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Identification and functional characterisation of synaptic AMPA 
receptor-interacting proteins

Peter Michael Matthews

Abstract

Neuronal communication occurs at specialised sites, known as synapses. Presynaptic 
neurotransmitter release from one neuron acts on the postsynaptic receptors of another, 
facilitating transfer of electrical impulses between neurons. At glutamatergic synapses, 
ionotropic glutamate receptors (iGluRs) respond to presynaptically released L-glutamate, the 
predominant excitatory neurotransmitter. Excitatory synaptic transmission is mediated 
primarily by AMPA-type glutamate receptors (AMPARs), and is crucial for the transfer and 
storage of information in the brain. The AMPAR engages in numerous protein interactions, 
modulating receptor trafficking, channel gating, synaptic positioning, and ultimately synaptic 
strength. 

iGluR family members bind synaptic proteins through their N-terminal domain (NTD), 
influencing synaptic and neuronal circuit function. The AMPAR NTD encompasses 50% of the 
receptor, extending midway into the synaptic cleft, exposing it to a protein-rich environment. 
The strength of synaptic transmission is dependent on the AMPAR NTD, likely by 
positioning receptors at the synapse. This mechanism is thought to be regulated through direct 
protein interactions with the NTD. The identity and functional importance of these protein 
interactions however, are unknown. Therefore, this study aims to identify and characterise the 
synaptic function of AMPAR NTD-interacting proteins. 

Aided by the development of a novel proximity-labelling proteomics technique, synaptic 
proteins enriched for the AMPAR NTD were determined. This permitted identification of 
transient NTD interactors, previously unresolved using classical affinity-purifications. 
Furthermore, this technique provides a comprehensive list of diverse synaptic cleft 
proteins, which may influence AMPAR function through direct or indirect mechanisms. 
Candidate interactors were later screened for direct interactions with iGluR 
NTDs by establishing a cell-based binding assay. This confirmed known iGluR NTD 
interactors and uncovered neuronal pentraxin-1 (Nptx1) as an AMPAR NTD-interacting 
protein. Facilitated by structural biology, the Nptx1 binding site was deduced using AMPAR 
NTD mutants. The functional consequence of this interaction was then studied at 
synapses onto principle neurons of the hippocampus using different 
electrophysiological and imaging approaches, demonstrating Nptx1 as a subunit-
specific regulator of AMPAR-mediated synaptic transmission. These findings have 
profound implications for understanding the role of AMPAR-interacting proteins in 
regulating the strength of synaptic connections. 
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Chapter 1 

Introduction 

1.1 Glutamatergic synaptic transmission 

Neuronal communication occurs at specialised connections called synapses. At these neuronal 

junctions, neurotransmitter is released from the presynaptic cell, activating receptors expressed 

on the postsynaptic cell (Figure 1.1; Lisman et al., 2007). At excitatory synapses, L-glutamate is 

principally released by exocytosis into the synaptic cleft where it binds to postsynaptic AMPA 

receptors (AMPARs) and other glutamate receptors (Collingridge and Lester, 1983). The 

strength of communication at these sites can be modified by changes in the presynaptic and/or 

postsynaptic machinery. 

At presynaptic terminals, neurotransmitter-containing vesicles are fused with the plasma 

membrane upon activation of the SNARE complex. More specifically, action potential 

depolarisation, driven by sodium (Na+) channel activation, depolarises voltage-gated calcium 

channels (VGCCs) at the presynaptic terminal leading to an influx of calcium (Ca2+). 

VGCCs are positioned within close proximity to the presynaptic release machinery 

to ensure Ca2+-dependent activation of the SNARE complex and subsequent vesicle fusion. 

Glutamate is then released through the fusion pore and into the synaptic cleft (Lisman et al., 

2007). Synaptic glutamate concentrations are thought to be >1 mM for a duration of <10 ms, 

rapidly returning to concentrations of <20 nM, due to the uptake of glutamate into 

neighbouring astrocytes (Dzubay and Jahr, 1999). Postsynaptic ionotropic glutamate 

receptors (iGluRs) are subsequently activated by their ligand, glutamate. This then permits 

flux of Na+, and in some cases Ca2+, into the postsynaptic cell generating an excitatory 

postsynaptic current (EPSC) (Figure 1.1B). 



Figure 1.1 The glutamatergic synapse. (A1) Hippocampal CA1 pyramidal neuron with apical 

and basal dendritic trees and a characteristic pyramidal soma. (A2) Apical dendritic tree, 

containing dendritic spines. (A3) Dendritic spines are protrusions on the dendrite where 

excitatory synapses are formed. (B) ‘Tri-partite’ excitatory synapse consisting of a presynaptic 

(Pre-)  terminal where excitatory neurotransmitter glutamate (Glu; yellow) is released by 

exocytosis from vesicles, binding to postsynaptic (Post-) AMPA-type glutamate 

receptors (AMPARs; red), permitting Na+, and in some cases, Ca2+ ion flow 

(arrows) and resultant depolarisation of the postsynaptic membrane. This results in 

the generation of an excitatory postsynaptic current (EPSC) detectable using 

electrophysiology (current trace). The concentration of glutamate in the synaptic cleft is 

tightly controlled by glutamate uptake into neighbouring astrocytes (blue) via excitatory 

amino acid transporters (EAATs) (purple). 
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Excitatory pyramidal neurons are the major excitatory neurons in the hippocampus and cortex, 

characterised by their apical and basal dendritic spines and their pyramidal soma 

(Figure 1.1A1). Excitatory synapses are formed at membrane protrusions from the 

dendrite referred to as ‘spines’ (Figure 1.1A3; Spruston, 2008). ‘Tri-partite’ excitatory 

synapses are composed of pre- and post-synaptic terminals surrounded by astrocytic 

processes capable of clearing glutamate from the synaptic cleft through excitatory amino acid 

transporters (EAATs; Figure 1.1B). EAATs therefore, control the spatrio-temporal 

concentration of glutamate, influencing spillover onto extra-synaptic receptors and 

neighbouring synapses (Tzingounis and Wadiche, 2007). 

Glutamate receptors can be broadly divided into ionotropic (iGluR; ligand-gated ion 

channels) and metabotropic (mGluR; G-protein coupled receptors) glutamate receptors. These 

receptors regulate fast and slow components of the EPSC respectively, and are essential for 

long-term changes in synaptic efficacy (synaptic plasticity), considered to be the cellular 

correlate of learning and memory. Our understanding of this family of receptors has been 

progressed significantly by specific pharmacology (Watkins and Evans, 1981) and molecular 

cloning (Hollmann and Heinemann, 1994). More recently, our appreciation of the cellular and 

molecular processes by which glutamate receptors modulate synaptic strength has improved 

significantly with the development of new molecular biology techniques. This study focuses on 

the molecular mechanisms of AMPARs in excitatory synaptic transmission and plasticity. 
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1.2 Ionotropic glutamate receptors 

Ionotropic glutamate receptors (iGluR) comprise members of the AMPA (α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid) receptor (AMPAR), NMDA (N-Methyl-D-aspartic acid) 

receptor (NMDAR), kainate receptor (KAR) and delta receptor subfamilies. These receptors are 

tetramers composed of 4 pore-forming subunits and have a similar amino acid sequence homology 

(50% sequence similarity; Traynelis et al., 2010) and overall structure (Figure 1.2A/C). iGluRs are 
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composed of an N-terminal domain (NTD), ligand binding domain (LBD), transmembrane 

domain (TMD) and C-terminal domain (CTD). These channels are gated by the excitatory 

neurotransmitter, L-glutamate (with the exception of delta receptors), released from presynaptic 

terminals. Each subfamily and receptor subtype have distinct biophysical, pharmacological 

and signalling properties in the central nervous system (CNS).

1.2.1  AMPA receptors

AMPARs are tetrameric receptors composed of 4 pore-forming subunits GluA1-4, assembled 

into homo- and/or heteromeric complexes, with different subunit arrangements within 

the tetrameric receptor (Zhao et al., 2019). AMPARs are composed of an NTD, LBD, TMD 

and CTD (Figure 1.2B1). AMPARs are widely expressed in the CNS and are the principle 

mediators of excitatory synaptic transmission.

C-terminal domain

The AMPAR CTD is a long sequence diverse polypeptide which extends into the 

intracellular space (García-Nafría et al., 2016a). AMPAR CTDs are involved in subunit-

specific regulation of channel gating (Kristensen et al., 2011), synaptic trafficking (Shepherd 

and Huganir, 2007) and synaptic plasticity (Liu et al., 2020; Zhou et al., 2018). These 

functional roles are thought to be regulated by a number of different protein 

interactions (Figure 1.2B2) and post-translational modifications, such as phosphorylation 

(Figure 1.6; S831 and S845; Lee et al., 2003). A prevailing model suggests that CTD 

phosphorylated receptors are captured at postsynaptic sites during long-term potentiation 

(LTP; Hayashi et al., 2000; Shi et al., 2001). However, some reports suggest no 

functional requirement for the AMPAR CTD in synaptic trafficking and plasticity (Díaz-

Alonso et al., 2020; Granger et al., 2013). It is likely however, that the CTD plays a 

modulatory role in shaping AMPAR-mediated synaptic transmission (Watson et al., 

2020). A wealth of protein interactions have been identified with the AMPAR CTD, 

discussed in detail later in this chapter (see 1.3.2).



Figure 1.2 AMPAR structure and known protein interaction sites. 
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Figure 1.2 AMPAR structure and known protein interaction sites. (A) Dendrogram of ionotropic 

glutamate receptor (iGluR) family based on amino acid sequence (constructed using Simple 

Phylogeny EMBL-EBI; www.ebi.ac.uk). iGluR subfamilies include NMDA receptors 

(NMDAR; GluN subunits; blue), delta receptors (GluD subunits; teal), kainate receptors 

(KARs; GluK subunits; orange) and AMPA receptors (AMPARs; GluA subunits; red). (B1) 

AMPAR subunit polypeptide schematic composed of an N-terminal domain (NTD), ligand 

binding domain (LBD), transmembrane domain (TMD) and C-terminal domain (CTD), with 

the plasma membrane coloured in grey. The NTD comprises 50% of the AMPAR projecting into 

the extracellular space. The LBD is composed of S1 and S2 loops forming the glutamate binding 

site. Key RNA editing and splice sites are indicated on the AMPAR subunit (R/G site and Q/R 

editing sites are shown in yellow and the flip/flop cassette is shown in blue). AMPAR subunits 

are composed of 4 TMDs labelled M1-M4. (B2) Known protein interactors with the AMPAR 

are listed, grouped by their published binding sites. (C) iGluR family members structures 

presented for comparison (CTDs depicted by dotted line). X-ray crystal structure of AMPAR 

subunit, GluA2 (PDB: 3KG2; Sobolevsky et al., 2009). X-ray crystal structure of NMDAR 

subunit, GluN1/2B (PDB: 4PE5; Karakas and Furukawa, 2014). Cryo-EM structure of KAR 

subunit, GluK2 (PDB: 5KUF; Meyerson et al., 2016) Cryo-EM structure of delta receptor 

subunit, GluD1 (PDB: 6KSS; Burada et al., 2020). 2 of a total 4 binding sites are illustrated for 

each iGluR. AMPARs and KARs bind glutamate (Glu; yellow). NMDARs bind glutamate and 

co-agonist glycine (white). Delta receptors bind glycine/D-serine (white). 
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 Transmembrane domain

The AMPAR transmembrane domain (TMD) forms the ion channel pore, allowing passage of 

Na+, and in some cases, Ca2+, to achieve membrane depolarisation. AMPAR subunits are

formed from four TMD helices, three membrane spanning (M1, M3 and M4) and one re-

entrant loop (M2), which forms the ion selectivity filter (Kuner et al., 2001; Sobolevsky et al., 

2009). The M2 helix is responsible for dictating subunit-specific channel properties. A 

conserved glutamine (Q) residue is located within the M2 helix of all AMPAR subunits, however 

ribonucleic acid (RNA) editing of the GluA2 (but not GluA1/3/4) transcript results in 

selective alteration of glutamine (Q; encoded by CAG) to arginine (R; encoded by the non-

canonical triplet CIG, translated as CGG) residue at site 586, referred to as the ‘Q/R 

site’ (Figure 1.2B1; Kuner et al., 2001; Sommer et al., 1991). GluA2 Q/R edited receptors are 

Ca2+-impermeable (Hollmann et al., 1991), due to positively charged R residues projecting into

the water-filled ion channel cavity, restricting cation flux (Herguedas et al., 2019). Other altered 

electrophysiological properties of Q/R edited receptors include the current-voltage (IV) 

relationship (Bowie and Mayer, 1995) and single channel conductance (Swanson et al., 

1997). Moreover, the Q/R site affects the assembly and exit of AMPARs from the 

endoplasmic reticulum (ER) (Greger et al., 2003; 2002; Greger and Esteban, 2007). 

Q/R edited receptors are permissive to intracellular polyamines, such as spermine, at 

positive membrane potentials. However, unedited Q-pore receptors bind spermine at the 

electronegative selectivity filter within the ion channel pore, preventing ion channel flow at 

positive membrane potentials (Figure 1.3A2; Q586-D590; Twomey et al., 2018). GluA2 Q-pore 

(GluA2Q) receptors therefore, have an inwardly recitifying IV relationship (Figure 1.3A3; Bowie 

and Mayer, 1995; Kamboj et al., 1995; Koh et al., 1995). GluA2 R-pore (GluA2R) subunits 

however, are permissive to spermine, due to repulsion of the positive charge on R-residues 

and spermine. Therefore, these receptors confer a linear IV relationship (Figure 1.3A3). 

This electrophysiological property has been harnessed to study the synaptic 

trafficking of exogenous Q-pore receptors against the linear IV relationship of an 

endogenous (R-pore) receptor population (Hayashi et al., 2000; Shi et al., 2001), and is used 

extensively throughout this study to determine the extent of AMPAR subunit synaptic 

trafficking. 
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Figure 1.3 Inward rectification properties of Q/R edited AMPARs. (A1) Endogenous GluA2 

receptors are Q/R edited at residue 586, GluA2(R), rendering them Ca2+-impermeable and 

permissive to intracellular polyamines, such as spermine. Exogenous GluA2 Q-pore 

containing receptors (GluA2Q) however, are Ca2+-permeable and blocked by intracellular 

spermine at positive membrane potentials. (A2) Mechanism of polyamine (spermine) block 

at positive membrane potentials (+40 mV). Spermine permeates GluA2(R) receptors allowing 

an outward flux of Na+
+ ions through the channel at +40 mV. GluA2(Q) receptors however, are 

blocked by spermine at  +40 mV, preventing an outward flux of Na+ ions. This is due to 

positively charged spermine directly interacting with neutral Q residues, but not positively 

charged R residues in the selectivity filter (Q586-D590) (Twomey et al., 2018). (A3) 

Endogenous GluA2(R) confers a linear current-voltage (IV) relationship, whereas 

exogenous GluA2(Q) is inwardly-rectifying at positive membrane potentials (+40 mV). 
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 Ligand binding domain

The AMPAR ligand binding domain (LBD) is a ‘clam-shell’-like domain formed of two non-

continuous polypeptides, S1 and S2, forming the glutamate binding site (Figure 1.2). AMPARs 

subunits GluA1-4 undergo alternative splicing at the flip/flop site, a 115 bp region that generates 

one of two alternative splice forms (9−11 amino acids) (Figure 1.2B1; Sommer et al., 1990). Flip 

splice variants have a faster activation and slower desensitisation relative to flop variants, with 

flop receptors showing reduced current responses to glutamate (Sommer et al., 1990), and 

reduced surface trafficking (Coleman et al., 2006). Changes in these splice forms are also thought 

to occur upon activity, affecting synaptic signalling (Penn et al., 2012). RNA editing also occurs 

at the ‘R/G site’ (Figure 1.2B1), where a codon switch from arginine (R) to glycine (G) changes 

channel gating kinetics (Lomeli et al., 1994), in an activity-dependent manner (Balik et al., 2013). 

N-terminal_domain

The AMPAR N-terminal domain comprises 50% of the receptor (Figure 1.2B1). The 

extracellular region of the AMPAR is a very flexible structure (Krieger et al., 2015), which 

may interact directly with proteins in the synaptic cleft (Biederer et al., 2017; Perez De Arce 

et al., 2015). The NTD, much like the CTD, is a very sequence diverse domain, raising the 

possibility of subunit-selective protein interactions (García-Nafría et al., 2016a). Until recently, 

very little was known about the functional role of this domain. The NTD is involved in 

AMPAR assembly (Ayalon et al., 2005), promoting formation of specific heteromeric 

or homomeric receptors (Rossmann et al., 2011). Additionally, the AMPAR NTD has also 

been implicated in surface trafficking (Möykkynen et al., 2014) and desensitisation (Bedoukian 

et al., 2006; Cais et al., 2014; Pasternack et al., 2002). 

Recent reports suggest that the AMPAR NTD plays a subunit-specific role in maintaining 

excitatory synaptic transmission and plasticity (Díaz-Alonso et al., 2017; Jiang et al., 2021; 

Watson et al., 2020; 2017). In these reports, NTD-deleted (∆NTD) receptors form functional 

channels, and even traffic to synaptic sites to a similar extent as wild-type (WT) AMPARs. 

However, the strength of the synaptic response is impaired with receptors lacking the NTD. 

Further evidence suggests that this is due to an anchoring of receptors at postsynaptic sites, 

potentially through NTD-synaptic cleft protein interactions (Watson et al., 2020). Given that the 

AMPAR NTD is exposed to the synaptic cleft, a protein-rich subcellular compartment (Perez De 

Arce et al., 2015), it is possible that it engages in protein interactions positioning receptors for 

effective signal transduction. Potential synaptic protein interactors (see 1.3.4) and mechanisms of 

sub-synaptic receptor positioning are discussed in further detail below (see 1.4). 
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1.2.2  Kainate receptors 

Kainate receptors (KARs) (subunits GluK1-5) have specific expression patterns across the brain, 

particularly in the hippocampal CA3 region and dentate gyrus (DG) (Wisden and Seeburg, 

1993). KARs, like other iGluRs, form tetrameric receptors that respond to glutamate, but 

were orginially classified owing to their specific responsiveness to the compound kainate 

(Watkins and Evans, 1981). Similarly to AMPARs, KARs contain a Q/R editing site witin 

their M2 helix, affecting ion channel permeability and single channel conductance 

(Contractor et al., 2011). The physiological function of KARs is best described at hippocampal 

mossy fibre (MF) DG-CA3 synapses, where trains of electrical stimulation are required 

for their synaptic activation, suggestive of a postsynaptic localisation (Castillo et al., 

1997; Vignes and Collingridge, 1997). Interestingly the temporal profile of the KAR EPSC 

at these synapses is surprisingly slow relative to AMPAR EPSCs recorded from the same 

synapse. This highlights the striking difference in synaptic function of different iGluRs, 

despite similar sequence homology and structural features (Figure 1.2A/C). KARs are 

thought to be additionally localised at presynaptic sites, where they contribute to the 

expression of MF long-term potentiation (LTP) (Lauri et al., 2001). 

KARs, like AMPARs, function in concert with auxiliary proteins (see 1.3.3), namely neuropilin 

and tolloid-like proteins 1/2 (Neto1/2). Neto1/2 modulate KAR gating kinetics and synaptic 

trafficking (Copits et al., 2011; Sheng et al., 2015; Zhang et al., 2009) through CUB 

(complement C1r/C1s, Uegf, Bmp1)-domain interactions with the KAR NTD (Li et al., 2019; 

Sheng et al., 2017). In the context of the AMPAR, it is interesting to note that CUB-domain 

containing proteins, SOL-1/2 (Wang et al., 2012; Zheng et al., 2004; 2006) and neuropilin-2 

(Wang et al., 2017) have been shown to directly interact with AMPAR subunits regulating 

their function. This suggests that CUB-domain containing proteins may serve as regulators of 

iGluR function. 

The KAR NTD also engages in synaptic cleft protein interactions with complement C1q-like 

protein 2 (C1ql2) and 3 (C1ql3), forming a trans- synaptic complex with presynaptic neurexin 

(Matsuda et al., 2016; Straub et al., 2016). C1ql2/3 interactions are essential for maintaining 

hippocampal circuit function, with disruption of this complex resulting in the development of 

epileptiform activity (Matsuda et al., 2016). The role of this trans- synaptic tri-partite complex in 

synaptic anchoring of KARs is discussed in more detail later in this chapter (see 1.3.4).
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 1.2.3  Delta receptors

The delta receptor (subunits GluD1/2) is regarded as a subfamily of iGluRs based solely on its 

sequence homology (Figure 1.2A; Yamazaki et al., 1992). Historically, owing to the apparent 

lack of ionotropic activity (Schmid and Hollmann, 2008), functional studies were limited to 

studying the constitutively active lurcher mutant (Zuo et al., 1997), or by transplanting the LBD 

of AMPAR or KARs onto the delta receptor, permitting glutamate-gated currents (Orth et al., 

2013; Schmid et al., 2009). The lurcher mutation, A654T, occurs in the pore-lining TMD and 

results in persistent ion flux in the absence of ligand, leading to excitotoxicity and 

neurodegeneration (Zuo et al., 1997). Recently however, specific pharmacological tools have 

uncovered an ionotropic role for wild-type GluD2, where metabotropic glutamate receptor 1 has 

been shown to trigger opening of the GluD2 channel (Lemoine et al., 2020).

GluD2 is expressed predominantly in purkinje cells of the cerebellum, where it functions through 

formation of a trans  -synaptic complex with secreted cerebellin-1 (Cbln1) and presynaptic 

neurexin (Elegheert et al., 2016; Matsuda et al., 2010). Postsynaptic GluD2 mediates long-term 

depression (LTD) at cerebellar parallel fiber–Purkinje cell synapses through endocytosis of 

AMPARs (Elegheert et al., 2016; Kohda et al., 2013). Following complex formation and synaptic 

anchoring, GluD2 requires D-serine or glycine binding (Figure 1.2C; Naur et al., 2007), to exert 

its metabotropic postsynaptic signalling mechanisms. In contrast to GluD2 and other iGluRs, 

GluD1 is also expressed at inhibitory synapses in the cortex (Fossati et al., 2019). Here, 

GluD1 mediates synapse formation through trans-synaptic interactions with Cbln4, released 

from somatostatin-expressing interneurons, further emphasising the importance of synaptic 

protein interactions in shaping diverse iGluRs physiology. 

Cbln1/2/4 binding to GluD1/2 NTDs simultaneously induces synapse formation and 

metabotropic signalling mechanisms at different synapses (Elegheert et al., 2016; Fossati et al., 

2019; Tao et al., 2018; Matsuda et al., 2010). As trans- synaptic protein complexes have been 

uncovered for both KARs and delta receptors, it remains possible that this type of interaction may 

also occur with the AMPAR NTD. However, to date no such  trans -synaptic complex has been 

described (see 1.3.4).
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1.2.4  NMDA receptors
NMDARs form heteromeric assemblies of two obligatory GluN1 subunits and two GluN2 (A-D) 

subunits. The biophysical properties of the NMDAR are remarkably distinct, relative to other 

iGluRs. The most stricking features are: voltage-dependent magnesium (Mg2+) block, high Ca2+ 

permeability, co-agonist binding of glycine or D-serine, and remarkably slow channel gating 

kinetics relative to other iGluRs (Paoletti et al., 2013). NMDARs are widely expressed in the CNS 

existing in various heteromeric combinations. 

Perhaps the most important biophysical feature of NMDARs, is their block by Mg2+ at resting 

membrane potentials (-70 mV). Crucially, Mg2+ block is relieved by membrane depolarisation 

(Mayer et al., 1984; Nowak et al., 1984). In the context of neuronal function, Mg2+ un-block is 

required for the expression of LTP (Bliss and Collingridge, 1993), observed as a long-lasting 

potentiation of the synaptic response (Bliss and Lømo, 1973). D-(-)-2-Amino-5-

phosphonopentanoic acid (D-APV), synthesised by Jeffrey Watkins, is a selective NMDAR 

antagonist demonstrated to prevent the induction of LTP (Collingridge et al., 1983) and memory 

formation (Bannerman et al., 1995), highlighting the importance of the NMDAR in this 

physiological process. 

Postsynaptic NMDARs are only activated when glutamate binds and membrane depolarisation 

relieves Mg2+ block, allowing the receptor to behave as a ‘coincidence detector’ for pre- and 

post-synaptic activation (Bliss and Collingridge, 1993). This discovery supports the ideas of 

Donald Hebb (1949), who proposed that ‘neurons that fire together wire together’. This 

popular paraphrase is referred to as Hebb’s law, and subsequently NMDAR-mediated LTP 

was termed ‘Hebbian plasticity’. NMDARs therefore, play a vital role in this physiological 

process and have subsequently been the subject of intensive research to understand the 

molecular mechanism by which this occurs. 

NMDAR have very long CTDs relative to other iGluRs, exposing these cytoplasmic elements to a 

wealth of intracellular signalling and scaffolding proteins. A number of NMDAR CTD-protein 

interactions have been identified, perhaps the most crucial of which, CaMKII, is required 

for the expression of LTP (Barria and Malinow, 2005). Analogously, the AMPAR CTD engages 

in a number of protein interactions, required for synaptic trafficking (see 1.3.2).

12________________________________________Introduction



The NMDAR NTD also forms protein interactions modulating receptor function. NRAP-1 is a 

presynaptically-released protein that has auxiliary function through direct interacts with the 

NMDAR extracellular domain, potentially forming a trans-synaptic complex with an unknown 

presynaptic anchor (Lei et al., 2017). Another reported NMDAR NTD interactor Ephrin type-B 

receptor 2 (EphB2), interacts with the NMDAR NTD trapping receptors at the synapse for 

excitatory synaptic function (Dalva et al., 2000; Nolt et al., 2011; Washburn et al., 2020). 

Similarly, the AMPAR NTD appears to be required for successful trapping of receptors at 

postsynaptic sites (Watson et al., 2017), further emphasising the significance of iGluR 

NTD interactions (see 1.3.4) in sub-synaptic positioning (see 1.4).

1.3  AMPAR-protein interactors 

1.3.1   ER biogenesis

AMPARs are assembled in the endoplasmic reticulum (ER) in a stepwise process, initiated by 

GluA monomers associating into dimers, and subsequently into dimer-of-dimers to build 

the tetrameric receptor. This process is supported by inter-subunit interactions (Greger et al., 

2003; Greger and Esteban, 2007; Rossmann et al., 2011) and ER-residing proteins 

orchestrating the different steps of AMPAR biogenesis (Schwenk et al., 2019; Schwenk and 

Fakler, 2020). These protein interactions therefore, are crucial for the formation of tetrameric 

AMPARs for trafficking to synaptic sites.

AMPARs are translated in the ER and are first associated with widely expressed ER chaperones 

immunoglobulin binding protein (BiP) and calnexin (Figure 1.4A; Fukata et al., 2005; Rubio and 

Wenthold, 1999), thought to shield immature proteins from degradation (Hebert and Molinari, 

2007). GluA monomers subsequently engage in protein interactions with α/ β- hydrolase domain-

containing protein 6 (ABHD6) and porcupine O-acetyltransferase (PORCN) (Figure 1.4B; 

Schwenk et al., 2012), potentially stabilising AMPAR monomers and protecting them from ER-

associated degredation (Schwenk and Fakler, 2020). These protein interactions accumulate GluA 

monomers, limiting surface trafficking of tetrameric AMPARs (Erlenhardt et al., 2016; Schwenk 

et al., 2019; Wei et al., 2020; 2016). 
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Figure 1.4 AMPAR-interacting proteins regulate assembly in the ER. (A) AMPARs are first 

translated and inserted into the ER membrane. Widely expressed ER chaperones 

immunoglobulin binding protein (BiP) and calnexin are involved in the early stages of 

biogenesis, potentially shielding immature protein from degradation (Hebert and Molinari, 

2007). (B) AMPARs are next folded into monomeric GluA subunits before association with 

ABHD6 and PORCN, trapping AMPAR subunits in a monomeric state and preventing them 

from ER-associated degradation (Schwenk et al., 2012; Schwenk and Fakler, 2020). (C) Next, 

dimerisation is promoted by association with FRRS1L and CPT1c (Brechet et al., 2017; Schwenk 

et al., 2019) and interactions at the level of the AMPAR TMD (Greger et al., 2003) and NTD 

(Rossmann et al., 2011). (D) The AMPAR tetramer is then formed as a dimer-of-dimers by the 

FRRS1L/CPT1c complex. (E) Finally, AMPARs associate with auxiliary proteins TARP/CNIH 

(Schwenk et al., 2019), before being (F) exported from the ER and trafficked to the cell 

surface. (schematic kindly provided by Dr Alexandra Pinggera). 
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The next step in AMPAR biogenesis involves dimerisation of momomeric GluA subunits, 

through interactions at the level of the TMD (Greger et al., 2003) and NTD (Rossmann et al., 

2011), assisted by additional ER-resident protein interactions. Ferric-chelate reductase 1-like 

(FRRS1L) and carnitine palmitoyl tranferase-1c (CPT1c) bind to AMPAR monomers 

dissociating ABHD6 from the complex (Figure 1.4C; Brechet et al., 2017; Schwenk et al., 

2019; Schwenk and Fakler, 2020). Knockout of FRRS1L or CPT1c results in increased 

low molecular weight monomeric and dimeric AMPARs in the ER and decreased 

intracellular and surface AMPAR levels (Fadó et al., 2015; Gratacòs-Batlle et al., 2018; 

Schwenk et al., 2019). FRRS1L/CPT1c complexes therefore, promote the formation of dimers 

and subsequently tetramers (Figure 1.4D), regulating AMPAR surface trafficking and 

expression levels, ultimately shaping synaptic transmission and plasticity (Fadó et al., 2015; 

Gratacòs-Batlle et al., 2015; Han et al., 2017; Schwenk et al., 2019). 

Finally, for tetrameric AMPARs to be trafficked to the cell surface, the FRRS1L/CPT1c 

complex is dissociated from the receptor by binding of auxiliary subunits, such as CNIH/TARP 

(Figure 1.4E/F; Schwenk et al., 2019). Auxiliary proteins modulate both channel function and 

trafficking properties of AMPARs (see 1.3.3). ER-resident protein interactors therefore, are 

crucial for the assembly of neuronal AMPARs and subsequent export to synaptic sites. Loss-

of function mutations in FRRS1L results in a severe form of intellectual disability, 

highlighting the importance of ER AMPAR-protein interactors in brain function (Brechet et 

al., 2017). 
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1.3.2   Synaptic trafficking 

Trafficking of AMPARs to the postsynaptic density (PSD), where receptors face presynaptic 

glutamate release, is a major determinant of synaptic strength. Following assembly in the ER, 

AMPARs are exported and trafficked to postsynaptic sites dependent on a number of protein 

interactions predominantly with the AMPAR CTD and TMD. Given that the AMPAR CTD 

varies considerably in amino acid sequence and length (Shepherd and Huganir, 2007), this 

domain has been the focus of intensive research to identify protein interactors that modulate 

synaptic trafficking. CTD interactors have been shown to regulate intracellular transport 

(Figure 1.5A) and membrane fusion (Figure 1.5B) of AMPARs. Modulators of AMPAR 

trafficking are discussed below, detailing their binding sites on the CTD. 

 PDZ domain interactions

PDZ domains are common protein interaction modules named after their interaction with PSD-95/

DLG/ZO-1 (PDZ) and play a key role in regulating AMPAR trafficking. GRIP/ABP are PDZ 

domain-containing proteins that interact specifically with the GluA2 CTD PDZ domain (SVKI; 

Figure 1.6B; Dong et al., 1997; Osten et al., 2000) and conventional kinesins, steering vesicles to 

dendrites (Setou et al., 2002). This suggests that GRIP/ABP serves as an adaptor to link 

AMPARs to kinesins and promote dendritic transport (Figure 1.5A). Functionally, GRIP1 

interactions are required for synaptic plasticity and learning and memory (Tan et al., 2020). 

PICK1 interactions are also thought to form part of the GRIP/ABP complex, regulating AMPAR 

trafficking (Lu and Ziff, 2005; Perez et al., 2001). Interestingly, PICK1 is essential for 

NMDAR-mediated LTD, by removal of surface GluA2 receptors (Citri et al., 2010; Perez et 

al., 2001). Similarly, synapse-associated protein 97 (SAP97) interacts with CTD PDZ domains, 

but specifically with GluA1 (ATGL; Figure 1.6A; Wu et al., 2002). These interactions occur 

simultaneously with actin-based motor protein, myosin VI, likely playing a key role in trafficking 

of AMPARs to the plasma membrane (Osterweil et al., 2005; Wu et al., 2002). Functionally, 

SAP97 interactions are sufficient, but not individually necessary for AMPAR trafficking to 

synapses (Howard et al., 2010). 
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Trafficking of AMPARs to the postsynaptic density (PSD), where receptors face presynaptic 

glutamate release, is a major determinant of synaptic strength. Following assembly in the ER, 

AMPARs are exported and trafficked to postsynaptic sites dependent on a number of protein 

interactions predominantly with the AMPAR CTD and TMD. Given that the AMPAR CTD varies 

considerably in amino acid sequence and length (Shepherd and Huganir, 2007), this domain has 

been the focus of intensive research to identify protein interactors that modulate synaptic 

trafficking in a sub-unit specific manner. CTD interactors have been shown to regulate 

intracellular transport (Figure 1.5A) and membrane fusion (Figure 1.5B/E) of AMPARs. 

Modulators of AMPAR trafficking are discussed below, detailing their binding sites on the CTD.

PDZ domain interactions

PDZ domains are common protein interaction modules named after their interaction with PSD-95/ 

DLG/ZO-1 (PDZ) and play a key role in regulating AMPAR trafficking. GRIP/ABP are 

PDZ domain-containing proteins that interact specifically with the GluA2 CTD PDZ domain 

(SVKI; Figure 1.6B; Dong et al., 1997; Osten et al., 2000) and conventional kinesins, steering 

vesicles to dendrites (Setou et al., 2002). This suggests that GRIP/ABP serves as an adaptor to 

link AMPARs to kinesins and promote dendritic transport (Figure 1.5A). Functionally, GRIP1 

interactions are required for synaptic plasticity and learning and memory (Tan et al., 2020). 

PICK1 interactions are also thought to form part of the GRIP/ABP complex, regulating AMPAR 

trafficking (Lu and Ziff, 2005; Perez et al., 2001). Interestingly, PICK1 is essential for 

NMDAR-mediated LTD, by removal of surface GluA2 receptors (Citri et al., 2010; Perez et 

al., 2001). Similarly, synapse-associated protein 97 (SAP97) interacts with CTD PDZ 

domains, but specifically with GluA1 (ATGL; Figure 1.6A; Wu et al., 2002). These interactions 

occur simultaneously with actin-based motor protein, myosin VI, likely playing a key role in 

trafficking of AMPARs to the plasma membrane (Osterweil et al., 2005; Wu et al., 2002). 

Functionally, SAP97 interactions are sufficient, but not individually necessary for AMPAR 

trafficking to synapses (Howard et al., 2010).



Figure 1.5 Trafficking of AMPARs to postsynaptic sites. (A) AMPARs are subject to secretory 

trafficking along microtubules by intracellular transport (Hangen et al., 2018). (B) Receptors are 

then exocytosed into the surface of the plasma membrane by membrane fusion events (Araki et 

al., 2010). (C) AMPARs are subsequently inserted into the synapse by lateral diffusion (Penn et al., 

2017). (D) Finally, receptors are accumulated and clustered at the postsynaptic density 

(PSD) (Opazo and Choquet, 2011), for efficacious synaptic transmission (Lisman and 

Raghavachari, 2006). (E) The number of synaptic receptors is then controlled by endocytic 

recycling of AMPARs within the dendritic spine. These molecular processes are 

tightly controlled by direct protein interactions with the AMPAR at the level of the CTD, 

TMD and NTD. Known protein interactors are indicated next to each trafficking event. Broadly, 

CTD/TMD protein interactors appear to regulate intracellular transport and membrane fusion 

events (blue; Jackson and Nicoll, 2011; Shepherd and Huganir, 2007), whereas NTD 

interactors modulate lateral diffusion and trapping (yellow; Pandya et al., 2018; Watson et al., 

2017). 
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CTD protein interactors also influence membrane fusion events (Figure 1.5B, regulating 

surface AMPAR content. N-ethylmaleimide–sensitive fusion protein (NSF) binds directly to 

the GluA2 CTD (Figure 1.6; Osten et al., 1998), regulating membrane fusion and the strength of 

AMPAR-mediated synaptic transmission (Araki et al., 2010; Nishimune et al., 1998). Similarly, 

clathrin adaptor, AP-2, interacts with the GluA2 CTD at a site that overlaps with NSF binding and 

is required for NMDAR-mediated LTD (Figure 1.6B; Lee et al., 2002). Finally, actin adaptor, 

protein 4.1, associates with the AMPAR CTD stabilising GluA1 surface expression (Figure 

1.6A; Shen et al., 2000), by inhibiting AMPAR endocytosis (Hayashi et al., 2005). Although 

the precise function of protein 4.1 in excitatory synaptic transmission and plasticity is unclear 

(Wozny et al., 2009). 

Figure 1.6 AMPAR C-terminal domain protein interaction sites. AMPAR CTDs differ in their 

amino acid sequence and length, depicted by an amino acid sequence alignment of rat GluA1/2 

CTDs. (A) GluA1 CTD interacts with protein 4.1 (Shen et al., 2000) and SAP97 (Osterweil 

et al., 2005; Wu et al., 2002). Phosphorylation sites P831 and P845 are highlighted (Diering 

et al., 2016). GluA1 PDZ binding motif ‘ATGL’. (B) GluA2 CTD interacts with AP-2 (Lee et 

al., 2002), NSF (Osten et al., 1998) and ABP (Osten et al., 2000), GRIP (Dong et al., 1997) and 

PICK1 (Perez et al., 2001). Phosphorylation sites P863 and P880 are highlighted (Matsuda et al., 

2000). GluA2 PDZ binding motif ‘SVKI’. Figure adapted from Shepherd and Huganir, (2007). 

non-PDZ domain interactions
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1.3.3   Auxiliary proteins 

AMPAR kinetics are modulated by a number of different mechanisms, including RNA-editing 

(see 1.2.1), subunit composition (Coombs et al., 2012) and subunit placement (He et al., 2016; 

Herguedas et al., 2019). Furthermore, direct protein interactors with the AMPAR have the 

capability to modulate channel function, known as auxiliary proteins. Protein interactors are 

considered auxiliary proteins if, they selectively bind to iGluRs forming a stable complex at 

the cell surface, and modulate the functional characteristics and trafficking of the receptor 

(Jackson and Nicoll, 2011). Auxiliary proteins are expressed in different isoforms and have 

distinct expression patterns in the brain, enabling spatio-temporal control over AMPAR function. 

Our appreciation of how these proteins bind and modulate AMPAR gating kinetics, has 

been greatly improved by recent advances in structural biology (Herguedas et al., 2019; 

Nakagawa et al., 2019; Zhang et al., 2020). 

TARPs 

Transmembrane AMPAR regulatory proteins (TARPs) were the first AMPAR-interacting protein 

to be identified as an auxiliary subunit (Chen et al., 2000). The TARP family has 6 members 

including γ2  (stargazin), γ3  , γ4  , γ5  , γ7  and γ8  (Tomita et al., 2003), subdivided into type I 

and type II TARPs depending on their PDZ binding motif (Figure 1.7; Kato et al., 2008). TARPs 

bind to all AMPAR subunits, forming part of the native macromolecular complex (Tomita et al., 

2003; Schwenk et al., 2012). TARP protein interactions occur predominantly at the level of the 

AMPAR TMD, and in some cases (TARP-γ8  ) their extracellular loop region interacts with the 

AMPAR LBD (Figure 1.7B1; Herguedas et al., 2019; Zhang et al., 2021). TARPs are capable of 

modulating not only receptor gating, but also trafficking to the cell-surface and positioning at 

synaptic sites (Chen et al., 2000; Sheng et al., 2018).  

TARP interactions generally slow AMPAR gating kinetics, prolonging receptor activation 

(Figure 1.7C1; Tomita et al., 2005). The first TARP to be identified, stargazin (TARP-γ2), is 

predominantly expressed in the cerebellum and is essential for synaptic AMPAR function and 

motor coordination (Chen et al., 2000; Yamazaki et al., 2010). Crucially, TARP binding to 

PSD-95 through its C-terminal PDZ domain permits retention of AMPARs at postsynaptic sites 

for efficacious synaptic transmission to occur (Watson et al., 2020; Zheng et al., 2019). 
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AMPAR gating kinetics are modulated by a number of different mechanisms, including RNA-

editing (see 1.2.1), subunit composition (Coombs et al., 2012) and subunit placement (He et al., 

2016; Herguedas et al., 2019). Furthermore, direct protein interactors with the AMPAR have the 

capability to modulate channel function, known as auxiliary proteins. Protein interactors are 

considered auxiliary proteins if, they selectively bind to iGluRs forming a stable complex at the 

cell surface, and modulate the functional characteristics and trafficking of the receptor (Jackson 

and Nicoll, 2011). Auxiliary proteins are expressed in different isoforms and have distinct 

expression patterns in the brain, enabling spatio-temporal control over AMPAR function. Our 

appreciation of how these proteins bind and modulate AMPAR gating kinetics, has been greatly 

improved by recent advances in structural biology (Herguedas et al., 2019; Nakagawa et al., 

2019; Zhang et al., 2020).2021).



Figure 1.7 AMPAR and auxiliary subunit topology and function. (A) AMPAR subunit polypeptide 

schematic (navy) depicting the four domain layers: N-terminal domain (NTD), ligand binding 

domain (LBD), transmembrane domain (TMD) and C-terminal domain (CTD), with the plasma 

membrane coloured in grey. (B) Known AMPAR auxiliary subunit polypeptide schematics. (B1) 

TARPs (green; topology based on Herguedas et al., 2019; Zhang et al., 2021), (B2) CNIHs (orange; 

topology based on Nakagawa et al., 2019; Zhang et al., 2021), (B3) GSG1L (pink; topology based on 

Twomey et al., 2017), (B4) CKAMP (yellow; predicted topology) and (B5) SynDIG (blue; predicted 

topology) all associate with the AMPAR modulating its function. Type I TARPs (γ2  ,3,4,8) and 

SynDIGs contain a canonical PDZ binding motif (purple circle). Type II TARPs (γ5  ,7) have an 

atypical PDZ binding motif. (C) Table of functional consequences of auxiliary protein modulation. 

(C1) TARPs (type I) positively modulate channel gating. CNIHs are positive regulators of AMPAR 

function. Conversely, GSG1L is a negative regulator of AMPAR function. CKAMP proteins have 

varied effects on channel gating depending on subtype. SynDIG auxiliary proteins have varied 

effects on deactivation and desensitisation kinetics depending on AMPAR subunit expression.
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TARP-γ8  is required for the maintenance of basal synaptic transmission and the expression of 

LTP at CA1 synapses (Rouach et al., 2008; Sheng et al., 2018). TARP-γ8  is expressed 

specifically in the hippocampus (Rouach et al., 2008; Yamasaki et al., 2016), making it an 

attractive target to alleviate diseases such as temporal lobe epilepsy, which is characterised by 

hippocampal hyperexcitability (Maher et al., 2017). Recently, a number of negative allosteric 

modulators have been produced with high specificity for TARP-γ8 -containing AMPARs (Kato et 

al., 2016; Maher et al., 2016; Savall et al., 2019). These ligands are capable of functionally un-

coupling TARP-γ8  from the receptor by binding at the interface of TARP-AMPAR interactions 

in the TMD (Dohrke et al., 2020). Interestingly, modest changes in receptor kinetics recorded in 

recombinant systems translate to profound attenuation of the synaptic response and alleviation of 

seizure-like activity (Kato et al., 2016). This demonstrates the remarkable influence TARP 

auxiliary proteins have on brain-wide activity under physiological conditions and their clinical 

relevance. 

