002	 0.0000
6	

3	 0.0017	 0.0005	 3	 0.0529	 0.023
4	

3	

84	 0.0002	 0.0001	 3	 0.0005	 0.0005	 3	 0.0064	 0.0043	 3	 0.0538	 0.016
5	

3	
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Figure 5.3. Quantification of APP levels in hippocampal lysates from WT, tTA, 

APP and APP/tTA adult-onset mice. Representative western blotting 

(a) and related quantification (b) for APP protein normalized to GAPDH 

in SDS-soluble hippocampal lysates in adult-onset mice at 0, 3, 14, 21, 

and 84 days following dox removal and subsequent transgene 

expression. Data in figure b represent individual APP expression 

values, exhibiting the variation between animals. The error bars 

represent SEM. Statistical differences: **** P≤0.0001. Data were 

collected from n=3 animals per genotype and time point. Data were 

analysed with a RM 2-way ANOVA and post-hoc t-tests using Dunnett 

correction, by comparing results to APP expression levels of WT mice 

as a control measure.  
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 Amyloid beta measurements in developmental-onset mice  

In order to compare levels of Ab and APP in animals expressing hAPP
Sw,Ind

 

developmentally or from six weeks of age, we measured Ab and APP levels in SDS-

soluble lysates from two groups. This was done by comparing lysates from mice 

that expressed the transgene for 84 days, before which, they had been on dox 

diet (Figure 5.4a), to lysates from 9-12 week old (i.e. 63-84 days) mice that were 

never on dox and expressed the transgene shortly after birth, at the time when 

the intrinsic CaMKIIa promoter becomes active (approximately day 5) (Bayer et al. 

1999) (Figure 5.4b). The results obtained using the adult-onset model were used 

to compare the results obtained from developmental-onset mice. This 

“expression-match”, allowed us to compare animal groups as accurately as 

possible using the time since the transgene was “switched on”.  
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Figure 5.4. Experimental Design: Timeline showing the time points at which 

APP expression and Ab levels were measured in the adult-onset 

and developmental-onset mice. (a) In our experimental design, we 

used a dox diet during the first 6 weeks of life in line-102 mice and 

then measured APP and Ab 84 days following expression. (b) Mice that 

were not on the dox diet expressed APP during development. We 

measured APP and Ab in 9-12-week-old mice via the Mesoscale 

Platform and Western Blotting. 

 

Using the Mesoscale platform, we were able to compare the Ab levels in the 2 

groups of mice (Ab levels as pmol/g, and Ab
1-42

/Ab
1-40

 and Ab
1-42

/Ab
1-38

 ratios) as 

shown in table 5.3). Results showed that developmental expression of APP also 

leads to elevated Ab levels in the SDS-soluble lysates (Figure 5.5). Statistical 

analysis using 2-way ANOVA for the Ab
1-42 

peptide concentrations, revealed an 

effect of genotype (F
3, 20

 = 16.68, P<0.0001), an effect of onset type (F
1, 20

 = 12.81, 

P<0.01) and a genotype*onset-type interaction (F
3, 20

 = 14.61, P<0.0001). The 

same was true for the Ab
1-40 

peptide, with 2-way ANOVA revealing an effect of 

genotype (F
3, 20

 = 17.44, P<0.0001), an effect of onset type (F
1, 20

 = 11.25, P<0.01) 
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and a genotype*onset-type interaction (F
3, 20

 = 10.63, P<0.0001). Similarly, for the 

Ab
1-38 

peptide, 2-way ANOVA showed an effect of genotype (F
3, 20

 = 18.05, 

P<0.0001), an effect of onset type (F
1, 20

 = 10.24, P<0.01) and a genotype*onset-

type interaction (F
3, 20

 = 9.41, P<0.0001). Post-hoc t-tests between the different 

groups revealed significant differences as shown in figure 5.5, with 

developmental-onset APP/tTA mice exhibiting significantly higher Ab peptide 

concentrations compared to adult-onset APP/tTA mice.   

When we analysed the Ab
1-42

/Ab
1-40

 and Ab
1-42

/Ab
1-38 

ratios using 2-way ANOVA 

analysis we observed an effect of genotype (F
3, 20

 = 35.61, P<0.0001, F
3, 20

 = 68.51, 

P<0.0001, respectively), an effect of onset-type (F
1, 20

 = 14.06, P<0.01, F
1, 20

 = 

16.39, P<0.001, respectively) and a genotype*onset-type interaction (F
3, 20

 = 8.34, 

P<0.01, F
3, 20

 = 22.86, P<0.0001). Post-hoc t-tests between the groups revealed 

significant differences between developmental-onset and adult-onset mice, as 

well as between genotypes as shown in Figure 5.5.  
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Table 5.3. Multiplexed analysis of the concentration of SDS-soluble Ab
1-42

, 

Ab
1-40

 and Ab
1-38 

in hippocampal lysates of developmental onset 

WT, tTA, APP and APP/tTA mice between 9-12 weeks old. SDS-

soluble Ab
 
levels represented as mean, SEM of concentration 

(pmol/g). Ab
1-42

/Ab
1-40 

and Ab
1-42

/Ab
1-38 

ratios; calculated using the 

values obtained by the Multiplexed analysis of soluble Ab
. 
Values 

are represented as mean and SEM. N represent numbers of mice 

used per each group. 

 

Ab1-42	 WT	 tTA	 APP	 APP/tTA	
	 Mean	

(pmol/g)	
SEM	 N	 Mean	

(pmol/g)	
SEM	 N	 Mean	

(pmol/g)	
SEM	 N	 Mean	

(pmol/g)	
SEM	 N	

Dev.	Onset	 0.336	 0.336	 3	 0.405	 0.405	 3	 16.26	 10.138	 3	 872.5	 275.3	 3	

	

Ab1-40	 WT	 tTA	 APP	 APP/tTA	

	 Mean	
(pmol/g)	

SEM	 N	 Mean	
(pmol/g)	

SEM	 N	 Mean	
(pmol/g)	

SEM	 N	 Mean	
(pmol/g)	

SEM	 N	

Dev.	Onset	 10.31	 10.31	 3	 6.661	 4.345	 3	 200.7	 56.47	 3	 1830	 540.5	 3	

	

Ab1-38	 WT	 tTA	 APP	 APP/tTA	

	 Mean	
(pmol/g)	

SEM	 N	 Mean	
(pmol/g)	

SEM	 N	 Mean	
(pmol/g)	

SEM	 N	 Mean	
(pmol/g)	

SEM	 N	

Dev.	Onset	 4.545	 4.545	 3	 0	 0	 3	 156.4	 46.15	 3	 992.8	 291.4	 3	

	

Ab1-42/	Ab1-
40	

WT	 tTA	 APP	 APP/tTA	

	 Ratio	 SEM	 N	 Ratio	 SEM	 N	 Ratio	 SEM	 N	 Ratio	 SEM	 N	

Dev.	Onset	 0	 0	 3	 0.078	 0.078	 3	 0.067	 0.025	 3	 0.472	 0.012	 3	

Ab1-42/	Ab1-
38	

WT	 tTA	 APP	 APP/tTA	

	 Ratio	 SEM	 N	 Ratio	 SEM	 N	 Ratio	 SEM	 N	 Ratio	 SEM	 N	

Dev.	Onset	 0	 0	 3	 0	 0	 3	 0.086	 0.031	 3	 0.868	 0.020	 3	
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Figure 5.5: Multiplexed analysis of the concentration of SDS-soluble Ab
1-42 

(a), 

Ab
1-40 

(b) and Ab
1-38 

(c) in hippocampal lysates from WT, tTA, APP and 

APP/tTA mice at 84 days of expression in adult-onset and 

developmental-onset mice. Significant differences are observed 

between the 2 groups. Soluble Ab levels are represented as mean and 

SEM in pmol/g. (d) Ab
1-42

/ Ab
1-40

 concentration ratio using the obtained 

values for Ab
1-42 

and Ab
1-40

. 	Data in graphs represent mean ± SEM of Ab 

peptide concentration or Ab
1-42

/Ab
1-40

 and Ab
1-42

/Ab
1-38 

concentration 

ratio. Data were collected from n=3 animals per genotype and time 

point, except for APP/tTA data for adult-onset mice for which n=5. 

Statistical differences: * P≤0.05, ** P≤0.01, *** P≤0.001 and **** 

P≤0.0001. Data were analysed with a 2-way ANOVA and post-hoc t-

tests using Sidak correction. ns, not significant. 
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 APP expression in developmental-onset mice 

We analysed APP expression in developmental-onset and adult-onset expressing 

groups of mice using Western Blotting by probing using the 6E10 antibody, which 

is reactive to amino acid residue 1-16 of Ab. The epitope lies within amino acids 

3-8 of Ab, allowing for the detection of amyloid precursor proteins. The band 

representing APP (~100kDa) was used for the quantification. 2-way ANOVA 

analysis revealed an effect of genotype (F
3, 16

 = 53.65, P<0.0001) but no effects of 

onset type (F
1, 16

 = 1.07, P = 0.32) nor a genotype*onset-type interaction effect (F
3, 

16
 = 1.97, P = 0.16) (Figure 5.6).  
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Figure 5.6. Quantification of APP levels in hippocampal lysates from WT, tTA, 

APP and APP/tTA mice at 84 days of expression in adult-onset and 

developmental-onset mice. Representative western blotting (a) and 

related quantification (b) for APP protein normalized to GAPDH in SDS-

soluble hippocampal lysates at 84 days of transgene expression in 

adult-onset and developmental-onset mice. Data in graphs represent 

mean ± SEM of the protein expression values from n=3 animals per 

genotype and time point. Statistical differences: **** P≤0.0001. Data 

were analysed with a 2-way ANOVA and post-hoc t-tests using Sidak 

correction. ns, not significant. 
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 Preliminary investigation of Ab species in hippocampal lysates 

We observed lower immunodetection bands for adult-onset APP/tTA mice at 21 

and 84 days of dox removal compared to 14 days of dox removal. To test the 

hypothesis that higher molecular species were being trapped in the wells of the 

SDS-PAGE gels, we quantified the protein that remained in the wells of the 

stacking gel and compared it to the total protein that migrated in the resolving 

gel. We ran lysates from adult-onset APP/tTA mice that expressed APP for 0, 14, 

21 and 84 days on SDS-PAGE gels and stained them using a total protein stain 

(Imperial protein stain) (Figure 5.7a). We expected a higher ratio of well protein 

signal to total protein signal at 21 and 84 days, as that would explain the 

reduced APP band intensities we observed using Western blotting during those 

time points compared to the 14 days-off-dox time point.  

We first compared the total protein signal to ensure that the loading was similar 

between groups as shown in figure 5.7b. 1-way ANOVA analysis showed no 

differences between time points suggesting that equal amounts of protein were 

loaded (F
3, 8

 = 0.65, P = 0.61). 

Quantification and statistical analysis using 1-way ANOVA for well protein 

signal/total protein signal levels showed that the ratio did not change with days- 

off-dox (F
3, 8

 = 2.06, P = 0.18) (Figure 5.7c). This result suggests that the 

decreased APP expression levels of APP/tTA mice observed at 21 and 84 days-off-

dox could not be accounted for by fibrillar species getting stuck in the wells of 

the stacking gel.  
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Figure 5.7. Quantification of protein load in wells and total protein in lanes in 

hippocampal lysates from APP/tTA mice at 0, 14, 21 and 84 days of 

expression in adult-onset mice.  (a) Imperial Protein stained gel of 

~19µg protein from SDS-soluble hippocampal lysates collected from 

adult-onset APP/tTA mice expressing APP for 0, 14, 21 and 84 days. (b) 

Quantification of total protein load that migrated to the resolving gel 

shows no difference between time points (identical boxes were drawn 

around each lane to calculate the total protein signal intensity) and (c) 

Relative intensity of the protein signal stuck in the well of the SDS-

PAGE gel/total protein signal did not differ between time points. Data 

in graphs represent mean ± SEM of the protein expression values from 

n=3 animals per time point. Data were analysed with a 1-way ANOVA.
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5.4 Evoked EPSC recordings from APP expressing mice 

 Analysis of NMDA-mediated currents in adult-onset mice 

In order to assess the effects of APP expression and enhanced Ab production on 

excitatory transmission, we analysed evoked NMDA-mediated currents following 

dox removal for 14, 21 and 84 days. We used WT and tTA mice as the control 

group to compare EPSCs against those observed in APP/tTA mice. 

By recording in whole cell configuration, current responses to Schaffer Collateral 

stimulation were voltage clamped at alternating holding potentials of -70mV and 

+50mV to estimate the contribution of AMPA- and NMDA-mediated currents to 

the resultant synaptic response prior to and following the addition of the 

selective GluN2B NMDA subunit inhibitor Ro-256981 (Fischer et al. 1997). We 

analysed NMDA/AMPA ratios, weighted NMDA-mediated time constant (t
weighted

) 

(ms), normalised NMDA-mediated charge transfer to NMDA current amplitude 

(Q
NMDA

/A
NMDA

) and NMDA-mediated charge transfer (Q
NMDA

/A
AMPA

) normalised to AMPA 

current amplitude. 

5.4.1.1 Evoked NMDA-mediated currents from mice expressing the transgene 
for 14 days 

At the 14-days-off-dox time point we did not observe differences between control 

and APP/tTA mice, in any of the parameters we analysed. There were no effects of 

Ro-256981 for neither the control nor APP/tTA groups. One possible explanation 

is the low numbers of cells we recorded from for this particular time point. 

Another possible explanation is that 14-days-off-dox is not long enough to 

observe any Ab-mediated effects in NMDAR mediated currents. 

A 2-way ANOVA analysis showed an overall sensitivity of Ro treatment for 

NMDA/AMPA ratios (F
1, 21

 = 7.04, P <0.05), but not of genotype (F
1, 21

 = 0.184, P = 

0.672) nor of Ro treatment*genotype interaction (F
1, 21

 = 0.232, P = 0.635). Post-
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hoc correction analysis showed the Ro treatment effect was no longer prominent 

for any of the groups (P = 0.10 for control and P = 0.21 for APP/tTA mice 

respectively).  

In terms of weighted NMDA-mediated time constant, we observed a trend towards 

an overall effect of Ro treatment (F
1, 21

 = 3.36, P = 0.08). No effects were seen for 

genotype nor for Ro treatment*genotype interaction (F
1, 21

 = 0.09, P = 0.76 and F
1, 

21
 = 2.96, P = 0.10 respectively). We therefore did not proceed with post-hoc t-

tests.  

Similar effects were observed for Q
NMDA

/A
NMDA

. We observed a trend for an overall 

Ro-treatment effect (F
1, 21

 = 3.36, P = 0.08). We did not observe effects of 

genotype or interaction between the 2 variables (F
1, 21

 = 0.03, P = 0.86 and F
1, 21

 = 

2.34, P = 0.14 respectively). 