CNIHs 

Cornichon proteins 2/3 (CNIH2/3) are auxiliary proteins, that alter AMPAR function by 

profoundly slowing gating kinetics (Coombs et al., 2012; Gill et al., 2011; Schwenk et al., 2009). 

CNIHs are composed of 4 transmembrane domains and occupy up to 4 binding sites on the 

AMPAR TMD (Nakagawa et al., 2019; Zhang et al., 2021). CNIH2/3 are essential for AMPAR-

mediated synaptic transmission in the hippocampus (Boudkkazi et al., 2014; Herring et al., 2013). 

The predominant auxiliary proteins present in the hippocampus are CNIH2 and TARP-γ8 

(Schwenk et al., 2014). Interestingly, these proteins simultaneously dock at the 4 binding sites on 

the AMPAR TMD, further modulating channel kinetics (Zhang et al., 2020). It is likely that in 

neurons an assortment of auxiliary proteins occupy the 4 TMD binding sites, fine tuning AMPAR 

function. 

GSG1L 

GSG1L was identified as an AMPAR-interacting protein by affinity purification mass 

spectrometry (AP-MS) (Schwenk et al., 2012; Shanks et al., 2012). GSG1L is structurally related 

to TARP auxiliary proteins, claudin homologs, although they lack a PDZ binding motif (Figure 

1.7B3; Twomey et al., 2017). While most auxiliary proteins positively modulate AMPAR gating 

and synaptic trafficking (Jackson and Nicoll, 2011), GSG1L has a strong negative modulatory 

effect on AMPAR function (Figure 1.7C; Gu et al., 2016; Mao et al., 2017; McGee et al., 2015). 
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GSG1L was identified as an AMPAR-interacting protein by affinity purification mass 

spectrometry (AP-MS) (Schwenk et al., 2012; Shanks et al., 2012). GSG1L is structurally 

related to TARP auxiliary proteins, as claudin homologs, although they lack a PDZ binding 

motif (Figure 1.7B3; Twomey et al., 2017). While most auxiliary proteins positively modulate 

AMPAR gating and synaptic trafficking (Jackson and Nicoll, 2011), GSG1L has a strong 

negative modulatory effect on AMPAR function (Figure 1.7C; Gu et al., 2016; Mao et al., 

2017; McGee et al., 2015).

2021).



In the context of circuit function, GSG1L is crucial for suppressing short-term facilitation, 
'''''''attenuating neuronal excitability at cortical synapses (Kamalova et al., 2020).

CKAMPs

Cysteine-knot AMPAR modulatory proteins (CKAMP44/39/52/59; also known as

Shisa9/8/6/7; Figure 1.7B4) were first identified as auxiliary proteins that modulate AMPAR 

desensitisation and attenuate short-term plasticity at hippocampal synapses (von Engelhardt 

et al., 2010). CKAMP44/39/52 are single transmembrane proteins that contain a PDZ type II 

motif (Farrow et al., 2015), permitting protein interactions with PSD-95 and trapping receptors 

at postsynaptic sites (Khodosevich et al., 2014; Klaassen et al., 2016). CKAMP proteins 

therefore, modulate AMPAR trafficking, gating and synaptic localisation, thus are defined as 

auxiliary proteins. CKAMP59 (Shisa7) has also been suggested to act as an AMPAR 

auxiliary protein (Schmitz et al., 2017), although recent data indicates that this protein also 

modulates GABAA receptor function (Han et al., 2019). 

SynDIGs

SynDIG (synapse differentiation-induced gene) proteins are repeatedly identified as 

constituents of the AMPAR proteome by AP-MS (Schwenk et al., 2012; 2014; Shanks et al., 

2012; von Engelhardt et al., 2010; Figure 1.7B5). SynDIG1 associates with the AMPAR 

reducing excitatory synapse density in an activity-dependent manner (Kalashnikova et al., 

2010). Similarly, SynDIG4 modulates AMPAR localisation, but by trapping AMPARs at extra-

synaptic sites (Matt et al., 2018). Furthermore, Matt et al., (2018) found that SynDIG4 

modulates channel gating in a subunit-specific manner, suggestive of auxiliary function (Figure

1.7C). SynDIG1 however, does not appear to modulate AMPAR biophysical properties (Lovero et

al., 2013). Further characterisation is required to conclusively determine the role of SynDIG as

an AMPAR auxiliary protein.
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SynDIG (synapse differentiation-induced gene) proteins are repeatedly identified as constituents of 

the AMPAR proteome by AP-MS (Schwenk et al., 2012; 2014; Shanks et al., 2012; von Engelhardt 

et al., 2010; Figure 1.7B5). SynDIG1 associates with the AMPAR reducing excitatory synapse 

density in an activity-dependent manner (Kalashnikova et al., 2010). Additionally, SynDIG4 

modulates AMPAR localisation by trapping AMPARs at extra-synaptic sites (Matt et al., 2018). 

Furthermore, Matt et al., (2018) found that SynDIG4 modulates channel gating in a subunit-specific 

manner, suggestive of auxiliary function (Figure 1.7C). SynDIG1 however, does not appear to 

modulate AMPAR biophysical properties (Lovero et al., 2013). Further characterisation is required 

to conclusively determine the role of SynDIG as an AMPAR auxiliary protein.

Another notable iGluR auxiliary protein is SOL‐1, a C1r/C1s-Uegf-BMP (CUB)-domain

containing protein that regulates channel gating of GLR‐1 glutamate receptors  in  C. elegans. 

(Zheng et al., 2004; 2006). Interestingly, KAR auxiliary proteins Neto1/2 also modulate

receptor gating through their CUB-domains (Li et al., 2019; see 1.2.2). It is possible that other

AMPAR auxiliary proteins exist, but are yet to be identified using current proteomic methods. 
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1.3.4   Synaptic interactions 
Following successful incorporation into synaptic sites, AMPARs are positioned within the 

PSD and contribute to excitatory synaptic transmission. AMPARs are inserted into the synapse 

by exocytosis (Figure 1.5B) and lateral diffusion (Figure 1.5C), and can be retained through 

protein interactions (Figure 1.5D; Opazo and Choquet, 2011; Penn et al., 2017), for more 

efficacious synaptic transmission (Lisman and Raghavachari, 2006). Proteins in the synaptic 

cleft form trans-  synaptic interactions, regulating various aspects of synaptic function, 

including synapse formation, maintenance and elimination (Südhof, 2017; Yuzaki, 2018). A 

number of these trans-  synaptic interactions influence iGluR synaptic function through direct or 

indirect mechanisms (Figure 1.8). 

 

Complement C1q-like protein 2 (C1ql2) and 3 (C1ql3) both directly interact with the KAR 

NTD and presynaptic neurexin forming a trans- synaptic complex, capable of regulating 

hippocampal circuit function (Figure 1.8A1; Matsuda et al., 2016; Straub et al., 2016). 

Secreted C1ql2/3 proteins accumulate KARs at MF DG-CA3 synapses through its NTD, for 

effective synaptic function. Interestingly, C1ql2/3 also directly interact with the GluA1 NTD 

(Matsuda et al., 2016). Given the requirement of the GluA1 NTD for maintenance of 

long-term potentiation at CA1 synapses (Díaz-Alonso et al., 2017; Jiang et al., 2021; 

Watson et al., 2017) and activity-dependent release of C1ql3 in the hippocampus 

(Martinelli et al., 2016), it would be interesting to explore the physiology of this protein 

interaction further. This trans- synaptic interaction highlights the importance of iGluR NTDs 

in shaping neuronal function. 

Cerebellins 

Cerebellins (Cblns) are secreted glycoproteins that bind to presynaptic neurexin and 

postsynaptic delta receptors (Figure 1.8A2; Südhof, 2017; Yuzaki, 2018). Cbln1 interacts 

directly with the NTD of GluD2, forming a trans- synaptic complex with presynaptic neurexin 

(Elegheert et al., 2016; Matsuda et al., 2010). This tri-partite complex bears a remarkable 

similarity to that of C1ql2/3 trans- synaptic interactions (Figure 1.8A1). Functionally, Cbln1 

interactions are required for the formation and maintenance of synapses and LTD at 

purkinje cell synapses in the cerebellum, and ultimately motor coordination (Elegheert et al., 

2016; Hirai et al., 2005; Matsuda et al., 2010).
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More recently, the role of Cblns has also been extended to the hippocampus (Tao et al., 2018) and 

cerebral cortex (Fossati et al., 2019). Cbln2 forms a trans-synaptic complex with postsynaptic 

GluD1 and presynaptic neurexin to regulate hippocampal synapse formation and maintenance 

(Tao et al., 2018). Interestingly, Cbln4 interactions occur at inhibitory synapses in the cerebral 

that bind to postsynaptic postsynaptic AMPAR NTDs 

through their pentraxin (PTX) domain (Figure 1.8A3; Lee et al., 2017; O’Brien et al., 1999; Sia et 

al., 2007; Xu et al., 2003). Nptxs are predominantly axonally released from presynaptic sites 

(O’Brien et al., 1999; 2002; Reti et al., 2008), induced by glypican-4 (Gpc4) interactions with 

presynaptic RPTPδ (Farhy-Tselnicker et al., 2017). Physiologically, Nptx2 (also known as 

neuronal activity-regulated pentraxin; NARP) recruits GluA4-containing AMPARs to increase 

synaptic strength onto aspiny parvalbumin-positive interneurons (PV-INs) in the hippocampus 

(Chang et al., 2010; Gu et al., 2013; Pelkey et al., 2015). 

Nptxs also localise to dendritic spines in the hippocampus (O’Brien et al., 1999; Xu et al., 2003; 

Cho et al., 2008), where their synaptic function is not as well understood. Nptxr is thought to 

regulate mGluR1/5-dependent LTD through binding to postsynaptic AMPARs, capturing them 

for endocytosis (Cho et al., 2008), and Nptx1 may act as a negative regulator of excitatory 

synaptic transmission (Figueiro-Silva et al., 2015). However, further investigation is required to 

deduce the role of Nptxs in shaping synaptic AMPAR function through NTD interactions. 

Moreover, it is unknown if Nptxs also bind to presynaptic proteins forming a trans-synaptic 

complex. 

24________________________________________Introduction

--trans-

that bind to postsynaptic AMPAR NTDs through their

pentraxin (PTX) domain (Figure 1.8A3; Lee et al., 2017; O’Brien et al., 1999; Sia et al., 2007; 

Xu et al., 2003). Nptxs are predominantly axonally-released from presynaptic sites (O’Brien et 

al., 2002; 1999; Reti et al., 2008), induced by glypican-4 (Gpc4) interactions with presynaptic 

RPTPδ (Farhy-Tselnicker et al., 2017). Physiologically, Nptx2 (also known as neuronal activity-

regulated pentraxin; NARP) recruits GluA4-containing AMPARs to increase synaptic strength 

onto aspiny parvalbumin-positive interneurons (PV-INs) in the hippocampus (Chang et al., 2010; 

Gu et al., 2013; Pelkey et al., 2015).

cortex, where its secretion is regulated by somatostatin-expressing inhibitory interneurons, 

eliciting metabotropic cascades in the postsynaptic neuron (Fossati et al., 2019). This 

demonstrates the diversity in function achieved by trans- synaptic signalling with the Cbln 

protein family.   

Neuronal pentraxins

Neuronal pentraxins (Nptx) are a family of secreted (Nptx1 and Nptx2) and type-II 

transmembrane-bound (Nptxr) proteins



Figure 1.8 Known trans-synaptic protein complexes. 

25________________________________________Introduction



Figure 1.8 Known trans-synaptic protein complexes. (A) Secreted proteins participating in 

trans-synaptic complexes. (A1) Complement C1q-like protein 2/3 (C1ql2/3) interact with the NTD 

of postsynaptic KAR subunits GluK2/4/5 and presynaptic neurexin (Nrxn), forming a trans-

synaptic complex, crucial for regulation of hippocampal circuit function (Straub et al., 2016; 

Matsuda et al., 2016). (A2) Cerebellin-1/2/4 (Cbln1/2/4) bind to postsynaptic delta receptor 

subunits GluD1/2 and presynaptic neurexin, forming a transsynaptic complex, critical for 

synapse formation and maintenance (Elegheert et al., 2016; Fossati et al., 2019; Matsuda et al., 

2010; Tao et al., 2018). (A3) Neuronal pentraxin-1/2/receptor (Nptx1/2/r) interact with the NTD 

of GluA4 subunits promoting postsynaptic receptor clustering at excitatory and inhibitory 

synapses (Lee et al., 2017; O’Brien et al., 1999; Sia et al., 2007; Xu et al., 2003). (A4) 

Olfactomedin-1 (Olfm1) binds to the NTD of GluA2-containing AMPARs regulating lateral 

diffusion of AMPARs into hippocampal synapses (Pandya et al., 2018). (B) Cell-adhesion 

molecules engaging in trans-synaptic complexes. (B1) Leucine-rich glioma-inactivated protein 

(Lgi1) forms a trans-synaptic complex with presynaptic disintegrin and metalloproteinase 

domain-containing protein 23 (Adam23) associated with Kv1.1, and postsynaptic Adam22, 

associated with TARP-containing AMPARs through PSD-95 interactions (Fukata et al., 2006; 

2021; Yamagata et al., 2018a). (B2) Leucine-rich repeat transmembrane proteins (Lrrtms) bind to 

presynaptic Nrxn or receptor-type protein tyrosine phosphatases (RPTPs) in a trans-synaptic 

complex (de Wit et al., 2009; Roppongi et al., 2020; Yamagata et al., 2018b). (B3) 

Neuroplastin-65 (Np65) is an Ig superfamily glycoprotein that engages in homophilic trans-

synaptic interactions required for long-term potentiation at CA1 synapses through direct GluA1 

NTD interactions (Jiang et al., 2021; Smalla et al., 2000). 
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Olfactomedin 

Olfactomedin domain-containing proteins 1-4 (Olfm1-4; also known as Noelin or Pancortin) 

are secreted glycoproteins identified repeatedly by AP-MS as part of the AMPAR proteome 

(Brechet et al., 2017; Schwenk et al., 2014; 2012; Shanks et al., 2012; von Engelhardt et al., 

2010). Proximity-labelling proteomics has confirmed Olfm1 localisation at synapses (Cijsouw et 

al., 2018; Loh et al., 2016), where direct interactions with the AMPAR NTD have been 

postulated (Figure 1.8A4; Pandya et al., 2018). A reduction in the synaptic AMPAR content 

is observed with reduced expression of Olfm1 (Nakaya et al., 2017), Olfm2 (Sultana et al., 

2014) and Olfm3 (Tang et al., 2020). Olfm1 is thought to limit receptor mobility, trapping 

AMPARs at the synapse (Pandya et al., 2018). Functionally, Olfm3 has been shown to 

interact directly with GluA1/2 AMPAR subunits enhancing excitatory synaptic transmission at 

CA1 synapses (Tang et al., 2020). Further studies are required to first to resolve the molecular 

features of direct interactions between Olfm and the AMPAR and if trans-  synaptic 

interactions take place. Secondly, the physiological importance of this protein interaction at 

excitatory synapses should be investigated in further detail. 

 Leucine-rich glioma-inactivated protein 1

Leucine-rich glioma-inactivated protein 1 (Lgi1) is a secreted protein that forms a trans -synaptic 

complex with presynaptic disintegrin and metalloproteinase domain-containing protein 23 

(Adam23), which interacts with presynaptic voltage-gated potassium channels Kv1.1 (Figure 

1.8B1; Boillot et al., 2016; Schulte et al., 2006; Seagar et al., 2017), and postsynaptic Adam22, 

which regulates postsynaptic AMPARs through interactions with PSD-95 (Figure 1.8B1; Fukata 

et al., 2006; Lovero et al., 2015). Lgi1 forms tight interactions with the metalloprotease-like 

domain of Adam22/23 and the Adam22-Lgi1-Adam23 complex is formed with a 

stoichiometry of 1:2:1 (Figure 1.8B1; Yamagata et al., 2018a). 

Patients with epilepsy possess mutations in Adam22 (Chabrol et al., 2007), or produce auto-

antibodies to Lgi1 (Irani et al., 2010), this ruptures the trans  -synaptic complex and decreases the 

synaptic expression of both presynaptic Kv1.1 and postsynaptic AMPARs (Ohkawa et al., 

2013; Petit-Pedrol et al., 2018). Functionally, this results in defective AMPAR-

mediated synaptic transmission (Fukata et al., 2006; 2010; Lovero et al., 2015), increased 

presynaptic glutamate release (Boillot et al., 2016; Petit-Pedrol et al., 2018), and 

increased neuronal excitability (Seagar et al., 2017). Ultimately leading to the 
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development of lethal epileptic seizures in vivo (Chabrol et al., 2010; Fukata et al., 2010). Recent 

data suggests that this complex is responsible for the arrangement of 

postsynaptic AMPARs on a nanometer scale, ensuring receptors are positioned 

in direct apposition to presynaptic release sites (Fukata et al., 2021). This 

highlights the importance of trans-synaptic protein interactions in arranging pre- 

and post-synaptic proteins to achieve effective AMPAR-mediated synaptic transmission. 

 Leucine-rich repeat transmembrane proteins

Leucine-rich repeat transmembrane proteins (Lrrtms) are postsynaptic cell-adhesion molecules 

(CAMs) that promote the formation and maintenance of excitatory synaptic connections (Lauren 

et al., 2003; Lindoff et al., 2009). Lrrtms bind to presynaptic neurexin and receptor-type 

protein tyrosine phosphatases (de Wit et al., 2013; Ko et al., 2009; 2015; Roppongi et 

al., 2020; Siddiqui et al., 2013), through their N-terminal leucine-rich repeat region 

(Yamagata et al., 2018b), and to PSD-95 through their type I PDZ-binding motif (Figure 

1.8B2; de Wit et al., 2009). Interactions between Lrrtms and AMPARs have also been 

reported for Lrrtm2 (de Wit et al., 2009), Lrrtm3 (Shanks et al., 2012) and Lrrtm4 (Schwenk et 

al., 2012). Although the precise nature of these interactions remain unresolved. Lrrtm1/2 are 

critical for the maintenance of basal synaptic transmission and long-term potentiation at 

CA1 synapses (Bhouri et al., 2018; Soler-Llavina et al., 2011; 2013). Whereas Lrrtm3/4 

are required for excitatory synaptic function on DG cells (Siddiqui et al., 2013; Um et 

al., 2016). Lrrtm likely tunes AMPAR-mediated synaptic function via indirect 

mechanisms, by maintaining synaptic stability through interactions with presynaptic 

proteins and retaining AMPARs at the postsynapse through interactions with PSD-95 

(Figure 1.8B2). 

N-cadherin

Synaptic CAM, N-Cadherin, has been shown to interact directly with the GluA2 NTD 

(Saglietti et al., 2007). This interaction is thought to potently induce synapse formation 

(Passafaro et al., 2003), critical for the maintenance of mGluR-mediated LTD (Zhou et al., 

2011). However, other reports were unable to reproduce the synaptogenic effect of the GluA2 

NTD (Biou et al., 2008; Lu et al., 2009; Watson et al., 2017). Therefore, the reported direct 

interaction and synaptogenic function of the GluA2 NTD-N-Cadherin complex (Saglietti 

et al., 2007), requires further exploration. 



Neuroplastin-65 

Neuroplastin-65 (Np65) is a synaptogenic CAM part of the immunoglobulin 

superfamily, thought to directly interact with the GluA1 NTD (Figure 1.8B3; Jiang et al., 

2021; Vemula et al., 2020). Np65 is essential for the expression of long-term potentiation 

(LTP) at CA1 synapses (Smalla et al., 2000). Recently, this function has been attributed to 

direct interactions with the GluA1 NTD (Jiang et al., 2021), although the precise details of 

this protein interaction remain unknown. 

Trans- synaptic protein interactions are crucial for the maintenance of 

synaptic AMPAR function. A number of iGluR NTD interactors are emerging in the 

literature (Figure 1.8A). It is likely that other protein interactions remain unresolved, 

given the difficulty in capturing these weak and transient interactions. In this 

study, a novel proteomic method is developed for the AMPAR, to detect direct protein 

interactions with the NTD. Next, the physiology of AMPAR NTD interactions is 

determined using patch-clamp electrophysiology.  
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1.4 AMPAR sub-synaptic positioning 

AMPARs have a relatively low-affinity for glutamate (0.1-1 mM; Traynelis et al., 2010) and are 

not saturated by vesicular glutamate release during transmission. Therefore, the postsynaptic 

localisation must be precisely controlled to achieve efficacious synaptic transmission (Franks 

et al., 2003; Raghavachari and Lisman, 2004). Quantal glutamate release activates a ‘hotspot’ 

of ~10 synaptic glutamate receptors (Figure 1.9; Lisman et al., 2017; Raghavachari and 

Lisman, 2004). Indeed, not all synaptic AMPARs response to every glutamate release event (Liu 

et al., 1999; McAllister and Stevens, 2000), with clustering of receptors on a nanometre scale 

thought to profoundly enhance the size of the postsynaptic response (Savtchenko and 

Rusakov, 2014). 

AMPARs are inserted into the synapse via lateral diffusion (Figure 1.9A; Opazo and Choquet, 

2011;  Penn et al., 2017), and are thought to arrange in to nanocolumns (Figure 1.9B; Biederer et 

al., 2017; Tang et al., 2016), facilitating efficient excitatory synaptic transmission (Diering 

and Huganir, 2018; Lisman and Raghavachari, 2006). The PDZ binding motifs on 

the AMPAR or auxiliary protein CTDs likely regulate AMPAR organisation into these 

slots (Hayashi et al., 2000; Sheng et al., 2018), however recent evidence also supports a role 

for the AMPAR NTD (Díaz-Alonso et al., 2017; Jiang et al., 2021; Watson et al., 2020; 

2017). It is possible that the AMPAR NTD may be guided into synaptic ‘slots’ by synaptic 

cleft protein interactions (Watson et al., 2020). The synaptic cleft is a protein-rich environment 

made up of a number of trans -synaptic complexes composed of CAMs, secreted proteins and 

even iGluRs NTDs (Chamma et al., 2016; Elegheert et al., 2016; Fossati et al., 2019; Fukata 

et al., 2021). Currently however, no trans -synaptic complexes have been described 

involving protein interactions with the AMPAR NTD. 

This study aims to identify previously undetermined synaptic AMPAR NTD interactors 

and characterise their function using electrophysiology. The AMPAR NTD is required for 

efficacious synaptic transmission and plasticity, however potential protein interactors 

responsible for this functional effect remain unresolved. Ultimately, this study aims to further 

our understanding of the molecular mechanisms of information transfer and storage at 

neuronal connections in the mammalian brain. 
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AMPARs have a relatively low-affinity for glutamate (0.1-1 mM; Traynelis et al., 2010) and are 

not saturated by vesicular glutamate release during transmission. Therefore, their postsynaptic 

localisation must be precisely controlled to achieve efficacious synaptic transmission (Franks et 

al., 2003; Raghavachari and Lisman, 2004). Quantal glutamate release activates a ‘hotspot’ of 

~10 synaptic glutamate receptors (Figure 1.9; Lisman et al., 2017; Raghavachari and Lisman, 

2004). Indeed, not all synaptic AMPARs response to every glutamate release event (Liu et al., 

1999; McAllister and Stevens, 2000). Therefore, sub-synaptic clustering of receptors on a 

nanometre scale profoundly enhances the size of the postsynaptic response (Savtchenko and 

Rusakov, 2014).--nanometer



Figure 1.9 Trans-synaptic alignment of postsynaptic AMPARs and presynaptic glutamate 

release. (A) AMPARs accumulate at postsynaptic sites where they respond to 

presynaptically released  glutamate (Glu). Arrows indicate insertion of              receptors via lateral 

diffusion. (B) Hypothetical mechanisms of AMPAR trans-synaptic alignment. ‘Hotspots’ of 

glutamate release are thought to activate only a small proportion of synaptic AMPARs, 

requiring sub-synaptic receptor positioning for efficacious synaptic transmission (Lisman et al., 

2017; Raghavachari and Lisman, 2006). Secreted proteins (orange) and cell-adhesion 

molecules (purple) may position the AMPAR within ‘nanocolumns’ (Tang et al., 2016) or 

‘slots’ (Diering and Huganir, 2018) for faithful signal transduction. Synaptic protein 

interactions may occur through with AMPAR NTD, anchoring the receptor for efficient signal 

transduction (Watson et al., 2020; 2017). 
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Chapter 2 

Methods 

Statistics_and_data_analysis

Data are presented as mean  SEM. Mass spectrometry data are presented as mean fold 

enrichment (Log2) and  P  values (-Log10) from three independent experiments. Statistical 

'''''analyses were carried out using Prism 8 software as paired or unpaired two-tailed students t-

test or using a one-way ANOVA as stated. Statistical significance was considered if *P < 0.05, 

**P < 0.01, or ***P < 0.001.

2.1 Molecular         biology 

Molecular cloning was performed using either In Vivo Assembly (IVA) cloning (García-Nafría et 

al., 2016b; Watson et al., 2019), Gibson Assembly  (Gibson et al., 2009; Gibson et al., 2010) or 

restriction cloning. BirA* tags were subcloned from the following plasmids: BioID2 (Kim et al., 

2016; Addgene: 74223), MiniTurbo (Branon et al., 2018; Addgene: 107174) and TurboID (Branon 

et al., 2018; Addgene: 107173). Rat sequence DNA was used for AMPAR subunits GluA1 and 

GluA2 (flip and R/G edited) with GluA2 NTD-deletion (∆NTD) of amino acid residues 1–377 and 

GluA1 ∆NTD deletion of amino acid residues 1–373 as reported previously (Watson et al., 2017). 

GluA2 R586Q mutation was used throughout (GluA2Q) to permit block by intracellular 

polyamines and subsequent rectification of current-voltage relationship (Bowie and Mayer, 1995; 

Kamboj et al., 1995; Koh et al., 1995). GFP-P2A-AMPAR vectors were constructed by fusing 

GFP with a downstream P2A sequence      (GSGATNFSLLKQAGDVEENPGP ) to the native signal 

sequence of AMPAR subunits. P2A self-cleavage leaves a proline residue on the native signal 

sequence (Liu et al., 2017), which is subsequently cleaved in the ER to reveal the mature protein. 

Backbones of all pAAV transfer plasmids were based on pAAV-CW3SL-EGFP (Addgene, 61463) 

with the CaMKIIα promoter and a shortened woodchuck hepatitis post transcriptional regulatory 

element to maximise construct expression (Choi et al., 2014). Each construct was PCR amplified 

and inserted into the pAAV vector between two unique restriction sites, NheI and XhoI. All AAVs 

were produced by triple transfection of the transfer plasmid with pAAV-Rep/Cap stereotype 2/9, 

to provide AAV replication and capsid genes, and pAAV-pHGTI-adeno1, to provide AAV 
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adeno1, to provide AAV helper function. pAAV transfer plasmids were screened for ITR 

recombination by SmaI digestion to ensure ITR deletion did not occur. For the binding assay 

Nptx1 was cloned into the pHL-avitag3 vector using AgeI and KpnI unique restriction sites 

and an AviTag was positioned on the N- or C-terminus (Aricescu et al., 2006; Addgene, 

99847). All constructs were verified by restriction enzyme digestion and Sanger DNA 

sequencing. 

2.2 Neuronal culture preparation 

 Animal use

All procedures were carried out under PPL P81248620 in accordance with UK Home Office 

regulations. Experiments conducted in the UK are licensed under the UK Animals (Scientific 

Procedures) Act, 1986 following local ethical approval (MRC AWERB, University of 

Cambridge). C57/BL6 mice were used throughout from a mixture of male and female pups. 

 

Dissociated hippocampal cultures were prepared as described previously (Beaudoin et al., 

2012). Briefly, the hippocampus was isolated from P0-1 C57Bl/6 mice in ice-cold dissection 

medium containing the following: 97.5% Hank's Balanced Salt Solution (HBSS; Ca2+ and 

Mg2+ free, Gibco, #14175095), 1 mM Sodium Pyruvate (Gibco, #11360070), 0.1% glucose 

and 10 mM HEPES (Gibco, #11560496). Hippocampal cells were then dissociated using 

0.25% trypsin (Gibco, #15090046) and plated on poly-L-lysine coated 12 mm glass 

coverslips (Corning, 354085) in plating medium containing: 86.55% Minimum Essential 

Medium (MEM; Gibco, 11550556), 10% heat-inactivated fetal bovine serum (Gibco, 

#10091148), 0.45% glucose, 1 mM Sodium Pyruvate (Gibco, #11360070) and 2 mM 

GlutaMAX (Gibco, #35050061). Cultures were then maintained in equilibrated dissociated 

culture medium (37°C/5% CO2) containing: 96% Neurobasal medium (Gibco, #21103049), 

2% B-27 Plus Supplement (Gibco, #A3582801) and 2 mM GlutaMAX (Gibco, 

#35050061). Cultures were half-fed with fresh dissociated medium every 5-7 days. 

Dissociated cultures were transduced with AAV at day in vitro (DIV) 7 and used for 

immunofluorescence experiments at day post infection (DPI) 7. Dissociated hippocampal 

neurons were transfected with 2 µl lipofectamine 2000 (Thermo Scientific; #11668019) 

and 0.5 µg DNA per well. Cultures were incubated with lipofectamine-DNA mixture for 20 

mins before half-feeding with fresh medium.

Dissociated hippocampal cultures
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-



For selective expression in the CA1 region of organotypic hippocampal slices, high titre AAV (1.0 x1013

GC/ml) was injected into the extracellular space of the CA1 pyramidal layer (Ehrengruber et al., 1999; 

Organotypic slice cultures were prepared as described previously (Stoppini et al., 1991). Briefly, 

the hippocampus was isolated from P6-8 C57Bl/6 mice in high-sucrose Gey's Balanced Salt 

Solution (GBSS) containing (in mM): 175 Sucrose, 50 NaCl, 2.5 KCl, 0.85 NaH2PO4, 0.66 

KH2PO4, 2.7 NaHCO3, 0.28 MgSO4, 2 MgCl2, 0.5 CaCl2 and 25 glucose at pH 7.3. Hippocampi 

were cut into 300 µm slices using a McIlwain Tissue Chopper and cultured on Millicell Cell 

Culture Inserts (Merk-Millipore, PICM0RG50) in equilibrated organotypic slice culture medium 

(37˚C/ 5% CO2). Organotypic medium contained the following: 78.5% Minimum Essential 

Medium (Gibco, 21090), 15% Heat Inactivated Horse Serum (Gibco, 26050), 2% B27 Plus 

Supplement (Gibco, A3582801), 2.5% 1 M HEPES, 1.5% 0.2 M GlutaMax supplement, 0.5% 0.05 

M ascorbic acid, 1 mM CaCl2 and 1 mM MgSO4. Organotypic medium was refreshed every 3.5 

days. Slices were either transfected at DIV5 by SCE with electrophysiological recordings 

performed at day post-transection (DPT) 4 or transduced by AAV at DIV3 with 

electrophysiological recordings performed at DPI 5.

Organotypic slices were transfected using single-cell electroporation (SCE) based on the method 

described by (Rathenberg et al., 2003; Wiegert et al., 2017b). Endotoxin-free plasmid DNA in TE 

buffer (pH 7.4) was diluted to 33 ng/µl in a potassium-based intracellular solution containing (in 

mM): 135 CH3SO3H, 135 KOH, 4 NaCl, 2 MgCl2, 10 HEPES, 2 Na2-ATP, 0.3 Na-GTP, 0.06 

EGTA and 0.01 CaCl2 at pH 7.3.  To visualise successful electroporation, 20 µM Alexa Fluor-594 

(Invitrogen, A33082) was added to the solution and to visualise successful expression, pN1-EGFP 

(Clontech, 6085-1) was included at a ratio of 1:7 (EGFP:AMPAR). Organotypic hippocampal 

slices were submerged in HEPES-based artificial cerebrospinal fluid (ACSF) containing (in mM): 

140 NaCl, 3.5 KCl, 1 MgCl2, 2.5 CaCl2, 10 HEPES, 10 Glucose, 1 sodium pyruvate and 2 

NaHCO3, at pH 7.3. Borosilicate pipettes (Science Products; GB150F-8P; Dimensions: 0.86 x 1.5 x 

80 mm) with a resistance of 3-5 MΩ were backfilled with the transduction solution containing 

plasmid DNA. Neurons were electroporated by obtaining a loose seal in cell-attached mode 

followed by delivery of a pulse train (14 V at 200 Hz for 60 pulses, 0.50 ms pulse width). 20 cells 

were electroporated per slice, with a typical success rate of ~25%   .
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Organotypic hippocampal slices

Organotypic slice cultures were prepared as described previously (Stoppini et al., 1991). Briefly, 

the hippocampus was isolated from P6-8 C57Bl/6 mice in high-sucrose Gey's Balanced Salt 

Solution (GBSS) containing (in mM): 175 Sucrose, 50 NaCl, 2.5 KCl, 0.85 NaH2PO4, 0.66 

KH2PO4, 2.7 NaHCO3, 0.28 MgSO4, 2 MgCl2, 0.5 CaCl2 and 25 glucose at pH 7.3. Hippocampi 

were cut into 300 µm slices using a McIlwain Tissue Chopper and cultured on Millicell Cell 

Culture Inserts (Merk-Millipore, PICM0RG50) in equilibrated organotypic slice culture medium 

(37˚C/ 5% CO2). Organotypic medium contained the following: 78.5% Minimum Essential 

Medium (Gibco, 21090), 15% Heat Inactivated Horse Serum (Gibco, 26050), 2% B27 Plus 

Supplement (Gibco, A3582801), 2.5% 1 M HEPES, 1.5% 0.2 M GlutaMax supplement, 0.5% 

0.05 M ascorbic acid, 1 mM CaCl2 and 1 mM MgSO4. Organotypic medium was refreshed every 

3.5 days. Slices were either transfected at DIV5 by SCE with electrophysiological recordings 

performed at day post-transection (DPT) 4, or transduced by AAV at DIV3 with 

electrophysiological recordings performed at DPI 5-7 for microinjected slices or DPI 4-13 for 

globally infected slices.

Single-cell electroporation

Organotypic slices were transfected using single-cell electroporation (SCE) based on the method 

described by Rathenberg et al., (2003) and Wiegert et al., (2017b). Endotoxin-free plasmid DNA 

in TE buffer (pH 7.4) was diluted to 33 ng/µl in a potassium-based intracellular solution 

containing (in mM): 135 CH3SO3H, 135 KOH, 4 NaCl, 2 MgCl2, 10 HEPES, 2 Na2-ATP, 0.3 Na-

GTP, 0.06 EGTA and 0.01 CaCl2 at pH 7.3.  To visualise successful electroporation, 20 µM 

Alexa Fluor-594 (Invitrogen, A33082) was added to the solution and to visualise successful 

expression, pN1-EGFP (Clontech, 6085-1) was included at a ratio of 1:7 (EGFP:AMPAR). 

Organotypic hippocampal slices were submerged in HEPES-based artificial cerebrospinal fluid 

(ACSF) containing (in mM): 140 NaCl, 3.5 KCl, 1 MgCl2, 2.5 CaCl2, 10 HEPES, 10 Glucose, 1 

sodium pyruvate and 2 NaHCO3, at pH 7.3. Borosilicate pipettes (Science Products; GB150F-8P; 

Dimensions: 0.86 x 1.5 x 80 mm) with a resistance of 3-5 MΩ were backfilled with the 

transduction solution containing plasmid DNA. Neurons were electroporated by obtaining a loose 

seal in cell-attached mode followed by delivery of a pulse train (14 V at 200 Hz for 60 pulses, 

0.50 ms pulse width). 20 cells were electroporated per slice, with a typical success rate of ~25% .



 AAV global transduction

For global transduction of organotypic slice culture, AAV stock solutions constituted in PBS were 

diluted in organotypic media to a concentration of 1.0 x1013 GC/ml. Individual DIV 3 

organotypic hippocampal slices were then submerged in 2 µl of diluted virus and placed back in 

the incubator. Electrophysiological recordings were performed at DPI 4, 7 and 13 and 

immunofluorescence experiments were performed at DPI 13. Dissociated hippocampal cultures 

were infected with AAV by application 2 µl of 1.0 x1013 GC/ml virus at DIV 7. 

Immunofluorescence experiments were subsequently performed at DPI 7. A face mask was worn 

during this procedure and all instruments were washed thoroughly with 70% ethanol. 

 

P0 stereotactic injection

Mice were bred with floxed loci at Gria1 , 2 and 3 genes (Gria1lox/lox; Gria2lox/lox; Gria3lox/lox) referred 

to as Gria1-3fl/fl. 0.5 µl of AAV-Cre-GFP (Penn Vector Core) was injected into each 

hippocampus of postnatal day 0-1 (P0/1) pups at a titre of 2.0 x1012 GC/ml using injection 

pipettes made of borosilicate glass. Pups were anaesthetised using 4% isoflurance throughout 

the procedure before performing intracerebral injection, as described previously (Ho et al., 2020). 

Following recovery pups were used for the preparation of organotypic slices at P6-8.
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For selective expression in the CA1 region of organotypic hippocampal slices, high titer AAV (1.0 

x1013 GC/ml) was injected into the extracellular space of the CA1 pyramidal layer (Ehrengruber et 

al., 1999; Wiegert et al., 2017a). Injection pipettes were prepared from borosilicate glass capillaries 

pulled using a single-step heating protocol with a tip diameter of ~50 µm. To inject organotypic 

hippocampal slices, pressure was applied through a 1 ml syringe for a total of 5 times per injection 

site, with 3 injection sites per slice. GFP fluorescence was observed from DPI 3 onwards, with 

subsequent electrophysiological recordings performed at DPI 5-7.

--------For global transduction of organotypic slice cultures,For global transduction of organotypic slice culture,



2.3 AAV production, purification and titration

AAV serotype 2/9 viral vectors were produced and purified in a Biosafety Level 2 containment 

suite (Biological Safety Committee, MRC LMB). Recombinant AAVs were generated by triple 

transfection of HEK 293T cells (ATCC) using polyethylenimine (Gray et al., 2011). Viral 

particles were harvested from the cells and media at 72 hours. 40% polyethylene glycol 8000 

(Sigma-Aldrich, P2139) in 500 mM NaCl was used to precipitate viral particles from the cell 

media to ensure recovery of high titer virus (Chan et al., 2017; Deverman et al., 2016). Cell 

pellets were resuspended in 150 mM NaCl with 20 mM Tris pH 8.0, freeze-thawed three times,

and treated with 250 U/ml Benzonase (Sigma-Aldrich, E8263) and 1 mM MgCl2 at 37˚C for 15

mins. Precipitated virus was then resuspended and added to the cell lysates before incubation at

37˚C for 15 mins and clarified by centrifugation at 3,900 rpm. The clarified stocks were purified

over iodixanol (Optiprep, Sigma-Aldrich, D1556) step gradients (15%, 25%, 40% and 60%)

(Zolotukhin et al., 1999) and then subjected to ultracentrifugation at 50,000 rpm for 1.5 hours 

(Beckman, VTi50 rotor). 3 ml of the 40 layer was collected post-ultracentrifugation and 

concentrated to 150 µl in PBS using centrifugal filters (100K, Amicon, Merck-Millipore, 

UFC910024). AAV titer was measured using quantitative RT-PCR (qPCR) (Zolotukhin et al., 

1999). The purified viral stock was treated with 10 U DNase I (Takara, 2270A) and 10 mg/ml 

Proteinase K to remove contaminating DNA. Plasmid DNA was used to construct a standard 

curve with a range of 100 pg/ml to 1000 ng/ml. Two samples were prepared for each standard 

concentration of DNA and the viral stock to improve the accuracy of qPCR measurement. qPCRs 

were run with Rotor-Gene SYBR Green PCR Kit (Qiagen, 204074).
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2.4 Electrophysiology 

Recordings were made from hippocampal CA1 pyramidal neurons visually identified using a 60x 

water immersion objective on an upright microscope (Scientifica, SliceScope). Electrical 

responses were measured using a Multiclamp 700B amplifier and pClamp 10 acquisition software 

(Molecular Devices). Signals were low-pass filtered at 4 kHz and digitised at 25-50 kHz (Digidata 

1550B). Series resistance (Rs), measured by the instantaneous current response to a −5 mV step 

was <20 MΩ. Rs was compensated to remain less than 10 MΩ and was monitored throughout the 

recording. Recordings were discarded if Rs changed significantly (>20%) and cells from dual 

recordings differed by >8 MΩ. Organotypic hippocampal slices were submerged in ACSF 

containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 10 glucose, 1 sodium 

pyruvate, 4 MgCl2, 4 CaCl2 at pH 7.3 (95% O2 / 5% CO2). For spontaneous EPSC (sEPSC) 

recordings, 4 mM CaCl2 was substituted with 4 mM SrCl2 and for miniature EPSC (mEPSC) 

recordings, 1 µM TTX was included in the ACSF solution. All recordings were conducted at 

26oC, maintained with an in-line Peltier heater (Scientifica). 

Excitatory postsynaptic currents (EPSCs) were evoked by stimulation of Schaffer collaterals in 

the stratum radiatum of CA1 using a monopolar glass electrode, filled with ACSF, at a test pulse 

frequency of 0.2 Hz. For synaptic rectification index (RI) experiments, AMPAR currents were 

isolated by the addition of 100 µM D-AP5 (NMDAR antagonist; Tocris-Bioscience, Cat No. 

0106), 10 µM SR 95531 hydrobromide (GABAAR antagonist; Tocris-Bioscience, Cat No. 1262) 

and 2-Chloroadenosine (Adenosine receptor agonist; Tocris-Bioscience, Cat No. 3136) to prevent 

epileptiform activity. 3-5 MΩ borosilicate pipettes were filled with intracellular solution 

containing (in mM): 135 CH3SO3H, 135 CsOH, 4 NaCl, 2 MgCl2, 10 HEPES, 4 Na2-ATP, 0.4 

Na-GTP, 0.15 spermine, 0.6 EGTA, 0.1 CaCl2, adjusted to pH 7.3 with CsOH. Simultaneous dual 

whole-cell voltage clamp recordings were obtained from   untransfected (GFP-) and neighbouring 

transfected (GFP+) CA1 pyramidal neurons, visualised by epifluorescence. 

RI was calculated by recording AMPAR currents from cells held at a membrane potential of –60, 

0 and +40 mV and calculated using the following equation: 

RI = – (I+40 – I0) / (I-60 – I0) 

The paired pulse ratio (PPR) was calculated using the following equation: 

PPR = EPSC2 / EPSC1 
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Recombinant AMPAR recordings were performed by pulling outside-out patches of membrane 

from GFP+ AMPAR expressing HEK293 cells. AMPAR currents were recorded from the peak 

response to 200 ms 10 mM glutamate application. The weighted tau (τw) decay was calculated 

using the following equation, where A1 and A2 are the relative amplitudes of the two 

exponentials: 

w = � 1 (A1 / A1+A2) + � 2 (A2 / A1+A2) 

To study neuronal excitability, measurements were performed in current-clamp mode using the 

whole-cell configuration. Spike number was measured from the response to a 2 s +350 pA 

depolarising current injection. The action potential threshold was determined from +50 pA current 

injection steps and the resting membrane potential was measured from the baseline response. 

2.5 Mass spectrometry 

 Biotinylation in organotypic slices

Biotin-depleted media was prepared by incubating organotypic medium with streptavidin 

agarose beads (Pierce™ Streptavidin Agarose; Thermo Scientific; #20353) overnight, before 

spinning down and collecting the supernatant. Biotinylation was induced in DPI 13 BirA*-

AMPAR expressing organotypic slices by a combination of media replacement and submersion 

in 2 µl organotypic media containing 200 µM biotin (Sigma; #B4501) and 2 mM ATP (Sigma; 

#A2383) for a total of 48, 18 or 2 hrs, for BioID2-, MiniTurbo- and TurboID-AMPARs 

respectively. For APEX2- organotypic media was supplemented with 500 µM biotin-phenol 

(Sigma; #SML2135) and H2O2 (Sigma #H1009) to initiate biotinylation for a total of 10 mins. 50 

slices were processed per condition from a litter of 6x C57/Bl6 mice and each preparation was 

performed independently 3 times. Following biotinylation, slices were submerged in ice-cold 

PBS containing 1x Protease Inhibitor cocktail (Roche; #5056489001) and 1 mM PMSF 

(phenylmethylsulfonyl fluoride) and lifted from the culture membrane using a sterilised micro 

spatula (Fischer Scientific; #11523482). Slices were then collected in Protein LoBind 

microcentrifuge tubes (Eppendorf; #0030108116), snap frozen and stored at -80°C. Subsequent 

sample processing was performed in triplicate, to limit the variability of downstream sample 

handling steps.
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The coefficient of variation (CV) was calculated using the following equation:

CV = EPSCSD / EPSCMean
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Lysis_of_organotypic_slices 

Slices were lysed in 500 µl RIPA buffer, containing (in mM): 150 NaCl, 50 Tris-HCl, 1% Triton 

X-100, 0.5% Sodium deoxycholate, 1% sodium dodecyl sulfate (SDS), 1 PMSF and 1x Protease 

Inhibitor cocktail at pH 7.4. Samples were dounce homogenised 15 times, probe sonicated twice 

for 10 sec and heated to 95˚C for 5 min to denature the postsynaptic density (Loh et al., 2016). 

500 µl SDS-free RIPA buffer was added to the samples before rotation for 1 hour at  4˚C. Lysed 

samples were then centrifuged at 15,000 rpm for 10 min at 4°C and 1 ml of the clarified lysate 

was carefully collected and kept on ice. The protein concentration of each sample was then 

determined using the BCA assay (Thermo Scientific; #23225) and adjusted to 1 mg/ml using 

RIPA buffer. 100 µl organotypic slice lysate was reserved for western blotting and 900 µl was 

used for isolation of biotinylated proteins. 

 

Streptavidin magnetic beads (Invitrogen; Dynabeads™ MyOne™ Streptavidin C1, 65002) were 

used to isolate biotinylated proteins from slice lysates. For each experimental condition, 500 µl 

streptavidin magnetic beads were pre-washed three times in RIPA buffer and then incubated with 

900 µl of 1 mg/ml clarified lysate on rotation at 4˚C overnight. Beads were then subjected to the 

following wash steps by collection and 10 min re-suspension using a magnetic bead rack (GE 

Healthcare; 28-9489-64) and rotor: 3 washes in Wash Buffer 1, containing (in mM): 150 NaCl, 1 

EDTA, 2% SDS, 50 Tris-HCl; 3 washes in Wash Buffer 2, containing (in mM): 500 NaCl, 1 

EDTA, 1% Triton X-100, 50 Tris-HCl; and 3 washes in Wash Buffer 3, containing (in mM): 150 

NaCl, 50 Tris-HCl, all wash buffers were supplemented with 1 PMSF and 1x Protease Inhibitor 

cocktail at pH 7.4. Biotinylated proteins were eluted by re-suspending washed streptavidin 

magnetic beads in 50 µl Elution buffer containing (in mM): 1x SDS-PAGE loading buffer 

(Invitrogen; NP0007), 10 mM dithiothreitol (DTT), biotin added to saturation and heating to 95˚C 

for 10 mins. Elution samples were then run on a 60 µl capacity Bolt 4-12% Bis-Tris Plus gel 

(Invitrogen; NW04120BOX) in 1X Bolt MES SDS running buffer (Invitrogen; B0002) stained 

with Coomassie blue and cut into 1 mm3 gel pieces re-suspended in 10 µl H2O and stored at -20°

C.
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In-Gel digestion and nano-LC-MS/MS analysis 

SDS-PAGE separated protein gel bands were excised, destained, reduced with DTT and alkylated 

with iodoacetamide. They were then digested overnight with trypsin (Promega) in ammonium 

bicarbonate at 37°C. Extracted peptide mixtures were separated using an Ultimate 3000 RSLC 

nano System (Thermo Scientific), with an acetonitrile gradient, consisting of buffer A (2% 

MeCN, 0.1% formic acid) and buffer B (80% MeCN, 0.1% formic acid) at a flow rate of 300 nl/

min. Eluted peptides were introduced directly via a nanospray ion source into a Q Exactive Plus 

hybrid quardrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific). The mass 

spectrometer was operated in standard data dependent mode, performed survey full-scan (MS, m/

z = 380-1600) with a resolution of 70000, followed by MS2 acquisitions of the 15 most intense 

ions with a resolution of 17500 and NCE of 27%. MS target values of 1 x106 and MS2 target 

values of 1 x105 were used.  The isolation window was set as 1.5 m/z and dynamic exclusion was 

enabled for 30 seconds. 

 Protein quantification

The acquired MSMS raw files were processed using MaxQuant (Cox and Mann) with the 

integrated Andromeda search engine (v.1.6.6.0). MSMS spectra were searched against Mus 

muculus, UniProt Fasta database (Mar 2019). Carbamidomethylation of cysteines was set as 

fixed modification, while oxidation of methionine, N-terminal protein acetylation and 

deamination of glutamine as variable modifications. Enzyme specificity was set to trypsin/p and 

maximum two missed cleavages were allowed. Obtained label-free quantification (LFQ) 

intensities were used for relative quantification of enriched proteins. Protein 

quantification requires 1 (unique+ razor) peptide. MaxQuant output file, proteinGroups.txt 

was then processed with Perseus software (v 1.6.6.0). After uploading the matrix, the data was 

filtered, to remove identifications from reverse database and modified peptide only, and 

common contaminants. Also filtered razor plus unique peptides, at least greater or equal to 2. 

Inclusion criteria was set to include only proteins present in at least 2 out of 3 repeats for each 

condition in the dataset. Missing values were replaced from normal distribution after filtered 

row based on valid values.

41________________________________________Methods

.6
... B..and B



4242

Fold-enrichment between experimental conditions was calculated from the difference in 

biotinylation intensity (LFQ) between two experimental conditions and Log2 transformed. 

Statistical significance was calculated using the P value from a paired t-test of triplicate datasets 

and -Log10 transformed. Volcano plots were subsequently constructed by plotting fold-

enrichment (x-axis) against significance (y-axis) for each given comparison. Reproducibility plots 

were constructed by plotting the biotinylation intensity of the 1st and 2nd replicate of a given 

condition and calculating the R2 value of a simple linear regression in Prism 8 (GraphPad). BirA* 

enrichment was determined by constructing volcano plots of GluA2 full-length (WT)/ ∆NTD 

against Uninfected control. NTD enrichment was determined by constructing volcano plots of 

GluA2 against GluA2 ∆NTD. Proteins were considered AMPAR NTD candidates if they passed 

through the following filters: Filter 1: 2-fold enrichment for BirA*-AMPARs relative to 

Uninfected control. Filter 2: 2-fold enrichment for TurboID-GluA2 WT relative to TurboID-

GluA2 ∆NTD. Filter 3: P value < 0.05 for TurboID NTD-enrichment. Final ranking was based on 

overall NTD-enrichment value across all three BirA* tags and APEX2. Cellular component and 

biological function enrichment analysis was performed using the Synapse Gene Ontology 

(SynGO) database (Koopmans et al., 2019; www.syngoportal.org). Synaptic coverage was 

calculated by calculating the number of synaptic genes identified by SynGO divided by the total 

number of identified genes (SynGO/ Total) and expressed as a percentage. Subcellular locations 

of non-synaptic proteins were deduced using the Gene Ontology (GO) database 

(www.geneontology.org). Candidates were defined as secreted or transmembrane-bound and 

protein boundaries were defined using the UNIPROT database (www.uniprot.org).

Western blotting of HEK293 cells or organotypic slices was performed by combining 26 µl cell 

lysate with 4 µl 100 mM DTT and 10 µl 4x NuPAGE LDS Sample Buffer (Invitrogen, 

#NP0007) before protein denaturation at 95°C for 5 min. Samples were run on Bolt 4-12% 

Bis-Tris gels (Invitrogen, #NW04122BOX) alongside a molecular weight marker (GE 

Healthcare, #RPN800E). Proteins were then transferred to a nitrocellulose membrane using 

an iBlot (Invitrogen, #IB1001) and incubated in blocking buffer containing 5% milk powder or 

0.5% BSA for blots to be probed with streptavidin-HRP, as the free biotin present in milk 

competes with biotinylated proteins binding to streptavidin-HRP. Blots were incubated for 1 hr in 

__
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streptavidin-HRP. Blots were incubated for 1 hr in anti-BioID2 (1:5000) or anti-GluA2 (Sigma, 

#AB10529; 1:1000) followed by incubation with respective secondary antibodies anti-chicken-

HRP (Abcam, #ab97135; 1:10,000), anti-rabbit-HRP (Abcam, #ab6721; 1:1000) or streptavidin-

HRP (Abcam, #ab7403; 1:12,000) for 1 hr at RT. All blots were washed 3x 10 min in tween PBS 

before exposure with ECL Prime detection reagent (GE Healthcare, #RPN2232) for imaging.

2.6 Fluorescence imaging

Immunostaining dissociated hippocampal cultures

Immunostaining of organotypic hippocampal slices was performed using an adapted 

in 4% paraformaldehyde (PFA), 4% sucrose in PBS for 10 min at room temperature (RT). Slices 

were then washed 3x briefly and 3x for 10 min in PBS and permeabilised with 0.5% Triton 

X-100 (Fisher Bioreagents, #BP151-500) in blocking solution containing 20% bovine serum

albumin (BSA) (Fisher Bioreagents, #BP1605-100) for 12 hrs at 4°C. Slices were then incubated 

in primary anti-BioID2 (Kim et al., 2016; BioFront Technologies; #BID2-CP-100; 1:1000) 

prepared in 5% BSA in PBS overnight at 4°C followed by incubation in secondary antibody anti-

chicken Alexa Fluor-568 (AF568) (Invitrogen, #A-11041; 1:500) and streptavidin AF647-

conjugate (Molecular Probes, 10654043; 1:300) at RT for 4 hrs. Slices were then washed 3x 

briefly and 3x 10 min in PBS on a horizontal shaker and incubated with Hoechst 33258 

(Invitrogen, H3569) for 1 min on the penultimate wash. Slices were stored in PBS at 4°C until 

imaging, where they were transferred onto a glass coverslip, submerged in PBS and imaged 

using a 10x/0.40 dry objective, 40x/1.10 water-immersion objective or 63x/1.40 oil-immersion 

objective on a Leica TCS SP8 confocal microscope using LAS X software. DPI 7 dissociated 

hippocampal cultures were fixed in 4% PFA, 4% sucrose in PBS for 10 min at RT. Cells were 

then washed 3x briefly and 3x for 10 min with PBS and permeabilised with 0.1% Triton X-100 

in blocking solution containing 1% BSA and 10% normal goat serum (NGS) (Sigma-

Aldrich, #NS02L) in PBS for 30 min. Neurons were then incubated with primary antibody anti-

BioID2 for 2-4 hrs followed by secondary antibodies for 1 hr with anti-chicken  AF568 and

streptavidin AF647-conjugate in 10% BSA and 1% NGS. Neurons were washed 3x 

briefly and 3x 10 min in PBS following primary and secondary antibody incubations. 
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anti-BioID2 (1:5000) or anti-GluA2 (Sigma, #AB10529; 1:1000) followed by incubation with 

respective secondary antibodies anti-chicken- HRP (Abcam, #ab97135; 1:10,000), anti-rabbit-HRP 

(Abcam, #ab6721; 1:1000) or streptavidin- HRP (Abcam, #ab7403; 1:12,000) for 1 hr at RT. All 

blots were washed 3x 10 min in tween PBS before exposure with ECL Prime detection reagent (GE 

Healthcare, #RPN2232) for imaging.
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calculated using the following equation: 

FI = (FI AF647) / (FI AF555) × 100 
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The following primary antibodies were used to stain for candidate proteins: Olfm1 

(Neuromab; Cat# 75-042; 1:500), Np65 (R&D systems; Cat# AF5360; 1:500) and Nptx1 

(kindly provided by Dr Kunimichi Suzuki). Nptx1 was stained for in organotypic slice 

cultures by treating PFA fixed slices with 100 mg/ml pepsin for 3 min at 37°C, to 

improve antibody penetration. Live-labelling of surface HA-AMPARs was performed at 4 

DPT by incubation with rabbit anti-HA (Sigma, Cat# H6908; 1:200) for 20 min at room 

temperature. Total HA-AMPAR was detected using mouse anti-HA (BioLegend, Cat# 

901501; 1:500), followed by incubation in corresponding secondary antibodies: goat 

anti-rabbit IgG AF568 (Invitrogen, Cat# A - 11036; 1:500), goat anti-mouse IgG AF488 

(Invitrogen, Cat# A - 11029; 1:500). Coverslips were mounted in ProLong Diamond 

Antifade Mountant (Invitrogen, #P36961) and cured in the dark at RT for 48 hrs.

Cell-based_binding_assay

Direct interactions between candidate proteins and iGluR NTDs were assessed in a 

cell-based binding assay using a protocol adapted from Matsuda et al., (2016) and Suzuki 

et al., (2020). HEK293T cells (ATCC, #CRL-11268) were transfected with NTD-myc-

pDisplay constructs displaying iGluR NTDs with an extracellular myc tag. Candidates 

were co-transfected in a different subset of HEK293 cells with pDisplay-BirA-ER at a ratio 

of 3:1 and biotin was added to the media to permit in vivo biotinylation and secretion of 

candidates into the culture media for 60 hrs. NTD displaying HEK293 cells were plated on 

poly-L-lysine coated 12 mm glass coverslips (Corning, #354085) and allowed to settle 

overnight before incubation with secreted candidates for 4 hrs. Cells were then fixed in 

PFA for 10 min at RT and stained with primary antibodies: anti-myc (1:500; Sigma, #M4439) 

and respective secondary antibodies: anti-mouse AF555 and Streptavidin AF647-conjugate 

(1:300; Molecular Probes, #10654043). Coverslips were then mounted in ProLong Diamond 

Antifade Mountant (Invitrogen, #P36961) and cured in the dark at RT for 48 hrs. Images 

were taken using a 63x oil-immersion objective on a Leica TCS SP8 confocal microscope 

using LAS X software. Equivalent laser power settings were applied across all 

experimental conditions. 6 images were taken per coverslip at a resolution of 512 x 512 

from at least 3 independent preparations. Fluorescence intensity (FI) of NTD expression 

(myc; AF555) and candidate binding (streptavidin; AF647) was quantified using ImageJ 

and calculated using the following equation:

Candidate binding (AU) = (FI AF647) / (FI AF555) × 100
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Chapter 3 

AMPAR   sub-synaptic positioning  through  its 

N-terminal domain

3.1 Introduction 

The molecular organisation of the presynaptic active zone (AZ) and postsynaptic density 

(PSD) ensure efficacious synaptic transmission can occur. AMPARs are localised 

predominantly within the PSD where they contribute to the fast component of the excitatory 

postsynaptic current (EPSC) (Figure 3.1; Bekkers and Stevens, 1989). On a sub-synaptic scale, 

AMPARs are not uniformly distributed within the PSD, instead assembling themselves 

within ‘nanodomains’ (Nair et al., 2013; MacGillavry et al., 2013). Due to the relatively 

low-affinity of AMPARs for glutamate (0.1-1 mM; Traynelis et al., 2010) and localised release of 

vesicular glutamate, receptors must be positioned sub-synaptically near vesicle release sites to 

achieve full activation (Franks et al., 2003; Raghavachari and Lisman, 2004). It is thought that 

not all synaptic AMPARs respond to every release event (Liu et al., 1999; McAllister and 

Stevens, 2000), therefore, clustering of synaptic AMPARs on a nanometer scale profoundly 

increases the synaptic efficacy (Xie et al., 1997; Franks et al., 2003; Lisman et al., 2007; 

Raghavachari and Lisman, 2004; Savtchenko and Rusakov, 2014). Furthermore, recent 

evidence suggests that alignment of the AZ and PSD in trans  -synaptic ‘nanocolumns’ 

increases synaptic strength (Tang et al., 2016; Biederer et al., 2017), with a number of 

synaptic proteins facilitating this process (Chamma et al., 2016; Fukata et al., 2021). Evidence 

for the functional importance of sub-synaptic receptor positioning however, remains entirely 

computational. This chapter aims to resolve the physiological importance of AMPAR 

positioning at CA1 synapses using glutamate spillover and electrophysiology. 



The AMPAR N-terminal domain (NTD) is required to maintain excitatory synaptic transmission 

and plasticity (Watson et al., 2017; Díaz-Alonso et al., 2017; Watson et al., 2020; Jiang et al., 

2021). NTD-deleted (∆NTD) AMPARs exhibit increased mobility at hippocampal synapses, as

measured by fluorescence recovery after photobleaching (Watson et al., 2017). This suggests that 

∆NTD receptors are unable to anchor at postsynaptic sites, likely being omitted from the PSD and

instead localising at the ‘peri-synaptic’ region (Figure 3.1; within ~100 nm of the PSD; 

Hardingham and Bading, 2010). An emerging hypothesis is that the AMPAR NTD engages in 

interactions with synaptic proteins, positioning receptors within nanocolumns for effective 

synaptic transmission (Watson et al., 2020). Previous studies have relied on electrophysiological 

assays to detect the incorporation or exclusion of AMPARs from CA1 synapses, however direct 

functional evidence for AMPAR sub-synaptic positioning remains elusive. To directly measure 

activation of peri-synaptic AMPARs, glutamate spillover experiments were designed to investigate 

the requirement of the AMPAR NTD for sub-synaptic positioning. 

The synaptic cleft is a protein-rich environment (Perez de Arce et al., 2015; Biederer et 

al., 2017), composed of a number of trans -synaptic interactions responsible for orchestrating 

alignment of pre- and post-synaptic sites (Chamma et al., 2016; Fukata et al., 2021). A number 

of secreted cleft proteins have been shown to simultaneously influence postsynaptic 

ionotropic glutamate receptor (iGluR) function and presynaptic differentiation (Matsuda et 

al., 2010; Matsuda et al., 2016; Elegheert et al., 2016). The AMPAR NTD appears to maintain 

synaptic transmission in a subunit-specific manner at CA1 synapses (Watson et al., 2017; Díaz-

Alonso et al., 2017; Watson et al., 2020). Given that the NTD protrudes mid-way into the 

synaptic cleft exposing it to a protein-rich environment, it is possible that the AMPAR NTD may 

engage in subunit-specific interactions with synaptic proteins. Cleft protein interactions with 

the AMPAR NTD are hypothesised to influence receptor mobility (Watson et al., 2017) and 

sub-synaptic positioning (Watson et al., 2020). However, despite numerous computational 

studies (Xie et al., 1997; Franks et al., 2003; Lisman et al., 2007;  Raghavachari and Lisman, 

2004; Savtchenko and Rusakov, 2014), there is currently no direct evidence for the physiological 

consequence of sub-synaptic AMPAR positioning.
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Figure 3.1 Hypothesised sub-synaptic positioning of WT and NTD-deleted AMPARs. (A) 

Hypothesised synaptic arrangement of WT and ∆NTD AMPARs. WT  receptors are positioned 

within the postsynaptic density (PSD, ~1000 nm size; Hruska et al., 2018; Sun et al., 2019) in 

direct apposition to presynaptic glutamate release from the active zone (AZ). Postsynaptic 

AMPARs are thought to be aligned with presynaptic release sites in nanocolumns (dashed box) 

(Tang et al., 2016), potentially through direct interactions with proteins in the synaptic cleft. A 

robust postsynaptic EPSC is hypothesised with receptors clustered in nanocolumns. ∆NTD 

receptors however, may be excluded from the PSD residing in the peri-synaptic region (peri-

synapse, within 100 nm of the PSD; Hardingham and Bading, 2010). Subsequently, the 

postsynaptic EPSC may be decreased, due to the relatively low affinity of AMPARs for glutamate 

and distal positioning from glutamate release sites. Excitatory amino acid transporters (EAATs) 

1-3 are expressed in the hippocampus. EAAT1/2 are located on astrocytes and EAAT3 is located 

on neurons. (B) DL-TBOA and TFB-TBOA are non-transportable inhibitors of EAAT1-3 

(Shimamoto et al., 1998; Shimamoto et al., 2000; Shimamoto et al., 2004). Blockade of glutamate 

uptake into astrocytes results in a ‘spillover’ in the synaptic cleft. Glutamate spillover (+) can be 

used to activate receptors in the peri-synaptic region, which would otherwise not be activated 

during basal conditions (-). 
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Excitatory amino-acid transporters (EAATs) rapidly uptake glutamate from the synaptic cleft. Of 

the five glutamate transporters, EAAT1-3 are expressed in the hippocampus. EAAT1 and 

EAAT2 are predominantly expressed in astrocytes and EAAT3 in neurons (Tzingounis and 

Wadiche, 2007). DL-threo-β-Benzyloxyaspartic acid (DL-TBOA) is a selective glutamate uptake 

inhibitor of EAAT 1-3 (Figure 3.1B; IC50 in µM: EAAT1 = 48, EAAT2 = 7.0, EAAT3 = 8.0; 

Shimamoto et al., 1998; Shimamoto et al., 2000), and (3S)-3-[[3-[[4-

(Trifluoromethyl)benzoyl]amino]phenyl]methoxy]-L-aspartic acid (TFB-TBOA) is a selective 

glutamate uptake inhibitor of EAAT 1/2 (Figure 3.1B; IC50 in nM: EAAT1 = 17, EAAT2 = 22, 

EAAT3 = 300; Shimamoto et al., 2004). Glutamate transporters tightly control the spatio-

temporal release of glutamate in the synaptic cleft minimising the concentration at extra-synaptic 

sites and cross-talk with neighbouring synapses (Asztely et al., 1997; Tzingounis and Wadiche, 

2007). Under physiological conditions the concentration of glutamate is thought to rise above 1 

mM in the synaptic cleft and is cleared within 10 ms (Dzubay and Jahr, 1999; Reiner and Levitz, 

2018). Comparitively, extra-synaptic sites see low nM range concentrations of glutamate 

(Herman and Jahr, 2007). Pharmacological blockade of EAAT1-3 with TBOA however, results 

in a spillover of glutamate from the synapse increasing the concentration and time-course of 

glutamate at extra-synaptic sites (Hires et al., 2008; Armbruster et al., 2016; Pinky et al., 2018). 

TBOA application has been used extensively to activate receptors outside the PSD (peri- and 

extra-synaptic) and even those on neighbouring synapses (DiGregorio et al., 2002; Nietz et al., 

2017), demonstrating the synaptic localisation of extra-synaptic NMDARs (Chen and Diamond, 

2002; Clark and Cully-Candy, 2002), peri-synaptic AMPARs (He et al., 2009; Yang et al., 2008; 

Yang et al., 2010) and peri-synaptic mGluRs (Huang et al., 2004; Sheng et al., 2017b). This study 

utilises TBOA-induced glutamate spillover to study the sub-synaptic localisation of GluA1/2 WT 

and ∆NTD receptors at CA1 synapses. Ultimately determining the physiological importance of 

the AMPAR NTD in sub-synaptic receptor positioning. 
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3.2   Results 

3.2.1 AMPAR subunit    composition   at  CA1  synapses 

To determine the AMPAR subunit composition at hippocampal CA1 synapses, AMPAR 

excitatory postsynaptic currents (EPSCs) were recorded from CA1 synapses lacking GluA1-3 

subunits. To achieve GluA1-3 knockout, Cre-GFP was expressed in CA1 pyramidal neurons of 

conditional AMPAR knockout mice (Gria1-3fl/fl; Lu et al., 2009) via neonatal injection of 

AAV-Cre-GFP (Ho et al., 2020). Organotypic hippocampal slices were prepared from AAV-

Cre-GFP injected Gria1-3fl/fl pups and electrophysiological recordings were performed at day 

in vitro (DIV) 10. These experiments were performed to establish dual whole-cell recording of 

pairs of CA1 pyramidal neurons, the principle experimental technique used throughout this 

study. 

AMPAR and NMDAR EPSCs were recorded at membrane potentials of -60 and +40 mV 

respectively, measuring the AMPAR EPSC from the peak amplitude of responses at -60 mV, 

and the NMDAR EPSC from the amplitude 50 ms after the stimulus to avoid contamination by 

AMPAR currents (Figure 3.2A2). Pairs of  untransfected (GFP-) and infected (GFP+) CA1 

pyramidal neurons were recorded simultaneously to determine the effect of Cre-GFP expression 

on excitatory synaptic transmission. The AMPAR EPSC of Cre-GFP expressing cells was 

significantly reduced relative to paired untransfected cells (Figure 3.2A3), as reported previously 

(Lu et al., 2009; Ho et al., 2020). AMPAR EPSC responses were reduced to ~5-10%, likely 

mediated by residual AMPARs or NMDAR-contaminating currents. This suggests that GluA1-3 

subunits mediate the majority of AMPAR-mediated synaptic transmission at CA1 synapses 

in organotypic hippocampal slices. Cre-GFP NMDAR EPSCs were unchanged relative to paired 

untransfected cells (Figure 3.2A4), suggesting no compensatory change in NMDAR content, 

and no change in spine density (Lu et al., 2009). These experiments confirm that GluA1-3 

subunits mediate the majority of AMPAR-mediated synaptic transmission at CA1 synapses 

(Lu et al., 2009) and establish the use of dual whole-cell electrophysiology for use 

throughout this study. Furthermore, Lu et al., (2009) found that ~80% of AMPARs at CA1 

synapses were composed of GluA1/2 subunits. Therefore, this study predominantly investigates 

the role of GluA1/2 subunits on AMPAR-mediated synaptic transmission. 
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Figure 3.2 GluA1-3 knockout abolishes AMPAR currents at CA1 synapses (A1) Cre-GFP 

expressing CA1 pyramidal neurons were detectable by nuclear GFP expression in CA1 

pyramidal neurons of infected organotypic hippocampal slices preparared from Gria1-3fl/fl 

pups (kindly provided by Dr Alexandra Pinggera). Dual whole-cell recordings were 

performed from Uninf. (GFP-) and neighbouring Cre-GFP infected (GFP+) cells. (A2) AMPAR 

EPSCs were recorded from cells held at -60 mV and measured from the peak amplitude response. 

NMDAR EPSCs were recorded from cells held at + 40 mV and measured from the amplitude 

response 50 ms after the stimulus to avoid contamination by AMPAR currents. Uninf. (grey) and 

Cre-GFP (green) cells were recorded simultaneously using dual whole-cell patch 

clamp electrophysiology (scale bar = 20 pA; 20 ms). (A3) Cre-GFP AMPAR EPSC amplitude 

was significantly reduced relative to Uninf. (Uninf. = 51.8  6.9 pA; Cre-GFP = 5.4  0.9 pA; n = 

8; paired t-test, p < 0.001). (A4) Cre-GFP NMDAR EPSC amplitude was unchanged relative to 

Uninf. (Uninf. = 52.8  10.0 pA; Cre-GFP = 44.8  9.4 pA; n = 10; paired t-test, p = 0.27). 
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3.2.2   The AMPAR NTD is required for excitatory synaptic transmission 

The AMPAR NTD is involved in the maintenance of synaptic transmission and plasticity at CA1 

synapses (Watson et al., 2017; Díaz-Alonso et al., 2017; Watson et al., 2020; Jiang et al., 2021). 

To confirm these findings, electrophysiology experiments were first performed using 

overexpression (OE) of full-length (WT) and NTD-deleted (∆NTD) AMPAR subunits in CA1 

pyramidal neurons (Figure 3.3). Next, the role of endogenous AMPAR NTD-protein interactions 

was investigated by applying exogenous purified GluA1-3 NTDs to organotypic hippocampal 

slices whilst recording basal transmission and synaptic potentiation (Figure 3.4). 

 Overexpression of NTD-deleted AMPARs

OE of exogenous WT and ∆NTD receptors revealed a subunit-specific role for the AMPAR NTD 

in synaptic incorporation, determined by measurement of the synaptic rectification index (RI) 

(Watson et al., 2017; Díaz-Alonso et al., 2017). To corroborate these findings, GluA1/2 WT and 

∆NTD receptors were introduced into CA1 pyramidal neurons of organotypic hippocampal slices 

via single-cell electroporation (SCE) transfection (Figure 3.3A). Subsequently the AMPAR 

EPSC amplitude was recorded from pairs of untransfected and transfected cells using dual whole-

cell electrophysiology (Figure 3.3A3). 

The synaptic RI is commonly used as a measure of AMPAR synaptic trafficking (Hayashi et al., 

2000; Shi et al., 2001). This assay exploits the inwardly-rectifying current-voltage (IV) 

relationship of calcium-permeable AMPARs (Bowie and Mayer, 1995; Kamboj et al., 1995; 

Koh et al., 1995), owing to RNA editing at the Q/R site for GluA2 (Sommer et al., 1991). The 

synaptic RI serves as a measure of exogenous receptor (Q pore-containing) trafficking and 

positioning at CA1 synapses during this Chapter, calculated from AMPAR EPSC amplitudes 

(current; I ) at different membrane potentials (-60, 0, +40 mV) using the following equation: 

RI = – (I+40 – I0) / (I-60 – I0)



Figure 3.3 Subunit-specific role for the AMPAR NTD in synaptic incorporation 
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Figure 3.3 Subunit-specific role for the AMPAR NTD in synaptic incorporation (A1) Exogenous 

full-length (WT) and NTD-deleted (∆NTD) AMPAR subunits. (A2) Organotypic hippocampal 

slice preparation expressing GFP + AMPAR subunits. (A3) Dual whole-cell recording was 

performed from untransfected (GFP-) and transfected (GFP+) CA1 pyramidal neurons. AMPAR 

EPSCs were recorded in reponse to electrical stimulation of Schaffer collateral presynaptic inputs 

at a basal stimulation frequency of 0.2 Hz. (A4) GFP+ CA1 pyramidal neurons were transfected by 

single-cell electroporation (SCE) of AMPAR subunits. (B1) Synaptic RI of GluA2Q WT was 

significantly reduced relative to Untrans. (Untrans. = 0.56  0.079; GluA2Q WT = 0.20  0.012; n 

= 4; p < 0.05). (B2) AMPAR EPSC amplitude of GluA2Q WT was significantly increased relative 

to Untrans. (Untrans. = 46.2  10.9 pA; GluA2Q WT = 75.2  9.9 pA; n = 8; p < 0.001). (C1) 

Synaptic RI of GluA2Q ∆NTD was significantly reduced relative to Untrans. (Untrans. = 0.51  

0.074; GluA2Q ∆NTD = 0.25  0.032; n = 6; p < 0.001). (C2) AMPAR EPSC amplitude of 

GluA2Q ∆NTD was significantly reduced relative to Untrans. (Untrans. = 47.7  2.8 pA; GluA2Q 

∆NTD = 28.5  3.6 pA; n = 4; p < 0.001). (D1) Synaptic RI of GluA1 WT was significantly 

decreased relative to Untrans. (Untrans. = 0.51  0.04; GluA1 WT = 0.33  0.03; n = 13; paired t-

test, P < 0.001). (D2) GluA1 WT EPSC amplitude was unchanged relative to Untrans. (Untrans. = 

65.0  12.6 pA; GluA1 WT = 74.6  14.2 pA; n = 18; paired t-test, P = 0.42). (E1) Synaptic RI of 

GluA1 ∆NTD was unchanged relative to Untrans. (Untrans. = 0.56  0.06; GluA1 ∆NTD = 0.50  

0.08; n = 11; paired t-test, P = 0.43). (E2) GluA1 ∆NTD EPSC amplitude was unchanged relative 

to Untrans. (Untrans. = 44.6  8.45 pA; GluA1 ∆NTD = 52.0  9.05 pA; n = 11; paired t-test, P = 

0.45). (Scale bars: 20 pA; 20 ms).
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GluA2Q WT expressing cells have a significantly reduced synaptic RI relative to paired 

untransfected cells (Figure 3.3B1). This suggests that exogenous Q pore-containing receptors are 

incorporated into CA1 synapses where they contribute to synaptic transmission. Furthermore, the 

AMPAR EPSC amplitude of GluA2Q WT was significantly increased by ~50% relative to 

untransfected cells (Figure 3.3B2). GluA2Q ∆NTD expressing cells also have a significantly 

reduced synaptic RI relative to paired untransfected cells (Figure 3.3C1), indicative of successful 

synaptic incorporation. However, GluA2Q ∆NTD receptors have a significantly reduced 

AMPAR EPSC amplitude by ~50% relative to paired untransfected cells (Figure 3.3C2). These 

findings support previous publications (Watson et al., 2017; Díaz-Alonso et al., 2017; Watson et 

al., 2020), suggesting the GluA2 NTD is required for efficacious AMPAR-mediated synaptic 

transmission. 

Exogenous expression of GluA1 WT resulted in significant rectification of the synaptic response 

relative to paired untransfected cells (Figure 3.3D1). This suggests that GluA1 WT receptors are 

incorporated into CA1 synapses where they contribute to the synaptic response. The AMPAR 

EPSC amplitude however, remained unchanged relative to paired untransfected cells (Figure 

3.3D2). GluA1 ∆NTD receptors, however, had no effect on the extent of synaptic rectification 

(Figure 3.3E1) or AMPAR EPSC amplitude (Figure 3.3E2) relative to paired untransfected cells. 

This indicates that deletion of the GluA1 NTD results in a reduction in the number of synaptic 

receptors contributing to the AMPAR EPSC. These findings support previous publications 

(Watson et al., 2017; Díaz-Alonso et al., 2017; Watson et al., 2020), suggesting the GluA1 NTD 

is required for synaptic incorporation to maintain effective excitatory synaptic transmission. 

Taken together, OE of GluA1/2 WT and ∆NTD receptors demonstrates the subunit-specific role 

of the AMPAR NTD in ensuring effective AMPAR-mediated synaptic transmission. A 

developing hypothesis in the field is that synaptic protein interactions with the AMPAR NTD 

may position receptors at the synapse for optimal signal transduction (Watson et al., 2017; Díaz-

Alonso et al., 2017; Watson et al., 2020). To investigate the subunit-specific effect of the 

AMPAR NTD on excitatory synaptic transmission, experiments were performed with exogenous 

GluA1-3 NTD application to compete with endogenous synaptic protein interactions (Figure 3.4). 
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Application_of_exogenous_AMPAR_NTDs

The AMPAR NTD is a very sequence diverse region of the receptor (Figure 3.4A; García-Nafría 

et al., 2016a), suggesting it may engage in subunit-specific protein interactions. Here, it was 

hypothesised that application of exogenous purified AMPAR NTDs might compete with 

endogenous NTD-cleft protein interactions, thereby decreasing AMPAR-mediated 

synaptic transmission, as observed with OE of NTD-deleted receptors (Figure 3.3). This 

alternative approach enables assessment of the functional effect of AMPAR NTD 

interactions on endogenous receptors. Organotypic hippocampal slices were treated with 

100 nM GluA1-3 NTDs, forming predominantly NTD dimers (Rossmann et al., 2011). Slices 

were pre-incubated with purified NTDs or buffer solution for 12 hrs to ensure sufficient 

penetration of protein through the slice before recording. Additionally, 100 nM NTDs were 

included in the recording solution to prevent wash-out. Due to the large perfusion system 

volume (20 ml) required for electrophysiological recordings, a relatively low working 

concentration of 100 nM was chosen, as this was the maximal concentration achievable with the 

attained quantities of purified protein. To assess changes in excitatory synaptic 

transmission, AMPAR and NMDAR EPSCs were recorded at -60 mV and +40 mV 

respectively, recorded at a basal stimulation frequency of 0.2 Hz.

AMPAR/NMDAR (A/N) ratio was measured by recording the AMPAR and NMDAR EPSC, as 

described previously (Figure 3.2). Application of GluA1 NTDs had no significant effect on the 

AMPAR or NMDAR EPSC amplitude relative to buffer control (Figure 3.4B1). Similarly, GluA3 

NTD application had no significant effect on the size of the AMPAR or NMDAR EPSC (Figure 

3.4B3). This suggests that exogenous GluA1 and GluA3 NTDs do not interfere with excitatory 

synaptic transmission. In contrast however, GluA2 NTD application significantly reduced the 

AMPAR EPSC amplitude by ~50% relative to buffer control (Figure 3.3B2). With no change 

detected in the size of the NMDAR EPSC, this effect is measured as a ~50% reduction in the A/N 

ratio. This suggests that exogenous GluA2 NTDs interfere with endogenous AMPAR-mediated 

synaptic transmission, potentially by binding to, and occluding, protein interactions with 

endogenous AMPAR NTDs. Interestingly, these data support findings with OE of NTD-deleted 

AMPARs, as GluA2Q ∆NTD receptors depress the size of the AMPAR EPSC by ~50% (Figure 

3.3). 



Figure 3.4 Exogenous application of AMPAR NTDs perturbs excitatory synaptic 

transmission and plasticity. 
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Figure 3.4 Exogenous application of AMPAR NTDs perturbs excitatory synaptic transmission and 

plasticity. (A) The AMPAR NTD has a high sequence diversity across AMPAR subunits 

(sequence conservation map kindly provided by Dr James Krieger). 100 nM purified GluA1-3 

NTDs were applied to organotypic hippocampal slices and incubated for 12 hrs before 

recording in ACSF solution also containing 100 nM NTDs (purified NTDs kindly provided by 

Dr Veronica Chang). (B1) 100 nM GluA1 NTDs had no effect on the amplitude of AMPAR 

(Buffer = 39.6 ± 4.06 pA; n = 12; GluA1 = 35.5 ± 7.14 pA; n = 10; unpaired t-test, P = 0.61), or 

NMDAR (Buffer = 44.8 ± 6.3 pA; n = 12; GluA1 = 47.2 ± 10.6 pA; n = 10, unpaired t-test, P = 

0.84) EPSCs. GluA1 A/N ratio was unchanged relative to buffer control (Buffer = 1.01 ± 0.13; n = 

12 cells; GluA1 = 0.81 ± 0.08; n = 10 cells; n = 3 preparations; unpaired t-test, P = 0.21). (B2) 100 

nM GluA2 NTDs significantly reduced the amplitude of AMPAR (Buffer = 47.2 ± 5.73 pA; n = 

13; GluA2 = 25.5 ± 3.60 pA; n = 10; unpaired t-test, P < 0.01), but not NMDAR EPSCs (Buffer = 

47.6 ± 6.24 pA; n = 13; GluA2 = 49.9 ± 6.09 pA; n = 10; unpaired t-test, P = 0.80). GluA2 NTDs 

significantly reduced the A/N ratio (Buffer = 1.14 ± 0.15; n = 13 cells; GluA2 = 0.59 ± 0.10; n = 

10 cells; n = 3 preparations; unpaired t-test, P < 0.01). (B3) 100 nM GluA3 NTDs had no effect on 

the amplitude of AMPAR (Buffer = 39.9 ± 7.8 pA; n = 9; GluA3 = 34.5 ± 7.9; n = 9; unpaired 

t-test, P = 0.64), or NMDAR (Buffer = 35.8 ± 6.22 pA; n = 9; GluA3 = 41.9 ± 9.47 pA; n = 

9; unpaired t-test, P = 0.60) EPSCs. GluA3 A/N ratio was unchanged relative to buffer 

control (Buffer = 1.11 ± 0.13; n = 9 cells; GluA3 = 0.93 ± 0.17; n = 9 cells; n = 3 preparations; 

unpaired t-test, P = 0.39). (C1) Representative AMPAR EPSC amplitude data. AMPAR EPSC 

amplitude remained unchanged following 100 nM GluA1 NTDs application recorded at 

a basal stimulation frequency of 0.2 Hz. (C2) Normalised AMPAR EPSC combined data. 

AMPAR EPSC amplitude in GluA1 NTDs was unchanged relative to buffer control (Buffer = 

99.5 ±5.88 %; n = 5; GluA1 = 98.3 ± 2.68 %; n = 3; unpaired t-test, P = 0.89). (D1) Representative 

AMPAR EPSC amplitude data. Long-term potentiation (LTP) was induced by a pairing protocol 

(2 Hz, 0 mV, 100 s) following a 5 min baseline. AMPAR EPSC amplitude was increased for 

buffer control slices, but not GluA1 NTD-treated slices. (D2) Normalised AMPAR EPSC 

combined data. LTP was impaired in 100 nM GluA1 NTDs relative to buffer control (Buffer = 

221 ± 34.5 %; n = 8 cells; GluA1 = 115 ± 19.4 %; n = 7 cells; n = 3 preparations; unpaired t-test, 

P < 0.05). 
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GluA1 ∆NTD receptors fail to incorporate into CA1 synapses with OE (Figure 3.3E) and GluA1 

NTD application has no effect on basal AMPAR-mediated synaptic transmission (Figure 3.4B1). 

Suggesting the GluA1 NTD has no role in the maintenance of basal synaptic transmission. 

Interestingly however, the GluA1 NTD appears to be essential for the maintenance of synaptic 

potentiation (Watson et al., 2017; Díaz-Alonso et al., 2017; Jiang et al., 2021). An interpretation 

of these results is that the GluA1 NTD positions the receptor at CA1 synapses during synaptic 

potentiation through direct cleft protein interactions. If this were the case, application of 

exogenous GluA1 NTDs may compete with NTD interactors, displacing receptor anchoring 

mechanisms specifically during potentiation. To investigate this hypothesis further, 100 nM 

GluA1 NTDs were applied to organotypic hippocampal slices during basal transmission (0.2 Hz 

stimulation) and before the induction of long-term potentiation (LTP) (2 Hz, 0 mV, 100 s 

induction) (Figure 3.3C/D). 

The AMPAR EPSC amplitude of acutely applied buffer and GluA1 NTD-treated slices were 

unchanged over 30-35 min incubation relative to baseline (Figure 3.4C). These data support those 

determined using 12 hrs exogenous GluA1 NTD incubation (Figure 3.4B1) and GluA1 ∆NTD 

receptor OE (Figure 3.3E). Taken together these data indicate that synaptic cleft proteins do not 

engage the GluA1 NTD during basal transmission at CA1 synapses. To test whether GluA1 NTD 

interactions were disrupted during synaptic potentiation, LTP was induced in slices pre-treated 

GluA1 NTDs or buffer (Figure 3.4D). LTP induction resulted in a robust potentiation of the 

AMPAR EPSC of buffer-treated slices, with responses at ~200% of baseline 40-45 min after 

stimulation. In the presence of GluA1 NTDs however, initiation and maintenance of LTP was 

attenuated. These data support findings with OE (Watson et al., 2017) and knockout and 

replacement (Díaz-Alonso et al., 2017; Jiang et al., 2021) of GluA1 WT and ∆NTD receptors. 

This suggests that GluA1 NTD interactions may engage with the receptor selectively upon 

synaptic potentiation.