Q
NMDA

/A
AMPA 

showed an overall effect of Ro treatment (F
1, 21

 = 6.56, P < 0.05). Post-

hoc tests did not show a significant Ro treatment effect for any of the groups (P = 

0.24 for control and P = 0.10 for APP/tTA mice respectively). We observed no 

effect of genotype nor of an interaction as tested using a 2-way ANOVA analysis 

(F
1, 21

 = 0.06, P = 0.80 and F
1, 21

 = 0.03, P = 0.86 respectively). 
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Figure 5.8. No effect of Ro-treatment nor of genotype for any of the groups 

following 14 days of dox removal. (a) Representative NMDA- and 

AMPA-mediated currents from control and APP/tTA slices prior to and 

following Ro treatment. (b) NMDA/AMPA ratios from control and 

APP/tTA mice show no sensitivity to Ro treatment (0.590 ± 0.05 prior 

to Ro treatment and 0.362 ± 0.08 following Ro treatment in control 

mice and 0.524 ± 0.06 prior to Ro treatment and 0.366 ± 0.08 

following Ro treatment in APP/tTA mice). (c) Weighted NMDA time 

constant analysed in control group and APP/tTA mice shows no 

sensitivity to Ro treatment (159ms ± 21.9 to 157ms ± 2.39 for control 

mice and 198ms ± 15.6 to 129ms ± 10.8 for APP/tTA mice). (d) 

Q
NMDA

/A
NMDA

 from control and APP/tTA slices does not show a significant 

decrease following Ro treatment (0.191 ± 0.03 to 0.180 ± 0.03 and 

0.228 ± 0.02 to 0.150 ± 0.02). (e) Q
NMDA

/A
AMPA

 shows no sensitivity to Ro 

treatment in slices from both control and APP/tTA mice (0.139 ± 0.02 

to 0.084 ± 0.02 and 0.149 ± 0.02 to 0.086 ± 0.02 respectively). Scatter 

dot plots with error bars in graphs represent mean ± SEM. Data were 

analysed with a 2-way ANOVA and post-hoc t-tests. Numbers in 

brackets correspond to number of cells. Scale bar: 50ms, 100pA. 
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5.4.1.2 Evoked NMDA-mediated currents from mice expressing the transgene 
for 21 days 

At 21 days off dox we observed similar results to those observed from mice that 

had been off dox for 14 days. Ro treatment did not affect the NMDAR-mediated 

currents. 

We analysed NMDA/AMPA ratios using a 2-way ANOVA statistical test. We 

observed a trend of Ro treatment effect (F
1, 41

 = 3.31, P = 0.08), but not of 

genotype (F
1, 41

 = 0.52, P = 0.474) nor of Ro treatment*genotype interaction (F
1, 41

 = 

1.40, P = 0.243). Analysis of weighted NMDA time constant (ms), revealed no 

significant effects of Ro treatment (F
1, 41

 = 0.148, P = 0.702) but revealed an effect 

of genotype (F
1, 41

 = 7.48, P < 0.01). Post-hoc comparisons showed slower decays 

in APP/tTA recordings compared to those of the control group under baseline 

conditions as shown in figure 5.9c. There were no differences between control 

conditions and Ro treatment in either group. 

Q
NMDA

/A
NMDA

 revealed similar effects to those we observed with the weighted time 

constant results. 2-way ANOVA showed no effect of Ro treatment (F
1, 41

 = 1.15, P = 

0.29), but showed an effect of genotype (F
1, 41

 = 8.18, P < 0.01) (Figure 5.9d). No 

Ro treatment*genotype interaction was observed (F
1, 41

 = 0.08, P = 0.78). When we 

proceeded with post-hoc t-tests, there was a significant difference under baseline 

conditions between control and APP/tTA mice with P<0.01. The were no 

differences between the 2 groups following Ro treatment (P = 0.22).  

Q
NMDA

/A
AMPA

 showed no effect of genotype (F
1, 41

 = 3.03, P = 0.09). We observed a 

trend towards Ro treatment effect (F
1, 41

 = 4.06, P = 0.06), so we did not proceed 

to post-hoc tests. We did not observe a significant interaction of Ro 

treatment*genotype either (F
1, 41

 = 2.38, P = 0.13).  
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Figure 5.9. No effect of Ro-treatment but effect of genotype following 21 days 

of dox removal. (a) Representative NMDA- and AMPA-mediated 

currents from control and APP/tTA slices prior to and following Ro 

treatment. (b) NMDA/AMPA ratios from control and APP/tTA mice show 

no sensitivity to Ro treatment (0.451 ± 0.07 prior to Ro treatment and 

0.396 ± 0.07 following Ro treatment in control mice, and 0.616 ± 0.09 

prior to Ro treatment and 0.356 ± 0.05 following Ro treatment in 

APP/tTA mice). (c) Analysis of weighted NMDA time constant shows no 

sensitivity to Ro treatment (153ms ± 9.61 to 150ms ± 7.24 for control 

mice and 193ms ± 9.77 to 180ms ± 22.3 for APP/tTA mice). 

Differences were observed between the control group and APP/tTA 

group prior to Ro treatment. (d) Q
NMDA

/A
NMDA

 analysed from control and 

APP/tTA slices does not show a significant decrease following Ro 

treatment (0.174 ± 0.01 to 0.162 ± 0.01 for control mice and 0.221 ± 

0.01 to 0.201 ± 0.02 for APP/tTA mice). Recordings from APP/tTA mice 

under baseline conditions exhibited larger decays compared to those 

seen in the control group. (e) Q
NMDA

/A
AMPA

 shows no sensitivity to Ro 

treatment in slices from both control and APP/tTA mice (0.103 ± 0.01 

to 0.09 ± 0.02 and 0.170 ± 0.03 to 0.010 ± 0.02 respectively). Scatter 

dot plots with error bars in graphs represent mean ± SEM. Data were 

analysed with a 2-way ANOVA and post-hoc t-tests using Sidak 



 

 206	

correction. Statistical differences: * P≤0.05. Numbers in brackets 

correspond to number of cells. Scale bar: 50ms, 100pA. 

 

5.4.1.3 Evoked NMDA-mediated currents from mice expressing the transgene 
for 84 days 

We analysed excitatory current changes for control and APP/tTA mice groups at 

84 days following dox removal (Figure 5.10). We observed no differences for any 

of the measures without and with Ro treatment.  

For NMDA/AMPA ratios, statistical analysis showed no difference for genotype (F
1, 

54
 = 0.0001, P = 0.99), Ro treatment (F

1, 54
 = 0.58, P = 0.45) nor Ro 

treatment*genotype interaction (F
1, 54

 = 0.01, P = 0.92). We obtained similar 

results for all measures.  

For weighted NMDA time constant, 2-way ANOVA showed a trend towards an 

effect of genotype (F
1, 54

 = 3.97, P = 0.06). There was no effect of Ro treatment (F
1, 

54
 = 1.51, P = 0.22) nor Ro treatment*genotype interaction (F

1, 54
 = 0.03, P = 0.86). 

Q
NMDA

/A
NMDA

 showed similar results. There was no significance in terms of genotype 

(F
1, 54

 = 2.64, P = 0.11), Ro treatment (F
1, 54

 = 0.88, P = 0.35) nor Ro 

treatment*genotype interaction (F
1, 54

 = 0.02, P = 0.90). Finally, we observed 

similar results for Q
NMDA

/A
AMPA

. We saw no effect of genotype (F
1, 54

 = 0.56, P = 

0.22), Ro treatment (F
1, 54

 = 0.67, P = 0.42) nor Ro treatment*genotype interaction 

(F
1, 54

 = 0.01, P = 0.91). We therefore did not proceed with any post-hoc tests for 

this time point.  
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Figure 5.10. No effect of Ro-treatment nor of genotype following 84 days of 

dox removal. (a) Representative NMDA- and AMPA-mediated currents 

from control and APP/tTA slices prior to and following Ro treatment. 

(b) NMDA/AMPA ratios from control and APP/tTA mice show no 

sensitivity to Ro treatment (0.480 ± 0.03 prior to Ro treatment and 

0.450 ± 0.06 following Ro treatment in control mice, and 0.480 ± 0.04 

prior to Ro treatment and 0.440 ± 0.05 following Ro treatment in 

APP/tTA mice). (c) Analysis of weighted NMDA time constant shows no 

sensitivity to Ro treatment (156ms ± 7.89 to 144ms ± 8.35 for control 

mice and 180ms ± 13.3 to 164ms ± 13.0 for APP/tTA mice). (d) 

Q
NMDA

/A
NMDA

 analysed from control and APP/tTA slices does not show a 

significant decrease following Ro treatment (0.180 ± 0.01 to 0.169 ± 

0.01 for control mice and 0.203 ± 0.01 to 0.189 ± 0.02 for APP/tTA 

mice). (e) Q
NMDA

/A
AMPA

 shows no sensitivity to Ro treatment in slices from 

both control and APP/tTA mice (0.116 ± 0.01 to 0.102 ± 0.01 and 

0.128 ± 0.01 to 0.111 ± 0.02 respectively). Scatter dot plots with error 

bars in graphs represent mean ± SEM. Data were analysed with a 2-way 

ANOVA and post-hoc t-tests using Sidak correction. Numbers in 

brackets correspond to number of cells. Scale bar: 50ms, 100pA. 
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 Analysis of NMDA-mediated currents in developmental-onset mice 

In order to investigate whether hippocampal CA1 neurons were vulnerable to 

chronic APP expression we performed whole-cell recordings in developmental 

onset mice.  

NMDA/AMPA ratio measurements from CA1 pyramidal neurons of developmental-

onset mice showed sensitivity to Ro treatment but not to genotype after a 2-way 

ANOVA analysis (F
1, 45

 = 4.49, P <0.05 and F
1, 45

 = 1.75, P = 0.19, respectively). We 

observed no significant Ro treatment*genotype interaction (F
1, 45

 = 0.24, P = 0.62). 

Post-hoc t-tests, revealed no significant differences in NMDA/AMPA ratios without 

and with Ro treatment in neither the control nor the APP/tTA group (P = 0.42 and 

P = 0.15 respectively) (Figure 5.11b). 

When we analysed NMDA weighted time constants, we observed a significant 

effect of Ro treatment following a 2-way ANOVA analysis (F
1, 45

 = 9.00, P <0.01), 

and of genotype (F
1, 45

 = 6.84, P < 0.05). No Ro treatment*genotype interaction 

was observed (F
1, 45

 = 0.80, P = 0.37). Post-hoc analysis showed a significant 

decrease in the control group following Ro treatment (P < 0.05) but not in the 

APP/tTA mice group, (P = 0.28) (Figure 5.11c).  

For Q
NMDA

/A
NMDA

 analysis, following a 2-way ANOVA test, we observed a significant 

effect of Ro treatment (F
1, 45

 = 10.8, P <0.01), and of genotype (F
1, 45

 = 8.25, P < 

0.01). No Ro treatment*genotype interaction was observed (F
1, 45

 = 2.03, P = 0.16). 

Post-hoc analysis showed a significant decrease in the control group following Ro 

treatment (P < 0.01) but not in the APP/tTA mice group, (P = 0.38) (Figure 5.11d).  

By analysing the Q
NMDA

/A
AMPA

 results using a 2-way ANOVA, we observed a 

significant effect of Ro treatment following a 2-way ANOVA analysis (F
1, 45

 = 15.8, 

P <0.001), and of genotype (F
1, 45

 = 7.71, P < 0.01). No Ro treatment*genotype 

interaction was observed (F
1, 45

 = 0.01, P = 0.91). Post-hoc analysis showed 
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significant decreases both in the control and APP/tTA groups following Ro 

treatment (P < 0.001 and P < 0.05) (Figure 5.11e).  
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Figure 5.11. Effect of Ro treatment in developmental-onset slices from 9-12-

week-old APP/tTA mice when analysed for evoked NMDA-mediated 

currents. (a) Representative NMDA- and AMPA-mediated currents from 

control and APP/tTA slices prior to and following Ro treatment. (b) 

NMDA/AMPA ratios from control and APP/tTA mice show no sensitivity 

to Ro treatment (0.436 ± 0.05 prior to Ro treatment and 0.308 ± 0.06 

following Ro treatment in control mice and 0.578 ± 0.09 prior to Ro 

treatment and 0.373 ± 0.07 following Ro treatment in APP/tTA mice). 

(c) Weighted NMDA time constant analysed in control group mice 

shows sensitivity to Ro treatment represented as a decrease in decay 

(179ms ± 6.92 to 126ms ± 7.18) This decrease is not observed in slices 

from APP/tTA mice (202ms ± 17.5 to 174ms ± 9.96). (d) Q
NMDA

/A
NMDA 

analysed from control slices exhibits a significant decrease (0.201 ± 

0.01 to 0.144 ± 0.01) whereas normalized NMDA decay from APP/tTA 

mice did not show a significant decrease (0.229 ± 0.02 to 0.203 ± 

0.01). (e) Q
NMDA

/A
AMPA

 shows sensitivity to Ro treatment in slices from 

both control and APP/tTA mice (0.113 ± 0.01 to 0.048 ± 0.01 and 

0.155 ± 0.02 to 0.094 ± 0.02 respectively). Scatter dot plots with error 

bars in graphs represent mean ± SEM. Data were analysed with a 2-way 

ANOVA and post-hoc t-tests using Sidak correction. Numbers in 

brackets correspond to number of cells. Statistical differences: * 

P≤0.05, ** P≤0.01. Scale bar: 50ms, 50pA. 
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 Paired Pulse Ratio Recordings 

5.4.3.1 Paired pulse ratios in adult-onset mice 

It has been reported in the literature that transgenic APP mice exhibit lower 

paired pulse ratios (PPRs) (Cummings et al. 2015), so we investigated whether 

this mechanism was impaired in adult-onset mice expressing APP/tTA. PPR is the 

ratio of the amplitude of a second evoked current (EPSC2) compared to that of a 

first evoked current (EPSC1) (EPSC2
amplitude

/EPSC1
amplitude

). A PPR greater than 1 is 

considered to be paired-pulse facilitation. This presynaptic effect depends on the 

balance between residual Ca2+ in the synaptic boutons and level of presynaptic 

vesicle depletion (Zucker & Regehr 2002b). Paired-pulse recordings are used as a 

measure of short-term plasticity and the direction of short-term plasticity 

correlates with the initial efficacy with which synapses transduce action potentials 

into neurotransmitter release (Atwood & Karunanithi 2002).   

In order to investigate how short-term plasticity was affected in APP/tTA mice 

compared to control littermates, we performed paired-pulse recordings from CA1 

pyramidal neurons, following stimulation of the Schaffer collaterals at different 

inter-pulse intervals (40, 80, 160, 320, 640ms). We grouped WT and tTA mice 

together and classed them as control mice and compared them to APP/tTA mice.  

5.4.3.2 Paired pulse ratios in mice expressing APP for 14 days 

We firstly analysed the results obtained from mice that were off dox for 14 days. 

A 2-way RM ANOVA showed that PPRs changed significantly as the inter-pulse 

intervals increased (F
4, 64

 =17.7, P<0.0001). Statistical analysis revealed no effect 

of genotype (F
1, 16

 = 0.202, P = 0.659, Control n = 10, APP/tTA n = 8) and no 

genotype*inter-pulse interval interaction (F
4, 64

 = 0.270, P = 0.896) (Figure 5.12a (i) 

and 5.12a (ii)).  
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5.4.3.3 Paired pulse ratios in mice expressing APP for 21 days 

Results were similar for mice that were off the dox diet for 21 days. PPRs changed 

as the inter-pulse intervals increased as shown by the statistical analysis (F
4, 128

 = 

21.09, P<0.0001). 2-way RM ANOVA revealed no effect of genotype (F
1, 32

 = 0.105, 

P = 0.748, Control = 23, APP/tTA n = 11) nor effect of genotype*inter-pulse 

interval interaction (F
4, 128

 = 0.208, P = 0.934) (Figure 5.12b (i) and 5.12b (ii)). 

5.4.3.4 Paired pulse ratios in mice expressing APP for 84 days 

2-way ANOVA analysis for this time-point revealed significant effects of genotype 

(F
1, 30

 = 6.30, P < 0.05), inter-pulse interval (F
1, 120

 = 24.09, P < 0.0001) and of 

genotype*inter-pulse interval interaction (F
1, 120

 = 3.65, P < 0.01) (Control = 18, 

APP/tTA n = 14).  Post-hoc tests, showed that PPRs at the 40ms inter-pulse 

interval were lower in APP/tTA mice that were off dox diet for 84 days (1.20 ± 

0.08), compared to their control littermates (1.69 ± 0.06). The amplitude of the 

first EPSC was significantly greater in slices from APP/tTA mice than from control 

mice and that was reflected in the paired pulse ratios (Figure 5.12c (i)(ii)). This 

decreased ratio could be explained by an increase in glutamate release 

probability at the Schaffer collateral-CA1 synapses of APP/tTA mice expressing 

the transgene for 84 days.  
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Figure 5.12. Paired pulse recordings from adult-onset APP/tTA mice 

expressing the transgene for 14, 21 and 84 days and their control 

littermates. Example evoked EPSCs from CA3-CA1 synapses from 

control and APP/tTA mice at 14 days (a) (i), 21 days (b) (i) and 84 days 

(c) (i) of transgene expression.  Paired pulse ratios were similar for 

control mice and APP/tTA mice that were expressing APP for 14 days 

(a) (ii) and 21 days (b) (ii) but were lower in APP/tTA mice that were 

expressing APP for 84 days when compared to their control littermates 

(c) (ii)). Data in graphs represent mean ± SEM of paired pulse ratios 

with indicated number of animals per each time point. Data were 

analysed with a 2-way RM ANOVA. Post-hoc statistical differences: *** 

P≤0.001. Scale bar: 50ms, 100pA. 
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5.4.3.5 Paired pulse ratios in developmental-onset mice 

In order to investigate whether developmental expression of the transgene had 

an effect on presynaptic release mechanisms, we performed paired pulse 

recordings from mice that were never on the dox diet and were either never 

expressing APP (control group, WT and tTA mice) or were expressing APP during 

development (APP/tTA group). 

We analysed the amplitude of the evoked responses following the first evoked 

response at increasing inter-pulse intervals. Using 2-way RM ANOVA, we 

concluded that PPRs were similar at Schaffer collateral-CA1 synapses from control 

slices and APP/tTA slices. PPRs changed significantly for both groups as the inter-

pulse intervals increased (F
4, 88

 = 16.2, P<0.0001). Statistical analysis revealed no 

effect of genotype (F
1, 22

 = 0.34, P = 0.566, Control n = 12, APP/tTA n = 12) and no 

effect of genotype*inter-pulse interval interaction (F
4, 88

 = 0.667, P = 0.617) (Figure 

5.13a(i) and 5.13a(ii)).  
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Figure 5.13. Paired pulse recordings from developmental-onset APP/tTA mice 

and their control littermates. a (i) Example evoked EPSCs from CA3-

CA1 synapses from control and APP/tTA mice at 84 days of age.  a (ii) 

Paired pulse ratios were similar for control mice and developmental-

onset APP/tTA mice. Data in graphs represent mean ± SEM of paired 

pulse ratios with indicated number of animals per each time point. 

Data were analysed with a 2-way RM ANOVA. Scale bar: 50ms, 100pA. 
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5.5 Characterisation of GluN2B cleavage in adult-onset mice 

 GluN2B cleavage in AD  

Investigation of GluN2B cleaved products and comparison of the full-length 

protein can be used as a measure of PSD proteomic integrity as discussed in 

Chapter 3, but also it can act as an indicator of the activity of certain proteases 

such as calpain, which following proteolysis, leads to a 115kDa product. 

Increased calpain activity has been documented in AD mouse models (Vaisid et al. 

2007) and in post-mortem tissue from AD patients (Atherton et al. 2014; 

Kurbatskaya et al. 2016). It has also been suggested that calpain selectively 

targets extrasynaptic NMDARs, which are linked to the excitotoxic effects 

witnessed in neurodegenerative diseases (Xu et al. 2009; Parsons & Raymond 

2014). 

A preliminary investigation of cleaved GluN2B products using hippocampal 

lysates from adult-onset APP/tTA mice expressing for 84 and 196 days was 

performed. Using lysates from control and APP/tTA mice, we analysed full-length 

GluN2B expression as well as cleaved product expression and represented it as a 

ratio between the bands as previously performed in Chapter 3. Phosphorylated 

levels of the GluN2B subunit at tyrosine 1472 were also determined using 

Western blotting (representative blots in figure 5.14a).  

 No difference in GluN2B cleavage between genotypes 

Starting with the full-length GluN2B protein expression results, there was no 

effect of genotype (F
1,8

 = 2.91, P = 0.127), days-off-dox (F
1,8

 = 0.158, P = 0.701) 

nor a genotype*days-off-dox interaction (F
1,8

 = 0.314, P = 0.591) (analysed using a 

2-way ANOVA) (Figure 5.14b). We therefore did not proceed with post-hoc tests. 

These results reflect little variation in full-length GluN2B levels between the 
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control and APP/tTA groups at these 2 time points, suggesting that global 

expression levels of GluN2B stay relatively stable. An indirect measure of 

extrasynaptic GluN2B expression is calpain-cleaved GluN2B expression levels. 

According to Parsons & Raymond 2014, calpain targets mostly extrasynaptic 

NMDARs, so one could argue that higher cleaved product presence is suggestive 

of more extrasynaptic NMDAR presence. For the purposes of GluN2B cleavage, we 

measured the intensity ratio of Band1/Band2 and that of Band1/(Band2+Band3). 

2-way ANOVA statistical analysis for Band1/Band2 intensity revealed a significant 

effect of genotype (F
1,8

 = 8.35, P < 0.05).  

No significant effects were seen for days-off-dox (F
1,8

 = 0.313, P = 0.591) and 

genotype*days-off-dox interaction (F
1,8

 = 0.474, P = 0.505). Post-hoc tests did not 

reveal significant differences between the control and APP/tTA mice for the time 

points analysed (P = 0.291 for 84 days-off-dox, P = 0.07 for 196 days-off-dox) 

(Figure 5.14c). The post-hoc test of 196 days-off-dox showed a trend towards a 

lower intensity Band1/Band2 ratio for the control mice compared to the APP/tTA. 

This result indirectly suggested a decrease of extrasynaptic GluN2B-containing 

NMDARs, since calpain is thought to preferentially target extrasynaptic receptors.  

When the intensity ratio for Band1/(Band2+Band3) were analysed, similar effects 

were observed. Using a 2-way ANOVA test, there was an effect of genotype (F
1,8

 = 

7.33, P < 0.05), but no effect was observed for days-off-dox (F
1,8

 = 0.23, P = 

0.648) nor for a genotype*days-off-dox interaction (F
1,8

 = 0.004, P = 0.952). Post-

hoc tests revealed that there was no effect of genotype and that the 

Band1/(Band2+Band3) ratio did not vary significantly between control and 

APP/tTA mice at 84 days (P = 0.187) and 196 days (P = 0.165) (Figure 5.14d). 

Lastly, a quantification of phosphorylated GluN2B at tyrosine 1472 was 

performed. Statistical analysis showed no effect for any of the discussed 

parameters. There was no effect of genotype (F
1,8

 = 0.91, P = 0.368), days-off-dox 
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(F
1,8

 = 0.02, P = 0.888) or an interaction of the parameters (F
1,8

 = 3.30, P = 0.072) 

(Figure 5.14e).  
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Figure 5.14. Quantification of full-length GluN2B subunit expression and 

cleaved products in hippocampal lysates from control and APP/tTA 

adult-onset mice at 84 and 196 days following dox removal.  (a) 

Representative western blotting scans for full-length GluN2B protein 

(Band1), cleaved products (Band2 and Band3) and phosphorylated 

GluN2B at tyrosine 1472 using hippocampal lysates from adult-onset 

APP/tTA and control mice that were off dox for 84 and 196 days. 

GAPDH was used a loading control.  (b) Quantification of relative 

intensity of the full-length GluN2B band normalized to GAPDH. (c) 

Band1/Band2 intensity ratio and (d) Band1/(Band2+Band3) intensity 

ratio plotted for control and APP/tTA mice for the 84- and 196-days off 

time points. (e) Quantification of relative intensity of phosphorylated 

GluN2B at tyrosine 1472 normalised to full-length GluN2B for control 

and APP/tTA mice for the 84- and 196-days-off-dox time points. Data 

in graphs represent individual relative intensity for each animal ± SEM 

of the protein expression values from n=3 animals per condition. No 

statistical differences were observed. Data were analysed with a 2-way 

ANOVA.  
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Results from this preliminary investigation, suggest that there is an effect of 

genotype in terms of the cleavage of full-length Glu2B protein, which does not 

survive post-hoc tests. This could be attributed to the low numbers of animals 

used per group. Repeating this experiments with a larger animal group would be 

beneficial in determining if this is just a trend or if the effect is real. The trend 

that is revealed in this section however, reveals that there is less cleavage of the 

GluN2B subunit, which is not expected when ones takes into consideration the 

existing literature (Vaisid et al. 2007; Atherton et al. 2014; Kurbatskaya et al. 

2016). This also indirectly suggests that there are more synaptic than 

extrasynaptic GluN2B-containing NMDARs in APP/tTA mice, an effect that was not 

observed in the electrophysiological measurements.  

It has been documented that µ-calpain and m-calpain, have preferential targets, 

with µ-calpain targeting synaptic NMDARs and m-calpain targeting extrasynaptic 

NMDARs. The observation could be simply an imbalance between µ-calpain and 

m-calpain activity. Incubation of acute brain slices with selective inhibitors of 

each type of calpain, and appropriate experiments where the exact cellular 

compartment of GluN2B-containing NMDARs can be determined, are required to 

be able to definitively detect any differences between control and APP/tTA mice.  
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5.6 Discussion  

 Analysis of APP and Ab levels in the adult- and developmental-onset 

model shows significantly increased levels in APP/tTA mice 

Developmental onset mouse models of fAD, and treatment of rodent 

slices/cultured neurons with Ab
 
oligomers have been used routinely to study the 

effects of chronic APP expression, and short-term effects of Ab peptides on 

synaptic morphology, transmission and plasticity (Jacobsen et al. 2006; Kimura et 

al. 2012; Cummings et al. 2015; Gengler, et al. 2010; Whitcomb et al. 2015; 

Cleary et al. 2004; Shankar et al. 2007).  

In order to investigate the effects of adult-onset expression of hAPP
Swe/Ind

 and 

subsequent Ab production we used the tet-Off model provided by the Jankowsky 

lab, and studied the effects of APP expression at different time points over the 

course of 196 days, following switching of the hAPP transgene after dox diet 

removal.  

We first investigated APP expression and Ab accumulation, proceeding with 

electrophysiological experiments looking at excitatory currents and the 

composition of NMDARs at the synapse. As a point of reference, we also used the 

developmental-onset model, which we did not treat with dox and used as a 

chronic hAPP
Sw,Ind

 expression model. This model was compared with adult-onset 

mice matched for length of APP expression. 

We first wanted to confirm the efficiency of hAPP
Sw,Ind

 suppression and later on the 

efficiency of expression in the adult-onset model. Our results regarding APP 

expression and Ab production in the hippocampus of adult-onset expressing 

mice, showed that we were able to halt APP expression by administration of dox.  

Ab levels were detected at 0-days-off dox using the Mesoscale platform for all 
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genotypes, suggesting some leakage in expression of APP and subsequent Ab 

species production. The faint bands observed in the APP and APP/tTA groups at 

0-days-off-dox, could also be interpreted as possible leakage of the transgene. 

These bands were not significantly different from WT or tTA mice (P = 0.99, P = 

0.99 respectively). The band intensity in APP mice, did not increase following dox 

removal, showing that this is not dependent on the onset of expression following 

dox removal. The results from Mesoscale measurements also show that leakage 

does not change with onset of expression, and that it is present at similar 

concentrations throughout the study.  

Once we removed dox from the diet, we switched transgene expression on as 

shown in figures 5.2 and figure 5.3. Results from Mesoscale measurements 

suggest that Ab levels were within the detection range by 3 days. The human Ab 

peptide concentration increased significantly in APP/tTA mice by 14 days and 

remained relatively stable between 14 and 21 days followed by an increase 

measured at 84-days off dox.  

Western blotting was used to quantify APP protein expression levels. By 3 days of 

dox removal, the APP band was visible in APP/tTA mice but was not significantly 

different to the control group. The peak of APP expression was observed at the 

14-days-off-dox time point as shown in figure 5.3. In order to explain this result, 

we hypothesized that higher molecular weight species, possibly aggregated APP 

species, were getting trapped in the wells of the SDS-page gels at 21 and 84 days 

following dox removal. We tested this hypothesis (Figure 5.7), but observed 

similar levels of trapped protein versus total protein load at all time points (0, 14, 

21 and 84 days following dox removal).  

Several papers suggest that the ratio of Ab
1-42

/Ab
1-40 

and Ab
1-42

/Ab
1-38

 is more 

informative than the concentration of Ab
 
peptides alone (Struyfs et al. 2015; 

Janelidze et al. 2016; Dumurgier et al. 2015; Adamczuk et al. 2015). Evidence 
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points towards a decrease in these ratios in AD patients compared to control 

subjects. In our model, the ratio did not change against dox removal, suggesting 

that peptides increase in a similar manner following dox diet removal and 

transgene expression.  

Mesoscale and Western blotting were also employed to study APP expression 

levels and Ab peptide concentrations in developmental-onset mice between 9-12 

weeks. An increase in both Ab peptide concentrations and APP expression was 

observed in APP/tTA mice compared to the rest of the genotypes for the 

developmental model. When Mesoscale results from the developmental model 

were compared to the adult-onset model, there was a significant increase for all 

parameters analysed in the developmental-onset model. Concentrations of Ab
1-42

 

peptides were at least 20-fold higher compared to the concentrations observed in 

the adult-onset APP/tTA mice, possibly due to higher secretase activity in the 

developmental-onset model.  

Another observation was the high levels of Ab peptide leakage in single 

transgenic APP mice expressing the transgene during development. Analysis of 

the concentration of Ab species, and comparison to the concentration of adult-

onset double transgenic APP/tTA mice at 84-days-of expression, showed that the 

levels of Ab peptides between the two groups were similar, as shown in figure 

5.5. This leaky expression of transgene in the single transgenic APP group 

suggests that developmental-onset single transgenic APP mice, resemble adult-

onset double transgenic APP/tTA mice when it comes to Ab concentrations. We 

therefore decided to perform electrophysiological experiments and analyse only 

WT and tTA mice as controls, where we did not observe levels of Ab that were 

comparable to double-transgenic APP/tTA mice. 
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Double transgenic developmental-onset APP/tTA mice exhibited high 

concentrations of Ab
 
peptides, which reached levels of similar magnitude to those 

observed by the Jankowsky lab (Rodgers et al. 2012). When compared to evidence 

regarding Ab
1-42

 concentrations in AD patients, both the developmental- and adult-

onset mice exhibited Ab
1-42

 concentrations that were below the concentrations 

observed using human AD patient homogenates (Murphy et al. 2007).  