Collectively these data suggest that the GluA2 NTD is required for basal synaptic transmission 

and the GluA1 NTD is required for synaptic potentiation at CA1 synapses. This is likely mediated 

by direct synaptic protein interactions with the AMPAR NTD, influencing receptor positioning at 

the synapse. To further investigate the influence of GluA1/2 NTDs on sub-synaptic receptor 

positioning, glutamate spillover experiments were conducted on GluA1/2 WT and ∆NTD 

expressing cells. 
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3.2.3   TBOA-induced glutamate spillover at CA1 synapses 

To elicit a spillover of glutamate at excitatory synapses, EAAT uptake of neurotransmitter can be 

prevented using selective pharmacological blockade. EAATs, located on neurons and astrocytes, 

regulate the uptake of extra-synaptic glutamate and therefore control spillover-mediated 

activation of extra-synaptic receptors even receptors on neighbouring synapses (Rusakov 

and Kullmann, 1998; Arnth-Jensen et al., 2002; DiGregorio et al., 2002). To assess glutamate 

spillover at CA1 synapses a number of electrophysiological parameters were measured in the 

presence (+TBOA) and absence (-TBOA) of 50 µM DL-TBOA, using a basal stimulation 

frequency of 0.2 Hz (Figure 3.5). 

AMPAR EPSC

Throughout this study, numerous stimulation protocols and TBOA concentrations were applied in 

an attempt to control the extent of glutamate spillover. In the presence of 50 µM TBOA, the 

AMPAR EPSC amplitude was increased by ~50% (Figure 3.5A1). This suggests that glutamate 

spillover elicited by TBOA application results in the activation of AMPARs positioned outside 

of the PSD (peri- or extra-synaptic), or even on neighbouring synapses. TBOA-induced 

glutamate spillover exposes synaptic AMPARs to higher concentrations of glutamate over 

a longer timescale (Hires et al., 2008). As a result, synaptic receptors are more likely to become 

desensitised in the presence of TBOA. To test this hypothesis, the decay time of AMPAR 

EPSCs was determined from +TBOA and -TBOA treated slices, however no significant change 

was detected (Figure 3.5A2). This indicates no change in AMPAR desensitisation with glutamate 

spillover, consistent with previous reports studying evoked EPSCs (eEPSCs) (Christie and Jahr, 

2006). Next, changes in the presynaptic release machinery were assessed using the paired pulse 

ratio (PPR) and the coefficient of variation (CV). Glutamate spillover and pooling has been 

shown to activate presynaptic metabotropic glutamate receptors (Scanziani et al., 1997; 

Sheng et al., 2017b; Mitchell and Silver, 2000), leading to changes in the probability of 

glutamate release, reflected by a change in the PPR and CV (Malinow and Tsien, 1990; 

McAllister and Stevens, 2000). To ensure that the presynaptic release machinery is unaltered 

with 50 µM TBOA application, the PPR was determined by recording two EPSCs with an 

inter-stimulus interval of 50 ms. The PPR was then calculated using the following equation: 

PPR = EPSC 2 / EPSC 1
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CA1 synapses reveal a classical paired pulse facilitation (Figure 3.5A; Zucker et al., 1989; 

Dobrunz and Stevens, 1997), with no significant changes in PPR of +TBOA relative to -TBOA 

treated slices (Figure 3.5A3). This suggests that there is no change in the probability of glutamate 

release with TBOA application. To further confirm these findings, the CV of AMPAR EPSCs 

was measured in the presence and absence of TBOA. The CV provides a measure of the 

variability of the synaptic response, dependent on the probabilistic nature of presynaptic 

glutamate release (Huijstee et al., 2020). The CV measured in 50 µM TBOA was unchanged 

relative to -TBOA (Figure 3.5A4), indicating no effect of glutamate spillover on the variability of 

the synaptic response. Taken together, this indicates that the presynaptic release machinery is 

unaffected by 50 µM DL-TBOA application and 0.2 Hz frequency stimulation. 

NMDAR EPSC

TBOA application is commonly used to study the synaptic localisation of 

NMDARs, where glutamate spillover is required for extra-synaptic NMDAR activation 

(Diamond et al., 2001; Clark and Cully-Candy, 2002). To confirm these findings in 

organotypic hippocampal slices, NMDAR EPSCs were recorded in the presence and absence of 

50 µM TBOA. The NMDAR EPSC decay time (Figure 3.5C1) and overall synaptic charge (Figure 

3.5C2) was significantly increased by ~40% in +TBOA relative to -TBOA. Interestingly, no 

change was observed in the peak current (measured at 50 ms after the 

stimulus) of NMDAR EPSCs, consistent with previous reports (Christie and Jahr, 2006). 

However, delivery of stimulation trains further enhances the significant increase in 

NMDAR EPSC decay time and synaptic charge (Figure 3.5C3), suggesting 

glutamate spillover activates extra-synaptic NMDARs. Crucially, this indicates that 

TBOA application to organotypic hippocampal slices induces robust glutamate spillover at CA1 

synapses using both single and pulse-train stimulation to activate extra-synaptic glutamate 

receptors. 

  Rectification index

The synaptic rectification index (RI) is commonly used as a measure of 

AMPAR synaptic trafficking (Hayashi et al., 2000; Shi et al., 2001), as 

established with AMPAR subunit OE (Figure 3.3). Before measuring the synaptic 

RI of exogenously expressed AMPARs in the presence of TBOA, the synaptic RI was 

first determined from endogenous receptors in the absence and presence of 

______



Figure 3.5 Application of 50 µM DL-TBOA causes glutamate spillover at CA1 synapses. 
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Figure 3.5 Application of 50 µM DL-TBOA causes glutamate spillover at CA1 synapses. (A) 

PPR measured from slices in the presence and absence of TBOA indicates no change in 

presynaptic release machinery with glutamate spillover. (A1) AMPAR EPSCs were 

increased in +TBOA relative to -TBOA (-TBOA = 44.3 ± 3.6 pA; n = 12; +TBOA = 78.9 ± 8.1 

pA; n = 10; unpaired t-test, P < 0.001). (A2) AMPAR EPSC decay time was unchanged (-TBOA = 

5.32 ± 0.34 ms; n = 12; +TBOA = 5.36 ± 0.51 ms; n = 10; unpaired t-test, P = 0.94). 

(A3) PPR was unchanged (-TBOA = 1.71 ± 0.05; n = 12; +TBOA = 1.70 ± 0.08; n = 10; 

unpaired t-test, P = 0.99). (A4) Coefficient of variation (CV) was unchanged (-TBOA = 0.30 ± 

0.02; n = 12; +TBOA = 1.70 ± 0.08; n = 10; unpaired t-test, P = 0.69). Example traces shown on 

the left (scale bar = 20 ms; 25 pA). (-TBOA: grey; +TBOA: gold). (B) AMPAR EPSCs 

(arrow; peak amplitude) were selectively increased with glutamate spillover, with no 

change in NMDAR EPSCs (dotted line; 50 ms after stimulus). (B1) AMPAR/NMDAR 

(A/N) ratio was increased in +TBOA relative to -TBOA (-TBOA = 1.01 ± 0.11; n = 7; 

+TBOA = 1.57 ± 0.13; n = 11; unpaired t-test, P < 0.01). (B2) AMPAR EPSCs were 

increased in +TBOA relative to -TBOA (-TBOA = 59.5 ± 5.4 pA; n = 7; +TBOA = 93.9 ± 12.2 

pA; n = 10; unpaired t-test, P < 0.05). (B3) NMDAR EPSCs amplitude was unchanged (-TBOA = 

61.1 ± 6.8 pA; n = 7; +TBOA = 60.4 ± 7.9 pA; n = 11; unpaired t-test, P = 0.95). AMPAR 

EPSC amplitude derived from peak inward current (arrow) recorded at -60 mV. NMDAR EPSC 

amplitude derived from the outward current at 50 ms post-stimulation (dotted line) recorded 

at +40 mV (scale bar = 20 ms; 25 pA). (C) The overall NMDAR EPSC charge was 

increased with glutamate spillover. (C1) NMDAR EPSC decay time was increased in 

+TBOA relative to -TBOA (-TBOA = 66.6 ± 5.2 ms; n = 7; +TBOA = 104.5 ± 5.4 ms; n = 

11; unpaired t-test, P < 0.001). (C2) NMDAR EPSC charge was increased in +TBOA relative to 

-TBOA (-TBOA = 15.0 ± 0.6 pC; n = 6; +TBOA = 22.7 ± 2.4 pC; n = 8; unpaired t-test, P 

< 0.05). (C3) NMDAR EPSC pulse train (scale bar = 50 ms; 50 pA). Example trace shown on 

left of peak scaled NMDAR EPSC (scale bar = 10 ms; 20 pA). (D) The synaptic RI was 

unchanged with glutamate spillover. (D1) RI was unchanged (-TBOA = 0.61 ± 0.06; n = 7; 

+TBOA = 0.60 ± 0.08; n = 7; unpaired t-test, P = 0.93). (D2) Current-voltage 

relationship indicates no inward rectification of the synaptic response. Example traces shown on 

left recorded at -60, 0 and +40 mV (scale bar = 10 ms; 20 pA). 
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(-/+TBOA). A concern is that endogenous peri-synaptic calcium-permeable AMPARs may alter 

the RI at CA1 synapses upon glutamate spillover (He et al., 2009; Yang et al., 2008; Yang et al., 

2010), confounding interpretations from this assay. The synaptic RI was recorded from 

untransfected CA1 pyramidal neurons -/+TBOA, indicating no change in the RI in +TBOA 

relative to -TBOA (Figure 3.5D). This suggests there is no change in the contribution of calcium-

permeable and calcium-impermeable AMPARs to the synaptic response with glutamate spillover. 

This permits the use of the RI to study TBOA-induced glutamate spillover on exogenous GluA2Q 

and GluA1 expressing cells.

These parameters validate the use of TBOA as a pharmacological agent to induce glutamate 

spillover at CA1 synapses, resulting predominantly in the activation of extra-synaptic NMDARs 

and likely AMPARs on neighbouring synapses. Crucially, the synaptic RI is unchanged in the 

presence of TBOA, permitting the use of this assay to study the synaptic localisation of 

exogenous WT and ∆NTD AMPARs. 

TBOA_wash-in

Following characterisation of synaptic parameters from slices recorded in ACSF continually 

perfused with -/+TBOA (Figure 3.5), the effect of drug application was then assessed in naïve 

slices to permit comparison of baseline and drug-perfused responses. As glutamate spillover 

is sensitive to changes in electrical stimulation intensity of presynaptic fibres (Carter and 

Regehr, 2000), these experiments were designed to retain the same intensity of stimulation for 

the duration of the experiment in a paired experimental design, limiting the variability 

of stimulation intensity experienced across recorded slices. Furthermore, the efficacy of two 

EAAT transporter inhibitors, DL-TBOA and TFB-TBOA were compared at different 

concentrations to deduce optimal spillover conditions for studying AMPAR EPSCs. These 

compounds differ in their selectivity and potency for EAAT 1-3, likely resulting distinct 

spatio-temporal spillover of glutamate from the synaptic cleft. Bath concentrations were 

selected based on experimental protocols and IC50 values published in the literature 

(Shimamoto et al., 1998; Shimamoto et al., 2000; Shimamoto et al., 2004).

AMPAR EPSCs were recorded for a baseline of 5 mins before bath application of DL-TBOA using 

a basal stimulation frequency of 0.2 Hz. A trend wise 5% increase in AMPAR EPSC amplitude 

was observed with 10 µM DL-TBOA, however no statistical significance was detected 

__________
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Figure 3.6 TBOA causes a concentration-dependent increase in AMPAR EPSCs. 

64________________________________________AMPAR sub-synaptic positioning through its N-terminal domain



Figure 3.6 TBOA causes a concentration-dependent increase in AMPAR EPSCs. (A) 10 µM 

TBOA application had no significant effect on the amplitude of AMPAR EPSCs over time. 

(A1) Representative AMPAR EPSCs recorded at a basal stimulation frequency of 0.2 Hz showed 

a modest increase in amplitude in 10 µM TBOA relative to baseline. Example average traces 

shown on the right (scale bar = 10 ms; 20 pA) (Baseline: grey; +TBOA: gold). (A2) Normalised 

AMPAR EPSC combined data. AMPAR EPSC amplitude remained unchanged in the presence of 

10 µM TBOA (10-20 min) relative to baseline (0-10 min). AMPAR EPSCs remained unchanged 

relative to baseline (Baseline: 50.9 ± 4.2 pA; +10 µM TBOA: 54.2 ± 4.9 pA; n = 8; paired t-test, P 

= 0.37). (B) 50 µM TBOA application caused a dramatic increase in the amplitude of AMPAR 

EPSCs over time. (B1). Representative AMPAR EPSCs recorded at a basal stimulation 

frequency of 0.2 Hz showed an increase in the presence of 50 µM TBOA, which persisted during 

washout of TBOA relative to baseline. Example average traces shown on the right. (scale bar = 

10 ms; 20 pA). (B2) Normalised AMPAR EPSC combined data. Average AMPAR EPSC 

amplitude increased in the presence of 50 µM TBOA (5-15 min) relative to baseline (0-5 

min) and persisted during washout of drug (15-20 min). AMPAR EPSCs increased trend wise 

compared to baseline (Baseline: 55.5 ± 7.6 pA; +50 µM TBOA:  ± 7.6 pA; Washout: 96.3 ± 22.6 

pA; n = 3; one-way ANOVA, P = 0.19). (C1) Scatter plot of AMPAR EPSC amplitude in 10 

µM TBOA against baseline indicates no change. (C2) AMPAR EPSC amplitude remained 

unchanged in the presence of 10 µM TBOA relative to baseline. (D1) Scatter plot of 

AMPAR EPSC amplitude in 50 µM TBOA against baseline indicates a trend wise increase. (D2) 

AMPAR EPSC amplitude was increased in 50 µM TBOA and persisted with washout of drug. (E1) 

Representative AMPAR EPSCs recorded in 1 µM TFB-TBOA. TFB-TBOA caused no 

significant change in AMPAR EPSC amplitude. (E2) TFB-TBOA had no effect on AMPAR 

EPSCs over time (n = 6). (E2) Normalised AMPAR EPSC combined data indicates no 

significant change in the AMPAR EPSC amplitude over time with 1 µM TFB-TBOA application. 
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in DL-TBOA (10-20 min) relative to baseline (0-10 min) (Figure 3.6C2). This suggests that 10 

µM TBOA-induced glutamate spillover was not sufficient to activate AMPARs outside of the 

PSD. It has been reported that 10 µM TBOA application produces a 10% increase in the AMPAR 

EPSC, through activation of peri-synaptic AMPARs (He et al., 2009). The discrepancy between 

these findings is most likely explained by the use of different basal stimulation frequencies. He et 

al., (2009) used a lower basal stimulation frequency of 0.033 Hz, thought to only activate a 

fraction of synaptic AMPARs during basal conditions (Papouin and Oliet, 2014). Thus upon 10 

µM TBOA application, AMPARs outside of the PSD (peri- or extra-synaptic) are activated. 

Higher stimulation frequencies (0.2 Hz) employed in these experiments however, likely activate a 

proportion of peri-synaptic receptors before drug application, therefore reducing the effect size 

(~5% increase) observed in the presence of 10 µM TBOA (Figure 3.6C). 

To increase the extent of glutamate spillover from the synaptic cleft, 50 µM DL-TBOA was 

applied to organotypic hippocampal slices and the AMPAR EPSC amplitude was compared 

relative to baseline. 50 µM TBOA increased the AMPAR EPSC amplitude by 50% following bath 

application (10-15 min) relative to baseline (0-5 min) (Figure 3.6B2), reaching maximal effect 

after 10 mins, supporting findings using an unpaired experimental design (Figure 3.5A1). This 

robust increase persists following 10 mins wash-out of the drug, suggesting EAAT block is 

irreversible in this slice preparation (Figure 3.6D2). Taken together this suggests that additional 

peri- or extra-synaptic AMPARs are activated during 50 µM TBOA-induced glutamate 

spillover. These data support previous reports of peri-synaptic AMPAR activation with glutamate 

spillover (He et al., 2009; Yang et al., 2008; Yang et al., 2010). Glutamate spillover and 

subsequent extra- or peri-synaptic AMPAR activation therefore, is concentration-dependent 

(Figure 3.6). 

Finally, selective EAAT 1/2 inhibitor TFB-TBOA was applied at a concentration of 1 µM to elicit 

glutamate spillover, based on published concentrations (Balmer et al., 2021). Despite reports of a 

higher potency for EAAT 1/2 (Shimamoto et al., 2004), no significant change in the AMPAR 

EPSC amplitude was observed (Figure 3.6E). This suggests that glutamate spillover induced by 

TFB-TBOA (1 µM) is not as extensive as that of DL-TBOA (50 µM). To permit a direct 

comparison of the extent of glutamate spillover with these two compounds, the same, or IC50 

concentration must be used for both drugs. However, based on these findings, DL-TBOA 

(hereafter referred to as TBOA) was used in all experiments at a concentration of 10 or 50 µM, as 

stated in the text. 
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Spontaneous_EPSCs

A concern with recording evoked EPSCs (eEPSCs) is that glutamate spillover is elicited even 

before the application of TBOA. Electrical stimulation of eEPSCs at frequencies >0.05 Hz can 

result in activation of extra-synaptic glutamate receptors (Papouin and Oliet, 

2014). Therefore, to activate solely synaptic AMPARs, spontaneous EPSCs (sEPSCs) 

were recorded, where single quantas of glutamate are released. Substituting Ca2+ with Sr2+ in 

the ACSF recording solution induces asynchronous quantal release of glutamate (Oliet et al., 

1999), this permits study of synaptic events without the spillover of glutamate onto extra-

synaptic AMPARs under basal conditions (-TBOA) (Clark and Cully-Candy, 2002). 

In the absence of TBOA, substitution of 4 mM Ca2+ with 4 mM Sr2+ results in the generation of 

asynchronous sEPSCs following artificial stimulation at 0.05 Hz (Figure 3.7A1). These events are 

detected using a template search and analysed for sEPSC amplitude, frequency and decay time. 

eEPSCs have an amplitude of ~35 pA, whereas sEPSCs have an amplitude of ~10 pA, similar 

to previous reports (Oliet et al., 1999). Having established recording of sEPSCs, the effect of 

glutamate spillover was then assessed by addition of 50 µM TBOA into the recording solution. 

Slices perfused with 50 µM TBOA similarly, display eEPSCs (~35 pA) and sEPSCs (~11 pA), 

detectable above a noise level of ~6 pA. Interestingly, 50 µM TBOA application has no effect on 

the eEPSC amplitude recorded at a basal stimulation frequency of 0.05 Hz (Figure 3.7B2), 

whereas it produced a ~50% increase in the AMPAR eEPSC amplitude with 0.2 Hz stimulation 

frequency (Figure 3.5A1; Figure 3.6D2). This suggests that lower stimulation frequencies 

decrease the extent of glutamate spillover, likely due to an increased amount of time for 

glutamate to be cleared from the synaptic cleft. These data support the hypothesis that 

stimulation frequencies of > 0.05 Hz are sufficient to activate extra-synaptic receptors 

(Papouin and Oliet, 2014). By recording sEPSCs, fewer AMPARs are activated outside of the 

PSD before TBOA application, allowing for a larger effect size upon drug application.
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Figure 3.7 TBOA-induced glutamate spillover increases spontaneous EPSC decay. 
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Figure 3.7 TBOA-induced glutamate spillover increases spontaneous EPSC decay. (A) 

AMPAR evoked EPSC (eEPSC) and spontaneous EPSC (sEPSC) were elicited by electrical 

stimulation at a frequency of 0.05 Hz in the presence of ACSF containing 4 mM Mg2+ and 4 mM 

Sr2+. eEPSC amplitude was deduced from the the peak EPSC after the stimulus (black triangle). 

sEPSCs are detected using a template search of EPSCs occurring 10 ms after the stimulus. (A1) -

TBOA (grey) and (A2) +TBOA (gold) eEPSC and sEPSC example traces from 5 sec sweeps 

(scale bar = 500 ms; 25 pA) reveal AMPAR EPSCs in zoomed panel (box) (scale bar = 50 ms; 20 

pA). (B1) Peak scaled average sEPSC from -TBOA and +TBOA conditions (scale bar = 2 ms; 2 

pA). (B2) eEPSC amplitude was unchanged in +TBOA relative to -TBOA (-TBOA = 33.4 ± 3.7 

pA; n = 8; +TBOA = 34.0 ± 4.2 pA; n = 7; unpaired t-test, p = 0.92). (B3) sEPSC amplitude was 

unchanged in +TBOA relative to -TBOA (-TBOA = 10.0 ± 0.50 pA; n = 8; +TBOA = 11.4 ± 0.55 

pA; n = 7; unpaired t-test, p = 0.08). (B4) sEPSC decay time was significantly increased in 

+TBOA relative to -TBOA (-TBOA = 7.67 ± 0.21; n = 8; +TBOA = 8.94 ± 0.15; n = 7; 

unpaired t-test, p < 0.001). (B5) sEPSC frequency was unchanged in +TBOA relative to -TBOA 

(-TBOA = 0.89 ± 0.11 Hz; n = 8; +TBOA = 0.82 ± 0.15 Hz; n = 7; unpaired t-test, p = 0.71). 
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Analysis of sEPSCs reveals no significant change in +TBOA sEPSC amplitude relative to -

TBOA (Figure 3.7B3). This indicates that spillover of quantal glutamate release does not activate 

additional receptors more distal to release sites. The frequency of +TBOA events was also found 

to be unchanged relative to -TBOA (Figure 3.7B5), suggesting no change in the presynaptic 

release machinery, further to PPR (Figure 3.5A3) and CV (Figure 3.5A4) experiments. 

However, interestingly the AMPAR EPSC decay time of +TBOA was significantly increased 

relative to -TBOA (Figure 3.7B4), in line with previous reports studying +TBOA miniature 

EPSCs (Sanderson et al., 2018). This raises the possibility of an increase in the desensitisation of 

synaptic AMPARs, likely due to an increased concentration and time-course of glutamate in the 

synaptic cleft. To test this hypothesis, experiments should be repeated in the presence of 

desensitisation blocker, cyclothiazide, to assess if the increase in AMPAR EPSC decay time 

can be abolished. These results further highlight the physiological importance of 

glutamate uptake transporters in shaping the time-course of synaptic transmission 

(Overstreet et al., 1999).

In these experiments, TBOA-induced glutamate spillover resulted in a broadening of the sEPSC 

waveform, likely due to increased desensitisation of synaptic AMPARs. sEPSCs permit recording 

of AMPARs within the PSD only, beneficial for detecting changes in sub-synaptic receptor 

positioning. However, the effect size on decay time induced by glutamate spillover is marginal, 

making it difficult to detect changes with WT and ∆NTD receptor expression using this assay. 

3.2.4   Pulse train-evoked glutamate spillover 

To test the limits of glutamate spillover at CA1 synapses in the hippocampus, continuous 

50 µM TBOA perfusion was combined with delivery of trains of electrical stimulation (Figure 

3.8). Pulse-train stimulation in combination with TBOA application greatly increases the 

spatio-temporal spillover of glutamate (Hires et al., 2008; Armbruster et al., 2016; Pinky et al., 

2018). The intention of these experiments was to elicit maximal spillover of 

glutamate onto extra-synaptic receptors (Anderson et al., 2015) and neighbouring 

synapses (DiGregorio et al., 2002; Nietz et al., 2017), before applying this protocol 

to cells expressing exogenous AMPARs. Therefore, testing the hypothesis of ‘mis-placed’ 

exogenous NTD-deleted AMPARs.  
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Endogenous_AMPARs

To determine the effect of glutamate spillover induced by pulse-train stimulation, 6 pulses were 

delivered to schaffer collateral fibers at a pulse-train frequency of 30 and 50 Hz in combination 

with 10 µM TBOA. This protocol was based on previous publications, where pulse-trains 

significantly increase the spatio-temporal spillover of glutamate (Hires et al., 2008; 

Armbruster et al., 2016; Pinky et al., 2018). The resultant EPSC amplitudes were then plotted 

against pulse number in the absence and presence of TBOA (Figure 3.8). -TBOA slices exhibited 

a paired pulse facilitation of AMPAR EPSCs in response to 30 Hz train stimulation, attributed 

to short-term plasticity mechanisms (Jackman and Regehr, 2017). Interestingly, 

+TBOA AMPAR EPSC amplitude was significantly increased relative to -TBOA (Figure 

3.8A3), and these responses were completely abolished in the presence of AMPAR 

antagonist, NBQX (Figure 3.8A; black trace). The increase in AMPAR EPSC amplitude 

observed with +TBOA was further accentuated with 50 Hz train stimulation (Figure 

3.8B). These data suggest that pulse-train stimulation in combination with TBOA 

application activates additional AMPARs localised at extra-synaptic sites or on 

neighbouring synapses. Normalised EPSC versus pulse number scatter plots provide 

a measure of the extent of receptor activation with increasing glutamate spillover 

(Figure 3.8). Therefore, the resultant profile of these plots can be used to detect the sub-

synaptic distribution of receptors, with more distal receptors being activated after 

increasing pulse numbers. This validates the use of this protocol for inducing 

glutamate spillover onto extra-synaptic or neighbouring synaptic AMPARs. The purpose 

of this protocol is to test the limit of exogenous receptor localisation, as it is possible 

that NTD-deleted AMPARs are positioned extra-synaptically on hippocampal dendrites. 

Increasing the stimulation intensity of presynaptic inputs resulted in a significant increase in 

the AMPAR EPSC, changing the profile of the normalised EPSC response (Figure 3.8C). 

This suggests that pulse-train stimulation-induced glutamate spillover experiments are 

sensitive to changes in stimulation intensity, as previously reported (Carter and Regehr, 

2000). These findings are imperative for the study of exogenously expressed AMPARs, as 

the response of transfected cells must therefore be directly compared to a pairwise 

untransfected cell. This will ensure comparable levels of stimulation input to each CA1 

pyramidal neuron. 

71________________________________________AMPAR sub-synaptic positioning through its N-terminal domain



Figure 3.8 Pulse-train stimulation enhances TBOA-induced glutamate spillover. 
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Figure 3.8 Pulse-train stimulation enhances TBOA-induced glutamate spillover. (A) AMPAR 

EPSCs were dramatically increased in the presence of 10 µM TBOA with 30 Hz train stimulation. 

Pulse-train responses were abolished in the presence of AMPAR antagonist, NBQX (black). 

(A1) AMPAR EPSC amplitude increased with pulse number (-TBOA: EPSC1 = 31.0 ± 3.2 pA; 

EPSC6 = 88.9 ± 7.5 pA; n = 7; +TBOA: EPSC1= 44.1 ± 6.7 pA; EPSC6 = 188.2 ± 26.3 pA; n = 

8). (A2) Normalised EPSC indicates a greater increase in the AMPAR EPSC with +TBOA 

relative to -TBOA (-TBOA: 2-fold increase; +TBOA: 3.5-fold increase). (A3) Summary of 

normalised AMPAR EPSC indicates a greater increase in +TBOA relative to -TBOA (-TBOA: 

2.97 ± 0.23; n = 7; +TBOA: 4.45 ± 0.29; n = 8; unpaired t-test, P < 0.001). Example 30 Hz 

train stimulation traces shown on the left (scale bar = 20 ms; 50 pA) (-TBOA: grey; +TBOA: 

gold; +TBOA +NBQX: black). (B) AMPAR EPSCs were vastly increased in the presence of 10 

µM TBOA with 50 Hz train stimulation. (B1) AMPAR EPSC amplitude increased with pulse 

number (-TBOA: EPSC1 = 51.2 ± 6.1 pA; EPSC6 = 187.6 ± 48.1 pA; n = 5; +TBOA: EPSC1 = 

38.3 ± 6.2 pA; EPSC6 = 235.9 ± 21.9 pA; n = 8). (B2) Normalised EPSC indicates a greater 

increase in the AMPAR EPSC with +TBOA relative to -TBOA (-TBOA: 2.5-fold increase; 

+TBOA: 6-fold increase). (B3) Summary of normalised AMPAR EPSC indicates a greater 

increase in +TBOA relative to -TBOA (-TBOA: 3.57 ± 0.80; n = 5; +TBOA: 6.70 ± 0.56; n = 8; 

unpaired t-test, P < 0.001). Example 50 Hz train stimulation traces shown on the left (scale bar = 

20 ms; 50 pA) (-TBOA: grey; +TBOA: gold; +TBOA +NBQX: black). (C) Electrical 

stimulation intensity affected AMPAR EPSC amplitude with increasing pulse number. (C1) 

AMPAR EPSC amplitude was increased with increasing stimulation intensity and pulse number 

(1x: EPSC1 = 17.2 ± 2.4 pA; EPSC6 = 68.4 ± 8.8 pA; 1.5x: EPSC1 = 28.3 ± 2.5 pA; EPSC6 = 

169.2 ± 14.4 pA 2x: EPSC1 = 77.1 ± 9.2 pA; EPSC6 = 395.2 ± 44.0 pA ; n = 5). (C2) Normalised 

EPSC indicates a greater increase with 1.5x stimulation intensity relative to 1x (1x: 3-fold 

increase; 1.5x: 5-fold increase; 2x: 4.5-fold increase). (C3) Summary of normalised AMPAR 

EPSC indicates a greater increase with 1.5x stimulation intensity relative to 1x (1x: 4.04 ± 0.22; 

1.5x: 6.02 ± 0.34; 2x: 5.26 ± 0.57; n = 5; one-way ANOVA, P < 0.01). Example 30 Hz train 

stimulation traces shown on the left (scale bar = 20 ms; 50 pA) (1x: gold; 1.5x: organge; 2x: red). 
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GluA2Q WT and ∆NTD receptors

Single recording

Having established the compound (DL-TBOA), concentration (10 and 50 µM) and electrical 

stimulation protocols (single or pulse-train) on endogenous receptors, experiments were then 

performed on CA1 pyramidal neurons expressing exogenous GluA2Q receptors. GluA2Q full-

length (WT) and NTD-deleted (∆NTD) receptors were introduced into CA1 pyramidal neurons 

by SCE transfection. 

30 Hz pulse-train stimulation in combination with 10 µM TBOA application was first utilised on 

GluA2Q WT and ∆NTD expressing cells. Interestingly, the normalised AMPAR EPSC amplitude 

of GluA2Q WT was decreased with increasing pulse number relative to untransfected slices 

(Figure 3.9A2), although statistical significance was not observed at EPSC6 (Figure 3.9A3). 

Conversely, GluA2Q ∆NTD expressing cells exhibited an increased normalised AMPAR EPSC 

amplitude with increasing pulse number relative to untransfected control slices (Figure 3.9A2), 

although not statistically significant (Figure 3.9A3). These trend wise effects were further 

emphasised using 50 Hz pulse-train stimulation, where the extent of glutamate spillover is 

increased (Figure 3.8B). These effects are intriguing, as they suggest that a larger spillover of 

glutamate induced by increasing pulse-train frequency increases the number of GluA2Q ∆NTD 

receptors activated, whereas GluA2Q WT activation decreases. This fits with the hypothesis of 

GluA2Q ∆NTD receptors being localised more distally on the postsynaptic neuron (Figure 3.1A). 

However, these recordings should be interpreted with caution, as the stimulation intensity can 

profoundly affect the extent of glutamate spillover (Figure 3.8C). Therefore, variation in the 

stimulation intensity used between slices in this unpaired experimental design has the potential to 

affect the outcome of these results. To overcome this limitation, these experiments were 

repeated using dual whole-cell recording of untransfected (GFP-) and transfected (GFP+) 

CA1 pyramidal neurons (established in Figure 3.2), to ensure comparable levels of 

stimulation intensity input, permitting paired experimental design and statistics (Figure 3.10). 
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Figure 3.9 Single recording indicates NTD-dependent sub-synaptic positioning with pulse 

train-evoked glutamate spillover. 
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Figure 3.9 Single recording indicates NTD-dependent sub-synaptic positioning with pulse train-

evoked glutamate spillover. (A) GluA2Q WT receptors were saturated whereas GluA2Q ∆NTD 

receptors were activated by 30 Hz glutamate spillover. (A1) GluA2Q WT, GluA2Q ∆NTD and 

Untrans. AMPAR EPSCs were all increased with increasing pulse number. (A2) GluA2Q WT and 

GluA2Q ∆NTD AMPAR EPSCs were decreased and increased respectively relative to Untrans. 

(A3) Summary of normalised AMPAR EPSC indicates a modest increase in GluA2Q ∆NTD and a 

modest decrease in GluA2Q relative to Untrans. cells (Untrans. = 4.45 ± 0.29; n = 8; GluA2Q = 

2.21 ± 0.49; n = 4; GluA2Q ∆NTD = 5.46 ± 1.24; n = 6; one-way ANOVA, P = 0.13). (B) GluA2Q 

WT receptors were saturated while GluA2Q ∆NTD receptors were activated by 50 Hz glutamate 

spillover. (B1) GluA2Q WT AMPAR EPSCs were saturated by 50 Hz glutamate spillover (Untrans. 

= EPSC1 = 38.3 ± 6.2 pA; EPSC6 = 235.9 ± 21.9 pA; n = 8; GluA2Q = EPSC1 = 83.6 ± 16.7 pA; 

EPSC6 = 164.7 ± 38.4 pA; n = 3; GluA2Q ∆NTD = EPSC1 = 22.0 ± 4.1 pA; EPSC6 = 213.1 ± 11.7 

pA; n = 6). (B2) GluA2Q WT AMPAR EPSCs were decreased and GluA2Q ∆NTD AMPAR 

EPSCs were increased relative to Untrans. cells (GluA2Q WT: 3-fold decrease; GluA2Q ∆NTD: 2-

fold increase). (B3) Summary of normalised AMPAR EPSC indicates a modest increase in GluA2Q 

∆NTD and a significant decrease in GluA2Q WT relative to Untrans. cells (Untrans. = 6.70 ± 0.56; 

n = 8; GluA2Q WT = 2.07 ± 0.80; n = 3; GluA2Q ∆NTD = 8.60 ± 0.74; n = 5; one-way ANOVA, P 

< 0.01). 
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Dual_recording

Exogenous GluA2Q WT and ∆NTD receptors were expressed in CA1 pyramidal neurons using 

SCE transfection and the functional output was recorded by dual whole-cell recording in response 

to 30 and 50 Hz pulse-train stimulation +10 µM TBOA (Figure 3.10). 

30 and 50 Hz pulse-train stimulation significantly increased GluA2Q WT AMPAR EPSC 

amplitude with increasing pulse number (Figure 3.10A/B). The normalised AMPAR EPSC 

amplitude was increased trend wise by EPSC6 relative to untransfected cells, however, no 

statistical significance was observed (Figure 3.10A3/B3). Similarly, GluA2Q ∆NTD AMPAR 

EPSC amplitude was modestly increased relative to paired untransfected cells (Figure 3.10C/D), 

however no statistical significance was detected (Figure 3.10C3/D3). Surprisingly, these findings 

differ to those observed using single recording (Figure 3.9). The most apparent explanation for 

the discrepancy between these data is the variability in stimulation intensity experienced with 

single whole-cell recording across different slices (Figure 3.8C). Whilst dual whole-cell 

recording permits similar stimulation intensity input to pairs of cells (Figure 3.10), single 

recording results in differential stimulation intensity across conditions. Whilst the 

stimulation intensity can be controlled to an extent on the stimulator (Digitimer DS3 Constant 

Current Stimulator), this level must be adjusted depending on exogenous AMPAR 

expression levels across slices and conditions. 

These findings therefore, suggest that extensive glutamate spillover with pulse-train stimulation 

+TBOA does not activate additional GluA2Q WT or ∆NTD receptors at extra-synaptic sites.
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Figure 3.10 Dual recordings indicate no change in GluA2Q AMPAR EPSCs with pulse train-
evoked glutamate spillover.  
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Figure 3.10 Dual recordings indicate no change in GluA2Q AMPAR EPSCs with pulse train-

evoked glutamate spillover. (A) 30 Hz glutamate spillover resulted in no change in GluA2Q WT 

AMPAR EPSCs relative to Untrans. (A1) GluA2Q WT AMPAR EPSCs were increased to a 

greater extent relative to Untrans. with increasing pulse number (Untrans. = EPSC1 = 43.2 ± 5.5 

pA; EPSC6 = 144.0 ± 15.4 pA; GluA2Q = EPSC1 = 61.2 ± 10.3 pA; EPSC6 = 220.7 ± 27.8 pA; n = 

10 pairs). (A2) 30 Hz normalised EPSC amplitudes remained unchanged from GluA2Q WT 

relative to Untrans. (A3) Summary of normalised AMPAR EPSC indicates no change in GluA2Q 

WT compared to Untrans. (Untrans. = 3.63 ± 0.42; GluA2Q WT = 4.20 ± 0.63; n = 10; paired t-

test; P = 0.30). (B) 50 Hz glutamate spillover resulted in no change in GluA2Q WT AMPAR 

EPSCs relative to Untrans. (B1) GluA2Q WT AMPAR EPSCs were increased to a greater extent 

than Untrans. (Untrans. = EPSC1 = 28.9 ± 2.8 pA; EPSC6 = 124.2 ± 10.9 pA; GluA2Q WT = 

EPSC1 = 41.6 ± 8.8; EPSC6 = 192.9 ± 19.9; n = 10 pairs). (B2) 50 Hz normalised EPSC amplitude 

of GluA2Q WT remained unchanged relative to Untrans. (B3) Summary of normalised AMPAR 

EPSC indicates no change in GluA2Q WT relative to Untrans. cells (Untrans. = 4.61 ± 0.53; 

GluA2Q WT = 6.03 ± 1.03; n = 10; paired t-test; P = 0.22). (C) 30 Hz glutamate spillover had no 

significant effect on GluA2Q ∆NTD AMPAR EPSCs relative to Untrans. (C1) GluA2Q ∆NTD 

AMPAR EPSCs remain unchanged relative to Untrans. (Untrans. = EPSC1 = 45.6 ± 6.6 pA; EPSC6 

= 136.7 ± 23.8 pA; GluA2Q ∆NTD = EPSC1 = 60.9 ± 5.9 pA; EPSC6 = 171.3 ± 29.8 pA; n = 3 

pairs). (C2) 30 Hz normalised EPSC amplitudes were unchanged from Untrans. (C3) Summary of 

normalised AMPAR EPSC indicates no significant change (Untrans. = 3.08 ± 0.65; GluA2Q 

∆NTD = 2.94 ± 0.70; n = 3; paired t-test; P = 0.85). (D) 50 Hz glutamate spillover had no 

significant effect on GluA2Q ∆NTD AMPAR EPSCs. (D1) GluA2Q ∆NTD AMPAR EPSCs 

remain unchanged compared to Untrans. (Untrans. = EPSC1 = 24.6 ± 3.6 pA; EPSC6 = 124.1 ± 

33.7 pA; GluA2Q ∆NTD = EPSC1 = 23.5 ± 6.1 pA; EPSC6 = 122.9 ± 37.0 pA; n = 3 pairs). (D2) 

50 Hz normalised EPSC amplitudes were unchanged from Untrans. (D3) Summary of normalised 

AMPAR EPSC indicates no significant change (Untrans. = 5.10 ± 1.4; GluA2Q ∆NTD = 5.05 ± 

0.43; n = 3; paired t-test; P = 0.98). 
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Glutamate spillover induced by pulse-train stimulation did not affect the AMPAR EPSC of 

GluA2Q WT or GluA2Q ∆NTD receptors with increasing pulse number (Figure 3.10). 

Additionally, the PPR of GluA2Q WT and GluA2Q ∆NTD remained unchanged relative to 

paired untransfected cells (Figure 3.11A). However, an curious observation was made during 

these recordings. In the presence of TBOA, EPSC1 of GluA2Q ∆NTD expressing cells was 

increased trend wise (Figure 3.11C1), opposed to decreased, as observed in -TBOA in this study 

(Figure 3.2A2) and other publications (Watson et al., 2017; Díaz-Alonso et al., 2017; Watson et 

al., 2020). This lead to the hypothesis that single pulse stimulation +TBOA causes sufficient 

glutamate spillover onto peri-synaptic GluA2Q ∆NTD receptors. To investigate this further, 

experiments were then conducted using 0.2 Hz basal stimulation in the presence of 50 µM TBOA 

to further increase glutamate spillover (Figure 3.12). 
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Figure 3.11 10 µM TBOA-induced glutamate spillover enhances NTD-deleted GluA2Q EPSC1 

amplitude. (A) GluA2Q WT paired pulse ratio was unchanged relative to Untrans. (A1) GluA2Q 

WT PPR was unchanged with 30 Hz stimulation (Untrans. = 2.24 ± 0.18; GluA2Q WT = 2.40 ± 

0.15; n = 10; paired t-test; P = 0.27) and (A2) 50 Hz stimulation (Untrans. = 2.38 ± 0.17; GluA2Q 

∆NTD = 2.52 ± 0.23; n = 10; paired t-test; P = 0.55). Example traces of Untrans. (grey) and 

GluA2Q WT (red) shown on the left (scale bar = 10 ms; 20 pA). (B) GluA2Q ∆NTD paired pulse 

ratio was unchanged relative to Untrans. indicating no change in presynaptic release machinery in 

10 µM +TBOA. (B1) GluA2Q ∆NTD PPR was unchanged with 30 Hz stimulation (Untrans. = 3.08 

± 0.65; GluA2Q ∆NTD = 2.94 ± 0.70; n = 3; paired t-test; P = 0.85) and (B2) 50 Hz stimulation 

(Untrans. = 5.10 ± 1.41; GluA2Q ∆NTD = 5.05 ± 0.43; n = 3; paired t-test; P = 0.98). Example 

traces shown on the left (scale bar = 10 ms; 20 pA) (Untrans.: grey; GluA2Q ∆NTD: pink). (C1) 

GluA2Q WT and (D1) GluA2Q ∆NTD AMPAR EPSCs were modestly increased in 10 µM TBOA. 

(C2) Scatter plot of GluA2Q WT versus Untrans. and (D2) GluA2Q ∆NTD versus Untrans. 

indicate a modest increase in the AMPAR EPSC. 
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3.2.5  Single stimulation-evoked glutamate spillover 

GluA2Q WT and ∆NTD receptors

To further investigate the trend wise increase in AMPAR EPSC amplitude observed with GluA2Q 

∆NTD in 10 µM TBOA (Figure 3.11), further experiments were performed using a concentration 

of 50 µM TBOA, to increase the extent of glutamate spillover. Experiments were designed by 

blinding both construct expression (GluA2Q WT and ∆NTD) and ACSF solutions (-TBOA and 

+TBOA). These 4 experimental conditions were then recorded from 6 independent preparations 

and analysed before unblinding conditions. 

The synaptic RI of GluA2Q WT and GluA2Q ∆NTD was significantly reduced relative to 

untransfected cells indicating successful synaptic trafficking of GluA2Q homomers and remained 

unchanged in +TBOA perfused slices (Figure 3.12A1/B1). GluA2Q ∆NTD AMPAR EPSC 

amplitude was however, not reduced by ~50%, as reported previously (Watson et al., 2017). An 

explanation for this discrepancy is that the SCE transfection efficiency was variable in these 

experiments. However, the RI indicates that the receptor is successfully incorporated into CA1 

synapses (Figure 3.12B1). Experiments should be repeated with robust construct expression to 

accurately assess the effect of glutamate spillover onto GluA2Q WT and ∆NTD receptors. 

The AMPAR EPSC amplitude of GluA2Q WT expressing cells was increased by ~50% in -

TBOA and +TBOA relative to paired untransfected cells (Figure 3.12C1). This indicates no peri-

synaptic GluA2Q WT receptor activation with glutamate spillover, as hypothesised (Figure 3.1A). 