SDS-soluble homogenates from human AD patients (superior parietal lobule) 

exhibited Ab
1-42 

concentrations of 1535 ± 290 pmol/g compared to 873 ± 275 

pmol/g in the developmental model and 38 ± 6 pmol/g in the adult-onset model 

expressing for 84 days. The concentrations observed in the developmental-onset 

model were comparable to MCI patients (887 ± 270 pmol/g) (Murphy et al. 2007). 

Adult-onset APP/tTA mice exhibited much lower levels of Ab compared to 

developmental-onset APP/tTA mice as seen in figure 5.5. This observation 

suggests that although the number of days of APP expression were similar for 

adult-onset and developmental-onset mice, the developmental-onset model is a 

much more aggressive model in terms of Ab species production. 

In terms of APP expression, Western blotting results show a higher band intensity 

in developmental-onset APP/tTA mice compared to the other groups, however 

comparison between developmental- and adult-onset APP/tTA mice did not show 

any differences between the 2 groups (Figure 5.6). This is not the case in the 

Mesoscale measurements where we observed much higher levels of Ab
 
in the 

developmental-onset model. Although APP levels may be similar between 

developmental- and adult-onset APP/tTA mice, the discrepancy in Ab levels may 

be explained by the levels of secretase activity in the two groups of mice. Due to 

the developmental expression of APP in the developmental-onset mice, secretase 

activity might in turn be increased leading to higher levels of Ab compared to the 

adult-onset model when the APP expression starts at 6 weeks of age. 
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 NMDAR-mediated current analysis in the adult- and developmental-

onset models shows differential effects of Ro-256981 

We analysed whole-cell patch clamp recordings from APP/tTA mice and from WT 

and tTA mice, which we classed as the control group. We used adult-onset mice 

that had been off dox for 14, 21 and 84 days and developmental-onset mice aged 

9-12 weeks (i.e. 63-84 days old). Our hypothesis was that expression of APP and 

Ab production would have an effect on NMDAR mediated currents, and especially 

the GluN2B subunit dependent currents at the synapse, as suggested by 

unpublished data from our lab (Shipton et al, unpublished). We analysed the 

following parameters from isolated NMDAR and AMPAR currents obtained with 

patch clamp recordings: NMDA/AMPA ratios, weighted NMDA time constant and , 

normalised NMDA charge transfer.  

Results from mice that were off dox for 14 days, suggest that both the APP/tTA 

mice and control genotypes (WT and tTA) behave similarly. This was also true for 

mice that were 21 and 84 days off dox. One of our observations was that under 

baseline conditions (prior to Ro treatment) at 21 days off dox, weighted NMDA 

time constant and normalised NMDA decay to AMPA maximum amplitude, were 

both significantly higher in the APP/tTA group compared to the control group. 

This observation suggests that a compensatory mechanism present in APP/tTA 

mice might lead to bigger/slower currents. This was not however supported by 

the lack of sensitivity to Ro treatment.  

Ro-256981 treatment had minimal effect on NMDAR-mediated currents. This 

could suggest that Ro-256981 was not pharmacologically active, but since our 

recordings were performed in an interleaved manner with recordings in the 

human and mouse cortex as well as the developmental-onset model where Ro-

256981 had significant effects, this hypothesis was ruled out.  
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Another explanation is that prolonged dox administration can have effects on 

excitatory transmission. There is no prior evidence showing an effect of dox on 

synapses, however there has been evidence showing that chronic treatment of 

mice with dox can disturb mitochondrial function and cause stress signal 

activation (Moullan et al. 2015; Brüning et al. 2013).  

In our developmental-onset model, Ro-256981 had significant effects in the 

control group for weighted NMDA time constant as well as for Q
NMDA

/A
NMDA

 and 

Q
NMDA

/A
AMPA

. The APP/tTA mice exhibited sensitivity to Ro-256981 only for 

Q
NMDA

/A
AMPA

. This suggests that APP/tTA mice are less sensitive to Ro-256981 

treatment, due to a decrease in the number of GluN2B subunits at the synapse. 

The results suggest that developmental-onset APP/tTA mice have fewer GluN2B-

containing NMDARs at CA3-CA1 synapses, revealed by minimal effects of Ro-

256981 on NMDAR-mediated currents (Figure 5.11).   

Prior evidence looking at the role of GluN2B-containing subunits in mice 

expressing mutated human APP have shown that perisynaptic GluN2B-containing 

NMDARs are more likely to be causing depression in synaptic plasticity as this 

could be reversed with Ro (Hanson et al. 2015). The location of GluN2B-

containing receptors is probably one of the most critical factors in NMDAR 

mediated toxicity. In the adult-onset model, neither groups exhibited sensitivity 

to Ro during patch-clamp recordings, suggesting that there very few 

diheteromeric GluN1-GluN2B receptors at the synapse. From these experiments, 

we cannot distinguish whether the perisynaptic or extrasynaptic receptors have 

different compositions in APP/tTA or control mice, but further experiments using 

MK-801 which acts as an active NMDAR blocker, could be beneficial in terms of 

dissecting extrasynaptic or perisynaptic versus synaptic receptors and 

investigating their composition. In order to distinguish between GluN2B-

containing and GluN2A-containing NMDARs, biochemical techniques, such as co-
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immunoprecipitation and isolation of PSD proteins could be used. Such 

experiments will provide information on the content of synaptic NMDARs. 

Analysis of paired pulse recordings in adult-onset mice, showed no differences 

between APP/tTA mice and control mice that were off dox for 14 and 21 days, 

suggesting no presynaptic changes occurring in the APP/tTA mice following 

short-term APP expression (Figure 5.12a and 5.12b). APP/tTA mice that were off 

dox for 84 days, exhibited greater amplitudes of the first evoked EPSCs at the 

40ms time point, when compared to control mice, effectively decreasing the PPR 

(Figure 5.12c). PPR is dependent on a number of factors, one of which is based on 

the residual Ca2+ hypothesis (Zucker 1989). Disruption of synaptic vesicle 

endocytosis following stimulation has been documented in cultured hippocampal 

cells, treated with synthetic Aβ  oligomers (Kelly & Ferreira 2007). Evidence from 

hippocampal neurons of transgenic mouse models of AD also suggests that 

vesicle release may be facilitated (Chakroborty et al. 2012), strengthening the 

hypothesis of Aβ -mediated disruption of presynaptic vesicle replenishment. 

The decreased PPR observed in adult-onset APP/tTA mice after 84 days off dox 

diet, was not observed in APP/tTA developmental-onset mice. The PPR for both 

control and APP/tTA groups in the developmental-onset model were similar as 

shown in figure 5.13. This suggests masking of presynaptic defects in the 

developmental-onset model by compensatory mechanisms, possibly by 

modulating presynaptic Ca2+ levels (Qian et al. 1997). 

Taking together the NMDAR-mediated current analysis and PPR observations, it 

can be deducted that depending on the onset type, the defects observed in 

APP/tTA mice can vary. In the adult-onset APP/tTA mice, we observed no 

postsynaptic differences on NMDAR-mediated currents, whereas we observed 

postsynaptic changes in the developmental-onset model. Adult-onset APP/tTA 

mice were characterised by a smaller paired pulse ratio when compared to the 
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control group, suggesting a facilitation in vesicle release mediated by increased 

levels of Aβ . 
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6 Investigation of Ab and tau interaction; 

effects on NMDA-receptor mediated currents 

6.1 Introduction 

 Tau expression 

Under physiological conditions tau is a soluble, abundant protein mainly found in 

neuronal axons that aids in the assembly and stability of microtubules and 

vesicular transport (Wang & Mandelkow 2015). In the adult human brain, there 

are 6 isoforms of the tau gene expressed, and an approximate 50:50 ratio of 

isoforms contains either 3 microtubule binding repeats (3R) or 4 microtubule 

binding repeats (4R) (excluding or including exon 10 respectively) (Stoothoff et 

al. 2009). Alternative splicing of the microtubule-associated protein tau (MAPT) 

gene results in the six different isoforms of tau (Wang & Mandelkow 2015) 

(Figure 6.1). 
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Figure 6.1. Human brain tau isoforms. MAPT is expressed as 6 tau isoforms in 

an adult human brain. MAPT consists of 16 exons. Alternative mRNA 

splicing of exon 2, 3 and 10 gives rise to the six tau isoforms. The 

repeats of tau (R1–R4) are shown, with 3 isoforms having 4 repeats 

each (4R) and 3 isoforms having 3 repeats each (3R) (Source: Wang & 

Mandelkow 2015). 

 

Mutations in the MAPT gene have been linked with frontotemporal dementia 

(FTD). MAPT mutations account for about 5% of cases of FTD and are believed to 

cause disease through a gain of toxic function mechanism. Most mutations are 

located in exons 9–12 of chromosome 17 (Goedert & Spillantini 2011). 

In this chapter, we will focus on mutation N296H in exon 10, which causes an 

approximately 2.5-fold increase in the ratio of exon 10-containing over exon 10-

lacking transcripts. This leads to the overproduction of mutant 4R tau, which has 

a reduced ability to interact with microtubules (Yoshida et al. 2002).  

 Aβ -tau relationship 

The interaction of Aβ  with tau has been investigated using several paradigms. 

Evidence suggests that tau is needed for Aβ –induced effects. This was shown by 
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(Rapoport et al. 2002) where they observed no degeneration of tau KO cultured 

hippocampal neurons following treatment with fibrillar Aβ . Further evidence 

regarding the association of Aβ  with tau was shown by Roberson et al. 2007 and 

Roberson et al. 2011, where they showed amelioration of behavioural deficits and 

synaptic impairment in transgenic mice expressing human mutant APP following 

endogenous tau reduction. In terms of synaptic plasticity, previous work from our 

lab has shown that LTP impairment was prevented in tau KO mice following acute 

treatment with Aβ , showing a requirement for tau in Aβ -induced effects (Shipton 

et al. 2011).  

A recent study from our lab, investigated the relationship of tau and Aβ  in a 

murine tau KO model first described by Dawson et al. 2001, followed by 

expression of either WT human tau protein (H1) or mutant human tau protein 

(expressing the N296H mutation) (Vargas-Caballero, Denk, Wobst, Arch, 

Pegasiou, Oliver, O. A. Shipton, et al. 2017). Using an LTP paradigm, we sought to 

answer whether tau KO and N296H tau mutant mice behaved similarly following 

acute Aβ  treatment. We observed that slices from mutant tau mice and tau KO 

mice were resistant to Aβ -induced synaptic impairment, while mice expressing 

the WT human tau protein were characterised by impaired LTP following 

incubation with Aβ  oligomeric species (Vargas-Caballero, Denk, Wobst, Arch, 

Pegasiou, Oliver, O. A. Shipton, et al. 2017). 

 Tau-Fyn-Aβ  effects on NMDA receptors  

As a scaffolding protein, tau has an array of binding partners and it is a substrate 

for tyrosine kinases, and in particular Fyn, via its amino-terminal projection 

domain (Lee et al. 1998). Fyn can phosphorylate GluN2B subunit at Y1472 

(Groveman et al. 2012), and this has been shown to stabilise the receptor at the 

synapse (Roche et al. 2001; Prybylowski et al. 2005) by increasing its interaction 
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with PSD-95 (Rong et al. 2001), and in turn enhancing the activity of NMDARs 

(Groveman et al. 2012).  

Genetic ablation of tau, was shown to lead to decreased levels of Fyn in neuronal 

dendrites and in synaptosomes, subsequently leading to decreased levels of 

phosphorylated GluN2B (Ittner et al. 2010). Authors concluded that tyrosine 

kinase Fyn can be transported to spines by tau and this allowed the 

phosphorylation of GluN2B and subsequent increased PSD-95 association leading 

to potential cytotoxic effects of NMDARs (Ittner et al. 2010). Conversely, 

hyperphosphorylated tau and its mislocalisation to dendritic spines was shown to 

decrease the numbers of NMDARs and AMPARs at spines by impairing receptor 

trafficking and synaptic anchoring (Hoover et al. 2010). Moreover, in a separate 

study, low levels of endogenous tau were observed in dendritic spines of 

hippocampal neurons. When specific phosphorylation sites were replaced with 
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glutamic acid to mimic phosphorylation (including the S404 site), it was observed 

that tau localisation in spines increased, suggesting tau mislocalisation due to 

phosphorylation (Xia et al. 2015). 

These observations emphasise the importance of tau function for targeting Fyn at 

the synapse and for stabilising GluN2B-containing receptors. It is therefore a 

balancing act, where GluN2B-containing NMDARs need to be phosphorylated, 

leading to enhancement of their activity and in turn promoting synaptic plasticity, 

while at the same time, enhanced activity of NMDARs needs to be tightly 

regulated so that it does not lead to overactivation of the receptors which then 

could cause triggering of excitotoxic events.  

This excitotoxic hypothesis has been put forward by Ittner & Götz 2011, 

proposing that NMDARs are required for the toxic effects caused by Aβ  and that 

tau targeting of Fyn at the spines mediates these effects. Inhibition of NMDARs 

was shown to ameliorate synaptic impairment following Aβ  treatment (Hu et al. 

2009). This paper proposed effective inhibition of GluN2B-containing NMDARs as 

means of improving cognitive abilities (Hu et al. 2009), however one should take 

into consideration that inhibition of GluN2B-containing receptors may effectively 

inhibit extrasynaptic NMDARs which may be the culprit of excitotoxicity. 

Supporting this, is the study of Li et al. 2011, suggesting that excessive 

activation of extrasynaptic GluN2B-containing NMDARs inhibits synaptic 

plasticity. 

6.2 Aims 

With previous evidence suggesting that tau facilitates Fyn phosphorylation of 

GluN2B subunit at the synapse, we sought to investigate how synaptic levels of 

GluN2B are affected in tau KO mice, and in mice harbouring the N296H mutation, 
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(Yoshida et al. 2002) leading to an increase in 4 microtubule-binding repeat tau 

(4R), an effect which is also common in other mutations involved in FTD (Ingram 

& Spillantini 2002).  

To answer these questions, we employed whole-cell patch clamping and analysed 

NMDAR- and AMPAR-mediated currents as described in Materials and Methods, 

without and with Ro-256981 treatment, an antagonist of GluN2B-containing 

NMDARs, and before and after acute Aβ
1-42

 treatment. For these experiments, we 

used acute slices from tau KO mice, and mice expressing either mutant human or 

WT human tau. 

We firstly characterised the synthetic Aβ
1-42 

species present in our preparation and 

proceeded with electrophysiological recordings from MAPT transgenic 

hippocampal slices. 
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6.3 Specific Materials and Methods  

 Preparation of synthetic Ab1-42  

Preparation of Aβ
1-42

 was performed prior to each experiment. Vials containing 

100μ g human Aβ
1-42

 (1428 Tocris, Batch No: 20A) were kept at -20°C until 

needed. 2.2ml of oxygenated ACSF were injected to the vial in order to achieve a 

concentration of 5μ M. The vial was vortexed for 60 seconds and contents were 

transferred in a 15ml falcon tube. 2.2ml of fresh ACSF were added to the vial to 

rinse any undiluted Aβ
1-42

, further vortexed for 60 seconds and then transferred 

to the 15ml falcon tube. Contents were then sonicated for 10 minutes at room 

temperature.  

Following sonication, half the volume of Aβ
1-42 

was added to 50ml of ACSF in a 

holding chamber (final Aβ
1-42

 concentration was 220nM) and the rest was further 

diluted in 100ml used to perfuse the slices during recordings (final Aβ
1-42 

concentration of 110nM).  Slices were incubated in Aβ
1-42

 for 1-3 hours before 

being transferred to the recording chamber.  

 Characterisation of synthetic Ab1-42 preparation 

Synthetic Aβ
1-42 

prepared at a concentration of 44μ Μ was used to characterise the 

oligomeric species in the preparation. This concentration was used, as opposed 

to 220nM, which was the concentration used to incubate the slices, due to the 

inability to detect any bands at lower concentrations. 

2 hours following preparation and oxygenation using 95% oxygen and 5% CO
2
, 4X 

sample buffer (Appendix), 25% glutaraldehyde and distilled water were added to 

the synthetic Aβ
1-42 

preparation in order to reach the desired concentration of 

44μ Μ.  
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Samples were heated for 5 minutes at 95°C and vortexed at 14000 rpm for 10 

minutes. The supernatant was collected and samples were loaded on NuPAGE® 4-

12% Bis-Tris Protein Gels, 1.5mm (Life Technologies). The gels were placed in a 

tank filled with MES buffer (NuPAGE® MES SDS Running Buffer, 20X, Life 

Technologies) and charged at 100V for 10-15 minutes. Voltage was then 

increased to 120V for approximately another hour. 

Once electrophoresis was finished, the gel was removed from the tank and placed 

in a clean tray where it was washed with distilled water with gentle rocking.  

The gel was then stained using Imperial Protein Stain (ThermoScientific) overnight 

at room temperature. Finally, the gel was washed with distilled water for at least 

5 minutes and imaged using the Odyssey® CLx Infrared Imaging System.  

Results showed that following 2 hours of preparation, synthetic Aβ
1-42

 was 

characterised by the presence of monomers (4kDa), trimers (12kDa) and 

tetramers (16kDa) (Figure 6.2).  
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Figure 6.2. Protein stain of ACSF with Ab
1-42

 at a concentration of 44µM to 

allow detection following 2 hours following slice incubation. 

Oligomeric species (trimers and tetramers) and monomers present. 

 

 MAPT transgenic mouse models 

Mice lacking endogenous microtubule associated protein (Mapt-/-, Tau KO) 

(Dawson et al. 2001) were maintained on C57BL6 background.  P1-artificial 

chromosomal (PAC) vectors containing a 143kb MAPT transgene encoding either 

the WT human MAPT locus (H1), or the N296H mutation were developed using 

site-directed mutagenesis and bacterial artificial chromosome (BAC) 

recombineering methods. Transgenic animals were backcrossed onto Mapt-/- 

C57BL6 mice for a minimum of 9 generations.  

The Mapt-/-/H1, referred to as H1 colony, and the Mapt-/-/N296H referred to as 

N51 colony were generated. All transgenes were maintained in the hemizygous 

state. Detailed characterisation of the H1, N51 and KO lines can be found in 

(Vargas-Caballero, et al. 2017).  All the MAPT transgenic lines were provided by 

the Richard Wade-Martins lab (University of Oxford).  



 

 238	

6.4 Results 

 Short-term plasticity in MAPT transgenic mouse models 

As described in Abramov et al. 2009, inhibiting Aβ  degradation and hence 

increasing its concentration, increased the probability of neurotransmitter release 

and the firing rate of hippocampal neurons. We investigated short-term plasticity 

using a paired pulse stimulation paradigm. This allowed us to assess the 

probability of neurotransmitter release in different MAPT transgenic lines under 

control conditions and following Aβ
1-42

 treatment. We used acute hippocampal 

slices of 3-5-month-old mice. 

We firstly investigated whether PPRs differed between tau KO, H1 and N51 mice 

following stimulation of the Schaffer Collaterals at different inter-pulse intervals 

(40, 80, 160, 320, 640ms). Results for each inter-pulse interval are shown in 

Table 6.1. 2-way ANOVA analysis showed that PPRs changed significantly as the 

inter-pulse intervals increased (F
4, 60

 = 4.919, P<0.01). Statistical analysis revealed 

an effect of genotype (F 
2, 60

 = 3.307, P<0.05). No genotype*inter-pulse interval 

interaction was revealed (F
8,60

 = 0.423, P = 0.90) (Figure 6.3). 
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Table 6.1. Paired pulse ratios at CA3-CA1 synapses recorded from 

CA1 pyramidal cells of tau KO, H1 and N51 mice. Paired 

pulse ratios for each genotype are shown for every inter-

pulse interval. N corresponds to the number of cells from 

which mean and SEM were calculated from, for each 

genotype. 

  

Genotype	

	
KO	 H1	 N51	

Inter-pulse	Interval	 Mean	 SEM	 N	 Mean	 SEM	 N	 Mean	 SEM	 N	

40	 1.126	 0.072	 7	 1.339	 0.181	 5	 1.548	 0.199	 3	

80	 1.235	 0.107	 7	 1.416	 0.141	 5	 1.451	 0.052	 3	

160	 1.295	 0.116	 7	 1.383	 0.184	 5	 1.749	 0.549	 3	

320	 1.007	 0.073	 7	 1.184	 0.095	 5	 1.089	 0.153	 3	

640	 0.964	 0.069	 7	 0.94	 0.127	 5	 1.071	 0.290	 3	
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Figure 6.3. Paired pulse recordings from tau KO, N51 and H1 

hippocampal slices under control conditions. Example 

evoked EPSCs from CA3-CA1 synapses of KO, N51 and H1 mice 

under control conditions.  2-way ANOVA revealed an effect of 

genotype (F
2, 60

 = 3.31, P ≤ 0.05) of inter-pulse interval (F
4, 60

 = 

4.92, P ≤ 0.01). No inter-pulse interval*genotype interaction 

was revealed (F
8, 60

 = 0.42, P = 0.90). Data in graphs represent 

mean ± SEM of paired pulse ratios (Please see table 6.1. for 

mean values and SEM). Data were analysed with a 2-way RM 

ANOVA. Scale bar: 50ms, 100pA. 

 

We then proceeded with paired pulse recordings following Aβ
1-42

 

treatment. All recordings were made in slices that were treated for at 

least 1 hour and no more than 3 hours. Results regarding Aβ
1-42

 

treatment are shown in Table 6.2 for each genotype before and after 

the treatment.  

2-way ANOVA for tau KO mice, revealed an effect of inter-pulse 

interval (F
4, 45

 = 3.36, P<0.05), but no effect of treatment (F
1, 45

 =0.08, P 

= 0.78) nor an effect of inter-pulse interval*treatment (F
4, 45

 = 0.76, P 

= 0.56). 2-way ANOVA for N51 mice, revealed no effect of inter-pulse 

interval (F
4, 15

 = 1.76, P = 0.19), and no effect of treatment (F
1, 15

 = 
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2.38, P = 0.14). No inter-pulse interval*treatment effect was revealed 

either (F
4, 15

 = 0.76, P = 0.56). 

Results for H1 mice, revealed an effect of inter-pulse interval (F
4, 45

 = 

6.53, P<0.001), but no effect of treatment (F
1, 45

 = 0.87, P = 0.35) nor 

an effect of inter-pulse interval*treatment (F
4, 45

 = 0.42, P = 0.79) 

(Figure 6.4). 

 

Genotype/Treatment	

	
KO	 KO	Ab1-42	 H1	 H1	Ab1-42	 N51	 N51	Ab1-42	

Inter-pulse	
Interval	

M
ea
n	

SE
M	 N	 Me

an	
SE
M	 N	 Me

an	
SE
M	 N	 Me

an	
SE
M	 N	 Me

an	
SE
M	 N	 Me

an	
SE
M	 N	

40	
1.1
26	

0.0
72	 7	 1.3

57	
0.2
78	 4	 1.3

39	
0.1
81	 5	 1.3

86	
0.1
88	 6	 1.5

48	
0.2
46	 4	 1.2

57	
0.0
89	 2	

80	
1.2
35	

0.1
07	 7	 1.2

62	
0.0
64	 4	 1.4

16	
0.1
41	 5	 1.3

07	
0.0
83	 6	 1.3

56	
0.1
04	 4	 1.5

04	
0.2
89	 2	

160	
1.2
95	

0.1
16	 7	 1.1

75	
0.0
15	 4	 1.3

83	
0.1
84	 5	 1.4

13	
0.0
59	 6	 1.2

01	
0.0
67	 4	 1.1

15	
0.0
74	 2	

320	
1.0
07	

0.0
73	 7	 0.9

16	
0.1
12	 4	 1.1

84	
0.0
95	 5	 0.9

5	
0.0
64	 6	 1.0

76	
0.0
57	 4	 0.8

49	
0.2
38	 2	

640	
0.9
64	

0.0
69	 7	 1.0

15	
0.0
90	 4	 0.9

4	
0.1
27	 5	 0.8

35	
0.0
68	 6	 0.8

66	
0.1
07	 4	 0.7

72	
0.0
21	 2	

 

Table 6.2. Paired pulse ratios at CA3-CA1 synapses recorded from 

CA1 pyramidal cells of MAPT transgenic mice before 

and following Ab
1-42

 treatment. Paired pulse recordings 

under control conditions and following Ab
1-42

 treatment for 

KO, H1 and N51 MAPT transgenic mice. Paired pulse ratios 

are shown for each genotype and for every inter-pulse 

interval. N corresponds to the number of cells from which 

mean and SEM were calculated from. 
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Figure 6.4. Paired pulse recordings from tau KO, N51 and H1 

hippocampal slices before and after Ab
1-42

 treatment. Example 

evoked EPSCs from CA3-CA1 synapses of KO, N51 and H1 mice 

before and after Ab
1-42

 treatment.  Ab
1-42

 treatment did not alter 

the paired pulse ratios for any of the genotypes. (a) Analysis for 

tau KO results shows an effect of inter-pulse interval (F
4, 45

 = 3.36, 

P ≤ 0.05). No effect revealed for Ab
1-42

 treatment (F
1, 45

 = 0.08, P = 

0.78) nor for inter-pulse interval*Ab
1-42

 treatment interaction (F
4, 45

 

= 0.76, P = 0.56). (b)  Analysis for tau N51 results shows no 

effect of inter-pulse interval (F
4, 15

 = 1.76, P = 0.19) nor for Ab
1-42

 

treatment (F
1, 15

 = 2.38, P = 0.14). No inter-pulse interval*Ab
1-42

 

treatment interaction revealed (F
4, 45

 = 0.36, P = 0.84). (c) Analysis 

for tau H1 results shows an effect of inter-pulse interval (F
4, 45

 = 

6.53, P ≤ 0.001). No effect revealed for Ab
1-42

 treatment (F
1, 45

 = 

0.87, P = 0.35) nor for inter-pulse interval*Ab
1-42

 treatment 

interaction (F
4, 45

 = 0.42, P = 0.79). Data in graphs represent mean 

± SEM of paired pulse ratios with indicated number of cells for 

each genotype and treatment. Data were analysed with a 2-way 

ANOVA. Scale bar: 50ms, 100pA. 
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 NMDA receptor mediated responses in MAPT transgenic mouse 

models 

Similar to whole-cell patch clamp recordings in Chapters 4 and 5, EPSCs were 

evoked via an extracellular stimulating electrode placed at the Schaffer Collaterals 

and in a distance of 100-150µm from the CA1 pyramidal neuron somata. Voltage 

clamping at alternating holding potentials of -70mV and +50mV was used in 

order to estimate the contribution of AMPAR- and NMDAR-mediated currents to 

the resultant synaptic response before and after the addition of Ro-256981 and 

Aβ
1-42

.  

Data were analysed for NMDA/AMPA ratios, weighted NMDA-mediated time 

constant (t
weighted

) (ms) and normalised NMDA charge transfer; Q
NMDA

/A
NMDA

 and 

Q
NMDA

/A
AMPA

. Example traces for each treatment and genotype are shown in figure 

6.5. 

2-way ANOVA analysis for NMDA/AMPA ratios showed an effect of treatment (F
3, 92

 

= 10.33, P ≤ 0.0001) but not of genotype (F
2, 92

 = 0.34, P = 0.71) nor of 

treatment*genotype interaction (F
6, 92

 = 0.83, P = 0.55). We therefore proceeded 

with post-hoc tests which revealed a significant effect of Ro-256981 in tau KO 

slices in the absence of Aβ
1-42

 (P ≤ 0.01) suggesting a significant contribution of 

GluN2B-containing NMDARs in KO CA1 pyramidal cells. There was a significant 

reduction in NMDA/AMPA ratios in N51 mice, following Ro-256981 treatment and 

Aβ
1-42 

treatment (P ≤ 0.05). No effects were observed for any of the treatments for 

H1 mice (Figure 6.6a). 

Weighted NMDA time constant analysis using 2-way ANOVA, showed similar 

effects to NMDA/AMPA ratios. Analysis showed an effect of treatment (F
3,92

 = 7.49, 

P ≤ 0.001) but not of genotype (F
2, 92

 = 0.95, P = 0.39). A significant effect of 

treatment*genotype interaction was also revealed (F
6, 92

 = 2.39, P ≤ 0.05). Post-hoc 
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tests showed that the reduction in weighted NMDA time constant was significant 

following Ro-256981 in KO slices in the absence of Aβ
1-42

(P ≤ 0.01). Post-hoc tests 

also showed that the combined treatment of Aβ
1-42

 and Ro-256981 led to smaller 

NMDA decay time constants in N51 slices (P ≤ 0.05). No effect of either Ro-

256981 nor Aβ
1-42

 treatments was shown for H1 mice (Figure 6.6b). 

Q
NMDA

/A
NMDA

 analysis showed an effect of treatment (F
3, 92

 = 9.02, P ≤ 0.0001) but 

not of genotype (F
2, 92

 = 0.68, P = 0.51). An effect of treatment*genotype 

interaction was also revealed (F
6, 92

 = 2.50, P ≤ 0.05).  Following post-hoc tests, an 

effect of Ro-256981 was revealed in KO mice following Ro-256981 treatment (P ≤ 

0.01). Post-hoc tests also showed that the combined treatment of Aβ
1-42

 and Ro-

256981 led to reduced Q
NMDA

/A
NMDA

 in N51 slices (P ≤ 0.001). No effect of either 

Ro-256981 nor Aβ
1-42

 treatments was shown for H1 mice (Figure 6.6c). 