GluA2Q ∆NTD AMPAR EPSC amplitude however, is modestly decreased in -TBOA and 

increased in +TBOA relative to paired untransfected cells (Figure 3.12C2). No statistical 

significance is observed in these experiments, but trend of these results fits the hypothesis of peri-

synaptic ∆NTD receptor activation with glutamate spillover (Figure 3.1A). 
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Figure 3.12 50 µM TBOA-induced glutamate spillover has no effect on WT or NTD-deleted 

GluA2Q EPSC amplitude. 
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Figure 3.12 50 µM TBOA-induced glutamate spillover has no effect on WT or NTD-deleted 

GluA2Q EPSC amplitude. (A) GluA2Q incorporates into CA1 synapses and enhances the AMPAR 

EPSC in the absence and presence of 50 µM +TBOA. (A1) Synaptic RI of GluA2Q WT was 

significantly reduced relative to Untrans. (Untrans. = 0.53 ± 0.06; GluA2Q WT = 0.19 ± 0.04; n = 

10; paired t-test; P < 0.001). Example traces shown on the left, recorded at -60, 0 and +40 mV. 

(scale bar = 10 ms; 20 pA) (Untrans.: grey; GluA2Q WT: red). (A2) GluA2Q WT EPSCs were 

modestly increased in -TBOA (Untrans. = 64.2 ± 15.5 pA; GluA2Q WT = 100.1 ± 22.0 pA; n = 7; 

paired t-test; P = 0.09) and +TBOA (Untrans. = 55.9 ± 15.3 pA; GluA2Q WT = 83.2 ± 13.4 pA; n 

= 5; paired t-test; P = 0.09). (A3) Scatter plots indicate GluA2Q WT AMPAR EPSCs were 

increased relative to Untrans. in -TBOA and +TBOA. (B) GluA2Q ∆NTD incorporates into CA1 

synapses and causes a modest change in the AMPAR EPSC amplitude. (B1) RI of GluA2Q ∆NTD 

was significantly lower than Untrans. cells indicating synaptic incorporation (Untrans. = 0.49 ± 

0.03; GluA2Q ∆NTD = 0.19 ± 0.02; n = 21; paired t-test; P < 0.001). Example traces shown on the 

left, recorded at -60, 0 and +40 mV. (scale bar = 10 ms; 20 pA) (Untrans.: grey; GluA2Q ∆NTD: 

pink). GluA2Q ∆NTD EPSCs were modestly decreased in -TBOA (Untrans.: 53.8 ± 4.5 pA; 

GluA2Q ∆NTD: 43.9 ± 5.6 pA; n = 17; paired t-test; P = 0.12) and modestly increased in +TBOA 

(Untrans. = 44.3 ± 3.3 pA; GluA2Q ∆NTD = 49.6 ± 3.4 pA; n = 19; paired t-test; P = 0.32). (B3) 

Scatter plots indicate GluA2Q ∆NTD AMPAR EPSCs were modestly decreased in -TBOA and 

increased in +TBOA. (C) AMPAR EPSC summary. (C1) GluA2Q WT AMPAR EPSC amplitude 

was increased trend wise in -TBOA and +TBOA relative to paired untransfected cells. (C2) 

GluA2Q ∆NTD AMPAR EPSC amplitude was trend wise decreased in -TBOA and increased in 

+TBOA relative to paired untransfected cells. 

84________________________________________AMPAR sub-synaptic positioning through its N-terminal domain



GluA1 WT and ∆NTD receptors

Next, a similar approach was applied to test for peri-synaptic localisation of GluA1 ∆NTD 

receptors. First, in -TBOA, the synaptic RI for GluA1 WT and ∆NTD receptors was determined 

(Figure 3.13A). GluA1 WT receptors had a significantly reduced RI relative to paired 

untransfected cells (Figure 3.13A1), suggesting GluA1 WT incorporates into CA1 synapses 

where it contributes to synaptic transmission. However, the synaptic RI of GluA1 ∆NTD was 

unchanged relative to paired untransfected cells (Figure 3.13A2), confirming previous findings 

(Watson et al., 2017; Díaz-Alonso et al., 2017). Interestingly, despite the lack of GluA1 ∆NTD 

synaptic rectification, these receptors were localised at synaptic sites, as determined by confocal 

microscopy (Watson et al., 2020). This suggests that GluA1 ∆NTD receptors position at the 

synapse, but are unable to contribute effectively to synaptic transmission, possibly due to a ‘mis-

alignment’ of postsynaptic receptors with presynaptic glutamate release sites (Biederer et al., 

2017; Watson et al., 2020). It is hypothesised that receptors lacking the AMPAR NTD are 

positioned at peri-synaptic sites, due to a loss of NTD interactions with proteins in the synaptic 

cleft (Figure 3.1A). To deduce the sub-synaptic arrangement of GluA1 receptors, glutamate 

spillover was induced whilst recording the synaptic RI of GluA1 WT and ∆NTD receptors 

(Figure 3.13). 

In -TBOA, GluA1 WT but not ∆NTD receptors are able to contribute to effective synaptic 

transmission (Figure 3.13A). Building on this hypothesis, an experimental protocol was designed 

to deduce if TBOA-induced glutamate spillover is able to activate peri-synaptic GluA1 ∆NTD 

receptors. AMPAR EPSCs were recorded at -60, +40 and 0 mV in baseline (-TBOA) and 50 µM 

TBOA (+TBOA) ACSF to measure the synaptic RI (Figure 3.13B1). It was hypothesised that if 

GluA1 ∆NTD receptors are positioned at peri-synaptic sites, then TBOA-induced glutamate 

spillover would activate these receptors, reflected by a significantly reduced synaptic RI relative 

to baseline. Unlike experiments conducted on GluA2Q receptors (Figure 3.12), the 

experimental protocol described here permits a pairwise comparison of the synaptic RI before 

and after TBOA application, improving the statistical power of this experiment. 
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Figure 3.13 50 µM TBOA-induced glutamate spillover has no effect on WT or NTD-deleted 

GluA1 synaptic rectification. 
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Figure 3.13 50 µM TBOA-induced glutamate spillover has no effect on WT or NTD-deleted 

GluA1 synaptic rectification. (A1) Representative synaptic RI traces of Untrans. (grey) and GluA1 

WT (blue) held at -60, 0 and + 40 mV (scale bar = 20 pA; 10 ms). Synaptic RI of GluA1 WT was 

significantly decreased relative to Untrans. (Untrans. = 0.51 ± 0.04; GluA1 WT = 0.33 ± 0.03; n = 

13; paired t-test, P < 0.001). GluA1 WT EPSC amplitude was unchanged relative to Untrans. 

(Untrans. = 65.0 ± 12.6 pA; GluA1 WT = 74.6 ± 14.2 pA; n = 18; paired t-test, P = 0.42). 

Representative synaptic RI traces of Untrans. (grey) and GluA1 ∆NTD (light blue) (scale bar = 20 

pA; 10 ms). (Data re-presented from Figure 3.3). (A2) Synaptic RI of GluA1 ∆NTD was unchanged 

relative to Untrans. (Untrans. = 0.56 ± 0.06; GluA1 ∆NTD = 0.50 ± 0.08; n = 11; paired t-test, P = 

0.43). GluA1 ∆NTD EPSC amplitude was unchanged relative to Untrans. (Untrans. = 44.6 ± 8.45 

pA; GluA1 ∆NTD = 52.0 ± 9.05 pA; n = 11; paired t-test, P = 0.45). (B1) Experimental protocol for 

TBOA application and synaptic rectification. EPSCs were recorded at -60, +40 and 0 mV during 

baseline and 50 µM TBOA application. (B2) Untrans. representative traces (scale bar = 20 pA; 10 

ms). Untrans. synaptic RI was unchanged following TBOA application (Untrans. -TBOA = 0.53 ± 

0.04; Untrans. +TBOA = 0.54 ± 0.04; n = 9; paired t-test, P = 0.86). Untrans. EPSC amplitude was 

significantly increased following TBOA application (Untrans. -TBOA = 56.5 ± 5.87 pA; Untrans. 

+TBOA = 72.4 ± 9.95 pA; n = 8; paired t-test, P < 0.05). (B3) GluA1 WT representative traces 

(Scale bar = 20 pA; 10 ms). GluA1 WT synaptic RI was unchanged following TBOA application 

(GluA1 WT -TBOA = 0.42 ± 0.01; GluA1 WT +TBOA = 0.40 ± 0.06; n = 4; paired t-test, P = 

0.71). GluA1 WT EPSC amplitude was unchanged following TBOA application (GluA1 WT -

TBOA = 79.7 ± 34.4 pA; GluA1 WT +TBOA = 90.2 ± 39.5 pA; n = 4; paired t-test, P = 0.16). (B4) 

GluA1 ∆NTD representative traces (scale bar = 20 pA; 10 ms). GluA1 ∆NTD synaptic RI was 

unchanged following TBOA application (GluA1 ∆NTD -TBOA = 0.49 ± 0.05; GluA1 ∆NTD 

+TBOA = 0.45 ± 0.05; n = 6; paired t-test, P = 0.21). GluA1 ∆NTD EPSC amplitude was unchanged 

following TBOA application (GluA1 ∆NTD -TBOA = 54.8 ± 12.5 pA; GluA1 ∆NTD +TBOA = 59.5 

± 13.3 pA; n = 6; paired t-test, P = 0.11). (C) Synaptic RI summary of Untrans., GluA1 WT and 

GluA1 ∆NTD expressing cells perfused with -/+ TBOA (ANOVA, p > 0.05).
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Initial experiments deduced the synaptic RI from untransfected slices in baseline and 50 µM 

TBOA (Figure 3.13B2). The synaptic RI in +TBOA was unchanged relative to -TBOA, with a 

read-out of ~0.55, confirming measurements from previous experiments (3.13A1/2). The 

AMPAR EPSC amplitude of untransfected cells was significantly increased by ~10% in +TBOA 

relative to -TBOA (Figure 3.13B2), supporting findings from TBOA wash-in experiments 

(Figure 3.6D). This indicates that glutamate spillover is successfully induced using this 

experimental design. Importantly, the synaptic RI, although variable, remains unchanged. This 

permits use of this assay to study glutamate spillover onto GluA1 WT and ∆NTD expressing 

cells. 

GluA1 WT synaptic RI is unchanged in +TBOA relative to -TBOA (Figure 3.13B3). The extent 

of synaptic rectification, ~0.4, is similar to that observed in previous experiments (Figure 

3.13A1) and publications (Watson et al., Díaz-Alonso et al., 2017). Additionally, no significant 

change is observed in the AMPAR EPSC amplitude of GluA1 WT in 50 µM TBOA relative to 

baseline (Figure 3.13B3). This suggests that glutamate spillover has no effect on the 

contribution of GluA1 WT receptors to the synaptic response, in line with the hypothesis outlined 

in Figure 3.1. This implies that GluA1 WT receptors are positioned within the PSD, effectively 

responding to presynaptically released glutamate and do not require spillover of glutamate to be 

activated. 

Finally, the synaptic RI of GluA1 ∆NTD expressing cells was measured in baseline and 50 µM 

TBOA. No significant change was observed in +TBOA relative to -TBOA for GluA1 ∆NTD 

expressing cells (Figure 3.13B4). Similarly, no significant change in the size of the AMPAR 

EPSC was observed. This indicates that TBOA-induced glutamate spillover has no effect on the 

contribution of GluA1 ∆NTD receptors to the synaptic response. These findings indicate that 

GluA1 ∆NTD receptors are not positioned at peri- or extra-synaptic sites. These results raise 

questions over the mechanism underlying a lack of synaptic rectification with GluA1 ∆NTD 

during basal conditions. It remains possible that the functional difference between GluA1 WT 

and ∆NTD is alternatively due to a trafficking defect, as observed with AMPAR NTD deletion in 

heterologous cells by western blotting (Möykkynen et al., 2014) and reduced synaptic enrichment 

in neurons by confocal imaging (Watson et al., 2020). 
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3.3 Discussion 

The synaptic RI can be used as a measure of synaptic incorporation of exogenous AMPARs. In 

combination with expression of AMPAR mutants, this assay has been used extensively to answer 

a number of questions about synaptic trafficking in basal ACSF (Hayashi et al., 2000; Shi et al., 

2001). However, in order to address questions about the sub-synaptic arrangement of AMPARs 

this assay alone will not suffice. Therefore, the RI was used in combination with TBOA-induced 

glutamate spillover. A number of protocols were tested throughout this chapter to address if the 

AMPAR NTD is required for sub-synaptic receptor positioning. 

 The AMPAR NTD maintains excitatory synaptic transmission and plasticity

AMPAR subunits GluA1-3 are responsible for mediating the majority of AMPAR-mediated 

synaptic transmission at CA1 synapses in the hippocampus (Figure 3.2). Furthermore, GluA1/2 

heteromers are the most abundant AMPAR subunits in the hippocampus (Schwenk et al., 2014) 

and mediate the bulk of CA1 synaptic transmission (Lu et al., 2009). Therefore, the synaptic 

function of GluA1/2 NTDs was determined using exogenous expression of WT and ∆NTD 

receptors, highlighting the importance of the GluA1/2 NTD in maintaining effective synaptic 

transmission (Figure 3.3; Watson et al., 2017; Díaz-Alonso et al., 2017; Watson et al., 2020). 

Moreover, application of exogenous AMPAR NTDs interferes selectively with GluA2-mediated 

synaptic transmission and GluA1-mediated synaptic potentiation (Figure 3.4). This is potentially 

mediated by exogenous NTDs competing with endogenous AMPAR NTD-protein interactions, 

reflected by a loss of synaptic function. Ultimately, the AMPAR NTD appears to regulate 

excitatory synaptic transmission in a subunit-specific manner, potentially through directly 

interacting with proteins in the synaptic cleft. 

AMPARs are non-uniformally distributed at postsynaptic sites, organising into 

nanodomains (Nair et al., 2013; MacGillavry et al., 2013). These nanodomains have also been 

shown to align with presynaptic vesicle release sites, in nanocolumns (Tang et al., 2016; 

Biederer et al., 2017). Computer modelling suggests that clustering of AMPARs on a nanometer 

scale, can profoundly enhance the strength of the synaptic response (Franks et al., 2003; 

Raghavachari and Lisman, 2004; Savtchenko and Rusakov, 2014). Sub-synaptic 

positioning of AMPARs therefore, is crucial to achieve efficient synaptic transmission, 

particularly as not all AMPARs are saturated by glutamate at CA1 synapses (McAllister and 

______
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Stevens, 2000). Recent reports suggest that the AMPAR NTD is required for positioning 

AMPARs within nanodomains for effective synaptic transmission (Watson et al., 2020). 

To test this hypothesis physiologically, glutamate spillover experiments were performed 

using application predominantly of selective EAAT1-3 inhibitor DL-TBOA 

(Shimamoto et al., 1998; Shimamoto et al., 2000). Glutamate spillover has greatly 

improved our understanding of peri-synaptic mGluR (Huang et al., 2004; Sheng et al., 

2017b) and extra-synaptic NMDAR distribution (Chen and Diamond, 2002; Clark and 

Cully-Candy, 2002). A spillover of glutamate in this study therefore, is expected to 

activate potentially mis-aligned NTD-deleted receptors.

 TBOA-induced glutamate spillover

One of the key difficulties with addressing the sub-synaptic positioning of AMPARs using 

electrophysiology alone, is not knowing the true extent of glutamate spillover. Different drugs 

(TFB-TBOA and DL-TBOA), concentrations (1 µM, 10 µM and 50 µM) and stimulation 

protocols (single pulse and pulse-train stimulation) were used throughout these experiments in an 

attempt to vary the extent of glutamate spillover at pyramidal CA1 synapses. Lower TBOA 

concentrations and single pulse stimulation was used to limit glutamate spillover onto extra-

synaptic sites and neighbouring synapses, ensuring activation of peri-synaptic receptors. Having 

confirmed successful spillover of glutamate with single pulse stimulation (Figure 3.6) and pulse-

train stimulation (Figure 3.8) on endogenous receptors, these established protocols were then 

extended to study exogenous GluA1/2 WT and ∆NTD expressing cells to assess the sub-synaptic 

positioning of these receptors (Figure 3.12/13). 

Pulse-train_stimulation

TBOA application in combination with pulse-train stimulation was used to maximise the spatio-

temporal extent of glutamate spillover (Hires et al., 2008; Armbruster et al., 2016; Pinky et al., 

2018) in an attempt to detect extra-synaptic receptors. Application of TBOA significantly 

enhances glutamate spillover at CA1 synapses in untransfected slices (Figure 3.8), suggesting 

successful spillover onto extra-synaptic receptors or neighbouring synapses. However, no change 

in the AMPAR EPSC amplitude of GluA2Q WT and ∆NTD expressing cells is detected using 

dual whole-cell recording of paired untransfected and transfected cells (Figure 3.10). This 

suggests that both GluA2Q WT and ∆NTD receptors are not positioned at extra-synaptic sites. 

____
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Significant effects observed with unpaired experimental design (Figure 3.9) are thought to be due 

to differences in stimulation intensity input affecting the extent of glutamate spillover (Figure 

3.8C) across different slices and conditions.

Single-stimulation

Extensive glutamate spillover onto extra-synaptic receptors did not reveal a difference in the 

localisation of GluA2Q WT and ∆NTD receptors. However, an interesting observation was made 

from these experiments, where the first EPSC of GluA2Q ∆NTD expressing cells was found to be 

trend wise increased in 10 µM TBOA (Figure 3.11). In contrast, GluA2Q ∆NTD expression in

-TBOA is depressed by ~50% relative to untransfected cells (Figure 3.3C; Watson et al., 2017; 

Díaz-Alonso et al., 2017; Watson et al., 2020). Therefore, single stimulation (frequency 0.2 Hz) 

was employed to study this effect in further detail. Despite a trend wise increase in the AMPAR 

EPSC recorded from GluA2Q ∆NTD expressing cells in the presence of 50 µM TBOA (Figure 

3.12), the AMPAR EPSC was not significantly decreased in -TBOA. These results conflict with 

those reported previously using SCE transfection (Figure 3.3C), thought to be due to variable 

expression levels.  

GluA1 WT receptors incorporate into CA1 synapses, whereas GluA1 ∆NTD receptors do not 

(Figure 3.13A). The lack of synaptic incorporation with GluA1 ∆NTD is thought to be due to a loss 

of synaptic anchoring (Watson et al., 2017). Here, it was hypothesised that GluA1 ∆NTD receptors 

are excluded from the PSD at peri-synaptic sites (Figure 3.1A) and spillover of glutamate onto 

these receptors will activate them, increasing the extent of synaptic rectification to WT levels. 

Using a paired experimental design, the synaptic RI was recorded during basal conditions and 

following TBOA application (Figure 3.13B1). However, the synaptic RI was found to be 

unchanged in both GluA1 WT and ∆NTD expressing cells (Figure 3.13B3/4). This indicates that 

GluA1 ∆NTD receptors are not positioned peri-synaptically, and therefore another mechanism may 

explain the lack of synaptic rectification. For example, decreased surface expression or distribution, 

observed in both heterologous and neuronal cells (Möykkynen et al., 2014; Watson et al., 2020).

91________________________________________AMPAR sub-synaptic positioning through its N-terminal domain



Sub-synaptic AMPAR positioning cannot be studied using electrophysiology alone. In addition to 

glutamate spillover experiments, super-resolution imaging will permit determination of GluA1/2 

WT and ∆NTD localisation. Recently, super-resolution has also been used to study the AMPAR 

NTD, suggesting it is not required for nanodomain formation (Watson et al., 2020). Using 

STORM microscopy, the authors show that nanodomain of postsynaptic AMPARs are formed 

with both GluA1/2 WT and ∆NTD receptors. Similarly, experiments in this chapter using 

glutamate spillover onto peri- and extra-synaptic sites, suggest no difference in the sub-synaptic 

distribution of GluA1/2 WT and ∆NTD receptors. It remains possible that a nanometer difference 

in sub-synaptic receptor positioning exists, however if this is the case, it is undetectable by 

glutamate spillover and super-resolution microscopy. 

Regardless, the AMPAR NTD appears to be crucial for the maintenance of synaptic 

transmission and plasticity (Figure 3.3/4), but how this functional phenotype manifests remains 

elusive. It is also possible, that synaptic protein interactions with the AMPAR NTD may have 

various functional effects. Identification (Chapter 4) and functional characterisation 

(Chapter 5) of AMPAR-interacting proteins is investigated further in this study. 
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Chapter 4 

Identifying synaptic protein interactions with the AMPAR 

N-terminal domain

4.1 Introduction 

The AMPAR N-terminal domain (NTD) is required for synaptic transmission and plasticity 

(Chapter 3; Watson et al., 2017; Díaz-Alonso et al., 2017, Watson et al., 2020; Jiang et al., 

2021). Given that the synaptic cleft is a protein-rich environment (Perez de Arce et al., 

2015), an emerging theory is that cleft protein interactions with the NTD influence 

synaptic AMPAR positioning and consequently synaptic strength (Watson et al., 2020). 

Extracellular protein interactions have been identified with the NTD of other ionotropic 

glutamate receptors (iGluRs), including complement C1q-like protein 2/3 (C1ql2/3) 

binding to kainate subunit GluK2/4/5 NTDs (Matsuda et al., 2016; Straub et al., 2016) and 

Cerebellin-1/2/4 (Cbln1/2/4) binding to delta subunit GluD1/2 NTDs (Matsuda et al., 2010; 

Elegheert et al., 2016; Tao et al., 2018; Fossati et al., 2019). These protein interactions are 

essential for hippocampal circuit function and cerebellar long-term depression respectively. 

Additionally, a growing number of AMPAR NTD interactors are being described, for 

example neuronal pentraxin-1/2/receptor (Nptx1/2/r) binding to GluA4 NTDs (O’Brien et al., 

1999; Xu et al., 2003; Sia et al., 2007; Lee et al., 2017) and more recently olfactomedin-1 

(Olfm1) binding to GluA2 NTDs (Pandya et al., 2018). These secreted proteins represent all 

currently known direct iGluR NTD interactors (Figure 4.1). However, it is likely that 

numerous proteins that interact with the AMPAR NTD remain unresolved.



Figure 4.1 Known ionotropic glutamate receptor NTD interactors. (A) Complement C1q-like 

protein 2/3 (C1ql2/3) interact with the NTD of postsynaptic kainate receptor subunits 

GluK2/4/5 and presynaptic neurexin (Nrxn), forming a trans-synaptic complex. This interaction 

is required to regulate circuit function at hippocampal mossy fibre synapses (Matsuda et al., 

2016; Straub et al., 2016). (B) Cerebellin-1/2/4 (Cbln1/2/4) bind to postsynaptic delta 

receptor subunits GluD1/2 and presynaptic neurexin, forming a trans-synaptic complex. This 

interaction is critical for the expression of long-term depression at cerebellar climbing fibre 

synapses and hippocampal synapse formation and maintenance (Matsuda et al., 2010; 

Elegheert et al., 2016; Tao et al., 2018; Fossati et al., 2019). (C) Neuronal pentraxin-1/2/receptor 

(Nptx1/2/r) interact with the NTD of GluA4 subunits promoting postsynaptic receptor 

clustering at excitatory and inhibitory synapses (O’Brien et al., 1999; Xu et al., 2003; Sia et al., 

2007; Lee et al., 2017). (D) Olfactomedin-1 (Olfm1) binds to the NTD of GluA2-containing 

AMPARs regulating lateral diffusion of AMPARs into hippocampal synapses (Pandya et al., 

2018). 
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Secreted proteins form low-affinity interactions with iGluR NTDs in the µM range (Matsuda et 

al., 2010; Matsuda et al., 2016; Elegheert et al., 2016; Suzuki et al., 2020), and therefore 

are not amenable for identification by classical affinity-purification mass spectrometry. (AP-

MS; Schwenk et al., 2012; Schwenk et al., 2014; Shanks et al., 2012). In order to identify 

AMPAR NTD interactions, proximity-labelling (PL) proteomics was employed as a means 

of capturing weak and transient synaptic cleft protein interactions. This was implemented 

by fusing promiscuous biotin ligase (BirA*) and ascorbate peroxidase (APEX) tags to 

the N-terminus of AMPAR subunits (BirA*-AMPAR) and expressing these constructs in 

organotypic slice culture by adeno-associated virus (AAV) transduction. 

Proximity-labelling (PL) proteomics is gaining momentum as a technique used to detect 

interactions with a protein of interest. This method relies on proximity-dependent 

biotinylation of neighbouring proteins by fusion with BirA* (Choi-Rhee et al., 2004; Cronan, 

2005). In the presence of biotin + ATP, BirA* generates a biotin derivative which diffuses 

from the active site and labels lysine residues on neighbouring proteins within a 10-35 

nm radius (Figure 4.2A1; Kim et al., 2014; May et al., 2020). Proteins covalently labelled 

by biotin are biochemically captured, isolated and identified by nanoscale liquid 

chromatography with tandem mass spectrometry (nano-LC-MS/MS). Since the advent of BioID 

(35 kD; Roux et al., 2012), a number of variants have been developed to improve the enzymatic 

biotinylation efficiency and to reduce the overall size of the enzyme. Namely, BioID2, derived 

from A. Aeolicus  BirA* with enhanced labelling and reduced size (27 kD; Kim et al., 2016; 

Figure 4.2B1), and more recently MiniTurbo (28 kD) and TurboID (35 kD), the product of 

directed evolution of E. Coli BirA* (Branon et al., 2018, Figure 4.2B2 and 4.2B3). TurboID has 

a significantly improved labelling efficiency, rivalling that of engineered APEX tags (Martell et 

al., 2012; Lam et al., 2015; Hung et al., 2016) APEX (27 kD) and APEX2 (27 kD), and 

horse radish peroxidase (HRP) (44 kD; Jiang et al., 2012). The labelling efficiency of 

PL tags varies (Figure 4.1), differing in their spatio-temporal labelling capabilities, with 

some tags more suitable than others for the identification of proteins from different 

subcellular compartments. The improved temporal resolution (2-fold relative to BioID using 

3 hrs reaction time; Branon et al., 2018) and non-toxicity of biotin application makes 

TurboID an ideal tag for capturing dynamic protein interactions in intact tissue preparations. 

Successful capture of protein interactions with BioID2, MiniTurbo, TurboID and APEX2 was 

directly compared to determine the most effective PL tag. 
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Figure 4.2 Proximity-labelling tag size and labelling efficiency. (A) Biotin ligase (BirA*) tags 

require biotin + ATP to initiate biotinylation of proximal lysine residues on neighbouring proteins. 

BirA* tags vary in size (kD) and labelling efficiency, requiring different reaction times for 

sufficient biotinylation. BioID (Roux et al., 2012), BioID2 (Kim et al., 2016), BASU 

(Ramanathan et al., 2018), MiniTurbo (Branon et al., 2018) and TurboID (Branon et al., 2018) all 

permit labelling and identification of proximal proteins within a ~10-35 nm radius (Kim et al., 

2014; May et al., 2020). (B) Ascorbate peroxidase (APEX) tags require biotin phenol (biotin-p) 

and H2O2 to initiate biotinylation of proximal tyrosine residues on neighbouring proteins. APEX 

(Martell et al., 2012), APEX2 (Lam et al., 2015; Hung et al., 2016) and HRP (Jiang et al., 2012) 

all permit labelling and identification of proximal proteins within a ~20 nm radius (Martell et al., 

2012). Considerably shorter labelling times are required for APEX tags relative to BirA*.
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Organotypic slice cultures provide a versatile tool for studying synapses using electrophysiology, 

light microscopy and biochemistry (Gähwiler et al., 1997). This culturing method provides an 

intact physiological network easily manipulated by changing the experimental conditions in vitro. 

As a synaptic role for the AMPAR NTD has been determined in organotypic hippocampal slices 

(Watson et al., 2017; Díaz-Alonso et al., 2017, Watson et al., 2020), this experimental system 

was chosen to probe for candidate NTD cleft protein interactions. PL proteomics was 

implemented by AAV-mediated BirA*-AMPAR expression, labelling and identification of 

proximal proteins in organotypic slice culture. This system offers considerable advantages over 

PL proteomics performed in dissociated cortical cultures (Loh et al., 2016; Cijsouw et al., 2018), 

where hippocampal anatomy is lost during neuronal dissociation, and in vivo (Uezu et al., 2016; 

Spence et al., 2019; Takano et al., 2020), which requires numerous subcutaneous biotin 

injections. Additionally, BirA* tags label vicinal proteins under physiological conditions, without 

the requirement for toxic H2O2 application or 4˚C recovery conditions necessary for APEX and

HRP (Loh et al., 2016; Cijsouw et al., 2018; Li et al., 2020). 

In this chapter, candidate AMPAR NTD interactors were identified in organotypic slice 

culture, with the ability of three BirA* tags (BioID2, MiniTurbo and TurboID) and APEX2 to 

successfully identify direct AMPAR NTD interactors compared in parallel. Subsequently, direct 

protein interactions were confirmed by high-throughput screening of candidate interactors in a 

cell-based binding assay. Candidate binding and localisation was then further characterised 

using co-immunoprecipitation (co-IP) experiments and immunofluorescence microscopy. 

These findings describe the identification and confirmation of direct synaptic protein 

interactions with the AMPAR NTD and describe novel methodology for identification of 

AMPAR NTD interactors in organotypic slice culture. 
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4.2 Results 

4.2.1  Establishing proximity-labelling in organotypic slices 

Cell-permeable biotin application used to initiate proximity-dependent biotinylation is expected 

to result in protein labelling at all stages of the AMPAR life cycle. Proximal proteins will be 

identified from the ER during AMPAR biogenesis (eg. Frrs1l; Schwenk et al., 2019) and at the 

synaptic cleft during synaptic transmission (eg. Nptx1; Xu et al., 2003) (Figure 4.3C). To identify 

synaptic AMPAR-interacting proteins, the following BirA*-AMPAR constructs were chosen 

based on their successful incorporation into CA1 synapses, GluA2Q WT, GluA2Q ∆NTD and 

GluA1 WT (Chapter 3; Watson et al., 2017). GluA1 ∆NTD receptors however, fail to incorporate 

into CA1 synapses, therefore this construct was deemed unsuitable as a control bait for the 

identification of synaptic AMPAR NTD interactors. To assess enrichment of proteins for the 

AMPAR NTD, PL proteomics of GluA2Q WT and ∆NTD receptors were compared extensively 

throughout this chapter fused to 4 different PL tags (BioID2, MiniTurbo, TurboID and APEX2).

Experimental conditions were first optimised before detailing the finalised PL protocol in Figure 

4.8. Briefly, once robust BirA*-AMPAR expression is achieved at day post infection (DPI) 13 

using AAV-mediated transduction, biotinylation is initiated by applying biotin for 48, 18 or 

2 hrs, for BioID2, MiniTurbo or TurboID respectively, or 10 mins for APEX2. Following 

biotinylation, slices were harvested and solubilised in lysis buffer before isolating 

biotinylated proteins using streptavidin magnetic beads. Finally, streptavidin-isolated 

proteins were eluted and identified by MS for multiple experimental conditions to enable 

comparison of proximity-proteomes. 

To establish this protocol (Figure 4.8), experimental conditions were first optimised during pilot 

experiments with BirA*-AMPAR expression in heterologous and neuronal cells (see 4.2.1). 
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Figure 4.3 Proximity-labelling of AMPAR interactors in organotypic slice culture. (A1) 

Proximity-dependent biotinylation reaction mediated by a promiscuous biotin ligase (BirA*) tag. 

(A2) (Left) BirA*-AMPAR subunit constructs packaged into AAV vectors under the CaMKIIα 

promoter containing the native AMPAR signal sequence (SS). (A2) (Right) BirA* is fused to the 

extreme N-terminus of the AMPAR using a flexible amino acid linker. AMPARs are composed of 

a large extracellular N-terminal domain (NTD), ligand binding domain (LBD), transmembrane 

domain (TMD) and C-terminal domain (CTD). (B) BirA* tags employed in PL experiments. (B1) 

BioID2, derived from A. Aeolicus, contains a single mutation to permit promiscuous biotinylation 

(Kim et al., 2016). (B2) MiniTurbo, derived from E. Coli, contains 12 mutations introduced to 

improve the efficiency of biotinylation and lacks the BirA* DNA binding domain to reduce tag 

size (Branon et al., 2018). (B3) TurboID contains 14 mutations and includes the E. Coli DNA 

binding domain, producing the highest efficiency of biotinylation (Branon et al., 2018). (C) 

AMPAR biogenesis and synaptic localisation exposes BirA* tags to both ER and synaptic protein 

interactors. Known AMPAR constituents from the ER (Frrs1l) and synapse (Nptx1) should be 

identified using PL proteomics. 
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 Optimisation of BirA*-AMPAR labelling conditions

The following experiments were conducted to validate the use of BirA*-AMPARs to label 

and isolate proximal proteins. Experimental conditions for biotinylation were first optimised in a 

recombinant setting by transfection of HEK293 cells with BirA*-AMPARs. BioID2-, 

MiniTurbo- and TurboID-AMPAR constructs were built by fusing tags to the N-terminus of 

AMPAR subunits using a ‘Gly-Lys-Ser-Ser-Gly-Ser ’ amino acid linker inserted after the native 

signal sequence (Figure 4.3A2). 

First, to ensure that proximal proteins labelled by BirA*-AMPARs can be isolated by streptavidin 

magnetic beads, BioID2-tagged GluA2Q WT and NTD-deleted (∆NTD) receptors were co-

expressed in HEK293 cells alongside GluA1 (Figure 4.4A1). BioID2-GluA2Q WT (~135 kD) and 

BioID2-GluA2Q ∆NTD (~85 kD) were expressed at the expected molecular weights compared to 

un-tagged GluA2Q WT (~100 kD) indicated by western-blotting (WB) with antibodies directed at 

the GluA2 CTD. The intensity of streptavidin-HRP staining observed was greater from the cell 

lysate of BioID2-GluA2Q WT and BioID2-GluA2Q ∆NTD in the presence of 200 µM biotin, 

demonstrating that biotin supplementation into the media for 48 hrs enhances the extent of protein 

biotinylation. Bands at molecular weights of ~80 and 150 kD in untransfected cells represent 

endogenously biotinylated proteins (Chapman-Smith and Cronan, 1999). Most importantly, 

biotinylated GluA1 could be isolated with streptavidin magnetic beads selectively from cells 

expressing BioID2-tagged receptors in the presence of biotin (Figure 4.4A1). This demonstrates 

that BioID2-AMPARs successfully biotinylate proximal GluA1 and streptavidin magnetic beads 

are able to effectively capture biotinylated GluA1 receptors. 

Enzymatic biotinylation requires both biotin + ATP to covalently attach biotin to 

neighbouring lysine residues. Whilst 200 µM biotin supplementation is sufficient to initiate 

proximal biotinylation, ATP was additionally supplemented to ensure a greater coverage of the 

proximal environment. The  ATP concentration differs across the intracellular (~3-10 mM) 

and extracellular environment (~10 nM) (Schwiebert and Zsembery, 2003). Consequently, 

BirA* enzymatic activity may also differ in the intra- and extra-cellular space. To account for 

these differences, the extracellular concentration of ATP was increased and together with 200 µM 

_
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Figure 4.4 Optimisation of BirA*-AMPAR experimental conditions. 
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Figure 4.4 Optimisation of BirA*-AMPAR experimental conditions. (A1) AMPAR subunit GluA1 

can be labelled and isolated successfully by neighbouring subunits BioID2-GluA2Q WT and ∆NTD. 

Co-expression of BioID2-GluA2Q WT or ∆NTD and GluA1 receptors elicited biotinylation in the 

presence of 200 µM biotin. Biotinylated GluA1 was successfully isolated following a streptavidin 

pulldown selectively for BioID2-GluA2Q WT and BioID2-GluA2Q ∆NTD conditions in the 

presence of biotin. (A2) The intensity of biotin-induced biotinylation was increased in the presence 

of 2 mM ATP. Increasing concentrations of ATP were applied to cells expressing BioID2-GluA2Q 

in the presence of 200 µM biotin (n = 3 independent preparations). Biotinylation intensity was 

greatest for 200 µM biotin + 2 mM ATP media conditions. Of note, cell health was compromised at 

ATP concentrations of 5 mM. (A3) Biotin-depleted media had a drastically reduced level of 

background biotinylation in control conditions. With endogenously biotinylated proteins (Chapman-

Smith and Cronan, 1999) undetectable by WB. (B) Biotinylation intensity was greatest for TurboID-

AMPARs following 2 hrs biotin + ATP application (n = 3 independent preparations). Of note, 10 

mins labelling time was insufficient to produce biotinylation in BioID2- and MiniTurbo-GluA2Q 

expressing cells, as detected by WB. (C) BioID2-, MiniTurbo- and TurboID- GluA2Q WT and 

∆NTD receptors produce similar levels of proximal biotinylation when expressed in organotypic 

hippocampal slices via AAV-mediated transduction (titer = 1.0 x 1013 GC/mL). BioID2-, MiniTurbo 

and TurboID- GluA2Q WT and ∆NTD receptors were detected in the slice lysate using primary 

antibodies direct at the GluA2 CTD. Additionally, anti-BioID2 was used to specifically probe for the 

BioID2 tag on WB. 
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biotin applied to HEK293 cells expressing BioID2-GluA2Q for 48 hrs (Figure 

4.4A2). The intensity of streptavidin-HRP blotting is increased in a concentration-

dependent manner from 0 mM ATP to 2 mM ATP, reaching maximal biotinylation 

intensity (Figure 4.4A2). Increasing the ATP concentration to 5 mM did not result in further 

increases in biotinylation and cell health at this concentration was compromised. Therefore, 

application of 200 µM biotin + 2 mM ATP was selected for all organotypic hippocampal slice 

PL proteomics experiments. 

Endogenous biotinylation can be observed in BioID2-GluA2Q expressing cells in the absence 

of biotin application, likely due to very low levels of biotin being present in the media (Figure 

4.4A2). It is important to reduce the level of background biotinylation in order to retain temporal 

control over the labelling time-window. Lower levels of background biotinylation will 

also ensure a reduction in the noise level of mass spectrometry (MS) data. To reduce 

endogenous and background biotinylation, biotin-depleted media was prepared by isolating 

biotin from HEK293 media with streptavidin agarose beads. This successfully abolished 

background biotinylation (Figure 4.4A3), enabling strict control over the labelling time-

window and reducing levels of noise for PL proteomics. 

To deduce the time-window required for sufficient biotinylation by different BirA* tags, a direct 

comparison of streptavidin-HRP staining intensity was performed. Un-tagged-, BioID2-, 

MiniTurbo- and TurboID-tagged GluA2Q WT and GluA2Q ∆NTD were expressed in HEK293 

cells and supplemented with biotin + ATP for 2 hrs. The level of biotinylation observed was 

significantly higher for TurboID- relative to MiniTurbo- and BioID2- expressing cells (Figure 

4.4B). This suggests that the temporal efficiency of TurboID is significantly greater than that of 

MiniTurbo and BioID2. This experiment was performed in parallel with cells treated with biotin + 

ATP for 10 mins, as the intensity of biotinylation by TurboID is reported to be sufficient within 

this time (Branon et al., 2018). However, the intensity of biotinylation by TurboID-GluA2Q 

receptors was undetectable with 10 mins labelling. This is likely due to the previous 

characterisation of TurboID (Branon et al., 2018) by fusion to single transmembrane domains 

(pDisplay; Howarth et al., 2008), which are expressed in higher quantities than AMPARs. The 

difference in labelling intensity observed here compared to the literature therefore, is most likely 

due to a difference in expression levels of different TurboID fusion constructs.
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Finally, BirA*-AMPARs were expressed in organotypic hippocampal slices by transduction with 

high titer     (1.0 x 1013 GC/mL) AAV (Figure 4.4C). Having validated construct expression and 

labelling in recombinant cells, encoding DNA was packaged into AAVs for transduction of post-

mitotic neurons (Figure 4.3A2). BirA*-AMPAR expression was driven by the CaMKIIα p romoter 

to ensure selective expression in excitatory hippocampal neurons (Wang et al., 2013; Choi et al., 

2014) and AAV serotype 2/9 vectors were selected given their low toxicity and stable long-term 

expression in cultured hippocampal neurons (Royo et al., 2008). BirA*-tagged WT and ∆NTD 

receptors are expressed in slices indicated by higher (~135 kD) and lower (~85 kD) molecular 

weights respectively, compared to endogenous GluA2 (~100 kD). Biotin + ATP was 

supplemented into the media for 48, 18 and 2 hrs, (BioID2, MiniTurbo and TurboID respectively) 

depending on the BirA* tag used. These labelling times were selected based on published timings 

(Kim et al., 2016; Branon et al., 2018) and streptavidin-HRP staining intensity from WB of 

organotypic slice culture lysate (Figure 4.4C). BirA*-GluA2Q WT and BirA*-GluA2Q ∆NTD 

biotinylated proteins, were subsequently isolated from the slice lysate and identified by nano-LC-

MS/MS. These experiments establish the experimental conditions for PL proteomics conducted 

throughout this chapter (Figure 4.8). 



4.2.2  BirA*-AMPARs traffic to CA1 synapses 

Fusion of BirA* tags (27-35 kD; Figure 4.3B) to the N-terminus of the AMPAR may hinder 

synaptic expression and physiological function in organotypic hippocampal slices. Therefore, to 

ensure that BirA*-AMPARs express and function equivalent to WT receptors, excitatory 

postsynaptic currents (EPSCs) were recorded from CA1 pyramidal neurons expressing 

BirA*-tagged (BioID2) and un-tagged AMPAR subunits. The rectification index (RI) was 

used as a measure of AMPAR synaptic trafficking (Hayashi et al., 2000; Shi et al., 2001) and 

the AMPAR EPSC amplitude was used to determine synaptic strength. Initial screening was 

performed with BioID2 as this is the most well-characterised tag for identification of synaptic 

proteins in intact tissue preparations (Uezu et al., 2016; Spence et al., 2019).

Single-cell electroporation (SCE) transfection of un-tagged AMPAR subunits all resulted in 

significant rectification of the synaptic response (Figure 4.5C1). This indicates that GluA2Q WT, 

GluA2Q ∆NTD and GluA1 WT receptors are expressed at CA1 synapses, as previously reported 

(Watson et al., 2017). Crucially, BioID2-AMPAR subunits also caused a significant rectification 

of the synaptic response, implying fusion of BioID2 to the N-terminus of AMPAR subunits does 

not occlude synaptic trafficking. Additionally, changes in EPSC amplitude observed with un-

tagged AMPARs are mirrored by BioID2-AMPAR subunit expression (Figure 4.5C2). Whilst 

GluA2Q WT increased the EPSC, GluA2Q ∆NTD expression resulted in a decrease in EPSC 

amplitude, with no significant change observed for GluA1, as previously reported for untagged 

receptors (Watson et al., 2017). This demonstrates that synaptic expression and function is 

independent of the BioID2 tag, validating the use of this construct for the identification of 

synaptic AMPAR interactors.

SCE permits sparse transfection of AMPARs in organotypic slice culture (Figure 4.5A3). 

However, nano-LC-MS/MS experiments require expression of BirA*-AMPARs in a large 

proportion of excitatory neurons to increase the quantity of biotinylated material. Therefore, AAV 

transduction of organotypic slice cultures was implemented to increase the proportion of 

expressing cells (Figure 4.5A3). To determine the time-course of BioID2-AMPAR synaptic 

expression in CA1 pyramidal neurons following AAV transduction, the synaptic RI 

was measured at three different time points post infection. The RI of BioID2-AMPARs 

was unchanged at day post infection (DPI) 4 and 7, but significantly reduced relative to uninfected 

slices at DPI 13 (Figure 4.5D1). The extent of synaptic rectification observed at DPI 13 was 
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Figure 4.5 BioID2-AMPARs traffic to CA1 synapses. 
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Figure 4.5 BioID2-AMPARs traffic to CA1 synapses. (A1) Protocol for SCE transfection of 

organotypic hippocampal slices. (A2) Protocol for AAV transduction of organotypic hippocampal 

slices. (A3) Left, SCE transfection of CA1 pyramidal neurons resulted in sparse GFP expression. 