Analysis for Q
NMDA

/A
AMPA

 showed an effect of treatment (F
3, 92

 = 10.77, P ≤ 0.0001) 

but not of genotype (F
2, 92

 = 1.18, P = 0.31) nor of a treatment*genotype 

interaction (F
6, 92

 = 1.44, P = 0.21). Post-hoc tests showed a significant effect of 

Ro-256981 treatment in KO mice (P ≤ 0.01). Post-hoc tests also showed that the 

combined treatment of Aβ
1-42

 and Ro-256981 led to reduced Q
NMDA

/A
AMPA

 transfer in 

N51 slices (P ≤ 0.05). No effect of either Ro-256981 nor Aβ
1-42

 treatments was 

shown for H1 mice (Figure 6.6c). 
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Figure 6.5. Representative NMDA- and AMPA-mediated currents from tau KO, 

N51 and H1 hippocampal CA1 pyramidal cells under control 

conditions and following Ab
1-42

 treatment. (a) Representative NMDA- 

and AMPA-mediated currents from 3-5-month-old tau KO hippocampal 

CA1 pyramidal cells before and after Ro treatment, and before and 

after Ab
1-42

 treatment. (b) Representative NMDA- and AMPA-mediated 

currents from 3-5-month-old tau N51 hippocampal CA1 pyramidal cells 

before and after Ro treatment, and before and after Ab
1-42

 treatment. (c) 

Representative NMDA- and AMPA-mediated currents from 3-5-month-

old tau H1 hippocampal CA1 pyramidal cells before and after Ro 

treatment, and before and after Ab
1-42

 treatment. Scale bar: 50ms, 

100pA. 
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Figure 6.6.  GluN2B contribution in NMDA-mediated currents in tau KO mouse 

slices but not in N51 or H1 slices.  (a) NMDA/AMPA ratios show an 

effect of treatment (F
3, 92

 = 10.33, P ≤ 0.0001) but not of genotype (F
2, 92

 

= 0.34, P = 0.71) nor of treatment*genotype interaction (F
6, 92

 = 0.83, P 

= 0.55). (b) Weighted NMDA time constant analysis shows an effect of 

treatment (F
3,92

 = 7.49, P ≤ 0.001) but not of genotype (F
2, 92

 = 0.95, P = 

0.39). A significant effect of treatment*genotype interaction was 

revealed (F
6, 92

 = 2.39, P ≤ 0.05). (c) Q
NMDA

/A
NMDA

 analysis shows an effect 

of treatment (F
3, 92

 = 9.02, P ≤ 0.0001) but not of genotype (F
2, 92

 = 0.68, 

P = 0.51). An effect of treatment*genotype interaction was revealed (F
6, 

92
 = 2.50, P ≤ 0.05). (e) Q

NMDA
/A

AMPA
 analysis shows an effect of treatment 

(F
3, 92

 = 10.77, P ≤ 0.0001) but not of genotype (F
2, 92

 = 1.18, P = 0.31) 

nor of treatment*genotype interaction (F
6, 92

 = 1.44, P = 0.21). Scatter 

dot plots with error bars in graphs represent mean ± SEM. Data were 

analysed using 2-way ANOVA and posthoc comparisons were corrected 

using the Sidak formula for the parameters that were significant 

following ANOVA analysis. Statistical differences: * P≤0.05, **P≤0.01., 

***P≤0.001. 
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6.5 Discussion 

In this section, we sought to investigate whether synthetic Aβ
1-42

 treatment would 

have effects on short-term plasticity and NMDAR-mediated currents in the CA1 

pyramidal cells of transgenic MAPT mouse models. 

We firstly investigated whether tau KO, N51 and H1 mice exhibited similar 

properties in terms of presynaptic neurotransmitter release, assessed using a 

paired pulse recording protocol. We found an effect of genotype in PPRs (Figure 

6.3), with N51 mice exhibiting higher PPRs under physiological conditions. We 

then assessed whether Aβ
1-42

 treatment for 1-3 hours had any effects on 

neurotransmitter release probability. Results suggested that Aβ
1-42

 treatment did 

not affect presynaptic function. We did not observe significant changes in PPRs 

for any of the genotypes (Figure 6.4). 

We then proceeded with the analysis of excitatory mediated currents. We showed 

that NMDAR-mediated currents in slices from KO mice can be significantly 

decreased following Ro-256981 treatment, suggesting a significant contribution 

of GluN2B-containing NMDARs at the CA3-CA1 synapse. This finding was 

consistent for all measures analysed; NMDA/AMPA ratios, weighted NMDA time 

constant and normalised NMDA charge transfer (Figure 6.6).  

This finding suggests that the activity of GluN2B-containing NMDARs is not solely 

dependent on the activity of Fyn targeted by tau.  A number of tyrosine kinases 

can phosphorylate the subunit and enhance its activity under physiological 

conditions, as documented by Yu et al. 1997. Indeed, the CTD of the GluN2B 

subunit is subject to phosphorylation by Src, CaMKII, Cdk5 and others. Y1472 can 

be phosphorylated by Src as well as Fyn (Lussier et al. 2015), suggesting that in 
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the absence of tau other kinases or other Fyn substrates may allow for the 

phosphorylation of GluN2B. 

Compensation by overexpression of other microtubule associated proteins in tau 

KO models has been documented. KO tau models are characterised by increased 

expression levels of microtubule associated protein, MAP1A,  (Harada et al. 1994; 

Dawson et al. 2001), which resemble WT levels by 12 months of age (Dawson et 

al. 2001). This compensation mechanism however, during the first months of tau 

KO mice, may be responsible for trafficking of kinases to synapses and for 

preserving the physiological function of NMDARs. Further analysis of this 

hypothesis would involve studying the expression levels and localisation of 

MAP1A in our tau KO model at 3-5 months, the time point at which experiments 

were carried out. Co-immunoprecipitation experiments investigating whether the 

GluN2B-Fyn-MAP1A complex is increased in tau KO models could give an insight 

as to how GluN2B synaptic expression and activity is regulated. 

Following Aβ
1-42

 treatment in KO slices, we did not observe any differences in any 

of the measures when we compared results to physiological conditions (Figure 

6.6). The requirement of tau for Aβ
1-42

-induced effects was therefore confirmed. 

No synergistic effects of Ro-256981 and Aβ
1-42

 were observed for tau KO mice as 

there were no significant differences between Aβ
1-42

 treatment and Aβ
1-42

 along 

with Ro-256981 treatment.  

In the transgenic N51 mouse model, we did not observe an effect of Ro-256981 

under physiological conditions. This suggests a smaller contribution of GluN2B-

containing NMDARs at the CA3-CA1synapse. No differences were observed 

following Aβ
1-42 

treatment, suggesting that presence of physiological tau is 

needed for Aβ -induced effects. However, we observed a significant reduction in 

NMDA/AMPA ratios, faster weighted NMDA time constants and smaller 



 

249 

normalised NMDA charge transfer when both Aβ
1-42 

and Ro-256981 were added to 

the bath (Figure 6.6).  

H1 mice, expressing the human tau protein, did not show any sensitivity to Ro-

256981 treatment, suggesting reduced contribution of GluN2B-containing 

NMDARs at the synapse. One hypothesis is that there a large triheteromeric 

NMDAR component may be present at the CA3-CA1 synapse of H1 mice, that 

requires higher Ro-256981 concentration treatment to be effectively blocked.  

No effect on NMDAR-mediated currents following Aβ
1-42

 treatment was observed. 

Unpublished data from our lab, shows that Aβ
1-42

 treatment of WT murine tau 

slices, causes a decrease in NMDA/AMPA ratios, similar to that caused by Ro-

256981 (Shipton et al., unpublished).  

With H1 mice, we were not able to observe sensitivity to neither Ro-256981 nor 

Aβ
1-42

.  In order to explain these differences one should take into account that 

mice only express 3 different 4R isoforms of tau, and lack 3R tau (Lee et al. 

1988). In addition, the protein levels of tau in WT mice expressing murine tau are 

higher to those expressed by the H1 mice used in this study (Appendix).  

Evidence shows that the interaction between Fyn and 3R-tau is 20-fold higher 

than that with 4R-tau (Bhaskar et al. 2005). Although adult mice only express 4R 

tau, the protein expression levels are much higher than those expressed by the 

hemizygous H1 mice we used for these experiments, and that might explain a 

potentially increased affinity of 3R tau for Fyn. Reduced tau protein expression in 

the hemizygous mice might be responsible for the inefficient trafficking of Fyn 

and subsequent phosphorylation of GluN2B subunits (Appendix) and stabilisation 

at the synapse.  
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7 Conclusions 

In this thesis, the main aim was to characterise the subunit composition of 

pyramidal cell synaptic NMDARs. The involvement of NMDARs in synaptic 

plasticity paradigms, which is thought to be the molecular correlate of learning 

and memory, has been a subject of scientific research for a few decades (Morris 

et al. 1986; Bliss & Collingridge 1993; Weitlauf et al. 2005; Berberich et al. 2005; 

Berberich et al. 2007) (Sections 1.2.2 and 1.2.3).  

We so far know that cognitive function declines in ageing healthy individuals 

(Singh-Manoux et al. 2012), and during the course of neurodegenerative diseases 

such as AD (Querfurth & LaFerla 2010). I therefore chose to investigate the 

composition and overall expression levels of NMDAR subunits in human temporal 

cortical tissue, and hippocampal tissue from mouse models expressing mutated 

proteins associated with neurodegenerative diseases. 

7.1 NMDAR receptor composition in human tissue changes 

with age 

The collection and analysis of human tissue from neurosurgeries, involved quality 

control experiments. It was first confirmed that the majority of cases did not 

exhibit pathological characteristics. This was done by investigating the 

expression levels of  full-length Glu2NB, the integrity of which has been linked to 

the number of synaptic proteins in human tissue (Bayés et al. 2014) (Section 

3.4.2.1). As part of these quality control experiments, the expression levels of 

inflammatory markers were also assessed to investigate whether the foci of 

pathology had infiltrated the tissue used for the NMDAR composition analysis. 

GFAP and Iba1 cell densities proved reliable markers in distinguishing tissue that 

was affected by the underlying diseases, as previously shown for an array of 
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different neurological disorders (Graham et al. 1999; Pekny & Pekna 2014; 

Gomez-Nicola & Perry 2015) (Section 3.4.2.2).  

My findings using these approaches suggest that GluN2B full length integrity and 

inflammatory markers are reliable measures that could be used in order to 

characterise resected living tissue. Moreover, preliminary data collected regarding 

activation of CREB, proved promising in distinguishing tissue that had been 

subject to excitotoxicity (epileptic focus) and adjacent tissue that was not the 

focus of epileptic seizures as previously shown by Beaumont et al. 2012.  

I therefore propose that resected human tissue is a platform that should be 

extensively used by basic scientists when possible, as it is an excellent tool for 

understanding neuronal physiology. Living human tissue can be used for baseline 

biochemical measurements, enzyme profiling, as well as in the analysis of 

excitatory and inhibitory transmission, synaptic plasticity paradigms and 

morphological studies.  

By using living human tissue that was not characterised by pathological markers, I 

presented evidence using both electrophysiological and biochemical measures 

regarding GluN2B subunit presence at the synapses of adult LII-III pyramidal 

neurons in temporal cortex. These results, along with results from mouse patch 

clamp recordings, showed that NMDAR composition and trafficking differs 

between humans and mice.  GluN2B-containing NMDARs in humans are 

susceptible to age-dependent changes both on a global and a synaptic level 

(sections 4.3.1.1, 4.3.3.3, 4.3.3.4).  

The strongest piece of evidence lies in the paired cell analysis performed using 

cells that were recorded both under control conditions and following Ro 

treatment. Results from this analysis, suggest that there are diheteromeric 

GluN2B-containing NMDARs at the synapses of young human adults. Sensitivity to 
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Ro treatment at 500nM for the majority of <45-year-old subjects, suggests that a 

proportion of the NMDARs at synapses contain GluN2B diheteromers. Results 

from the <45-year-old cohort using co-immunoprecipitation also support the 

existence of GluN2B at the synapses. For 3 out 4 subjects there were visible 

bands present that precipitated with PSD-95, which is in line with the 

electrophysiological data. Co-immunoprecipitation results also showed that 

GluN2B can form complexes with PSD-95 in ³45-year-old adults (Section 4.3.2). 

Together with the electrophysiological data where we see no sensitivity to Ro 

treatment, this finding suggests a triheteromeric NMDAR component at synapses 

of ³45-year-old adults. 

Global GluN2A levels decreased as shown by Western blotting (figure 4.2), 

whereas GluN2A subunits that co-assembled with PSD-95 were not affected by 

ageing (figure 4.7). During these experiments, I observed presence of a doublet 

for GluN2A, suggesting either the presence of an uncharacterised cleavage 

product or the presence of a second isoform, which is human specific. Further 

work should explore this finding and the exact nature of the second band. This 

could be done by pulling down GluN2A and characterising it using mass 

spectrometry. The potential presence of a GluN2A isoform which lacks PDZ 

binding domains and is less likely to bind with synaptic proteins, could have huge 

implications in synaptic NMDAR function and trafficking.   

Since NMDAR-mediated signalling is crucial in synaptic plasticity, further work 

using living human tissue should involve the investigation of how receptor 

composition affects synaptic plasticity paradigms. For example, plasticity 

paradigms such as spike-timing dependent plasticity and homeostatic plasticity, 

could be studied in different layers of the temporal cortex, and that in turn could 

be linked to the composition of NMDARs receptors. Use of more subtle plasticity 

paradigms could elucidate which subunits are needed for certain neuronal 
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signalling behaviours. Previous work by Ryan et al. 2013, has already shown that 

more conservative plasticity protocols are dependent on GluN2B presence. Such 

protocols can therefore be employed in human tissue from subjects of different 

ages. Inability to induce plasticity in ageing adults would further strengthen our 

findings regarding the lack of diheteromers at the synapses of ³45-year-old 

subjects.  

Further work using human tissue can also include incubation of human tissue 

slices in physiological media. This platform allows neurons to remain healthy for 

weeks (Eugène et al. 2014; Andersson et al. 2016). Such work would therefore 

facilitate the use of human tissue in the exploration of network mechanisms and 

development of therapeutic mechanisms for different neurological conditions.  

7.2 Inducible mutant APP mice and MAPT are not 

characterised by NMDAR subunit composition changes 

Our results regarding NMDAR-mediated currents in the hippocampus of adult-

onset mice expressing hAPP at different time points, did not show a significant 

effect of increasing Ab peptides regarding NMDAR composition changes at the 

CA3-CA1 synapse (Section 5.4.1). By 12 weeks of APP expression there was a 

significant decrease in the PPR compared to control mice, suggesting higher rates 

of neurotransmitter release probabilities (Section 5.4.3, figure 5.12) and more 

presynaptic specific effects. Moreover, AMPARs may be affected at that stage, 

which is still an unexplored subject. 

The developmental model, where expression was not suppressed in the first 6 

weeks, showed changes in the synaptic composition of NMDARs This model was 

characterised by more than 20-fold higher concentration of Ab peptides. Further 

work on the extrasynaptic glutamate receptor composition is needed to show 
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whether Ab peptides can affect receptor composition at different cellular 

compartments and whether expression at development or during adulthood leads 

to differential targets. 

In terms of APP and Ab levels, there were 20-fold higher Ab peptide levels in 

developmental-onset mice expressing APP, compared to adult-onset expressing 

mice APP. This was not witnessed by Western blotting when probed for APP 

protein (figure 5.6). This might be due to differences in secretase activity between 

the 2 onset-type models. Further work on this model can therefore include the 

investigation of the activity of different secretases and how modulating them 

could lead to regulation of APP proteolysis.  

The final chapter of this thesis focused on the interaction of Ab, tau and NMDARs. 

I studied this interaction using transgenic MAPT mice expressing human tau (H1) 

or the mutant N296H (N51) as well as in tau KO mice. Tau KO showed a 

significant GluN2B-containing NMDAR component at the CA3-CA1 synapse which 

was not susceptible to Ab treatment (figure 6.6).  N51 and H1 mice did not show 

a significant decrease in NMDAR-mediated current following Ro-256981 

inhibition, suggesting decreased GluN2B-containing NMDAR expression at the 

CA3-CA1 synapse (figure 6.6). Mutant expression of tau or low expression of 

human tau may responsible for the trafficking of Fyn which in turn 

phosphorylates GluN2B at the synapse.  

The association of GluN2B with synaptic proteins and the expression levels of 

other microtubule associated proteins, such as MAP1 needs to be explored. 

Inducible-expressing models for both mutant APP and MAPT genes, may be useful 

in the investigation of Ab and tau interaction and how that affects NMDARs. Use 

of littermate WT mice would also be essential so that we can understand the 
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differences between murine and human tau and their association with kinases 

such as Fyn. 

Understanding the mechanism by which Ab and tau interact to induce synaptic 

impairment is key in studying neurodegeneration. This mechanism however 

might be unique for the human brain. Human living tissue can therefore be used 

as a platform for modelling diseases, and translating that into treatments for 

patients.  
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Appendix A  

A.1 Co-immunoprecipitation using human adult temporal 

cortex 

A.1.1 Analysis of efficient lysis between rounds of co-

immunoprecipitations 

In order to confirm that the co-immunoprecipitation results were not biased by 

the efficiency of tissue lysis between different rounds, we compared the signal of 

the input lanes to the signal of total homogenates. As described in Materials and 

Methods, frozen tissue was homogenised using a Pellet Pestle and the initial 

homogenate is what we refer to as “total homogenates”. Total homogenates were 

then spun down in order to discard any debris, nuclei and unlysed cells. Since the 

initial homogenisation step was performed manually, we wanted to account for 

any inconsistencies that could have occurred during this step and before 

centrifugation. To that, we investigated how relative expression of proteins in the 

input lanes compared to the relative expression of proteins in the total 

homogenates before centrifugation (representative blots in figure A1.1a).  

Our results show that there is no correlation between solubility of proteins and 

the age of the recruited patients from whom the samples were collected. No 

correlation was observed between solubility of PSD-95 and increasing age (r = 

-0.06, P = 0.43), solubility of GluN2B and age (r = -0.05, and P = 0.45) and 

solubility of GluN2A and age (r = -0.15, p = 0.35) (Figure A1.1b).  

This suggests that the reduction we observe in GluN2B levels interacting with 

PSD95 during ageing is not due to inefficient homogenisation. 
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Figure A1.1. No correlation between solubility of proteins and ageing. (a) 

Representative immunoblots showing the input lanes and total homogenate lanes 

(prior to centrifugation and removal of debris, nuclei and unlysed cells) for 

PSD95, GluN2B and GluN2A. (b) Pearson’s r analyses between the solubility of 

proteins and age of the subjects from whom the brain samples were collected, 

shows no correlation between the 2 variables (coefficient of correlation (r) and p-

value (p) are indicated for each protein). 
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A.1.2 Uncropped versions of the blots used in co-

immunoprecipitation analysis  

Uncropped versions of the blots used to determine the interaction of GluN2B and 

GluN2A with PSD-95 can be found in figure A1.2.   
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Figure A1.2: Complete scans of uncropped blots used for quantifying the 

interaction of GluN2B and GluN2A with PSD-95. Cases 0010, 0014, 0016, 

0017, 0018, 0021, 0022, 0024, 0026 were analysed with indicated input lanes 

and immunoprecipitated lanes for each case. I, Input; IP, Immunoprecipitated 

fraction; H, homogenate prior to centrifugation; B, Blank (Nonspecific IgG). 
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A.2 Co-immunoprecipitation using human adult frontal 

cortex 

During the course of human tissue sample collection, and in addition to the 

temporal cortical samples, we collected samples from 3 subjects, who had a 

region of the frontal cortex resected.  The detailed parameters for these subjects 

can be found in Table A2.1. 

 Due to either size or shape limitations, we processed this frontal cortical tissue 

for co-immunoprecipitation experiments and investigated the interaction of 

GluN2B with PSD-95. Similar to the temporal cortex experiments, precipitation for 

PSD-95 was performed by conjugating the PSD-95 antibody to A-Agarose beads 

and the precipitated proteins were released from the beads followed by 

immunoblotting for GluN2B. 

From our results, we could not clearly identify precipitated GluN2B bands with 

PSD-95 as shown in figure A2.1. We therefore propose that the interaction of PSD-

95 and GluN2B subunits is limited in the adult frontal cortical human tissue. This 

preliminary finding has of course been deducted using tissue from patients with 

pathologies that were found to affect the quality of resected tissue in the 

temporal cases such as glioma. It would be therefore needed for quality control 

experiments to be performed using future frontal cases, to determine the quality 

of this tissue and the relevance of this finding.  
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Patient	
Number	

Gender	 Age	 Diagnosis	 Medication	prescribed	 Past	 medical	
history	

Experiments	
Performed	

0013	 F	 69	 High	Grade	
Glioma	

Dexamethasone,	Codeine	
phosphate,	Paracetamol,	
Omeprazole	

Endometriosis	
	

IP	

0019	 M	 19	 Arteriovenous	
Malformation	

Paracetamol,	
Ondansetron,	Hibiscrub,	
Mupirocin	nasal	

None	known	
	

IP	
	

0025	 F	 62	 Metastasis	–	
Adenocarcinoma	
of	the	lung	

Dexamethasome,	Noricol,	
Strong	Co-danthramer,	
Adcal	D3,	Propofol,	
Fentanyl,	Morphine,	
Lansoprazole,	
Amiripryline,	Paracetamol,	
Morphine	Sulphate	
Modified	Release	

Hypertension,	
Osteoarthritis,	
Lung	cancer	

IP	

Table A2.1. Parameters of subjects with frontal cortex pathologies. F, female; 

M, male; IP, Immunoprecipitation. 

 

 

Figure A2.1: Co-immunoprecipitation of NMDAR GluN2B subunit with PSD-95 

using frontal cortical human tissue. (a) Representative blots of GluN2B subunit 

co-immunoprecipitated with PSD-95 using frontal cortical tissue lysates from 

recruited patients 0013, 0019 and 0025 (subject parameters found in table A2.1.  

No quantification was available for comparison purposes since GluN2B bands 

were not clearly visible for patients 0019 and 0025, suggesting reduced 

interaction of PSD-95 with GluN2B in the frontal cortex compared to temporal 

cortex. Input is 18.75µg of lysate. IgG is nonspecific rabbit IgG. 1mg of protein 

was used for the immunoprecipitation reaction. 
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A.3 Full blots for GluN2B, phosphorylated GluN2B and CREB 

A.3.1 GluN2B 

 

Figure A3.1: Complete scans of uncropped blots used for quantifying GluN2B 

expression levels. ~28µg of lysate loaded for human cases 0024 and 0026. For 

these blots 6µl of NovexTM Sharp Pre-Stained Protein Standard were loaded. 

Antibodies used were: rabbit anti-GAPDH (loading control) (D16H11- 5174, CST, 

1:1000) and mouse anti-GluN2B antibody (610416, BD, 1:800). 
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A.3.2 Phosphorylated GluN2B 

 

Figure A3.2: Complete scans of uncropped blots used for quantifying 

phosphorylated GluN2B expression levels. ~28µg of lysate loaded for MAPT 

mouse lysates (H1 for left four lanes and N51 for right four lanes). For these blots 

6µl of SeeBlueTM Plus2 Pre-Stained Protein Standard were loaded. Antibodies used 

were: rabbit anti-GAPDH (loading control) (D16H11- 5174, CST, 1:1000) and 

rabbit anti-phospho-GluN2B antibody (R&D Systems PPS014, 1:1000). 
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A.3.3 CREB 

 

Figure A3.3: Complete scans of uncropped blots used for quantifying CREB, 

phosphorylated CREB and Tubulin expression levels. ~28µg of lysate loaded 

for human cases 0024, 0026, 0028 and pathological samples from cases 0026 

and 0028. For these blots 6µl of NovexTM Sharp Pre-Stained Protein Standard were 

loaded. Antibodies used were: mouse anti-CREB (86B10-9104, CST, 1:1000), 

rabbit anti-phosphorylated CREB (06-519, Merck Millipore, 1:1000) and rabbit 

anti-tubulin antibody (D71G9 XP-5568, CST, 1:1000). 
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A.4 Paired pulse ratios in the temporal cortex of C57 mice 

and adult human temporal cortex 

A.4.1  Paired pulse ratios in developmental (P6-15) and adult WT 

mice 

A developmental decrease in paired-pulse facilitation has been reported in the 

hippocampus of rats (Speed & Dobrunz 2008), suggesting that during the critical 

period synaptic changes are occurring, which in turn affect synaptic signalling 

and short-term plasticity. We sought to answer whether there are short-term 

plasticity changes in the temporal cortex of WT mice during development.  

In order to investigate whether short-term plasticity was different in P6-15 mice 

compared to 3-5-month-old mice, we performed paired-pulse recordings from LII-

III pyramidal neurons, following stimulation of the apical dendrites at different 

inter-pulse intervals (40, 80, 160, 320, 640ms).  

Our preliminary dataset suggests that there is a decrease in paired-pulse ratios 

during development, however the sample size was not sufficient to reveal a 

significant difference between the two age groups. A 2-way RM ANOVA showed 

that paired pulse ratios changed significantly as the inter-pulse intervals 

increased (F
4, 24

 = 16.73, P<0.0001). Statistical analysis revealed no effect of age 

(F
1, 6

 = 0.008, P = 0.930, P6-15, n = 3; 3-5-months, n = 5). An age*inter-pulse 

interval interaction was also revealed (F
4, 24

 = 5.01, P <0.01). 
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Figure A4.1: Paired pulse recordings from pyramidal neurons of P6-15 and 3 

5month-old mice in LII-III temporal cortex. (a) Example evoked EPSCs from LII-III 

pyramidal cell of temporal cortex from P6-15 and 3-5-month-old WT mice.  (b) 

Paired pulse ratios show a significant overall decrease with increasing inter-pulse 

intervals. No significant differences were observed between the two groups. Data 

in graphs represent mean ± SEM of paired pulse ratios with indicated number of 

cells per each time point. Data were analysed with a 2-way RM ANOVA. Scale bar: 

50ms, 100pA.  

 

A.4.2 Paired pulse ratios in adult human temporal cortical tissue  

 Although we were not able to replicate previous findings regarding short-term 

plasticity changes in the mouse temporal cortex using P6-15 old mice and young 

adult mice (Speed & Dobrunz 2008), we believe that this was due to the size of 

our dataset.   

Synaptic plasticity using adult human tissue has not been investigated 

extensively, however evidence has shown that human cortical synapses can 

associate presynaptic and postsynaptic events in a temporal manner which is 

somewhat reverse to that observed in rodents (Verhoog et al. 2013). In terms of 

short-term synaptic plasticity, we performed paired-pulse recordings to a similar 

manner as the rodent experiments from LII-III pyramidal neurons at increasing 
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inter-pulse intervals (40, 80, 160, 320, 640ms), with representative traces shown 

in figure A4.2.  

Individual results for each subject are shown in Table A4.2. with mean, SEM and 

number of cells recorded for each one. Statistical analysis was performed using 

the mean for each subject and by splitting them in 2 groups according to their 

age; older subjects of ³45 years and younger subjects of <45 years. Grouped 

data were used for the statistical analysis and data are shown in table A4.1. 

A 2-way RM ANOVA showed that paired pulse ratios changed significantly as the 

inter-pulse intervals increased (F
4, 32

 = 3.909, P<0.05). Statistical analysis revealed 

no effect of age (F
1, 8

 = 1.22, P = 0.302). No age*inter-pulse interval interaction 

was revealed (F
4, 32

 = 0.210, P = 0.93). 

 

 

Figure A4.2: Paired pulse recordings from pyramidal neurons of adult human 

resected tissue. (a) Example evoked EPSCs from LII-III pyramidal cells of adult 

human temporal cortex from a subject of <45 years of age and a subject of ³45 

years of age. (b) Paired pulse ratios show a significant overall decrease with 

increasing inter-pulse intervals. No significant differences were observed between 

the age two groups. Data in graphs represent mean ± SEM of paired pulse ratios 

with indicated number of subjects for each group. Data were analysed with a 2-

way RM ANOVA. Scale bar: 50ms, 100pA.  
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Table A4.1. Paired pulse ratios recorded from LII-III pyramidal cells from 

resected temporal cortical tissue of recruited subjects grouped according to 

age. Patients were grouped in groups of patients that were <45 years of age and 

≥45 years of age. The number of samples, refers to the number of subjects from 

which recordings were performed. No significant differences were observed 

between the 2 age groups. 

 

Age	Group	

	 	 <45	years	 	 	 ≥45	years	 	
Inter-pulse	Interval	 		Mean	 SEM	 N	 Mean	 SEM	 N	

40	 	 1.1168	 0.1721	 5	 1.025	 0.044	 5	
80	 	 0.8946	 0.1477	 5	 0.865	 0.072	 5	

160	 	 0.8692	 0.0418	 5	 0.834	 0.104	 5	
320	 	 0.8123	 0.1110	 5	 0.639	 0.035	 5	
640	 	 0.7933	 0.0792	 5	 0.757	 0.051	 5	
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Patient	ID	

		 		 0004	 0005	 0007	 0010	 0014	 0016	 0017	 0018	 0021	 0024	

Inter-pulse	
Interval	

Me
an 

SE
M	 N	 Me

an	
SE
M	 N	 Me

an	
SE
M	 N	 Me

an	
SE
M	 N	 Me

an	
SE
M	 N	 Me

an	
SE
M	 N	 Me

an	
SE
M	 N	 Me

an	
SE
M	 N	 Me

an	
SE
M	 N	 Me

an	
SE
M	 N	

40	 		 0.
97 

0.
18	 4	 1.0

2	
0.
11	 3	 1.7	 1.

0	 3	 0.9
8	

0.
49	 2	 0.6

2	
0.
14	 2	 1.1

4	
0.
50	 3	 1.1

6	
0.
06	 2	 1.1

5	
0.
09	 2	 0.9

0	
0.
28	 5	 1.0

7	
0.
18	 2	

80	 		 0.
78 

0.
12	 4	 0.7

6	
0.
21	 3	 0.8	 0.

3	 3	 0.9
3	

0.
26	 2	 0.7

7	
0.
09	 2	 0.5

2	
0.
13	 3	 0.7

4	
0.
35	 2	 1.4

2	
0.
21	 2	 0.9

3	
0.
34	 5	 1.1

2	
0.
24	 2	

160	 		 0.
66 

0.
14	 4	 0.9

8	
0.
26	 3	 0.8	 0.