Right, AAV transduction of CA1 pyramidal neurons resulted in global GFP expression. (A4) 

Rectification index (RI) traces were recorded at membrane potentials of -60, 0 and +40 mV from 

untransfected (Left, Control) and transfected (Right, +AMPAR) cells. Intracellular spermine blocks 

Q-pore containing AMPARs at positive potentials, reflected by a decrease in the +40 mV current in 

cells with synaptic expression of exogenous AMPARs. (B) Un-tagged and BioID2-tagged AMPAR 

subunits expressed in CA1 pyramidal neurons. (C) Synaptic RI and EPSC amplitude from cells 

transfected by SCE. (C1) A2Q (Untrans.: 0.56  0.079; A2Q: 0.20  0.012; n = 4; p < 0.05), 

BioID2-A2Q (Untrans.: 0.54  0.083; BioID2-A2Q: 0.19  0.052; n = 7; p < 0.001), A2Q ∆NTD 

(Untrans.: 0.51  0.074; A2Q ∆NTD: 0.25  0.032; n = 6; p < 0.001), BioID2-A2Q ∆NTD 

(Untrans.: 0.53  0.079; BioID2-A2Q ∆NTD: 0.25  0.050; n = 9; p < 0.05), A1 (Untrans.: 0.57  

0.066; A1: 0.38  0.033; n = 8; p < 0.01), BioID2-A1 (Untrans.: 0.60  0.078; BioID2-A1: 0.40  

0.024; n = 5; p < 0.05) all caused significant rectification of the synaptic response. (C2) A2Q 

(Untrans.: 46.2  10.9 pA; A2Q: 75.2  9.9 pA; n = 8; p < 0.001) and BioID2-A2Q (Untrans.: 82.8 

 17.0 pA; BioID2-A2Q: 134.7  26.3 pA; n = 7; p < 0.05) significantly increased the size of the 

EPSC. A2Q ∆NTD (Untrans.: 47.7  2.8 pA; A2Q ∆NTD: 28.5  3.6 pA; n = 4; p < 0.001) and 

BioID2-A2Q ∆NTD (Untrans.: 47.6  7.5 pA; BioID2-A2Q ∆NTD: 19.3  4.0 pA; n = 6; p < 0.05) 

significantly decreased the size of the EPSC. A1 (Untrans.: 57.0  11.7 pA; A1: 59.3  9.8 pA; n = 

9; p < 0.79) and BioID2-A1 (Untrans.: 94.2  18.2 pA; BioID2-A1: 95.9  13.5 pA; n = 5; p < 

0.86) had no effect on the size of the EPSC. (D) Synaptic RI and EPSC amplitude of cells 

transduced by AAV. (D1) BioID2-A2Q, BioID2-A2Q ∆NTD and BioID2-A1 all caused significant 

rectification of the synaptic response at DPI 13 relative to Uninf. slices (Uninf: 0.57  0.040; 

BioID2-A2Q: 0.20  0.028; BioID2-A2Q ∆NTD: 0.22  0.025; BioID2-A1: 0.33  0.030; p < 

0.001). (D2) BioID2-A2Q significantly increased the size of the ESPC (Uninf: 53.3  2.8 pA; 

BioID2-A2Q: 75.7  7.4 pA; BioID2-A2Q ∆NTD: 40.7  5.6 pA; BioID2-A1: 51.7  5.3 pA; p < 

0.05). (D3) Representative RI traces recorded at DPI 13. 
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similar to that of SCE transfected cells at day post transfection (DPT) 4. Changes observed in the 

EPSC amplitude recorded at DPI 13 showed a similar trend to that of SCE transfected cells 

(Figure 4.5D2). This demonstrates that AAV transduction permits synaptic expression of 

functional BioID2-AMPARs at DPI 13 in a large proportion of cells. 

Construct_optimisation

A concern with placing BirA* tags at the N-terminus of the AMPAR is that 

synaptic protein interactions with the NTD may be occluded. In an attempt to 

overcome this issue, other variations of this construct were made by fusing BioID2 (27 

kD) within an amino acid loop region of the AMPAR NTD (Figure 4.6A; Dutta et al., 

2012; Krieger et al., 2015). This loop region is positioned on the ‘side’ of the NTD, 

therefore inclusion of the BioID2 tag at this site would permit protein interactions to 

occur with the ‘top’ of the AMPAR NTD. BioID2 was fused within the NTD loop 

region (Loop-BioID2-GluA1) at a site previously shown to be permissible by GFP (27 

kD) fusion (D259-T261; Sheridan et al., 2006). BioID2 was flanked by two 9 amino acid 

‘Gly-Ser-Ser ’ linkers before testing the surface expression and gating kinetics of Loop-

BioID2-GluA1 in recombinant cells (Figure 4.6). Loop-BioID2-GluA1 however, 

displayed significantly smaller peak current amplitudes relative to N-terminally tagged 

GluA1 (N-BioID2-GluA1) (Figure 4.6B). Although total expression and labelling 

efficiency of Loop-BioID2-GluA1 appeared similar to N-BioID2-GluA1 (Figure 

4.6C), the surface expression and/ or gating kinetics of this construct were 

severely hampered. Therefore, Loop-BioID2-GluA1 was deemed unsuitable for 

identification of AMPAR NTD interactors, as surface expression levels of receptors 

must be comparable for reliable PL proteomics experiments. Although direct protein 

interactions with the ‘top’ of the NTD may be occluded using exogenous N-terminally 

tagged BirA*-AMPARs, these proteins can still interact with neighbouring 

endogenous receptors and thus will be identified using PL proteomics owing to 

the 10-35 nm labelling radius of BirA* tags (Kim et al., 2014; May et al., 2020).

Taken together, these results indicate that N-terminally tagged BioID2-AMPARs are 

expressed as functional receptors and incorporate into CA1 synapses to the same extent as 

WT using both SCE transfection and AAV transduction (Figure 4.5). These data validate 

BirA*-AMPAR constructs for the identification of proximal synaptic proteins during excitatory 

synaptic transmission. 
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Figure 4.6 BioID2 tag positioning at the N-terminus but not NTD loop region permits surface 

expression of functional receptors. (A1) N-terminal BioID2-GluA1 (N-BioID2-GluA1) was 

constructed by fusing BioID2 to the N-terminus of GluA1 following the native signal sequence 

using a 6 amino acid linker. Amino acid loop BioID2-GluA1 (Loop-BioID2-GluA1) was 

constructed by fusing BioID2 within a permissible amino acid loop region of the GluA1 NTD 

(H260-T261; Sheridan et al., 2006). (A2) Loop-BioID2-GluA1 was inserted within the GluA1 

NTD at H260-T261, flanked by two GSS3 linkers. (B) Outside-out patches were pulled from 

HEK293 cells expressing N-BioID2-GluA1 and Loop-BioID2-GluA1 and subjected to fast 

application of 10 mM glutamate (electrophysiology data kindly provided by Mr Hinze Ho). 

AMPAR current peak amplitude of Loop-BioID2-GluA1 was significantly reduced relative to N-

BioID2-GluA1 (N-BioID2-GluA1 = 2233  792 pA; n = 3; Loop-BioID2-GluA1 = 24.8  11 pA; n 

= 4; unpaired t-test, p < 0.05). (C) WB of biotinylated proteins probed for with streptavidin-HRP 

and GluA1 construct expression probed for with anti-GluA1 CTD. 
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4.2.3    BirA*-AMPARs  label  in organotypic    slice   culture 

To further confirm expression and proper localisation of BirA*-AMPARs, immunostaining was 

performed on organotypic hippocampal slices following transduction with AAV at DPI 13 

(Figure 4.7A1). Transduction of excitatory neurons was achieved by application of high titer 

AAV (1.0 x 1013 GC/mL) with BirA*-AMPAR subunits under the CaMKIIα promoter. BioID2-

AMPAR expression was observed in a high proportion of excitatory neurons using a selective 

antibody for the BioID2 tag (Figure 4.7A3). In slices treated with biotin for 48 hrs, streptavidin 

co-localised with BioID2 indicating biotinylation of proximal proteins in slice culture. Expression 

and labelling occurred globally across the hippocampal slice in CA1 and CA3 pyramidal and 

dentate gyrus (DG) cells (Figure 4.7B). PL proteomics therefore, will identify proteins from all 

these hippocampal cell types. Neurons expressing BioID2-AMPARs were positive for 

biotinylation in the soma and at dendritic spines (Figure 4.7A4). This demonstrates that at DPI 13 

BioID2-AMPARs are localised in the ER and at hippocampal synapses and upon the application 

of biotin + ATP label their proximal environment. 

Crucially, BioID2-GluA2Q localised to hippocampal dendritic spines, in-line with 

functional evidence for synaptic trafficking to CA1 synapses (Figure 4.5D1). Here, 

BioID2-GluA2Q extensively biotinylated proximal proteins (Figure 4.7A4), showing 

enrichment for dendritic protrusions. Thus, BioID2-GluA2Q permits unbiased labelling of 

potential synaptic protein interactors with the AMPAR NTD.
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Figure 4.7 BioID2-AMPARs express and label in hippocampal neurons. 

113________________________________________Identifying synaptic protein interactions with the AMPAR N-terminal domain



Figure 4.7 BioID2-AMPARs express and label in hippocampal neurons. (A1) Experimental 

protocol for immunostaining of BioID2-AMPARs and biotinylated proteins in hippocampal 

neurons. (A2) BioID2-AMPAR expression was detected using primary anti-BioID2 and 

secondary AF568 antibodies. PL was initiated by 48 hrs biotin + ATP application. Biotinylated 

proteins were detected using streptavidin AF647-conjugate. (A3) Organotypic 

hippocampal slices transduced by AAV expressed BioID2-AMPARs in excitatory neurons 

throughout the slice. Global expression includes hippocampal CA1, CA3 and DG neurons at 

DPI 13. (A4) Exogenous BioID2-GluA2Q and endogenous GluA2 localised to dendritic 

spines. However, BioID2- but not endogenous GluA2, labelled extensively throughout the 

dendrite and in dendritic spines. (B1) Co-localisation of BioID2-GluA2Q expression and 

biotinylated proteins indicated robust exogenous expression and labelling of excitatory 

neurons in hippocampal (B1) CA1, (B2) CA3 and (B3) DG regions. 
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4.2.4  Proximity-labelling proteomics protocol 

Initial BirA* characterisation was performed using BioID2, demonstrating successful 

expression (Figure 4.4), function (Figure 4.5), localisation and labelling (Figure 4.7) of 

BioID2-AMPARs. Experimental characterisation was performed with BioID2 due to its well 

documented use in neuronal tissue (Uezu et al., 2016; Spence et al., 2019). These experiments 

permitted establishment of an experimental timeline outline below (Figure 4.8). This PL 

protocol was then applied to higher labelling efficiency tags, MiniTurbo and TurboID (Branon 

et al., 2018), and subsequently APEX2 (Lam et al., 2015; Hung et al., 2016). 

Figure 4.8 Proximity-labelling protocol for BirA*-AMPARs. Experimental protocol for BirA*-

AMPAR PL proteomics in organotypic slice culture. BirA*-AMPARs were expressed 

in hippocampal slices by transduction with 1.0 x 1013 GC/mL AAV. BirA*-AMPARs 

were expressed selectively in principle excitatory neurons of the hippocampal slice up until 

day post infection (DPI) 13. Biotinylation was induced by application of 200 µM biotin + 2 mM 

ATP for 2 hrs (BioID2), 18 hrs (MiniTurbo) or 48 hrs (TurboID). For APEX2, biotinylation 

was induced by application of 500 µM biotin-phenol and H2O2 for 10 mins (Lam et al., 2015; 

Hung et al., 2016). Biotinylated proteins were then solubilised by slice lysis and isolated using 

streptavidin magnetic beads before identification by mass spectrometry (MS). 
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Proximity-labelling_proteomics_data_filtering

50 organotypic hippocampal slices were prepared and AAV-transduced per experimental 

condition, to maximise the amount of biotinylated material for MS. Experiments were 

performed separately using the same protocol for BioID2-, MiniTurbo- and TurboID-

AMPARs, and all conditions were produced in triplicate to reduce the chance of identifying 

false positive hits. Following labelling initiated by biotin + ATP, slices were harvested and 

solubilised in lysis buffer before isolating biotinylated proteins with streptavidin. Slice lysates 

were probed using WB (Figure 4.9A3) to confirm expression and labelling before 

processing samples for MS. Biotinylated proteins were subjected to trypsin digestion and the 

peptide mixtures were then analysed by nano-LC-MS/MS. Raw files were analysed using 

MaxQuant and processed by Perseus to obtain label-free quantification (LFQ) intensities used 

for relative quantification of enriched proteins. 

LFQ data indicates a higher biotinylation intensity of BirA*-AMPAR expressing slices relative to 

uninfected slices (Figure 4.9B), further confirming successful labelling with BirA*-AMPAR 

probes. Reproducibility plots were produced by plotting the biotinylation intensity detected from 

the 1st versus 2nd biological replicate for each given protein (Figure 4.9C). An R2 value of 0.95

indicates that TurboID produces MS data with the highest reproducibility, as the biotinylation 

intensity for a given protein remains consistent across biological replicates. Volcano plots 

indicating the statistical significance (y-axis; p value; -Log    ) versus fold-enrichment (x-axis; 

Log     show an enrichment of biotinylated proteins for BirA*-GluA2Q WT and ∆NTD relative to 

uninfected control (Figure 4.9D). This demonstrates successful labelling and identification of 

enriched proximal proteins with BirA*-AMPARs. Furthermore, it suggests that TurboID has the 

highest degree of specificity, possibly due to its shorter required labelling time and higher 

efficiency (Figure 4.4; Branon et al., 2018). 
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Figure 4.9 Proximity-labelling proteomics with BirA* tags. 
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Figure 4.9 Proximity-labelling proteomics with BirA* tags. (A1) Experimental timeline for PL in 

organotypic slice culture. Slices were treated with biotin + ATP for 48, 18 or 2 hrs for BioID2-, 

MiniTurbo- and TurboID-AMPARs respectively. (A2) 50 organotypic hippocampal slices were 

cultured and AAV transduced per condition, repeated in triplicate for BioID2-, MiniTurbo- and 

TurboID-AMPARs. (A3) Left, Expression of BioID2-GluA2 and BioID2-GluA2 ∆NTD in 

organotypic hippocampal slices indicated by anti-GluA2 and anti-BioID2 antibodies probing of 

slice lysate. Right, Biotinylation in organotypic hippocampal slices was indicated by streptavidin-

HRP probing of slice lysate. (B) Biotinylation intensity, indicated by MS label free quantification 

values (Log2), is greater for that of BioID2-GluA2 and GluA2Q ∆NTD expressing slices relative 

to Uninf. for (B1) BioID2-, (B2) MiniTurbo- and (B3) TurboID-. (C) Scatter plot indicating the 

reproducibility of biotinylated hits from replicate 1 versus replicate 2. Reproducibility between 

sample replicates was highest for TurboID- data. (C1) BioID2- reproducibility plot (simple linear 

regression; R2 = 0.90), (C2) MiniTurbo- reproducibility plot (simple linear regression; R2 = 0.86) 

and (C3) TurboID- reproducibility plot (simple linear regression; R2 = 0.95) for GluA2Q WT and 

∆NTD. WT (red) and ∆NTD (pink) data is overlayed. Datapoints outside the threshold cut-off (grey) 

represent non-specific proteins. (D1) Volcano plot of BirA*-enrichment relative to Uninf. for (D1) 

BioID2-, (D2) MiniTurbo- and (D3) TurboID- GluA2Q WT and ∆NTD. WT (red) and ∆NTD 

(pink) data is overlayed. Datapoints outside the threshold cut-off (grey) represent non-specific 

proteins.  
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AMPAR NTD-enriched proteins

Having established BirA* PL proteomics in organotypic slice culture, this study next examined 

the proteomes of GluA2Q WT and ∆NTD receptors relative to uninfected control slices 

(Appendix Figure A.1/2/3). Volcano plots were produced for data from BioID2-, MiniTurbo- and 

TurboID-, providing a robust statistical comparison of WT versus ∆NTD acquired in triplicate 

(Figure 4.10A). Proteins were considered enriched for a given condition if their fold enrichment 

was > 2 and their P value was < 0.05. This ensures that candidate proteins are reliably enriched 

for a given condition. In this case, proteins that showed significant enrichment for WT over 

∆NTD receptors were considered candidate AMPAR NTD interactors. 

One of the most NTD-enriched proteins detected is neuronal pentraxin-1 (Nptx1), observed 

across all triplicate BirA* datasets (Figure 4.10B). The relative capability of BirA* tags to 

capture this interaction is as follows: TurboID > MiniTurbo > BioID2. Nptx1 has been shown 

to bind to and cluster postsynaptic AMPARs (O’Brien et al., 1999; Xu et al., 2003; Sia et al., 

2007), validating this as a method to identify AMPAR NTD interactors. TurboID also 

captured other known constituents of the AMPAR proteome, including, Nptxr (Lee et al., 

2017) and Olfm1 (Pandya et al., 2018), proposed direct AMPAR NTD interactors, and 

Frrs1l, a positive regulator of AMPAR assembly in the ER (Schwenk et al., 2019). PL 

proteomics identifies both known AMPAR constituents and a number of novel candidate

interactors that influence glutamatergic synaptic transmission. A complete list of GluA2Q NTD-

enriched proteins is listed in Appendix A (Figure A.1) and the relevance of these proteins in the 

literature is explored further in the discussion (see 4.3). 

To assess the coverage of the synaptic cleft by BirA* tags, identified proteins were entered into 

the synaptic gene ontology (SynGO) database (Koopmans et al., 2019; 

and post-synaptic membrane involved in synaptic signaling mechanisms (Figure 4.10C1). 

Interestingly, TurboID-GluA2Q WT receptors identified the highest percentage of synaptic 

proteins, ~40% (Figure 4.10C2), suggesting TurboID is the most effective tag at labelling 

this subcellular compartment. 
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www.syngoportal.orgwww.syngoportal.org). SynGO enrichment analysis identified protein components of the pre- 

One of the most NTD-enriched proteins detected is neuronal pentraxin-1 (Nptx1), observed across 

all triplicate BirA* datasets (Figure 4.10B). The relative capability of BirA* tags to capture this 

interaction is as follows: TurboID > MiniTurbo > BioID2. Nptx1 has been shown to bind to and 

cluster postsynaptic AMPARs through their NTD (O’Brien et al., 1999; Xu et al., 2003; Sia et al., 

2007), validating this as a method to identify AMPAR NTD interactors. TurboID also captured 

other known constituents of the AMPAR proteome, including, Nptxr (Lee et al., 2017) and Olfm1 

(Pandya et al., 2018), proposed direct AMPAR NTD interactors, and Frrs1l, a positive regulator of 

AMPAR assembly in the ER (Schwenk et al., 2019). PL proteomics identifies both known 

AMPAR constituents and a number of novel candidate interactors that influence glutamatergic 

synaptic transmission. A complete list of GluA2Q NTD- enriched proteins is listed in Appendix A

(Figure A.1) and the relevance of these proteins in the literature is explored further in the 

discussion (see 4.3). 



Figure 4.10 BirA*-GluA2 proximity-dependent proteome.  
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Figure 4.10 BirA*-GluA2 proximity-dependent proteome. (A1) Volcano plot of triplicate data for 

GluA2Q WT versus ∆NTD acquired using BioID2-. Enrichment for WT (left; red box) or NTD-

deleted (∆NTD) (right; pink box) GluA2Q receptors was considered significant if fold enrichment 

(Log2) > 2 and P value (-Log10) > 1. Nptx1 showed a trend towards NTD-enrichment, but no 

statistical significance was detected. (A2) Volcano plot of triplicate data for GluA2Q WT versus 

∆NTD acquired using MiniTurbo-. Nptx1 was significantly enriched for GluA2Q WT versus 

∆NTD using MiniTurbo. (A3) Volcano plot of triplicate data for GluA2Q WT versus ∆NTD 

acquired using TurboID-. Nptx1 was significantly enriched for WT GluA2 along with other 

candidate NTD interactors, Olfm1 and Nptxr, using TurboID. Note the increased x and y axis of 

TurboID, the greatest extent of NTD-enrichment for Nptx1 was detected with TurboID relative to 

MiniTurbo and BioID2. (B) Table of ranked GluA2Q NTD-enriched proteins. Nptx1 NTD 

enrichment values averages among the highest across all three triplicate BirA* datasets. (C1) 

SynGO cellular component and biological function terms visualised in a sunburst plot with the 

number of terms represented by heat-mapping (Koopmans et al., 2019). (C2) Proportion of 

synaptic SynGO annotations identified using BioID2-, MiniTurbo- and TurboID-. TurboID-

GluA2Q WT identified the greatest proportion of synaptic genes (~40%) relative to MiniTurbo- 

and BioID2-. 
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As with any experimental method, there a number of limitations to be considered. BirA* PL 

proteins, it is possible therefore that proteins interactors without surface-exposed lysine 

residues cannot be biotinylated and go undetected. To overcome this limitation, PL proteomics 

was repeated using an APEX tag. In contrast to BirA*, APEX biotinylates surface tyrosine 

residues on proximal proteins (Figure 4.2B). Therefore, by combining the proteomes of 

BirA* and APEX, the chance of missing protein interactors will be greatly reduced. 

In addition to the differential amino acids biotinylated by BirA* and APEX, the enzymatic 

efficiency of these PL tags has been reported to differ considerably. Although vast improvements 

in the temporal labelling efficiency of BirA* tags have been achieved with the development of 

MiniTurbo and TurboID (Branon et al., 2018), APEX2 has a superior labelling efficiency with a 

reaction time of 1 min (Lam et al., 2015; Hung et al., 2016), opposed to 3 hrs with TurboID 

(Branon et al., 2018). Furthermore, the relative efficiency of these enzymes varies in different 

subcellular compartments, where APEX2 is thought to be superior at labelling extracellular 

proteins at the cell surface, but not in the reducing environment of the cytosol (Trinkle-Mulcahy, 

2019). In the context of this study, APEX2 would therefore permit a higher labelling efficiency of 

synaptic proteins enabling capture of dynamic cleft protein interactions with the AMPAR 

NTD, on a timescale of mins rather than hrs. 

To compare the relative surface biotinylation efficiency of PL tags, BioID2-, MiniTurbo, 

TurboID and APEX2-tagged GluA2Q receptors were expressed recombinantly in HEK293 cells 

and biotinylation was initiated by 10 min application of biotin. Cells were subsequently live-

stained for surface biotinylation using a streptavidin AF647 conjugate and imaged to quantify 

fluorescence intensity of biotinylated proteins at the cell surface (Figure 4.11A). The level of 

surface biotinylation was significantly higher for APEX2- relative to other BirA*-tagged 

GluA2Q receptors using a 10 min reaction time (Figure 4.11B). This suggests that APEX2- has a 

significantly higher surface labelling efficiency over BirA*- GluA2Q receptors, therefore PL 

proteomics was repeated using with APEX2-GluA2Q WT and ∆NTD using the established PL 

protocol (Figure 4.8). 
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proteomics relies on the biotinylation of surface lysine residues (Figure 4.2A) on neighbouring 

proteins, it is possible therefore that proteins interactors without surface-exposed lysine residues 

cannot be biotinylated and go undetected. To overcome this limitation, PL proteomics was 

repeated using an APEX tag. In contrast to BirA*, APEX biotinylates surface tyrosine residues on 

proximal proteins (Figure 4.2B). Therefore, by combining the proteomes of BirA* and APEX, the 

chance of missing protein interactors will be greatly reduced.

In addition to the differential amino acids biotinylated by BirA* and APEX, the enzymatic 

efficiency of these PL tags has been reported to differ considerably. Although vast improvements 

in the temporal labelling efficiency of BirA* tags have been achieved with the development of 

MiniTurbo and TurboID (Branon et al., 2018), APEX2 has a superior labelling efficiency with a 

reaction time of 1 min (Lam et al., 2015; Hung et al., 2016), opposed to 3 hrs with TurboID 

(Branon et al., 2018). Furthermore, the relative efficiency of these enzymes varies in different 

subcellular compartments, where APEX2 is thought to be superior at labelling extracellular 

proteins at the cell surface, but not in the reducing environment of the cytosol (Trinkle-Mulcahy, 

2019). In the context of this study, APEX2 would therefore permit a higher labelling efficiency of 

synaptic proteins enabling capture of dynamic cleft protein interactions with the AMPAR NTD, 

on a timescale of mins rather than hrs.

To compare the relative surface biotinylation efficiency of PL tags, BioID2-, MiniTurbo, TurboID 

and APEX2-tagged GluA2Q receptors were expressed recombinantly in HEK293 cells and 

biotinylation was initiated by 10 min application of biotin. Cells were subsequently live-stained 

for surface biotinylation using a streptavidin AF647-conjugate and imaged to quantify fluorescence 

intensity of biotinylated proteins at the cell surface (Figure 4.11A). The level of surface 

biotinylation was significantly higher for APEX2- relative to other BirA*-tagged GluA2Q 

receptors using a 10 min reaction time (Figure 4.11B). This suggests that APEX2- has a 

significantly higher surface labelling efficiency over BirA*- GluA2Q receptors, therefore PL 

proteomics was repeated using with APEX2-GluA2Q WT and ΔNTD using the established PL 

protocol (Figure 4.8). 

Extracellular labelling efficiency

As with any experimental method, there are a number of limitations to be considered. BirA* PL



Figure 4.11 APEX2- has the highest surface labelling efficiency in 10 mins. (A1) BioID2, 

MiniTurbo, TurboID and APEX2 tagged GluA2Q homomers were expressed in HEK293 cells 

(GluA2 NTD; magenta). 200 µM biotin + 2 mM ATP was applied to BirA*-AMPARs and 500 µM 

biotin-phenol + H2O2 was applied to APEX2-AMPARs for a total of 10 mins before PFA fixation. 

proximal surface proteins with 10 mins biotin application, whereas BioID2, MiniTurbo and 

TurboID -GluA2Q did not (streptavidin; green). Surface biotinylation was detected by live-staining 

with streptavidin AF647-conjugate. (A2) Surface labelling fluorescence intensity (AU) was 

significantly higher for APEX2- expressing cells, relative to BirA*- and untagged- expressing cells 

(GluA2Q = 2.1 ± 0.1; n = 2; BioID2 = 3.5 ± 1.4; n = 3; MiniTurbo = 2.9 ± 0.5; n = 2; TurboID = 

5.9 ± 0.3; n = 2; APEX2 = 109.5 ± 24.6; n = 5; ANOVA, ** p < 0.01). 
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Using the experimental protocol (Figure 4.8) and data filtering (Figure 4.9) established with 

BirA* tags, APEX2 PL proteomics was performed in organotypic slice culture (Figure 4.12). 

APEX2-GluA2Q WT and ∆NTD fusion constructs (Figure 4.12A3) were introduced into 

organotypic hippocampal slices by transduction with high-titre AAV. To initiate biotinylation, 

APEX2 requires 500 µM biotin-phenol and H2O2 supplementation into the culture media for 10 

mins (Figure 4.12A1), permitting biotinylation of sufficient protein material for identification by 

nano-LC-MS/MS. The extent of GluA2 NTD-enrichment was calculated as the fold-enrichment 

for WT versus ∆NTD receptors, visualised by a volcano plot (Figure 4.12B3) and table of NTD-

enrichment (Figure 4.12C). 

APEX2 PL proteomics identifies all top-ranked candidates identified using BirA* proteomics, 

illustrated in a combined NTD-enrichment table of all 4 PL tags (Appendix A.3). Additionally, 

APEX2 uncovers a number of novel candidate synaptic protein interactors unidentified using 

BirA*. New candidate proteins are potentially identified as a consequence of labelling surface 

tyrosine, opposed to lysine residues, and/or an increased temporal labelling efficiency over 

BirA*. These proteins were then screened for direct AMPAR NTD interactions in the cell-based 

binding assay (Figure 4.13) 

The greatest extent of GluA2 NTD-enrichment with APEX2 PL proteomics is detected for 

neuropilin-1 (Nrp1; Figure 4.12C). Nrp1 localises at dendritic spines through direct PSD-95 

interactions through its PDZ domain (Cai et al., 1999). Interestingly, neuropilin-2 (Nrp2) directly 

interacts with GluA1/2 through its CUB domain (Wang et al., 2017). Of note, CUB-domain 

containing proteins SOL-1/2 regulate synaptic AMPAR content (Zheng et al., 2004; Wang et al., 

2012), and the CUB-domain of Neto1/2 binds the GluK2 NTD (Li et al., 2019), regulating 

synaptic trafficking (Sheng et al., 2017a), suggestive of a theme in the regulation of iGluR 

synaptic function by CUB-domain containing proteins. A complete list of GluA2 NTD-

enriched proteins identified by APEX2 is listed in Appendix A (Figure A.2), with their 

significance explored further in the discussion (see 4.3). 
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Figure 4.12 APEX2-GluA2 proximity-dependent proteome. 
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Figure 4.12 APEX2-GluA2 proximity-dependent proteome. (A1) Experimental timeline for PL 

proteomics with APEX2-GluA2Q. Biotin-phenol and H2O2 were applied to slices expressing 

APEX-GluA2Q at DPI 13 for 10 mins before slice lysis. (A2) APEX2 biotinylated proximal 

tyrosine residues within a ~20 nm radius upon application of biotin-phenol and H2O2. (A3) 

APEX2-GluA2Q and APEX2-GluA2Q ∆NTD fusion constructs contained a 6 amino acid linker 

and were expressed under the native signal sequence as with BirA*-AMPARs. (B1) SynGO 

cellular component and biological function terms visualised in a sunburst plot with the number of 

terms represented by heat-mapping (Koopmans et al., 2019). (B2) Proportion of synaptic 

annotations with APEX2-GluA2Q WT and ∆NTD. WT identified the greatest proportion of 

synaptic genes relative to ∆NTD. (B3) Volcano plot of GluA2Q WT versus ∆NTD reveals NTD-

enriched proteins and top-ranked candidate neuropilin-1, Nrp1. (C) GluA2 NTD-enrichment table 

presented as a heat-map (Log2) listing the top-ranked candidates identified by APEX2 PL 

proteomics. 
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4.2.5  Cell-based binding assay validation 

Candidate AMPAR NTD interactors identified by PL proteomics of GluA2Q receptors were 

subsequently studied for direct NTD interactions. A cell-based binding assay was developed to 

assess direct interactions between extracellular secreted proteins and the AMPAR NTD. 

Variations on the enzyme-linked immunosorbent assay have been used to identify low-

affinity extracellular protein-protein interactions (Bushell et al., 2008; Ranaivoson et al., 2019). 

However, these screens require laborious protein purification of individual candidates, which 

often requires optimisation for each protein produced. The cell-based binding assay described in 

this chapter is performed using small-scale production of candidate proteins, improving assay 

efficiency and enabling high-throughput screening. Similar assays have been performed using 

iGluR NTDs to identify direct protein interactors: Cbln1, C1ql2/3 and CPTX permitting detection 

of µM affinity interactions, as determined using surface plasmon resonance (SPR; Matsuda et 

al., 2010; Elegheert et al., 2016; Matsuda et al., 2016; Suzuki et al., 2020). 

The top 33 NTD-enriched proteins identified from PL proteomics (Figure 4.10B) and 8 identified 

from the literature were subjected to study in the cell-based binding assay (Figure 4.13D1). 

Several known iGluR NTD interactors were further used to validate the binding assay as 

detailed below. Mus musculus DNA encoding candidate proteins was cloned into the pHLsec 

vector to permit a high level of expression and secretion into the cell culture media (Aricescu et 

al., 2006). Candidates were C-terminally AviTagged and co-transfected with an ER-retained 

biotin ligase (BirA) to permit in vivo  biotinylation in the presence of biotin. All candidate 

proteins were verified for production (Figure 4.13B1) and secretion (Figure 4.13B3) 60 hrs post-

transfection before screening for direct NTD interactions. In another subset of HEK293 cells, 

NTDs were surface expressed using a modified pDisplay construct (adapted from Howarth et al., 

2008), containing an extracellular myc tag. Secreted candidates were then applied to NTD-

displaying cells and incubated for 4 hrs. Coverslips were subsequently processed for 

immunostaining, where co-localisation of NTD and candidate protein fluorescence can be 

used as a measure of direct protein interactions. Fluorescence intensity was then used as a 

measure of binding preference for different iGluR subunit NTDs. 
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Figure 4.13 Cell-based binding assay for detecting synaptic protein interactors.  
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Figure 4.13 Cell-based binding assay for detecting synaptic protein interactors. (A1) HEK293 

cells were transfected with plasmids containing candidate proteins under the chicken β-actin 

promoter containing an AviTag and an ER-retained biotin ligase (BirA) to permit in vivo 

biotinylation (BirA-ER-pDisplay). (A2) Another subset of HEK293 cells were transfected with 

pDisplay constructs displaying iGluR subunit NTDs with an extracellular myc tag (NTD-myc-

pDisplay). (B1) Biotinylated candidate synaptic proteins were produced for 60 hrs. (B2) NTD-

myc-pDisplay constructs were expressed for 60 hrs, confirmed by non-permeabilised staining for 

myc. (B3) Protein biotinylation and secretion was confirmed by streptavidin-HRP WB of the cell 

lysate, C, and supernatant, S, before incubation with NTD-displaying cells. (C) The conditioned 

media containing candidate secreted proteins was incubated with NTD-displaying cells for 4 hrs 

before fixation with PFA and immunostaining with myc- and streptavidin-directed antibodies. 

(D1) Candidate NTD interactors screened in cell-based binding assay identified by PL proteomics 

(navy) and identified from the literature (green). (D2) Construct design for full-length secreted 

proteins (s) and secreted ‘ectodomains’ (first amino acid after signal sequence and last amino acid 

before TMD) of transmembrane-bound proteins (t). 
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(D) Candidate NTD interactors screened in the cell-based binding assay identified by PL proteomics



 Cbln and C1ql directly interact with iGluR NTDs

To test the suitability of this assay, direct protein interactions were first evaluated with known 

iGluR NTD interactors; cerebellins (Cblns) and complement C1q-like proteins (C1ql). Cblns 

directly interact with the NTD of delta receptors (GluD1/2/4) (Elegheert et al., 2016; Tao et al., 

2018; Fossati et al., 2019). Cbln1-GluD2 NTD interactions occur with an affinity of ~150 

nM measured by SPR (Matsuda et al., 2010; Elegheert et al., 2016). Physiologically, direct 

Cbln interactions are crucial for long-term depression at cerebellar parallel fiber–purkinje cell 

synapses (Elegheert et al., 2016), hippocampal synapse formation and maintenance (Tao et al., 

2018) and inhibitory synapse formation on cortical pyramidal neurons (Fossati et al., 2019). 

Interactions with postsynaptic iGluR NTDs occur in parallel with binding to presynaptic 

neurexins, mediated through their coiled coil domain (Suzuki et al., 2020). 

C1ql-2 (Clql2) and -3 (C1ql3) form direct interactions with the NTD of GluK2/4/5 regulating 

postsynaptic kainate receptor (KAR) recruitment at CA3 synapses and neuronal circuit function 

(Figure 4.1; Matsuda et al., 2016; Straub et al., 2016). C1ql2/3 have an affinity of 5.6 µM and 3.4 

µM respectively, for the GluK2 NTD (Matsuda et al., 2016). To confirm direct interactions 

between C1ql2/3 and iGluR NTDs, the C1q domain of C1ql2 and C1ql3 were evaluated in the 

cell-based binding assay against different iGluR subunit NTDs (Figure 4.15). 

A direct interaction between Cbln1 and the GluD2 NTD was confirmed in the cell-based 

binding assay (Figure 4.14), with no binding observed to other iGluR subunit NTDs confirming 

the suitability of the assay. In this experiment fluorescence intensity was compared between two 

different epitope tags, 6xHis (Figure 4.14A) and AviTag (Figure 4.14B). The fluorescence 

intensity from GluD2 binding was 3-fold higher for Cbln1-AviTag relative to 

Cbln1-6xHis (Figure 4.14). The apparent higher sensitivity of the AviTag for detecting 

Cbln1 binding is most likely due to the high-affinity of streptavidin for biotin (KD = 10-14 - 

10-15 M). Use of streptavidin AF647-conjugate likely permits a greater level of detection 

than lower-affinity 6xHis antibodies. Therefore, all subsequent candidate proteins were 

assayed using the AviTag to improve the sensitivity of this assay for weak protein interactions. 

130________________________________________Identifying synaptic protein interactions with the AMPAR N-terminal domain



Figure 4.14 Cbln1 directly interacts with the GluD2 NTD. (A) Cbln1-His interacts directly with 

the GluD2 NTD. Cbln1-His was secreted for 60 hrs before incubation with iGluR NTD-displaying 

cells for 4 hrs. Representative images indicate selective co-localisation of Cbln1-His (streptavidin, 

green) with GluD2 NTD-displaying cells (myc, magenta). Fluorescence intensity (AU) indicates 

binding exclusively to GluD2 NTDs (GluA1 = 2.93 ± 0.8; GluA2 = 1.46 ± 0.2; GluA3 = 2.33 ± 

0.5; GluA4 = 1.43 ± 0.7; GluK2 = 1.63 ± 0.8; GluD2 = 60.0 ± 4.0; ∆NTD = 0.80 ± 0.2; n = 3 

preparations; ANOVA, *** p < 0.001). (B) Cbn1-Avi interacts directly with the GluD2 NTD. 

Cbln1-Avi was biotinylated and secreted for 60 hrs before incubation with iGluR NTD-displaying 

cells for 4 hrs. Representative images indicate selective co-localisation of Cbln1-Avi (streptavidin, 

green) with GluD2 NTD-displaying cells (myc, magenta). Fluorescence intensity (AU) was 

significantly greater for GluD2 NTD-displaying cells relative to other iGluR NTDs (GluA1 = 0.80 

± 0.3; GluA2 = 0.47 ± 0.2; GluA3 = 0.49 ± 0.2; GluA4 = 0.57 ± 0.1; GluK2 = 0.72 ± 0.3; GluD2 

= 174.1 ± 17.9; ∆NTD = 0.45 ± 0.2; n = 3 preparations; ANOVA, *** p < 0.001). 
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Incubation of secreted C1ql2 with HEK293 cells displaying iGluR NTDs results in direct GluA1 

and GluK2 NTD interactions, reflected by a robust increase in fluorescence intensity relative to 

∆NTD control (Figure 4.15A). C1ql2 and C1ql3 binding occurs specifically with GluA1 and 

GluK2, but not with other iGluR subunit NTDs (Figure 4.15B), binding with the following 

subunit preference: GluA1 > GluK2. These findings are consistent with those reported previously 

(Matsuda et al., 2016). These results indicate that C1ql2/3 are direct GluA1/K2 NTD interactors, 

validating use of this assay to test candidates identified by PL proteomics for direct NTD 

interactions. 

Functionally, Clql2/3 binding to the NTD of GluK2 controls postsynaptic KAR content at CA3 

synapses. However, GluA1 does not appear to serve as an endogenous receptor for C1ql2/3 at 

these synapses (Matsuda et al., 2016). It would be interesting to see if direct interactions between 

the GluA1 NTD and C1ql2/3 (Figure 4.15) are engaged at CA1 synapses during synaptic 

potentiation, or at synapses in other brain regions. 
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                                                                                  This is a particularly interesting hypothesis, as 

the GluA1 NTD is required for synaptic potentiation at CA1 synapses (Díaz-Alonso et al., 2017; 

Jiang et al., 2021; Watson et al., 2017), and C1ql3 is released in the hippocampus in an activity-

dependent manner (Martinelli et al., 2016).



Figure 4.15 C1ql2/3 directly interacts with GluA1 and GluK2 NTDs. (A) C1ql2 interacts directly 

with the GluA1 and GluK2 NTD. C1ql2 was biotinylated and secreted for 60 hrs before 

incubation with HEK293 cells displaying iGluR NTDs for 4 hrs. Representative images indicate 

selective co-localisation of C1ql2 (streptavidin, green) with GluA1 and GluK2 NTDs (myc, 

magenta). Fluorescence intensity (AU) demonstrates reproducibility of binding to GluA1 and 

GluK2 NTDs with a binding preference of GluA1 > GluK2 (GluA1 = 96.5 ± 6.6; GluA2 = 0.56 ± 

0.3; GluA3 = 0.44 ± 0.1; GluA4 = 0.22 ± 0.1; GluK2 = 38.2 ± 3.1; GluD2 = 0.63 ± 0.3; ∆NTD = 

0.30 ± 0.2; n = 3 preparations; ANOVA, *** p < 0.001). (B) C1ql3 interacts directly with the 

GluA1 and GluK2 NTD. C1ql3 was biotinylated and secreted for 60 hrs before incubation with 

iGluR NTD-displaying cells for 4 hrs. Representative images indicate co-localisation of C1ql3 

(streptavidin, green) with GluA1 and GluK2 NTDs (myc, magenta). Fluorescence intensity (AU) 

indicates binding to GluA1 and GluK2 NTDs with a binding preference of GluA1 > GluK2 

(GluA1 = 95.0 ± 8.5; GluA2 = 0.01 ± 0.0; GluA3 = 0.59 ± 0.2; GluA4 = 0.31 ± 0.1; GluK2 = 27.1 

± 3.0; GluD2 = 0.63 ± 0.0; ∆NTD = 0.86 ± 0.1; n = 3 preparations; ANOVA, *** p < 0.001). 
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Nptx1_directly_interacts_with_the_GluA1-4_NTD

Neuronal pentraxin-1, -2 and -receptor (Nptx1, Nptx2 and Nptxr) bind and cluster AMPARs 

through PTX domain (PTX) interactions with the AMPAR NTD (O’Brien   et al., 1999; Xu et 

al., 2003; Sia et al., 2007; Lee et al., 2017). The Nptx1 PTX domain (Nptx1PTX) interacts 

with GluA4 NTDs (Sia et al., 2007) with µM affinity (Suzuki et al., 2020). The physiology 

of the Nptxs is best described for Nptx2 at excitatory synapses onto parvalbumin-positive 

interneurons (PV-INs), where recruitment of GluA4-containing AMPARs results in an 

increased inhibitory drive, modulating neuronal circuit activity (Chang et al., 2010; Gu et al., 

2013; Pelkey et al., 2015). Current evidence of Nptx function at excitatory synapses onto 

pyramidal neurons, indicate a negative modulatory role in synaptic transmission and 

plasticity (Cho et al., 2008; Figueiro-Silva et al., 2015), although further investigation is 

required. 

Nptx1 appears reproducibly in PL proteomics experiments, with a high candidate ranking based 

on GluA2 NTD-enrichment (Figure 4.10B). This suggests that Nptx1 comes within proximity 

of the GluA2 NTD. However, confirmation of direct Nptx1 interactions with the AMPAR 

NTD must be further investigated. Cell-based binding assays were performed by incubating 

iGluR NTD-displaying cells with N- (N-ter Nptx1) or C-terminally (C-ter Nptx1) tagged 

Nptx1 for 4 hrs. N-ter Nptx1 binds to GluA1-4 NTDs (Figure 4.16A), with the following 

binding preference: GluA4 > GluA3 > GluA1 > GluA2. 

To ensure that N- or C-terminal positioning of the AviTag tag has no effect on Nptx1 GluA1-4 

NTD binding, this experiment was repeated in parallel with C-ter Nptx1. C-ter Nptx1 binds to 

GluA1-4 NTDs with the same binding preference: GluA4 > GluA3 > GluA1 > GluA2 

(Figure 4.16B). Showing that binding preference is independent of tag positioning in this 

assay. Interestingly, the apparent binding affinity (fluorescence intensity; AU) of C-ter Nptx1 

is higher than that of N-ter Nptx1. This is somewhat surprising as the PTX domain, which 

engages in this interaction, may be masked by the C-terminal AviTag, however this appears not 

to be the case. An alternate explanation for this difference in binding affinity is that the N-

terminal AviTag prevents formation of hexa-mers (Xu et al., 2003), therefore reducing the 

avidity of this protein interaction (Elegheert et al., 2016). This hypothesis is further supported by 

experiments performed with Nptx1PTX, which yielded no binding unless purified and 

concentrated to 1 µM (Figure 4.18). 



Figure 4.16 Nptx1 directly interacts with the GluA1-4 NTD. (A) Fluorescence intensity (AU) 

indicates binding of N-ter Nptx1 (Avi-Nptx1) to GluA1-4 NTDs (GluA1 = 73.1 ± 3.4; GluA2 = 

46.9 ± 3.1; GluA3 = 117.5 ± 15.0; GluA4 = 171.6 ± 11.1; GluK2 = 0.49 ± 0.15; GluD2 = 0.40 ± 

0.05; ∆NTD = 0.61 ± 0.11; n = 6 independent preparations; ANOVA , *** p < 0.001). (B) 

Fluorescence intensity (AU) indicates binding of C-ter Nptx1 (Nptx1-Avi) to GluA1-4 NTDs 

(GluA1 = 107.0 ± 8.0; GluA2 = 62.3 ± 6.0; GluA3 = 140.1 ± 18.1; GluA4 = 210.2 ± 13.0; GluK2 

= 0.50 ± 0.09; GluD2 = 0.47 ± 0.15; ∆NTD = 0.53 ± 0.15; n = 6 independent preparations; 

ANOVA, *** p < 0.001). (C) Fluorescence intensity (AU) indicates binding of CPTX to GluA1-4 

NTDs (GluA1 = 80.4 ± 4.2; GluA2 = 55.5 ± 0.93; GluA3 = 136.4 ± 20.9; GluA4 = 175.0 ± 14.6; 

GluK2 = 0.51 ± 0.08; GluD2 = 0.60 ± 0.17; ∆NTD = 0.55 ± 0.17; n = 3 independent preparations; 

ANOVA, *** p < 0.001). 
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Finally, direct interactions between synthetic synaptic organiser, CPTX, and GluA1-4 NTDs were 

confirmed (Figure 4.16C; Suzuki et al., 2020). Here, the PTX domain of CPTX engages in 

direct interactions with GluA1-4 NTDs. Similarly, CPTX has a binding preference of: GluA4 > 

GluA3 > GluA1 > GluA2 (Figure 4.16C), consistent with those previously reported by Suzuki 

et al., (2020). This further emphasises the importance of the Nptx1 PTX domain in the 

formation of direct Nptx1-AMPAR NTD interactions. 

These findings corroborate Nptx1 as an AMPAR NTD interactor, which has a subunit 

NTD binding preference of GluA4 > GluA3 > GluA1 > GluA2. Nptx1 was identified by PL 

proteomics, enriched for the GluA2 NTD (Figure 4.10B), and direct interactions are confirmed 

using the cell-based binding assay (Figure 4.16). This validates the use of PL proteomics to 

identify synaptic cleft protein NTD interactors. The physiology of Nptx1-AMPAR NTD 

interactions at excitatory synapses is investigated in Chapter 5. 

Confirmation of known iGluR NTD interactors in the cell-based binding assay validates the use 

of this assay to identify extracellular secreted protein interactions with the AMPAR NTD. 

Next, 33 candidate protein interactors (Figure 4.13D1) discovered using PL proteomics enriched 

for the AMPAR NTD, were cloned, secreted and incubated with iGluR NTDs to probe for direct 

protein interactions. 
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Finally, direct interactions between synthetic synaptic organiser, CPTX, and GluA1-4 NTDs were 

confirmed (Figure 4.16C; Suzuki et al., 2020). Here, the PTX domain of CPTX engages in direct 

interactions with GluA1-4 NTDs. Similarly, CPTX has a binding preference of: GluA4 > GluA3 

> GluA1 > GluA2 (Figure 4.16C), consistent with those previously reported by Suzuki et al., 

(2020). This further emphasises the importance of the Nptx1 PTX domain in the formation of 

direct Nptx1-AMPAR NTD interactions.

These findings corroborate Nptx1 as an AMPAR NTD interactor, which has a subunit NTD 

binding preference of GluA4 > GluA3 > GluA1 > GluA2. Nptx1 was identified by PL 

proteomics, enriched for the GluA2 NTD (Figure 4.10B), and direct interactions were confirmed 

here using the cell-based binding assay (Figure 4.16). This validates the use of PL proteomics to 

identify synaptic cleft protein NTD interactors. The physiology of Nptx1-AMPAR NTD 

interactions at excitatory synapses is investigated in Chapter 5.

Confirmation of known iGluR NTD interactors in the cell-based binding assay validates the use 

of this assay to identify extracellular secreted protein interactions with the AMPAR NTD. Next, 

33 candidate protein interactors (Figure 4.13D1) discovered using PL proteomics enriched for the 

AMPAR NTD, were cloned, secreted and incubated with iGluR NTDs to probe for direct protein 

interactions. 



4.2.6  Screening candidate NTD interactors 

Candidate AMPAR NTD interactors identified by PL proteomics (Figure 4.10B), were 

subsequently screened for direct protein interactions alongside known interactors using the 

cell-based binding assay established in Figure 4.13. Successful expression and secretion of 

synaptic proteins was confirmed before screening candidates in the binding assay. 

NTD-myc-pDisplay 

33 candidate proteins were selected based on top ranked candidates from PL proteomics alongside 

8 potential direct interactors from the literature (Figure 4.13D1). Candidates were screened for 

direct interactions with NTD-myc-pDisplay constructs; however, direct interactions were 

observed only for known iGluR NTD interactors (Figure 4.17). Despite numerous proteins 

having interesting ascribed function in the literature, many of which associated to AMPAR-

mediated synaptic transmission, none of these candidate protein directly interacted with iGluR

NTDs. Examples of key candidate interactors identified by PL proteomics include disintegrin

and metalloproteinase domain-containing protein 22 (Adam22) and 11 (Adam11) and leucine-

rich glioma-inactivated protein 1 (Lgi1) and 3 (Lgi3). These proteins are particularly interesting

in the context of the AMPAR as they form a trans -synaptic complex which organises postsynaptic

receptors on a nanometre scale for efficient excitatory synaptic transmission (Fukata et al., 

2021). Other key candidates included neurexin (Nrxn) isoforms 3a (Nrxn3a), 3b (Nrxn3b) and 

mKIAA0743, a neurexin-like protein, of which NTD-enrichment was considerably high 

(Figure 4.10B). These cell-adhesion molecules (CAMs) regulate postsynaptic AMPAR 

trafficking through interactions that span the synaptic cleft (Aoto et al., 2013; Aoto et al., 2015), 

again making them ideal candidates for direct AMPAR NTD interactions, potentially 

controlling receptor positioning. 
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--nanometer

by WB, before screening in the binding assay.

none of these candidate proteins



Figure 4.17 Candidate NTD interactors screened against NTD-myc-pDisplay constructs. 
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Figure 4.17 Candidate NTD interactors screened in cell-based binding assay. NTD-myc-pDisplay 
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Figure 4.17 Candidate NTD interactors screened in cell-based binding assay. NTD-myc-pDisplay Figure 4.17 Candidate NTD interactors screened against NTD-myc-pDisplay constructs. NTD-

myc-pDisplay constructs displaying iGluR subunit NTDs were incubated with 50 different secreted 

proteins for 4 hrs. The PTX domain of N-ter Nptx1, C-ter Nptx1 and CPTX directly interacts with 

GluA1-4 NTDs with the following binding preference: GluA4 > GluA3 > GluA1 > GluA2 (data 

from Figure 4.16). C1q domains of C1q2 and C1ql3 directly interact with GluA1 and GluK2 NTDs 

(data from Figure 4.15). Cbln1-6xHis and Cbln1-AviTag interact specifically with GluD2 NTDs 

(data from Figure 4.14). Olfm1 constructs do not directly interact with iGluR NTDs (data from 

Figure 4.19). No direct interactions were detected between 40 newly identified candidate proteins 

and iGluR NTDs. Candidates synaptic proteins were identified by PL proteomics and selected 

depending on ranking from MS data and importance in the literature. All transmembrane-bound 

candidates were applied as ‘ectodomains’ and secreted candidates as full-length proteins. Olfm1 + 

Ntn1 + Vwc2 applied in combination also did not result in direct iGluR NTD interactions.



Similarly, CAMs organisers leucine-rich repeat transmembrane proteins (Lrrtms) have been 

shown to regulate AMPAR-mediated synaptic transmission and plasticity at CA1 synapses 

(Soler-Llavina et al., 2011; Soler-Llavina et al., 2013), potentially through direct interactions 

with the AMPAR (de Wit et al., 2009; Schwenk et al., 2012; Schwenk et al., 2014). 

Additionally, trans-synaptic organisers voltage-gated calcium channel subunits Cacna2d1/3 are 

particularly interesting as they couple to presynaptic glutamate release sites and act as organisers 

of glutamatergic synapses (Schöpf et al., 2019). Despite the fascinating literature surrounding 

the roles of these CAMs and trans-synaptic organisers in AMPAR-mediated synaptic 

transmission, these proteins among many other candidates were not found to directly interact 

with the AMPAR NTD.  

Additionally, a number of secreted proteins were identified by PL proteomics with 

interesting roles in excitatory synaptic function. Namely, astrocyte-released hevin (Spock2) and 

SPARC (Sparcl1), which both positively and negatively regulate synapse formation respectively 

(Kucukdereli et al., 2011). These proteins are particularly interesting as they are able to control 

postsynaptic AMPAR content (Jones et al., 2011), in a similar fashion to known AMPAR NTD 

interactor Nptx1. Secreted proteins netrin-1 (Ntn1; Glasgow et al., 2018) and neuritin (Nrn1; 

Subramanian et al., 2019) also regulate postsynaptic AMPAR content and the strength of 

synaptic transmission. This highlights just a few of the candidate secreted proteins with 

captivating literature, thought to play key roles in regulating AMPAR-mediated synaptic 

transmission. Despite this, no direct interactions were found with the AMPAR NTD in the cell-

based binding assay (Figure 4.17). 

There are numerous explanations for a lack of direct interactions between candidate synaptic 

proteins and the AMPAR NTD. On the face of it, one may hypothesise that only Nptx1 is capable 

of directly binding to the AMPAR NTD (Figure 4.16). At this stage however, candidate 

proteins cannot be dismissed. One possibility, is that protein interactions with the AMPAR 

NTD must bind as a complex of multiple proteins. This is a particularly interesting hypothesis 

as potential AMPAR NTD interactor, Olfm1 (Pandya et al., 2018), is identified in AMPAR 

proteomics in parallel with two other secreted proteins neuritin (Ntn1) and brorin (Vwc2) 

(Schwenk et al., 2012). To test if AMPAR NTD interactions require multiple proteins for 

complex formation, Olfm1, Ntn1 and Vwc2 were applied in combination to AMPAR NTDs, 

however, no binding was observed (Figure 4.17).
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Another limitation of using the NTD-myc-pDisplay construct, is that only an NTD monomer/

dimer is displayed on the cell surface. This faces the same limitations as SPR, using NTD 

monomers/dimers (depending on NTD concentration; Rossmann et al., 2011) to determine 

binding affinity. It is possible that protein interactions require a tetrameric NTD interface in order 

to bind. To overcome this issue, the cell-based binding assay was repeated using homomeric and 

heteromeric AMPARs to form tetrameric receptors (Figure 4.18). 

 Full-length AMPARs

The overall strength of protein-protein interactions is determined by their avidity, the 

accumulated strength of multiple binding affinities. It is possible that synaptic protein interactions 

with the AMPAR NTD may bind across NTD subunits, or even across domains (NTD-LBD), 

thus requiring a full-length receptor to form successful protein interactions. Therefore, candidates 

were applied to HEK293 cells displaying full-length and ∆NTD AMPAR subunits. The 

fluorescence intensity observed with AMPAR homomers is significantly lower than that observed 

with NTD-myc-pDisplay constructs for AMPAR NTD interactor Nptx1. This is likely due to a 

lower surface expression of full-length AMPARs relative to NTD-myc-pDisplay. Significant 

binding is detected only for the N-ter Nptx1, C-ter Nptx1 and CPTX interaction with GluA4 

homomer. This is likely due to differential surface expression of AMPAR subunits affecting the 

apparent binding affinity, whereas NTD-myc-pDisplay constructs show comparable levels of 

surface expression. Furthermore, the apparent affinity of Nptx1 is greatest for GluA4 relative to 

other AMPAR subunits (Figure 4.16). 

Taken together, NTD-myc-pDisplay constructs provided the most robust read-out for 

determining direct interactions between synaptic proteins and iGluR NTDs. This binding assay 

confirms known iGluR NTD interactors and deduces the binding preference for AMPAR NTD 

interactor, Nptx1 (GluA4 > GluA3 > GluA1 > GluA2). 
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full-length tetrameric receptors (Figure 4.18).



Figure 4.18 Candidate NTD interactors screened against full-length AMPARs. Full-length tagged 

and un-tagged homomeric and heteromeric AMPARs expressed in HEK293 cells were incubated 

in candidate secreted protein interactors for 4 hrs. C-ter Nptx1 (GluA1 WT = 17.0 ± 4.29; GluA1 

∆Nptx1 = 0.00 ± 2.85; GluA1 ∆NTD = 0.01 ± 1.40) and CPTX (GluA1 WT = 16.8 ± 2.45; GluA1 

∆Nptx1 = 3.15 ± 0.59; GluA1 ∆NTD = 0.74 ± 0.72) directly interact with full-length GluA1, but 

not GluA1 ∆NTD homomers. The fluorescence intensity of this interaction was greater reduced 

relative to NTD-myc-pDisplay constructs. N-ter Nptx1 (Untrans. = 2.14 ± 0.37; GluA1 WT = 5.47 

± 1.32; GluA1 ∆NTD = 1.79 ± 0.36; GluA1/2 WT = 5.18 ± 1.32; GluA1/2 ∆NTD = 2.12 ± 0.41; 

GluA4 WT = 41.9 ± 2.28; ANOVA, *** p < 0.001), C-ter Nptx1 (Untrans. = 2.08 ± 0.38; GluA1 

WT = 6.03 ± 1.78; GluA1 ∆NTD = 1.90 ± 0.25; GluA1/2 WT = 5.62 ± 1.67; GluA1/2 ∆NTD = 2.02 

± 0.37; GluA4 WT = 46.3 ± 1.90; ANOVA, *** p < 0.001) and 1 µM Nptx1PTX (Untrans. = 2.06 ± 

0.38; GluA1 WT = 6.03 ± 1.86; GluA1 ∆NTD = 1.83 ± 0.24; GluA2Q WT = 5.53 ± 2.11; GluA2Q 

∆NTD = 2.04 ± 0.30; GluA4 WT = 79.9 ± 4.67; GluK2 WT = 1.61 ± 0.07; ANOVA, *** p < 0.001) 

directly interact with GluA4 homomers. No direct interactions were detected between other 

candidate synaptic protein interactors and full-length homomers or heteromers. A number of these 

proteins were also applied in combination with each other, for example Olfm1+Nrn1+Vwc2, 

however no direct interactions were observed. 
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 Olfm1 does not interact directly with the AMPAR NTD

As there is strong evidence to suggest that olfactomedin-1 (Olfm1) forms part of the 

AMPAR macro-molecular complex (Engelhardt et al., 2010; Shanks et al., 2012; Schwenk et al., 

2012; Schwenk et al., 2014; Brechet et al., 2017) at excitatory synapses (Loh et al., 2016; Cijsouw 

et al., 2018) and was identified by PL proteomics an NTD-enriched protein (Figure 4.10B), 

this protein was examined in more detail. More recently, a direct interaction between Olfm1 

and the GluA2 NTD has been postulated, thought to affect the lateral mobility of synaptic 

AMPARs (Pandya et al., 2018). 

Olfm1 is expressed and secreted into the cell media in large quantities relative to other secreted 

proteins as detected by WB (Figure 4.13B3). However, no direct interactions are observed 

between full length Olfm1 and iGluR NTDs (Figure 4.19A). To further enhance the amount of 

Olfm1 secretion, the C-terminal ER retention motif ‘VIRSDEL ’ was removed 

(Olfm1∆VIRSDEL) (Pronker et al., 2015; Pronker et al., 2019). This resulted in even higher 

levels of protein secretion, but did not result in iGluR NTD binding (Figure 4.19B). 

Finally, a synthetic version of Olfm1 was constructed (Figure 4.19C). In a similar fashion to 

CPTX (Suzuki et al., 2020), the coiled coil domain of Cbln1 and a GC4 triple coil helix was used 

to induce oligomerisation of the olfactomedin-like domain of Olfm1, named cerebellar 

olfactomedin (Clfm1). This ensures that oligomeric protein is formed and applied to NTD-

displaying cells. However, no direct interactions were observed in the cell-based binding assay 

(Figure 4.19C). 

Further studies are required to confirm the direct interaction between Olfm1 and the GluA2 NTD 

reported by Pandya et al., (2018). A possible explanation for the discrepancy between 

these findings, is the requirement of a full-length heteromeric AMPAR to permit protein 

interactions, unlike the monomeric NTDs used in this assay. This possibility was investigated 

by applying Olfm1 to full-length homomeric and heteromeric AMPARs, however no direct 

interactions were detected (Figure 4.19D). It remains unclear whether Olfm1 forms direct 

interactions with the AMPAR NTD, to investigate the possibility of an indirect mechanism, 

immunostaining of Olfm1 was performed. 
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Figure 4.19 Olfm1 does not interact directly with iGluR NTDs. 
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Figure 4.19 Olfm1 does not interact directly with iGluR NTDs. (A) Olfm1 does not interact with 

iGluR NTDs. Full length Olfm1 is incubated with NTD-displaying cells for 4 hrs before PFA 

fixation and immunostaining. Representative images indicate robust expression of iGluR NTDs 

(myc, magenta), but no binding of Olfm1 (streptavidin, green). (B) Olfm1∆VIRSDEL does not 

interact with iGluR NTDs. Olfm1∆VIRSDEL is incubated with iGluR NTDs for 4 hrs before PFA 

fixation and  immunostaining. Representative images indicate iGluR NTD expression (myc, 

magenta), and background fluorescence from non-specific Olfm1∆VIRSDEL binding 

(streptavidin, green). (C) Cerebellar olfactomedin (Clfm1) does not interact with iGluR NTDs. 

Clfm1 is incubated with iGluR NTDs for 4 hrs before PFA fixation and immunostaining. 

Representative images indicate iGluR NTD expression (myc, magenta) and no Clfm1 binding 

(streptavidin, green). (D) Olfm1 does not interact with full-length AMPARs. Olfm1 incubation 

with full-length (WT) and NTD-deleted (∆NTD) expressing cells does not result in co-localisation 

despite robust AMPAR subunit expression. 
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Olfm1 localises to extra-synaptic sites 

The precise nature of Olfm1-AMPAR NTD interactions and its physiological function remain 

unresolved. Due to the lack of a reliable and specific primary antibody directed at Olfm1 (Figure 

4.20A), determining its localisation is challenging. To overcome this issue, experiments were 

performed using exogenous application of 1 µg/ml  Olfm1 conjugated to AF488 (Olfm1-

AF488) to dissociated hippocampal neurons for 12 hrs. To determine if Olfm1 co-localises with

AMPARs at excitatory hippocampal synapses, incubated cultures were washed, fixed and 

immunostained for postsynaptic GluA2 and presynaptic marker RIM, to determine co-

localisation with Olfm1 (Figure 4.20A1). 

Immunofluorescence experiments demonstrated co-localisation of Olfm1-AF488 with

endogenous GluA2. Interestingly, Olfm1-AF488 predominantly co-localised with GluA2 at

extra-synaptic, but not synaptic sites, as indicated by line scans of hippocampal dendrites and 

spines (Figure 4.20A2/A3). GluA2 was observed on hippocampal dendrites and enriched at 

dendritic spines. RIM was absent from dendritic sites, but highly enriched at synaptic sites. 

Conversely, Olfm1 was highly enriched at extra-synaptic sites on the dendrite and was absent 

from hippocampal spines. These data suggest that exogenously applied Olfm1 does not localise at 

synaptic sites, but rather co-localises with GluA2 at extra-synaptic sites. In contrast, Pandya et 

al., (2018) demonstrate both extra-synaptic and synaptic localisation of Olfm1, using a 

commercial primary antibody (Neuromab; Cat# 75-042). This antibody however, shows little 

specificity for Olfm1 when co-staining for exogenously expressed HA-Olfm1 using anti-HA and 

anti-Olfm1 (Figure 4.20A). Exogenous application of Olfm1 therefore, offers a suitable 

alternative approach to study the localisation of Olfm1, where Olfm1-AF488 localises to extra-

synaptic sites. 

It is possible that Olfm1 may control entry or exit from the synapse by lateral diffusion, similarly 

to proline-rich repeat transmembrane 1 (also known as SynDIG4; Matt et al., 2018). These 

findings should be investigated in further detail to elucidate the localisation and protein secretion 

sites of endogenous Olfm1. With the lack of suitable antibodies against Olfm1, this could be 

achieved using a CRISPR/Cas9-based knock-in strategy to introduce small epitope tags. 
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The precise nature of Olfm1-AMPAR NTD interactions and its physiological function remain 

unresolved. Due to the lack of a reliable and specific primary antibody directed at Olfm1 (Figure 

4.20A), determining its localisation is challenging. To overcome this issue, experiments were 

performed using exogenous application of 1 µg/ml  Olfm1 conjugated to AF488 (Olfm1-AF488) to 

dissociated hippocampal neurons for 12 hrs. To determine if Olfm1 co-localises with AMPARs at 

excitatory hippocampal synapses, incubated cultures were washed, fixed and immunostained for 

postsynaptic GluA2 and presynaptic marker RIM, to determine co-localisation with Olfm1 

(Figure 4.20A1).

Immunofluorescence experiments demonstrated co-localisation of Olfm1-AF488 with endogenous 

GluA2. Interestingly, Olfm1-AF488 predominantly co-localised with GluA2 at extra-synaptic, but 

not synaptic sites, as indicated by line scans of hippocampal dendrites and spines (Figure 4.20A2/

A3). GluA2 was observed on hippocampal dendrites and enriched at dendritic spines. RIM was 

absent from dendritic sites, but highly enriched at synaptic sites. Conversely, Olfm1 was highly 

enriched at extra-synaptic sites on the dendrite and was absent from hippocampal spines. These 

data suggest that exogenously applied Olfm1 does not localise at synaptic sites, but rather co-

localises with GluA2 at extra-synaptic sites. In contrast, Pandya et al., (2018) demonstrate both 

extra-synaptic and synaptic localisation of Olfm1, using a commercial primary antibody 

(Neuromab; Cat# 75-042). This antibody however, shows little specificity for Olfm1 when co-

staining for exogenously expressed HA-Olfm1 using anti-HA and anti-Olfm1 (Figure 4.20A). 

Exogenous application of Olfm1 therefore, offers a suitable alternative approach to study the 

localisation of Olfm1, where Olfm1-AF488 localises to extra-synaptic sites.

It is possible that Olfm1 may control entry or exit from the synapse by lateral diffusion, similarly 

to SynDIG4 (also known as PRRT1; Matt et al., 2018). These findings should be investigated in 

further detail to elucidate the localisation and protein secretion sites of endogenous Olfm1. With 

the lack of suitable antibodies against Olfm1, this could be achieved using a CRISPR/Cas9-based 

knock-in strategy to introduce small epitope tags.
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Figure 4.20 Olfm1 localises at extra-synaptic sites in hippocampal neurons. 
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Figure 4.20 Olfm1 localises at extra-synaptic sites in hippocampal neurons. (A) Olfm1 (green) 
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antibody (Neuromab; Cat# 75-042) showed no specificity for exogenously expressed HA-Olfm1 

(magenta) (images kindly provided by Dr Alexandra Pinggera). No co-localisation between Olfm1 

and HA-Olfm1 was observed. (B) Exogenously applied Olfm1 localises at extra-synaptic sites in 

hippocampal neurons. (B1) 1 µg/ml Olfm1 Alex Fluor-488 conjugate (Olfm1-AF488; kindly 

provided by Dr Matti Pronker) was applied to dissociated hippocampal neurons for 12 hrs before 

PFA fixation and immunostaining. Permeabilised GluA2 CTD staining indicates receptors located 

throughout the dendrite and enrichment at synaptic sites. Synapses are identified by co-localisation 

of postsynaptic GluA2 and presynaptic marker RIM. Olfm1-AF488 was co-localised with GluA2 at 

dendritic extra-synaptic sites (green arrows). Line scans were performed from the dendrite to 

synaptic sites (4 µm distance on average; dotted line) (B2) Example line scan of dendrite to 

synapse indicates GluA2 throughout dendritic sites with enrichment at the synapse. RIM 

fluorescence was absent in the dendrite and enriched at the synapse. Conversely, Olfm1 was absent 

from the synapse, but present at extra-synaptic sites on hippocampal dendrites. (B3) Fluorescence 

intensity (AU) of the dendrite indicates the presence of GluA2 and Olfm1. Synapses contain 

postsynaptic GluA2 and presynaptic RIM, but no Olfm1. 
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antibody (Neuromab; Cat# 75-042) showed no specificity for exogenously expressed HA-Olfm1 

(magenta) (images kindly provided by Dr Alexandra Pinggera). No co-localisation between Olfm1 

and HA-Olfm1 was observed. (B) Exogenously applied Olfm1 localises at extra-synaptic sites in 

hippocampal neurons. (B1) 1 µg/ml Olfm1 Alex Fluor-488 conjugate (Olfm1-AF488; kindly 

provided by Dr Matti Pronker) was applied to dissociated hippocampal neurons for 12 hrs before 

PFA fixation and immunostaining. Permeabilised GluA2 CTD staining indicates receptors located 

throughout the dendrite and enrichment at synaptic sites. Synapses are identified by co-localisation 

of postsynaptic GluA2 and presynaptic marker RIM. Olfm1-AF488 was co-localised with GluA2 at 

dendritic extra-synaptic sites (green arrows). Line scans were performed from the dendrite to 

synaptic sites (4 µm distance on average; dotted line) (B2) Example line scan of dendrite to 

synapse indicates GluA2 throughout dendritic sites with enrichment at the synapse. RIM 

fluorescence was absent in the dendrite and enriched at the synapse. Conversely, Olfm1 was absent 

from the synapse, but present at extra-synaptic sites on hippocampal dendrites. (B3) Fluorescence 

intensity (AU) of the dendrite indicates the presence of GluA2 and Olfm1. Synapses contain 

postsynaptic GluA2 and presynaptic RIM, but no Olfm1. 



Screening against endogenous AMPARs

Candidate protein binding to the AMPAR NTD cannot be dismissed using the cell-based binding 

assay alone. Developing a robust assay for detecting NTD protein interactions, whilst 

recapitulating the synaptic environment is a challenging task. To further probe for candidate 

NTD interactions with endogenous AMPARs, secreted candidates were applied to dissociated 

hippocampal cultures and immunostained for endogenous GluA2-containing receptors 

(magenta) and presynaptic marker bassoon (cyan). This permitted screening for direct or 

indirect protein interactions with endogenous AMPARs positioned at excitatory synapses 

(Figure 4.21). Dissociated hippocampal cultures permit access of secreted proteins to synapses 

and the presence of endogenous synaptic proteins hypothetically enables indirect AMPAR 

protein interactions to form. 

Top ranked candidates from PL proteomics and the scientific literature were secreted and 

applied to dissociated hippocampal cultures for 4 hrs, to match timings used to detect iGluR 

NTD interactions in heterologous cells (Figure 4.17), or for 12 hrs to allow for sufficient binding 

to occur. However, no significant fluorescence signal was observed from any of the top ranked 

candidates or known NTD interactors (eg. Nptx1; Figure 4.21), suggesting that protein 

interactions with endogenous AMPARs were either not formed or not detectable using this 

approach. This is likely due to the concentration of protein applied in the cell medium, as 

candidate screening against full-length AMPARs expressed in heterologous cells also resulted in 

no significant binding using small-scale protein production (Figure 4.18). A significant level of 

binding in this assay may require a higher concentration of secreted protein, or 

overexpression of full-length AMPARs. This hypothesis is supported by findings from 

heterologous cells, where binding was only observed with purified Nptx1PTX concentrated 

and applied at 1 µM). Application of 1 µM Nptx1PTX was found to co-localise with GluA4 on 

astrocytes (Figure 4.21), as previously reported (Sia et al., 2007). Candidate proteins in these 

binding assays are produced by small-scale transfection. To achieve higher concentrations of 

protein, large-scale purifications must be performed, which is time consuming and costly. 

Therefore, it is not possible to achieve high-throughput screening of candidates using this 

alternative approach. 
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Figure 4.21 Candidate NTD interactors screened against endogenous AMPARs. 
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Figure 4.21 Candidate NTD interactors screened against endogenous AMPARs. Candidate NTD 

interactors applied to dissociated hippocampal neurons for a total of 4 hrs to match 

application times using in heterologous cells (Figure 4.17). Experiments were also repeating 

using a 12 hrs incubation time to allow for sufficient binding to occur. Immunostaining for 

endogenous postsynaptic GluA2 (magenta), presynaptic bassoon (cyan) and candidate proteins 

(green) (Scale bar = 20 µm). Co-localisation of GluA2 and bassoon indicates excitatory synaptic 

sites. Widefield images of dissociated hippocampal neurons indicate no co-localisation with 

secreted candidate protein application. Known AMPAR NTD interactors Nptx1 and CPTX show 

no co-localisation with excitatory synapses in dissociated hippocampal cultures. Candidate 

proteins were applied both individually (eg. Olfm1) and in combination (eg. Olfm1 + Nrn1 + 

Vwc2; Schwenk et al., 2012), to see if multiple proteins are required for complex formation. 

Higher magnification images were also taken from synaptic localisations (magenta and cyan co-

localisation); however, no significant candidate binding was observed. Application of 1 µM 

Nptx1 PTX domain (Nptx1PTX) colocalises with GluA4 in astrocytes, as previously reported 

(Sia et al., 2007). 
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astrocytic processes.
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 Np65 does not directly interact with the AMPAR NTD

Neuroplastin-65 (Np65) is a single transmembrane domain CAM involved in synaptogenesis 

(Vemula et al., 2020), and the expression of long-term potentiation (LTP) at CA1 synapses 

(Smalla et al., 2000). Np65 is highly expressed in the hippocampus, where it regulates NMDAR, 

GluA1-containing AMPAR (Empson et al., 2006) and GABAAR content (Herrera-Molina et al., 

2014). Very recently, Jiang et al., (2021) proposed a role for Np65 in LTP maintenance 

through direct GluA1 NTD interactions. To investigate this novel AMPAR NTD interactor, 

immunofluorescence and co-IP experiments were performed on Np65 using the same 

experimental tools as described previously (Jiang et al., 2021). Furthermore, Np65 was screened 

in the cell-based binding assay established in this chapter.

Using a specific Np65 antibody (R&D systems; Cat# AF5360; Jiang et al., 2021), localisation of 

Np65 was investigated in dissociated hippocampal neurons (Figure 4.22A). Here, Np65 

was expressed abundantly in the hippocampus, and localised throughout the neuron, 

particularly in hippocampal dendrites and spines (Figure 4.22A). In GFP+ transfected 

neurons, surface HA-GluA1 was probed for by live-labelling with a fluorescently 

conjugated single chain Fv-Clasp (Watson et al., 2020; kindly provided by Dr Alexandra 

Pinggera). Surface expression of GluA1 was both dendritic and enriched at the synapse, 

quantified by dendritic line scans (Figure 4.22B). Similarly, Np65 is expressed both in 

hippocampal dendrites, with enrichment at synaptic sites, co-localising with GluA1. These 

findings support those of Jiang et al., (2021), but provide further insight into the degree of spine 

enrichment, which was found to be 2-fold for both GluA1 and Np65. 

Next, the direct interaction between Np65 and the GluA1 NTD was investigated using co-IP 

experiments in HEK293 cells, with the same constructs described previously (Np65 C-terminal 

Flag; Jiang et al., 2021). The authors report Np65 immunoprecipitation with the GluA1 NTD 

in brain lysates, using a lysis buffer containing 1% Triton X-100 detergent. Therefore, co-IP 

experiments in this chapter were first performed using an identical lysis buffer with 1% Triton 

X-100. However, in these experiments no direct interactions were detected between Np65 and 

AMPAR subunits (Figure 4.22C1; n = 2 preparations). One would expect to see a direct 

interaction specifically between Np65 and GluA1 full-length receptors (Jiang et al., 2021), 

however, no co-IP was observed. 
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Figure 4.22 Np65 localises to excitatory synapses but does not interact directly with the AMPAR 

NTD. (A1) Live staining of surface HA-GluA1 (magenta; kindly provided by Dr Alexandra 

Pinggera), permeabilised Np65 (blue) and cytosolic GFP (green). (A2) GluA1 localised to 

dendritic spines along with Np65. (B1) Line scan of GFP, Np65 and GluA1 revealed enrichment 

of GluA1 and Np65 in dendritic spines. (B2) Normalised fluorescence intensity revealed a 

significantly higher intensity from the spine relative to dendrite for GluA1 (Dendrite = 1.00 ± 

0.09; Spine = 2.21 ± 0.17; n = 11 cells; paired t-test, p < 0.001) and Np65 (Dendrite = 1.00 ± 0.08; 

Spine = 1.71 ± 0.13; n = 11 cells; paired t-test, p < 0.001). (C) Flag bead co-IP of GluA1/2 ±NTD 

and Np65 in lysis buffer containing (C1) 1% Triton X-100 and (C2) 0.5% CHAPs revealed no 

direct interaction between Np65 and AMPARs (n = 2 preparations per detergent). Robust 

expression of Np65 (~65 kD) and AMPAR subunits (WT ~100 kD; ∆NTD ~50 kD) was detected 

in the input of HEK293 cell lysate using both detergents. (D) Np65 ectodomain does not directly 

interact with iGluR NTDs in the cell-based binding assay.

153________________________________________Identifying synaptic protein interactions with the AMPAR N-terminal domain



Secondly, co-IPs were conducted using a milder detergent, CHAPs, which has a higher critical 

micelle concentration. As protein interactions with the AMPAR are sensitive to harsher 

detergents such as Triton X-100, CHAPs may preserve low-affinity protein interactions. 

However, in 0.5% CHAPs no direct interaction was detected with the GluA1 NTD. In fact, 

GluA1 ∆NTD and GluA2Q ∆NTD constructs were pulled down with Np65-Flag to a greater 

extent than full-length AMPARs, suggesting if at all, an interaction with different sites on the 

AMPAR. 

The discrepancies between these findings and those of Jiang et al., (2021) are 

confusing. Immunofluorescence experiments confirm co-localisation of Np65 with GluA1 and 

significant enrichment in synaptic spines. However, co-IP experiments are unable to confirm 

direct interactions between Np65 and the GluA1 NTD. To resolve these discrepancies, the 

extracellular ‘ectodomain’ of Np65 could be screened in the cell-based binding assay (Figure 

4.13) or subjected to SPR experiments to permit reliable detection of binding affinity (KD - 

equilibrium dissociation constant) with different iGluR NTDs. 

154________________________________________Identifying synaptic protein interactions with the AMPAR N-terminal domain

Secondly, co-IPs were conducted using a milder detergent, CHAPs, which has a higher critical 

micelle concentration. As protein interactions with the AMPAR are sensitive to harsher detergents 

such as Triton X-100, CHAPs may preserve low-affinity protein interactions. However, in 0.5% 

CHAPs no direct interaction was detected with the GluA1 NTD. In fact, GluA1 ΔNTD and 

GluA2Q ΔNTD constructs were pulled down with Np65-Flag to a greater extent than full-length 

AMPARs, suggesting if at all, an interaction with different sites on the AMPAR.

Finally, in an attempt to resolve these discrepancies, Np65 was also screened in the cell-

based binding assay (Figure 4.22D). The extracellular ‘ectodomain’ of Np65 was expressed, 

secreted and applied to NTD-displaying cells for 4 hours, as described previously (Figure 4.13). 

However, no fluorescence signal was detected for any iGluR NTDs, suggesting Np65 is not a 

direct iGluR NTD interactor.

The discrepancies between these findings and those of Jiang et al., (2021) are confusing. 

Immunofluorescence experiments confirm co-localisation of Np65 with GluA1 and significant 

enrichment in synaptic spines. However, co-IP experiments are unable to confirm direct 

interactions between Np65 and the GluA1 NTD. Furthermore, direct Np65-GluA1 NTD 

interactions were also not detected in the cell-based binding assay, which is capable of detecting 

other known direct NTD interactions (Figure 4.14/15/16). Taken together, these findings suggest 

that Np65 is abundantly expressed in hippocampal dendrites and spines, but does not directly 

interact with the GluA1 NTD.



4.3 Discussion 

This chapter identifies a number of candidate AMPAR NTD interactors using a novel PL 

proteomics technique and subsequently screens these proteins for direct NTD interactions using 

a cell-based binding assay. Extensive screening of candidate proteins permitted identification of 

Nptx1, a direct GluA1-4 NTD interactor. 

Proximity-labelling proteomics

Unbiased PL proteomics experiments were performed in organotypic slice culture to identify 

candidate protein interactors with the AMPAR NTD. Organotypic slice culture provides an 

intact physiological network that can be easily manipulated using AAV transduction to achieve 

expression of BirA*-AMPAR subunits. A functional role for the AMPAR NTD has 

been described at CA1 synapses using electrophysiology in organotypic hippocampal slices 

(Watson et al., 2017; Díaz-Alonso et al., 2017; Watson et al., 2020). An emerging hypothesis in 

the field is that synaptic protein interactions with the AMPAR NTD position the receptor for 

effective excitatory synaptic transmission (Watson et al., 2020). Therefore, the same experimental 

system was utilised to probe for candidate interacting proteins. 

The ability of three BirA* tags (BioID2, MiniTurbo and TurboID; Figure 4.3B) and APEX2 to 

label and identify AMPAR-interacting proteins were compared directly. First, optimal labelling 

conditions for BirA* were determined in heterologous cells, by comparing the amount of 

biotinylated material produced with different concentrations and durations of biotin + ATP 

application (Figure 4.4). A concentration of 200 µM biotin and 2 mM ATP was found to 

produce the highest level of biotinylation intensity on WB, without compromising cell 

health (Figure 4.4A2). To deduce the duration of biotin application required for sufficient 

biotinylation, different labelling times were tested with all three BirA* tags. Where TurboID 

requires 2 hrs (Figure 4.4B), MiniTurbo requires 18 hrs, TurboID requires 48 hrs labelling 

time (Figure 4.4C) and APEX2 requires 10 mins (Figure 4.11). 

BirA*-AMPARs are packaged into AAVs and introduced into organotypic hippocampal slices 

by global transduction of the slice (Figure 4.7A3). One concern with fusing BirA* tags to the N-

terminus of AMPARs is that this may occlude synaptic incorporation of receptors. Using the RI as 

a measure of synaptic trafficking, the extent of synaptic trafficking with BirA*-GluA1/2 is 

shown to be comparable to WT receptors (Figure 4.5), validating the use of these 

_______
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 identifying synaptic protein interactors. Furthermore, BirA*-AMPARs localise to hippocampal 

Of the three BirA* tags, TurboID provides the deepest coverage of known synaptic proteins and 

greatest fold enrichment of AMPAR NTD interactors relative to BioID2 and MiniTurbo (Figure 

4.10). This is most likely due to its superior temporal labelling efficiency (Branon et al., 2018). In 

this study TurboID is the most effective probe for resolving AMPAR ER and synaptic protein 

interactions in organotypic slice culture. NTD interactors are determined by comparison of 

AMPAR subunits expressed at the same subcellular compartment, demonstrating the remarkable 

molecular resolution achievable with this technique. Candidate AMPAR NTD interactors were 

ranked by enrichment for full-length versus ∆NTD receptors (NTD-enrichment; Figure 4.10B) 

and top candidates from this list were subsequently screened for direct AMPAR NTD 

interactions.

AMPAR NTD interactions are likely to be of low-affinity and transiently formed, therefore, PL 

proteomics requires high temporal labelling efficiency to capture dynamic protein interactions. 

Of the BirA* tags tested, TurboID requires the shortest labelling time (2 hrs) to permit protein 

identification (Figure 4.4B). A concern is that the temporal labelling efficiency of this enzyme is 

not high enough to permit successful capture of AMPAR NTD interactors. Therefore, 

experiments were repeated using an engineered ascorbate peroxidase tag APEX2 (Figure 4.12; 

Lam et al., 2015; Hung et al., 2016). Using the same protocol established with BirA*-AMPARs 

(Figure 4.8), but with the addition of biotin-phenol and H2O2 to initiate the biotinylation reaction. 

APEX2 only requires 10 mins to label sufficient protein material following application of biotin-

phenol and H2O2 (Figure 4.11; Loh et al., 2016; Cijsouw et al., 2018; Li et al., 2020). Therefore, 

using 10 min labelling, the PL proteomes of APEX2-GluA2Q WT and ∆NTD were deduced 

(Figure 4.12; Appendix A Figure A.2). This permitted confirmation of proteins captured by 

BirA*, and identification of additional proteins (Figure 4.12). Newly identified candidate NTD 

interactors are potentially captured owing to proximal biotinylation of neighbouring tyrosine 

(APEX), opposed to lysine (BirA*) residues. Furthermore, APEX2 has a higher labelling 

efficiency relative to TurboID (Figure 4.11), possibly identifying transient interactors undetected 

by the relatively slower enzymatic efficiency of TurboID. These were however, not found to 

directly interact with the AMPAR NTD (Figure 4.17).
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constructs for identifying synaptic protein interactors. Furthermore, BirA*-AMPARs localise to 

hippocampal dendritic spines where they label their proximal environment upon initiation with 

biotin + ATP (Figure 4.7). 



Additionally, PL proteomics was performed on AMPAR subunits GluA1/2/3 using BioID2 

(Appendix A Figure A.4). Given the differential trafficking and contribution of these subunits to 

excitatory synaptic transmission in the hippocampus (Chapter 3; Lu et al., 2009), it was 

hypothesised that diverse NTD-interacting proteins may control the function of AMPARs in a 

subunit-specific manner. However, BioID2-AMPARs are less efficient at identifying proteins from 

the synapse relative to TurboID (Figure 4.10C2), making the results of these experiments unclear. 

These experiments should be repeated with TurboID-AMPAR subunits to permit effective capture 

of candidate synaptic protein interactors. 

Candidate interactors 

PL proteomics identifies known components of the AMPAR proteome, identified by AP-MS, 

(Schwenk et al., 2012; Schwenk et al., 2014; Shanks et al., 2012), and further captures novel 

proteins undetected by classical AP-MS. Novel candidate interactors are identified owing to the 

covalent modification of transient low-affinity interactors without the need for isolation based 

on affinity (Gingras et al., 2019).  Due to the cell-permeable nature of biotin, AMPAR 

interactors are identified from both ER and synaptic compartments. To validate the PL proteomics 

method, identified proteins were first searched for known constituents of the AMPAR proteome. 