2	 3	 1.0
0	

0.
24	 2	 0.8

4	
0.
02	 2	 0.9

3	
0.
06	 3	 1.1

7	
0.
08	 2	 0.8

2	
0.
04	 2	 0.6

2	
0.
15	 5	 0.7

4	
0.
25	 2	

320	 		 0.
77 

0.
08	 4	 0.5

9	
0.
20	 3	 0.6	 0.

2	 3	 0.6
4	

0.
35	 2	 0.8

1	
0.
11	 2	 0.8

6	
0.
13	 3	 0.5

8	
0.
37	 2	 1.2

0	
0.
33	 2	 0.6

1	
0.
05	 5	 0.6

4	
0.
19	 2	

640	 		 0.
83 

0.
17	 4	 0.8

2	
0.
11	 3	 0.6	 0.

2	 3	 0.8
2	

0.
19	 2	 0.7

4	
0.
08	 2	 0.7

8	
0.
03	 3	 0.8

3	
0.
19	 2	 1.0

6	
0.
04	 2	 0.7

5	
0.
11	 5	 0.5

6	
0.
24	 2	

 

Table A4.2. Paired pulse ratios recorded from LII-III pyramidal cells from resected temporal cortical tissue of recruited 

subjects. Paired pulse ratios for each recruited subject are shown for each inter-pulse interval. N corresponds to the number of 

cells from which mean and SEM were calculated from for each subject. 
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A.5 Excitability in resected temporal cortical adult human 

tissue 

The peak AMPA responses were used to ‘normalise’ the NMDA-mediated 

responses for NMDA/AMPA ratios and normalised NMDA charge transfer. We 

therefore tried to get responses of ~200pA from each cell.  

In order to investigate how different in terms of excitability pyramidal cells were 

from each patient, were plotted the extracellular stimulation strength V. the peak 

AMPA-mediated responses as shown in figure A4.1a. The mean and SEM as well 

as numbers of cells used to calculate these measures, are shown in Table A4.1.   

Extracellular stimulation strength V. the peak AMPA-mediated responses were 

also plotted for the 2 age groups used for further analysis of excitatory currents 

in Chapter 4; for <45-year-old and ³45-year-old subjects in figure A4.1b.  

	

Figure A5.1: Stimulation strength V. AMPA-mediated current peak amplitude 

per patient and age group. (a) Extracellular stimulation strength (µA) plotted 

against AMPA-mediated current peak amplitude (pA) for each patient included in 

the electrophysiology dataset. Responses were aimed to be ~200pA. (b)  

Extracellular stimulation strength (µA) plotted against AMPA-mediated current 

peak amplitude (pA) for the 2 subject age groups (<45 years old and ³45 years 

old) in the electrophysiology dataset.  Data in scatter plots represent mean and 
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SEM for each patient. For details regarding numbers of cells per patient, please 

see Table A5.1. 
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Table A5.1. AMPA peak amplitude (pA) and extracellular stimulation (µA) strength for recruited subjects. AMPA receptor-

mediated peak current amplitude following extracellular stimulation shown for every subject. N corresponds to the number of 

cells from which mean and SEM were calculated from for each subject for both measures.  
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		 0004	 0005	 0007	 0010	 0014	 0016	 0017	 0018	 0021	 0024	 VU	
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1
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5
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6	
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7.
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67	
2.
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2.
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1
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1
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A.6 Parameters for the PM samples 

ID Gende
r 

Age Clinical 
Diagnosis 

Diagnosis Cause of death PM 
interval 
(h) 

Brain 
pH 

BBN 
244
2 

F 24 Depressive 
episode 

Small 
vessel 
disease 

Suspension by 
ligature 

47 6.40 

BBN 
233
5 

M 24 Mental and 
behavioural 
disorders 
due to 
multiple 
drug use 
and use of 
other 
psychoactiv
e 
substances 

No 
significant 
abnormalit
y 

Fatal poisoning 
with 
alcohol/Chronic 
alcoholism 

51 6.30 

BBN 
236
7 

M 25 Depressive 
episode 
(mental and 
behavioural 
disorders 
due to 
multiple 
drug use 
and use of 
other 
psychoactiv
e 
substances) 

Cerebral 
oedema. 
Recent 
hypoxia. 
History of 
butane gas 
inhalation.
   

Acute 
hydrocarbons 
poisoning 

41 6.45 

BBN 
245
3 

M 70 Depressive 
episode, 
Essential 
(primary) 
hypertensio
n 

No 
significant 
abnormalit
y 

Pulmonary 
embolism/Deep 
vein 
thrombosis/Hypert
ension/Previous 
pulmonary 
embolism 

50 6.20 

BBN 
248
9 

F 71 Essential 
(primary) 
hypertensio
n 

No 
significant 
abnormalit
y 

Coronary artery 
atherosclerosis/Co
ronary artery 
atherosclerosis  

70 6.10 

BBN 
254
0 

M 74 Depressive 
episode, 
Acute and 
transient 
psychotic 
disorders 

No 
significant 
abnormalit
y 

Pulmonary 
thromboembolism
/Deep vein 
thrombosis 

46 6.30 

Table A6.1. Parameters for PM samples used in this thesis.  



 

 314	

A.7 Tau protein expression levels and GluN2B expression 

levels in MAPT and WT mice 

 

Figure A.7.1. Quantification of relative tau expression levels in 

hippocampal tissue from a WT mouse and hemizygous H1 and 

homozygous H1 mice. (a) Representative Western blotting and (b) 

related quantification for tau levels, probed using the Dako antibody 

normalised to Actin. Western blots performed by Sarmi Sri. 
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A.8 Buffer Recipes  

Blocking solution for Western Blotting 

5% non-fat dried milk in 1X TBS 

Primary Antibody Solution for Western Blotting 

5% BSA in 1X TBS Tween 0.1% 

Secondary Antibody Solution for Western Blotting 

5% non-fat dried milk in 1X TBS Tween 0.1% 

Agar for embedding 

20g Agar 

10g Sucrose 

In 500ml 0.1M PB (Stirred while heated at 200oC) 

Cryoprotectant Solution 

5g Polyvinylpyrrolidone (PVP-40) 

150g sucrose  

150ml polyethylene glycol 400 

In 250ml 0.1M PB 

Stacker solution 

15ml 30% Acrylamide 

37.5ml 0.25M TRIS HCL (pH 6.8) 

1ml 10% SDS 

Made up to 100ml 

4X Sample Buffer Recipe 

8% SDS 

20% 2-mercaptoethanol 

40% glycerol 

0.008% bromophenol blue  

0.250M Tris HCl 

2X SDS-free RIPA buffer  (Rodgers et al. 2012) 

2x PBS  

  1% sodium deoxycholate 

  1% NP40 

  5mM EDTA 
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A.9 Western Blotting Antibody Information 

Antibody	

Name	

Supplier	 -	 Catalog	

Number	

Spec

ies	

Dilut

ion	

Predicted	

MW	(kDa)	

Transfer	

Conditions	

Incubation	

Conditions	

6E10	 BioLegend/Covance	-	

SIG-39320	

Mou

se	

1:10

00	

100	 21	hrs	at	4◦C	 Overnight	at	4◦C	

CREB	(86B10)	 Cell	Signaling	-	9104	 Mou

se	

1:10

00	

43	 18	hr	at	4◦C	 Overnight	at	4◦C	

GAPDH	

(D16H11)	

Cell	Signaling	-	5174	 Rab

bit	

1:10

00	

37	 18	hr	at	4◦C	 Overnight	at	4◦C	

GluN2A	 Abcam	 [EPR7063]	 -	

ab133265	

Rab

bit	

1:10

00	

165	 21	hrs	at	4◦C	 Overnight	at	4◦C	

GluN2B	

(610416)	

BD	-	4212	 Mou

se	

1:10

00	

180	 21	hrs	at	4◦C	 Overnight	at	4◦C	

GluN2B	

(D15B3)	

Cell	Signaling	-	5174	 Rab

bit	

1:10

00	

190	 21	hrs	at	4◦C	 Overnight	at	4◦C	

Phospho-CREB	

(Ser133)	

Merck	Millipore	-	06-

519	

Rab

bit	

1:10

00	

43	 18	hr	at	4◦C	 Overnight	at	4◦C	

Phospho-

GluN2B	

R&D	 Systems	 -	

PPS014	

Rab

bit	

1:10

00	

180	 21	hrs	at	4◦C	 Overnight	at	4◦C	

PSD95	

(D27E11)	XP	

Cell	Signaling	-	3450	 Rab

bit	

1:10

00	

95	 21	hrs	at	4◦C	 Overnight	at	4◦C	

β3-Tubulin	

(D71G9)	XP	

Cell	Signaling	-	5568	 Rab

bit	

1:10

00	

55	 18	hr	at	4◦C	 Overnight	at	4◦C	

Goat	 anti-

Mouse	680		

LI-COR	-	926-68020	 Goat		 1:10

000		

N/A	 N/A	 1	hr	at	room	

temperature	

Goat	 anti-

Mouse	800	

LI-COR	-	926-32210	 Goat		 1:10

000		

N/A	 N/A	 1	hr	at	room	

temperature	

Goat	 anti-

Rabbit	680	

LI-COR	-	926-68021	 Goat		 1:10

000		

N/A	 N/A	 1	hr	at	room	

temperature	

Goat	 anti-

Rabbit	800		

LI-COR	-	926-3211	 Goat		 1:10

000		

N/A	 N/A	 1	hr	at	room	

temperature	
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A.10 Suppliers of Reagents 

Reagent	Name	 Supplier	 Code	

(+)-Sodium	L-ascorbate	 Sigma	Aldrich	 11140	

1,2-Bis(2-Aminophenoxy)ethane-N,N,Nʹ,Nʹ-tetraacetic	

acid	

Sigma	Aldrich	 A4926	

2-Propanol	 Sigma	Aldrich	 I9516	

Acrylamide/Bis-acrylamide,	30%	solution		 Sigma	Aldrich	 A3449	

Adenosine	5ʹ-triphosphate	magnesium	salt	 Sigma	Aldrich	 A9187	

Agarose	 Melford	UK	 MB1200	

Ammonium	Persulfate	 National	Diagnostics	 12341519	

Aβ1-42		 Tocris	 1428,	Batch	No:	

20A	

Biocytin	 Sigma	Aldrich	 B4261	

Bovine	serum	albumin	 Fisher	Scientific	 12881630	

Calcium	chloride	dihydrate	 Fisher	Scientific	 10035-04-8	

Cesium	chloride	 Sigma	Aldrich	 203025	

Cesium	hydroxide	solution	 Sigma	Aldrich	 232041	

Choline	Chloride	 Sigma	Aldrich	 C1879	

Citric	acid	 Sigma	Aldrich	 251275	

D-AP5	 Tocris	 0106	

D-Gluconic	Acid	 Sigma	Aldrich	 G1951	

D(+)-Glucose	anhydrous	 Fisher	Scientific	 50-99-7	

DAB	(3,3ʹ-Diaminobenzidine	tetrahydrochloride	hydrate)	 Sigma	Aldrich	 D5637	

Entellan®	New,	mounting	medium	 Merck	Millipore	 107960	

Ethylenediaminetetraacetic	acid	disodium	magnesium	

salt	hydrate	

Sigma	Aldrich	 317810	

Gabazine	(SR	95531	hydrobromide)	 Tocris	 1262	

GelRed	Nucleic	Acid	Gel	Stain,	10,000X	in	water	 Cambridge	Bioscience	 BT41003	

Glutaraldehyde	solution	(25%)	 Sigma	Aldrich	 G5882	

Goat	serum	 Sigma	Aldrich	 G9023	

Guanosine	5ʹ-triphosphate	sodium	salt	hydrate	 Sigma	Aldrich	 G8877	

Halt	protease	and	phosphatase	inhibitor	cocktail	 ThermoFisher	Scientific	 78430	

Heparin	5000	IU/ml	 Wockhardt	UK	 FP1083	

HEPES	 Fisher	Scientific	 10666572	

Hydrogen	peroxide	solution	 Sigma	Aldrich	 516813	

HyperLadder™	100bp	 Bioline	 BIO-33056	
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Imperial	Protein	Stain	 ThermoFisher	Scientific	 24615	

Kynurenic	acid	 Sigma	Aldrich	 K3375	

Lidocaine	N-ethyl	bromide	 Sigma	Aldrich	 L5783	

Magnesium	sulfate	heptahydrate	 Sigma	Aldrich	 M1880	

Methanol	 Fisher	Scientific	 10767665 	

N,N,Nʹ,Nʹ-Tetramethylethylenediamine		 Sigma	Aldrich	 T7024	

Nitrocellulose	Membrane	 ThermoFisher	Scientific	 88018	

Nonidet™	P	40	Substitute	 Sigma	Aldrich	 74385	

NuPAGE®	MES	SDS	Running	Buffer	(20X)	 ThermoFisher	Scientific	 NP0002	

NuPAGE™	Novex™	4-12%	Bis-Tris	Protein	Gels,	1.5	mm,	

10-well	

ThermoFisher	Scientific	 NP0335BOX	

Pellet	Pestle	 Sigma	Aldrich	 Z359971	

Phosphate	Buffered	Saline	 Fisher	Scientific	 BP3991	

PierceTM	BCA	Protein	Assay	Kit	 ThermoFisher	Scientific	 23225	

Potassium	chloride	 Sigma	Aldrich	 P9541	

Primer	PrP-As-J	 Eurofins	MWG	Operon	 017413652	

Primer	PrP-S-J	 Eurofins	MWG	Operon	 017413655	

Primer	S36	 Eurofins	MWG	Operon	 017413651	

Primer	Tn10	 Eurofins	MWG	Operon	 017413653	

Primer	VP16	 Eurofins	MWG	Operon	 017413654	

Protein	A	Agarose	Suspension	 Merck	Millipore	 IP02	

Proteinase	K	 Promega	 V3021	

REDTaq	ReadyMix	PCR	Reaction	Mix	 Sigma	Aldrich	 R2523	

Ro	25-6981	maleate	 Tocris	 1594	

SeeBlue®	Plus2	Pre-stained	Protein	Standard	 ThermoFisher	Scientific	 LC5925	

Sodium	bicarbonate	 Sigma	Aldrich	 S5761	

Sodium	chloride	 Fisher	Scientific	 S/3160/60		

Sodium	deoxycholate	 Sigma	Aldrich	 D6750	

Sodium	Dodecyl	Sulfate,	20%	Solution		 Fisher	Scientific	 BP1311-200	

Sodium	phosphate	monobasic	dihydrate		 Sigma	Aldrich	 71500	

Sodium	pyruvate		 Sigma	Aldrich	 P2256	

Thin	Blot	Paper	 Biorad	 1620118	

Tris	buffered	Saline	 Fisher	Scientific	 10776834	

Tris(hydroxymethyl)aminomethane	 Sigma	Aldrich	 258259	

Tween™	20	 Fisher	Scientific	 10491081	

V-PLEX	Aβ	Peptide	Panel	(6E10)	Kit	 Mesoscale	 Discovery,	

Rockville	

K15200E-1	

VECTASTAIN	Elite	ABC	Kit	(Standard)	 Vector	Laboratories	 PK-6100	
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