AMPARs are assembled in the ER, where a number of ER-resident interacting proteins 

promote the biogenesis of tetrameric receptors (Schwenk and Fakler, 2020). BirA*-

AMPARs successfully identify known components of the AMPAR ER proteome, including 

Frrs1l (Schwenk et al., 2019) and Cpt1c (Gratacòs-Batlle et al., 2018), proteins 

required for the forward trafficking of AMPARs to the synapse. Additionally, 

known ER AMPAR interactors Calx and BiP (Rubio and Wenthold, 1999) and Stim1/2 

(Gruszczynska-Biegala et al., 2016) are enriched for BirA*-AMPARs (Figure 

4.10B). This demonstrates that PL proteomics with BirA*-AMPARs is able to 

identify known constituents of the AMPAR ER proteome (Brechet et al., 2017). 

Furthermore, numerous ER proteins are identified by BirA*-AMPARs that currently 

have no ascribed function. It would be interesting to determine the effect of these 

proteins on AMPAR biogenesis and function. This question is particularly interesting in 

the context of the AMPAR NTD, as Frrs1l for example, has a high degree of NTD-

enrichment in PL proteomics experiments (Figure 4.10B). Frrs1l plays a key role in 

AMPAR biogenesis and forward trafficking to synaptic sites, critical for synaptic 

_
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2019). Hypothetically, Frrs1l-AMPAR NTD interactions in the ER may regulate AMPAR 

forward trafficking to the synapse. This is an interesting hypothesis as the AMPAR NTD has 

been shown to regulate surface expression of the receptor in heterologous and neuronal cells 

(Möykkynen et al., 2014; Watson et al., 2020). 
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Auxiliary proteins modulate AMPAR trafficking and channel gating kinetics (Milstein and 

Nicoll, 2009; Shi et al., 2010; Jackson and Nicoll, 2011). The most predominant auxiliary 

proteins present at CA1 synapses are TARP-γ8 and CNIH2 (Schwenk et al., 2012). Of note, 

BirA*-AMPARs detect TARP-γ8, but not CNIH2 from organotypic hippocampal slices, this is 

likely due to the difference in topology of these two proteins. Where TARP-γ8 has an 

extracellular loop region, CNIH2 is fully imbedded within the membrane (Zhang et al., 2020). 

Consequently, N-terminally tagged BirA*-AMPARs are more likely to label surface lysine 

residues on TARP-γ8 than CNIH2, detecting only TARP-γ8 by PL proteomics. Interestingly, 

Shisa6 is identified as an NTD-enriched protein with PL proteomics. Shisa6, acts as an AMPAR 

auxiliary protein, accumulating receptors at postsynaptic sites during synaptic activity (Klaassen 

et al., 2016). It would be interesting to see if Shisa6 forms direct interactions with the AMPAR 

NTD and whether this influences channel gating or receptor positioning at the synapse. 

Synaptic proteins are identified from PL proteomics by entering gene lists into the 

SynGO database (Koopmans et al., 2019; www.syngoportal.org). ~40% of proteins 

identified by TurboID are found to be associated with the synaptic cellular compartment 

(Figure 4.10C2). Of these proteins, a number of interesting candidates were selected based 

on ranking of NTD-enrichment and selection from the scientific literature. Synaptic proteins 

were expressed as full-length secreted proteins or ‘ectodomains’ (first amino acid after signal 

sequence and last amino acid before TMD) of transmembrane-bound candidates, before 

screening the cell-based binding assay (Figure 4.13). Candidate synaptic AMPAR-

interacting proteins were classified as ‘secreted’ or ‘transmembrane-bound’ based 

on the UNIPROT database (https://www.uniprot.org/) and available scientific literature. 

 Cell-based binding assay

Firstly, known iGluR NTD interactors were confirmed in a cell-based binding assay to validate 

this screen for extracellular protein interactions. SPR experiments with known iGluR NTD 

interactors indicate relatively weak binding affinities in the µM range. The PTX domain of
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intriguing

residues on TARP-γ8 than CNIH2, thus only detecting TARP-γ8 by PL proteomics. Interestingly,

Nptx1The PTX domain of Nptx1,

Cell-based binding assay

transmission and plasticity (Schwenk et al., 2019). Hypothetically, Frrs1l-AMPAR NTD 

interactions in the ER may regulate AMPAR forward trafficking to the synapse. This is an 

interesting hypothesis as the AMPAR NTD has been shown to regulate surface expression of the 

receptor in heterologous and neuronal cells (Möykkynen et al., 2014; Watson et al., 2020). 

screening   in    the   cell-based   binding    assay   (Figure 4.13).   Candidate   synaptic   AMPAR-

2021).

https://www.uniprot.org/


Nptx1, has an affinity of 10 µM for GluA4 NTDs (Suzuki et al., 2020), C1ql2/3 show an affinity 

of 5 µM for GluK2 NTDs (Matsuda et al., 2016) and Cbln1 has an affinity of 0.2 µM for GluD2 

NTDs (Matsuda et al., 2010; Elegheert et al., 2016). All of these direct protein interactions were 

detected and confirmed in the cell-based binding assay, demonstrating this screen is capable of 

detecting relatively low-affinity extracellular protein interactions with iGluR NTDs. 

The cell-based binding assay was performed with both NTD-myc-pDisplay (Figure 4.17) and full-

length AMPAR constructs (Figure 4.18). When directly comparing the apparent affinity of Nptx1 

interactions between these two constructs, NTD-myc-pDisplay was found to be significantly more 

robust at detecting extracellular NTD interactions. This is most likely due to a higher level of 

surface expression, with a greater number of NTDs available to engage in protein interactions. As 

a result, NTD-myc-pDisplay constructs were employed for screening 33 candidate protein 

interactors identified by PL proteomics. PL proteomics identifies proteins proximal to the 

AMPAR NTD (Figure 4.10/12), but not necessarily those forming direct interactions. Therefore, a 

high number of negative hits from NTD-enriched candidates (Figure 4.17/18) is to be expected 

(Roux et al., 2018). 

Future studies may also consider screening for protein interactions in co-culture systems (Biederer 

and Scheiffele, 2007), by co-expressing NTD-myc-pDisplay and secreted proteins in 

‘postsynaptic’ HEK293 cells followed by immunostaining for a presynaptic marker (RIM or 

bassoon). This would permit robust detection of NTD interactions as demonstrated previously 

(Figure 4.17), but with the addition of endogenous presynaptic terminals. Therefore, allowing 

reliable screening for direct protein interactions that may also require presynaptic proteins for 

complex formation with the AMPAR NTD. This assay can also be used to detect changes in 

synapse formation, as observed with CPTX (Suzuki et al., 2020). 

A number of CAMs were identified as part of the NTD-enriched PL proteome (Figure 4.13D1). 

Many of these proteins are involved in shaping glutamatergic synaptic transmission. Including, 

but not limited to: Adam11/22, Astn1, Cacna2d1/3, Cdh2, Lrrtm2/4, mKIAA0743, Nrxn3a, 

Nrxn3b, Sdc4 (Fukata et al., 2010; Horn et al., 2018; Dolphin et al., 2018; Saglietti et al., 2007; de 

Wit et al., 2009; Aoto et al., 2013; Siddiqui et al., 2013). However, none of these protein formed 

direct interactions with AMPAR NTDs in the cell-based binding assay, using NTD-myc-pDisplay 

(Figure 4.17), full-length AMPARs (Figure 4.18) and endogenous AMPARs (Figure 4.21).
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has an affinity of 10 µM for GluA4 NTDs (Suzuki et al., 2020), C1ql2/3 show an affinity of 5 µM 

for GluK2 NTDs (Matsuda et al., 2016) and Cbln1 has an affinity of 0.2 µM for GluD2 NTDs 

(Matsuda et al., 2010; Elegheert et al., 2016). All of these direct protein interactions were detected 

and confirmed in the cell-based binding assay, demonstrating this screen is capable of detecting 

relatively low-affinity extracellular protein interactions with iGluR NTDs. 



Perhaps 

reported to directly interact with the GluA2 NTD regulating synapse density (Saglietti et al., 

2007). However, in this study N-cadherin AMPAR NTD interactions were not detected. CAMs 

were screened by expressing only the ‘ectodomain’ of transmembrane-bound proteins. It is 

possible that protein interactions between CAMs and the AMPAR NTD only occur if the protein 

is transmembrane-bound. Therefore, another approach would be to screen CAMs using co-IP 

experiments in heterologous cells, as performed with Np65 (Figure 4.22C), though no direct 

interactions were observed. 

Numerous secreted proteins were also identified as NTD-enriched synaptic proteins in PL 

proteomics (Figure 4.10B), with many proteins having established roles in glutamatergic synaptic 

transmission. Including, but not limited to: Nptx1, Nptxr, Olfm1, Ctsd, Gpc4, Lgi1, Nrp2, Ntn1, 

Nrn1, Sema3a, Spock2, Vwc2 (Sia et al., 2007; Lee et al., 2017; Pandya et al., 2018; Li et al., 

2019; Allen et al., 2012; Fukata et al., 2010; Wang et al., 2017; Glasgow et al., 2018; 

Subramanian et al., 2019; Yamashita et al., 2014; Kucukdereli et al., 2011; Schwenk et al., 2012). 

However, these secreted proteins formed no direct protein interactions with the AMPAR NTD. 

Perhaps the most promising AMPAR NTD interactors identified by PL proteomics are Olfm1 

(Pandya et al., 2018) and Nptx1 (O'Brien et al., 1999; Xu et al., 2003; Sia et al., 2007; Lee et al., 

2017), discussed in more detail below. 

Olfm1 

Olfm1 is a secreted glycoprotein that forms part of the AMPAR macromolecular complex 

(Engelhardt et al., 2010; Shanks et al., 2012; Schwenk et al., 2012; Schwenk et al., 2014; Brechet 

et al., 2017) and has an overall 2-fold enrichment for the GluA2 NTD (Figure 4.10B), however 

no direct interactions with the AMPAR NTD were detected (Figure 4.19). The discrepancy 

between the findings in this study and those of Pandya et al., (2018) are puzzling. To gain a better 

insight into the relative binding affinity of this proposed interaction, SPR should be conducted to 

permit accurate detection of binding affinity. Interestingly, exogenously applied Olfm1 appears 

to localise to extra-synaptic sites (Figure 4.20B), where this protein may play a role in 

regulating receptor motility. Although the synaptic localisation of Olfm1 needs further 

investigating, with previous reports using ineffective primary antibodies (Pandya et al., 

2018) unspecific for exogenously expressed Olfm1 (Figure 4.20A).
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Perhaps 

protein has been reported to directly interact with the GluA2 NTD regulating synapse density 

(Saglietti et al., 2007). However, in this study N-cadherin AMPAR NTD interactions were not 

detected. CAMs were screened by expressing only the ‘ectodomain’ of transmembrane-bound 

proteins. It is possible that protein interactions between CAMs and the AMPAR NTD only occur 

if the protein is transmembrane-bound. Therefore, another approach would be to screen CAMs 

using co-IP experiments in heterologous cells, as performed with Np65 (Figure 4.22C), though 

no direct interactions were observed. 

the most promising candidate of the CAMs identified is Cdh2 (N-cadherin), as this

Likely the most promising secreted AMPAR NTD interactors identified by PL proteomics are Olfm1

2018)

unspecific for exogenously expressed Olfm1 (Figure 4.20A).
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Nptx1 

Nptx1 is identified by PL proteomics with an overall 2.5-fold enrichment for the GluA2 NTD 

(Figure 4.10B). This secreted protein is detectable reproducibly by all PL tags (BioID2, 

MiniTurbo, TurboID and APEX2), however is undetectable using classical AP-MS (Schwenk et 

al., 2012; Schwenk et al., 2014). Direct binding with the AMPAR NTD is revealed using the cell-

based binding assay, where the Nptx1 PTX domain interacts with the following subunit binding 

preference: GluA4 > GluA3 > GluA1 > GluA2 (Figure 4.16). Functionally, Nptxs are thought to 

promote postsynaptic clustering of AMPARs (O'Brien et al., 1999; Xu et al., 2003; Sia et al., 

2007; Lee et al., 2017), with evidence for physiological function at both excitatory (Cho et al., 

2008; Figueiro-Silva et al., 2015) and inhibitory (Chang et al., 2010; Gu et al., 2013; Pelkey et 

al., 2015) synapses. The scientific literature surrounding the physiology of Nptx1 however, is 

more limited and confusing. Nptx1 is identified in this chapter using PL proteomics at excitatory 

synapses in principle neurons of the hippocampus. Therefore, to further investigate the role of 

Nptx1-AMPAR NTD interactions in shaping GluA1/2-mediated excitatory synaptic transmission, 

electrophysiology experiments were performed to deduce its role in Chapter 5. 
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Chapter 5 

Nptx1 shapes excitatory synaptic transmission through 

NTD interactions 

5.1 Introduction 

Neuronal pentraxins (Nptxs) are composed of secreted (Nptx1 and Nptx2) and type-II 

transmembrane-bound (Nptxr) proteins characterised by their pentraxin (PTX) domain. Nptxs 

form homo- and hetero-meric complexes (Kirkpatrick et al., 2000) and are thought to exist as 

hexamers (Xu et al., 2003). Nptx1 (Schlimgen et al., 1995) and Nptxr (Dodds et al., 1997) 

mRNA is expressed in discrete populations of neurons in the hippocampal CA3 region and 

dentate gyrus (DG), cerebral cortex and cerebellum. Nptx2 is also observed in these brain 

regions, with the exception of the cerebellum (Tsui et al., 1996). Strong protein expression of 

Nptx1/2/r is observed in deep layers of the cortex, hippocampal DG hilus, CA3 stratum lucidum 

and CA1 stratum radiatum, and the cerebellum (Gong et al., 2003; Cho et al., 2008; Apóstolo et 

al., 2020). 

Nptxs promote the accumulation of AMPARs at postsynaptic sites (O’Brien et al., 1999; O’Brien 

et al., 2002; Xu et al., 2003), through direct interactions between their PTX domain and 

postsynaptic AMPAR NTDs both in vitro and in vivo (O’Brien et al., 1999; Xu et al., 2003; 

Sia et al., 2007; Lee et al., 2017). The physiology of Nptx neuronal circuit modulation has been 

extensively characterised using constitutive gene knockout mice. Nptx2, also known as neuronal 

activity-regulated pentraxin (NARP), is highly abundant at excitatory synapses onto 

parvalbumin-positive interneurons (PV-INs) in the hippocampus. At these aspiny synapses 

Nptx2 recruits GluA4-containing AMPARs to increase synaptic strength onto PV-INs, 

subsequently increasing inhibitory drive (Chang et al., 2010; Gu et al., 2013; Pelkey et al., 2015). 

Nptx2 also directly interacts with the perineuronal net (PNN), an extracellular matrix structure 

responsible for synaptic stabilisation. An interesting hypothesis is that Nptx-PNN interactions are 

additionally involved in the process of AMPAR clustering (Van’t Spijker et al., 2019).



Nptxs are however not restricted to aspiny neurons, but also localise to dendritic spines in the 

hippocampus (O’Brien et al., 1999; Xu et al., 2003; Cho et al., 2008). At hippocampal and 

cerebellar synapses metabotropic glutamate receptor 1/5 (mGluR1/5)-dependent long-term 

depression (LTD) is mediated through cleavage of Nptxr by tumor necrosis factorα-converting 

enzyme (TACE) and binding to postsynaptic AMPARs capturing them for endocytosis (Cho et 

al., 2008). Knockdown of Nptx1 at excitatory synapses increases both AMPAR-mediated 

transmission and neuronal excitability, suggesting a negative modulatory role of Nptx1 at 

excitatory synapses (Figueiro-Silva et al., 2015). More recently, a synthetic synaptic organiser 

containing the Nptx1 PTX domain (Nptx1PTX) was shown to restore glutamatergic synaptic 

function (Suzuki et al., 2020). 

Nptxs are thought to be mainly axonally released from presynaptic sites (O’Brien et al., 1999; 

O’Brien et al., 2002; Reti et al., 2008; Farhy-Tselnicker et al., 2017). In retinal ganglion cells 

(RGCs), glypican-4 is thought to induce axonal release of Nptx1 through Gpc4 interactions with 

presynaptic RPTPδ. AMPARs are then accumulated at postsynaptic sites by Nptx1-induced 

clustering (Farhy-Tselnicker et al., 2017). This mechanism likely underlies the conversion of 

silent (AMPAR-lacking) to functional (AMPAR-containing) synapses (Bjartmar et al., 2006; 

Koch and Ullian, 2010), which is developmentally regulated by Nptxs (Bjartmar et al., 2006). 

This regulation is probably due to high Nptx expression during early neuronal development 

(Boles et al., 2014). 

Despite evidence for Nptxs in controlling the function of excitatory synapses onto inhibitory 

interneurons through GluA4 NTD interactions, the physiological function of Nptx1 in 

shaping excitatory synaptic transmission at principal neurons in the hippocampus remains 

unclear. Having identified Nptx1 as a key component of the AMPAR NTD-proteome at 

excitatory synapses and confirmed a direct interaction between Nptx1 and GluA1-4 NTDs 

(Chapter 4), this chapter aims to deduce the functional role of Nptx1 at excitatory synapses in the 

hippocampus through interactions with GluA1/2-containing AMPAR NTDs. 
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5.2 Results 

5.2.1  Nptx1 binding site mutants 
The Nptx1 PTX domain (Nptx1PTX) interacts directly with the AMPAR NTD (O’Brien et al., 

1999; Xu et al., 2003; Sia et al., 2007; Lee et al., 2017; Suzuki et al., 2020), with the following 

subunit binding preference: GluA4 > GluA3 > GluA1 > GluA2 (data from cell-based binding 

assay established and described in Chapter 4). Until recently, the structural biology of this protein 

interaction was unknown. Using an X-ray crystal structure of Nptx1 in complex with the 

AMPAR NTD (Unpublished; collaboration with Veronica Chang and Radu Aricescu), numerous 

NTD mutants were designed in an attempt to obstruct Nptx1 binding. Mutating 2 amino acids in 

the AMPAR NTD to non-polar hydrophobic alanine residues (Confidential amino acid sequence) 

completely abolished Nptx1-AMPAR NTD interactions (Figure 5.1). This mutation, termed 

∆Nptx1, was introduced to all four AMPAR subunit NTDs by sequence alignment of GluA1-4 

NTDs. Robust surface expression was observed with both WT and ∆Nptx1 GluA1-4 NTDs, 

however Nptx1 binding is only observed with WT NTDs (Figure 5.1). Direct protein interactions 

with WT NTDs were found to be independent of N- or C-terminal AviTag positioning on Nptx1 

(Figure 5.1A2/B2). ∆Nptx1 mutants therefore, offer a powerful way to study the consequence of 

a loss of Nptx1 binding by minimal modification of the AMPAR NTD amino acid sequence. 
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Figure 5.1 Nptx1-AMPAR NTD binding mutants abolish direct interactions. Cell-based binding 

assay used to measure Nptx1 binding to WT and ∆Nptx1 AMPAR NTDs in HEK293 cells 

(established in Chapter 4). (A1) N-terminal AviTag-Nptx1 (Avi-Nptx1; green) co-localised with 

pDisplay-myc-NTDs (magenta) indicating direct interactions with GluA1-4 WT but not ∆Nptx1 

NTDs, despite robust surface expression of both WT and ∆Nptx1 GluA1-4 NTDs. (A2) 

Fluorescence intensity (AU) was used to measure the binding preference of direct interactions 

between Nptx1 and AMPAR NTDs. Avi-Nptx1 co-localised with GluA1-4 WT, but not ∆Nptx1 

NTDs (GluA1 WT = 72.3  2.10; GluA1 ∆Nptx1 = 0.93  0.10; GluA2 WT = 45.8  1.53; GluA2 

∆Nptx1 = 0.73  0.03; GluA3 WT = 100.7  8.29; GluA3 ∆Nptx1 = 0.73  0.05; GluA4 WT = 144.9 

 8.08; GluA4 ∆Nptx1 = 1.21  0.08; n = 6 preparations; ANOVA, *** p < 0.001). (B1) C-terminal 

Nptx1-AviTag (Nptx1-Avi; green) co-localised with pDisplay-myc-NTDs (magenta) of WT but not 

∆Nptx1 GluA1-4 NTDs. (B2) Nptx1-Avi co-localised with GluA1-4 WT, but not ∆Nptx1 NTDs 

(GluA1 WT = 88.6  5.48; GluA1 ∆Nptx1 = 1.09  0.08; GluA2 WT = 57.6  0.08; GluA2 ∆Nptx1 

= 1.10  0.15; GluA3 WT = 117.3  7.18; GluA3 ∆Nptx1 = 1.09  0.18; GluA4 WT = 188.1  8.50; 

GluA4 ∆Nptx1 = 4.46  0.32; n = 6 preparations; ANOVA, *** p < 0.01). 
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5.2.2  GluA2Q ∆Nptx1 gating kinetics 

 GFP-P2A-AMPAR vector

First, to achieve robust and reliable expression of AMPARs and fluorescent reporter GFP as a 

transfection marker in neurons, a bicistronic expression system was developed. Due to its smaller 

base pair (bp) size, the P2A ‘self-cleaving’ peptide (Figure 5.2A1; Liu et al., 2017) was 

chosen over IRES, to permit incorporation of both GFP + AMPAR encoding DNA into adeno-

associated viruses (AAVs), at the packaging size limit of 4.7 kbp. Additionally, due to its 

equimolar expression of upstream and downstream products, P2A reduces the variability of 

AMPAR expression experienced with IRES vectors. Immunostaining of HEK293 cells 

transfected with GFP-P2A-AMPARs confirms surface AMPAR and cytosolic GFP expression of 

WT and ∆Nptx1 constructs (Figure 5.2B). The intensity of GFP fluorescence observed with the 

P2A vector was vastly enhanced over that detected with conventional IRES vectors. Moreover, 

AMPAR surface expression correlated with the intensity of GFP fluorescence to a greater extent 

than IRES (qualitative observation of immunostaining fluorescence intensity). 
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Gating kinetics

To assess if ∆Nptx1 receptors have the same gating kinetics as WT, glutamate-evoked currents 

(10 mM, 200 ms, -60 mV) were recorded from outside-out patches excised from HEK293 cells 

expressing homomeric GluA2Q WT and ∆Nptx1 (Figure 5.2C1). In the CNS, GluA2 subunits are 

RNA edited at the Q/R site, which lines the channel pore, conveying a linear current-voltage (IV) 

relationship and Ca2+ impermeability (Bowie and Mayer, 1995; Kamboj et al., 1995; Koh et al., 

1995). In contrast, recombinant unedited GluA2Q receptors display an inwardly rectifying 

IV curve, through pore-block by intracellular polyamines, such as spermine at positive 

potentials (Figure 5.2C3; Pellegrini-Giampietro, 2003). GluA2Q receptors were used 

throughout this study to permit the detection of synaptic trafficking as a change in the 

synaptic rectification index (RI) (Hayashi et al., 2000; Shi et al., 2001). 

GluA2Q WT and ∆Nptx1 displayed classical fast AMPAR currents in response to 10 mM 

glutamate (Figure 5.2D). The current rise time (10-90 %), peak amplitude and weighted time 

constant of current decay (τdes.) of GluA2Q ∆Nptx1 remain unchanged relative to WT 

receptors (Figure 5.2D3). This suggests that channel gating properties of ∆Nptx1 receptors are 

unaltered relative to WT, permitting the use of this mutant receptor for studying the effect of a 

loss of Nptx1 binding on synaptic function. 
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Figure 5.2 GluA2Q ∆Nptx1 gating kinetics are unchanged relative to WT. 
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Figure 5.2 GluA2Q ∆Nptx1 gating kinetics are unchanged relative to WT. (A1) GFP-P2A-

AMPAR bicistronic expression system. The self-cleaving P2A peptide results in expression of 

cytosolic GFP and AMPAR subunits with a proline (P) residue attached the signal sequence (SS). 

The signal sequence is subsequently cleaved in the ER, producing un-tagged AMPAR subunits. 

(A2) GluA1 WT, GluA1 ∆Nptx1, GluA2Q WT and GluA2Q ∆Nptx1 receptors. (•) 2 amino acid 

mutation in the AMPAR NTD, referred to as ∆Nptx1. (B) Immunostaining of surface WT 

and mutant AMPARs (blue) and cytosolic GFP (green) expressed in HEK293 cells using the GFP-

P2A-AMPAR vector (scale bar = 20 µm). (C1) Fast glutamate application system used to record 

AMPAR currents from GFP positive HEK293 cells. Piezoelectric-driven theta-glass capillary tube 

is used to switch between extracellular solution (ECS) and ECS containing 10 mM glutamate 

(Glu). (C2) Representative trace recorded from outside-out patches containing GluA2Q WT in 

response to 10 mM glutamate application held at membrane potentials of -120 to +120 mV (kindly 

provided by Dr Ondrej Cais). (C3) Current-voltage (IV) relationship of GluA2Q WT displaying 

double rectification due to intracellular spermine. Rectification index (RI) of GluA2Q WT (WT = 

0.006  0.003, n = 9). (D) AMPAR currents recorded from outside-out patches containing (D1) 

WT and (D2) ∆Nptx1. (D3) Rise time (10-90 %) (WT = 0.52  0.05 ms, n = 11; ∆Nptx1 = 0.51  

0.07 ms, n = 4; unpaired t-test, p = 0.96), peak amplitude (WT = 150.6  53.5 pA, n = 11; ∆Nptx1 

= 124.2  78.4 pA, n = 4; unpaired t-test, p = 0.80) and weighted time constant (WT = 6.04  0.32 

ms, n = 11; ∆Nptx1 = 5.50  0.51 ms, n = 4; unpaired t-test, p = 0.40) remain unchanged relative 

to WT. 
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5.2.3  GluA2Q ∆Nptx1 synaptic transmission 

 

titre     

To increase the number of successfully transduced CA1 pyramidal neurons over that achieved 

with traditional single-cell electroporation (SCE), AAV transduction of GFP-P2A-AMPAR 

vectors was established. This required production and purification of high-   (1.0 x1013 GC/

mL) recombinant AAVs containing GFP-P2A-AMPARs for GluA1/2 WT and ∆Nptx1 

constructs. AAV-GFP-P2A-AMPARs were microinjected into the CA1 region of organotypic 

hippocampal slices, resulting in region-specific expression across the pyramidal cell layer (Figure 

5.3A1; Ehrengruber et al., 1999; Wiegert et al., 2017a). Firstly, AAV-GFP was expressed alone 

without the AMPAR, and pairs of uninfected (GFP-) and infected (GFP+) cells were recorded 

simultaneously using dual whole-cell patch-clamp. The synaptic RI and AMPAR EPSC 

amplitude of GFP+ cells were unchanged relative to uninfected cells (Figure 5.3A2). This 

demonstrates that GFP expression via AAV microinjection has no effect on AMPAR-mediated 

synaptic transmission, demonstrating this a suitable transduction technique. 

Next, the AMPAR inward rectification property described earlier using recombinant 

expression (Figure 5.2C), was harnessed to study the trafficking of AMPARs to CA1 synapses 

(Hayashi et al., 2000; Shi et al., 2001). AMPAR EPSCs recorded at -60, 0 and +40 mV revealed a 

strong rectification of the synaptic response from cells expressing GluA2Q WT, transfected by 

SCE (Figure 5.3B3). Following microinjection of AAV-GFP-P2A-AMPAR constructs, 

the level of GFP fluorescence and synaptic RI of GluA2Q WT were monitored at different 

time points from day post infection (DPI) 3-13 (Figure 5.3B4). Dim GFP fluorescence was 

observed at DPI 3, with a significantly reduced synaptic RI = 0.4 relative to uninfected cells. 

However, from DPI 5 onwards, synaptic RI was further reduced to 0.2, consistent with that 

obtained after SCE in this study (Figure 5.3B3) and other reports (Watson et al., 2017). 

Based on this timeline experiment all subsequent recordings were performed at DPI 5-7. 
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Figure 5.3 GFP-P2A-AMPAR expression in CA1 pyramidal neurons. (A1) AAV microinjection of 

the CA1 pyramidal layer of organotypic hippocampal slices resulted in region-specific 

GFP expression. (A2) Rectification index (RI) of GFP remained unchanged relative to Uninf. 

(Uninf. = 0.56  0.04; GFP = 0.56  0.03, n = 8; paired t-test, p = 0.95). AMPAR EPSC amplitude 

of GFP remained unchanged relative to Uninf. (Uninf. = 56.2  3.70 pA; GFP =  59.3  5.0 pA; 

paired t-test, p = 0.52). (B1) GluA2Q receptors are blocked by intracellular polyamines, such as 

spermine, at positive potentials. (B2) Endogenous AMPARs in Uninf. cells have a linear 

current-voltage (IV) relationship, whereas exogenous GluA2Q expressing cells are inwardly 

rectifying, due to block at +40 mV. (B3) Synaptic RI recorded from GluA2Q 

transfected by single-cell electroporation (SCE) at day post-transfection (DPT) 4 (Untrans. = 

0.56  0.08, WT = 0.20  0.01, n = 4; paired t-test, p < 0.05). (B4) Synaptic RI recorded 

from GluA2Q at different days post-infection (DPI) following AAV microinjection (Uninf. = 

0.58  0.03, n = 16; DPI 3 = 0.41  0.02, n = 5; DPI 5 = 0.19  0.03, n = 9; DPI 7 =  0.19  0.03, n 

= 5; DPI  10 =  0.17  0.04, n = 5; DPI  13 =  0.12  0.04, n = 5; ANOVA, * p <  0.05, ** p < 0.01, 

*** p < 0.001). 
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The GFP-P2A-AMPAR expression system offers numerous advantages over other transduction 

techniques such as SCE. First and foremost, increased number of expressing cells per slice (AAV 

= ~100 cells, SCE = ~10 cells); reduced time taken to transduce (AAV = ~5 mins per slice; SCE = 

~30 mins per slice); increased success rate (AAV = 100%; SCE = ~25%); and finally, 

equimolar expression of GFP + AMPAR (AAV – P2A vector expresses similar quantities of GFP 

+ AMPAR; SCE – co-transfection with GFP plasmid results in variable ratios of GFP + AMPAR

expression). This permits selection of cells with similar AMPAR expression levels, undetectable 

with SCE.

GluA2Q ∆Nptx1 synaptic trafficking

Nptx1 has been shown to localise to synapses on excitatory (O’Brien et al., 1999; Xu et al., 2003; 

Cho et al., 2008) and inhibitory neurons (Chang et al., 2010; Pelkey et al., 2015). Although the 

number of synaptic localisations on PV-INs is well-described (~95%; Chang et al., 2010), the 

proportion of excitatory synapses containing Nptx1 is unknown. To address this question, 

immunostaining of dissociated hippocampal cultures was performed using primary antibodies 

directed at Nptx1 (green), GluA2 (magenta) and presynaptic marker bassoon (cyan) (Figure 5.4B). 

Nptx1 co-localised with postsynaptic GluA2 and presynaptic bassoon at ~17% of excitatory 

synapses (Figure 5.4B2). However, the functional consequence of Nptx1 localisation at this 

fraction of excitatory synapses is unclear. 

Exogenously expressed GluA2Q WT displayed a significantly reduced synaptic RI relative to 

paired uninfected cells in organotypic hippocampal slices (Figure 5.4C1), comparable to that 

achieved with SCE transfection (Figure 5.3B3; Watson et al., 2017). GluA2Q WT significantly 

increased the AMPAR EPSC amplitude by ~50% (Figure 5.4C1). These findings indicate that 

GluA2Q WT receptors traffic to CA1 synapses where they contribute to effective synaptic 

transmission. Similarly, GluA2Q ∆Nptx1 significantly reduced the synaptic RI relative to paired 

uninfected cells (Figure 5.4C2). Furthermore, the EPSC amplitude of GluA2Q ∆Nptx1 was 

significantly increased by ~50% (Figure 5.4C2), mimicking GluA2Q WT. This suggests that 

GluA2Q ∆Nptx1 traffics to CA1 synapses where it contributes to efficient synaptic transmission. 

Therefore, Nptx1 binding to the GluA2 NTD appears to have no effect on the trafficking of 

receptors to CA1 synapses. 
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Figure 5.4 GluA2Q ∆Nptx1 traffics to CA1 synapses. 
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Figure 5.4 GluA2Q ∆Nptx1 traffics to CA1 synapses. (A) GluA2Q WT and ∆Nptx1 receptors. (•) 

2 amino acid mutation in the AMPAR NTD, referred to as ∆Nptx1. (B1) Immunostaining of 

hippocampal dendritic spines containing endogenous: GluA2 (magenta), bassoon (cyan) and 

Nptx1 (green). Triple co-localisations are marked with white arrows and quantified as synaptic 

localisations. (B2) Nptx1 localises to 17% of excitatory synapses containing GluA2 (n = 5 cells) 

(Nptx1 primary antibody kindly provided by Dr Kunimichi Suzuki). (C1) Representative synaptic 

RI traces of Uninf. (grey) and GluA2Q WT (red) held at -60, 0 and + 40 mV (scale bar = 20 pA; 

10 ms). Synaptic RI of WT is significantly decreased relative to Uninf. (Uninf. = 0.52  0.05; WT 

= 0.14  0.03; n = 9; paired t-test, p < 0.001). Evoked EPSC (eEPSC) amplitude of WT is 

significantly increased relative to Uninf. (Uninf. = 37.8  6.4 pA; WT = 68.2  7.2 pA; n = 9; 

paired t-test, p < 0.001). (C2) Representative synaptic RI traces of Uninf. (grey) and GluA2Q 

∆Nptx1 (burgundy) (scale bar = 20 pA; 10 ms). Synaptic RI of ∆Nptx1 is significantly decreased 

relative to Uninf. (Uninf. = 0.56  0.04; ∆Nptx1 = 0.21  0.03; n = 8; paired t-test, p < 0.001). 

eEPSC amplitude of ∆Nptx1 is significantly increased relative to Uninf. (Uninf. = 34.0  5.6 pA; 

∆Nptx1 = 60.3  6.9 pA; n = 8; paired t-test, p < 0.01). (D1) 20 representative traces recorded at 

-60 mV overlay with average trace (bold) of Uninf. and WT. Coefficient of variation (CV) of WT 

is unchanged relative to Uninf. (Uninf. = 0.41  0.06; WT = 0.34  0.02; n = 8; paired t-test, p = 

0.19). 20 representative traces overlay with average trace of Uninf. and ∆Nptx1. CV of ∆Nptx1 is 

unchanged relative to Uninf. (Uninf. = 0.35  0.02; WT = 0.33  0.02; n = 7; paired t-test, p = 

0.55). 
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Figure 5.4 GluA2Q ΔNptx1 traffics to CA1 synapses. (A) GluA2Q WT and ΔNptx1 receptors. 

(·) 2 amino acid mutation in the AMPAR NTD, referred to as ΔNptx1. (B1) Immunostaining of 

hippocampal dendritic spines containing endogenous: GluA2 (magenta), bassoon (cyan) and 

Nptx1 (green). Triple co-localisations are marked with white arrows and quantified as synaptic 

localisations. (B2) Nptx1 localised to 17% of excitatory synapses containing GluA2 (n = 5 

cells) (Nptx1 primary antibody kindly provided by Dr Kunimichi Suzuki). (C1) Representative 

synaptic RI traces of Uninf. (grey) and GluA2Q WT (red) held at -60, 0 and + 40 mV (scale bar 

= 20 pA; 10 ms). Synaptic RI of WT was significantly decreased relative to Uninf. (Uninf. = 

0.52  0.05; WT = 0.14  0.03; n = 9; paired t-test, p < 0.001). Evoked EPSC (eEPSC) 

amplitude of WT was significantly increased relative to Uninf. (Uninf. = 37.8 ± 6.4 pA; WT = 

68.2 ± 7.2 pA; n = 9; paired t-test, p < 0.001). (C2) Representative synaptic RI traces of Uninf. 

(grey) and GluA2Q ΔNptx1 (burgundy) (scale bar = 20 pA; 10 ms). Synaptic RI of ΔNptx1 was 

significantly decreased relative to Uninf. (Uninf. = 0.56 ± 0.04; ΔNptx1 = 0.21 ± 0.03; n = 8; 

paired t-test, p < 0.001). eEPSC amplitude of ΔNptx1 was significantly increased relative to 

Uninf. (Uninf. = 34.0 ± 5.6 pA; ΔNptx1 = 60.3 ± 6.9 pA; n = 8; paired t-test, p < 0.01). (D1) 20 

representative traces recorded at -60 mV overlay with average trace (bold) of Uninf. and WT. 

Coefficient of variation (CV) of WT was unchanged relative to Uninf. (Uninf. = 0.41 ± 0.06; 

WT = 0.34 ± 0.02; n = 8; paired t-test, p = 0.19). 20 representative traces overlay with average 

trace of Uninf. and ΔNptx1. CV of ΔNptx1 was unchanged relative to Uninf. (Uninf. = 0.35 ± 

0.02; WT = 0.33 ± 0.02; n = 7; paired t-test, p = 0.55). 



To further investigate the reliability of synaptic transmission with these receptors, the coefficient 

of variation (CV) was determined from EPSCs recorded at -60 mV. CV is a measure of the 

variability of the synaptic response, influenced by the probabilistic nature of presynaptic 

glutamate release and postsynaptic receptor localisation, where more effective transmission is 

accompanied by a reduction in the CV (Huijstee et al., 2020). The CV of both GluA2Q WT and 

GluA2Q ∆Nptx1 are unchanged relative to paired uninfected cells (Figure 5.4D1). This suggests 

that Nptx1 binding to the GluA2 NTD has no effect on the reliability of CA1 synaptic 

transmission. 

GluA2Q ∆Nptx1 mEPSCs

Miniature EPSCs (mEPSCs) are postsynaptic responses to spontaneous glutamate release, 

activating synaptic receptors within the postsynaptic density (PSD; Hardingham and Bading, 

2010). Evoked EPSCs (eEPSCs; Figure 5.4) however, can activate peri- and extra-synaptic 

receptors even using a low stimulation frequency (Chapter 3; Papouin and Oliet, 2014). mEPSCs 

therefore, were used to study solely synaptic AMPARs. Additionally, mEPSCs can be used to 

determine the frequency of excitatory synaptic transmission, providing further insights into 

presynaptic and postsynaptic function. Tetrodotoxin (TTX) was applied to organotypic 

hippocampal slices to prevent action potential-driven events and resultant mEPSCs were recorded 

from CA1 pyramidal neurons expressing WT and ∆Nptx1 receptors. 

Application of 1 µM TTX to organotypic hippocampal slices revealed AMPAR mEPSCs of >7 

pA, detectable using a template search (Clampfit, Molecular Devices) above a noise-level of 6 

pA, defined by peak to peak (Figure 5.5A). CA1 pyramidal cells expressing WT and ∆Nptx1 

displayed a higher proportion of AMPAR mEPSCs with an amplitude of 20-30 pA, detected for 

both WT and ∆Nptx1 relative to uninfected cells. The AMPAR mEPSC amplitude of WT and 

∆Nptx1 was significantly increased relative to uninfected cells, as determined by the cumulative 

frequency distribution plot (Figure 5.5B1). However, mEPSC amplitude taken from the average 

of individual cells revealed no significant change (Figure 5.5B3). Previous reports also indicate no 

significant change in mEPSC amplitude with GluA2Q WT overexpression at CA1 synapses 

(Watson et al., 2017). 
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GluA2Q ∆Nptx1 mEPSCs

GluA2Q ∆Nptx1 were



Figure 5.5 GluA2Q ∆Nptx1 increases the frequency of mEPSCs. 
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Figure 5.5 GluA2Q ∆Nptx1 increases the frequency of mEPSCs. (A) 3 Representative mEPSC 

traces recorded from (A1) Uninf., (A2) WT and (A3) ∆Nptx1 in the presence 1 µM TTX. 

Recordings were performed at DPI 5-7, with Uninf. cells recorded from the same slices as WT and 

∆Nptx1. mEPSCs are detected with an amplitude of >7 pA above a noise level of 6 pA. Example 

traces for each condition are taken from 3 independent preparations. (B1) Cumulative frequency 

distribution plot of mEPSC amplitude indicates a higher proportion of larger amplitude mEPSCs 

for WT and ∆Nptx1 relative to Uninf., data from all recored events. GluA2Q WT had a 

significantly increased mEPSC amplitude distribution relative to Uninf. (Uninf. = 17.5  0.24 pA; 

n = 1072 events; n = 12 cells; GluA2Q WT = 20.4  0.20 pA; n = 3118 events; n = 16 cells; 

Kolmogorov-Smirnov test, P < 0.001). GluA2Q ∆Nptx1 had a significantly increased mEPSC 

amplitude distribution relative to Uninf. (Uninf. = 17.5  0.24 pA; n = 1072 events; n = 12 cells; 

GluA2Q ∆Nptx1 = 19.3  0.14 pA; n = 5056 events; n = 15 cells; Kolmogorov-Smirnov test, P < 

0.001). (B2) Representative average mEPSC traces of Uninf. (grey), WT (red) and ∆Nptx1 

(burgundy) from individual cells (scale bar = 5 pA; 5 ms). (B3) mEPSC amplitude is unchanged 

between Uninf., WT and ∆Nptx1 (Uninf. = 17.3  0.70 pA, n = 12 cells; WT = 20.1  0.81 pA, n 

= 16 cells; ∆Nptx1 = 18.6  0.99 pA, n = 15 cells; n = 3 independent preparations; ANOVA, p = 

0.09). (B4) mEPSC frequency is significantly increased 2-fold for WT and 4-fold for ∆Nptx1 

relative to Uninf. (Uninf. = 0.081  0.017 Hz, n = 13 cells; WT = 0.15  0.025 Hz, n = 12 cells; 

∆Nptx1 = 0.49  0.106 Hz, n = 11 cells; n = 3 independent preparations; ANOVA with multiple 

comparisons, ** p < 0.01, *** p < 0.001). 
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Figure 5.5 GluA2Q ∆Nptx1 increases the frequency of mEPSCs. (A) 3 Representative mEPSC 

traces recorded from (A1) Uninf., (A2) WT and (A3) ∆Nptx1 in the presence 1 µM TTX. 

Recordings were performed at DPI 5-7, with Uninf. cells recorded from the same slices as WT and 

∆Nptx1. mEPSCs were detected with an amplitude of >7 pA above a noise level of 6 pA. Example 

traces for each condition are taken from 3 independent preparations. (B1) Cumulative frequency 

distribution plot of mEPSC amplitude indicates a higher proportion of larger amplitude mEPSCs 

for WT and ∆Nptx1 relative to Uninf., data from all recored events. GluA2Q WT had a 

significantly increased mEPSC amplitude distribution relative to Uninf. (Uninf. = 17.5 ± 0.24 pA; 

n = 1072 events; n = 12 cells; GluA2Q WT = 20.4 ± 0.20 pA; n = 3118 events; n = 16 cells; 

Kolmogorov-Smirnov test, P < 0.001). GluA2Q ∆Nptx1 had a significantly increased mEPSC 

amplitude distribution relative to Uninf. (Uninf. = 17.5 ± 0.24 pA; n = 1072 events; n = 12 cells; 

GluA2Q ∆Nptx1 = 19.3 ± 0.14 pA; n = 5056 events; n = 15 cells; Kolmogorov-Smirnov test, P < 

0.001). (B2) Representative average mEPSC traces of Uninf. (grey), WT (red) and ∆Nptx1 

(burgundy) from individual cells (scale bar = 5 pA; 5 ms). (B3) mEPSC amplitude was unchanged 

between Uninf., WT and ∆Nptx1 (Uninf. = 17.3 ± 0.70 pA, n = 12 cells; WT = 20.1 ± 0.81 pA, n 

= 16 cells; ∆Nptx1 = 18.6 ± 0.99 pA, n = 15 cells; n = 3 independent preparations; ANOVA, p = 

0.09). (B4) mEPSC frequency was significantly increased 2-fold for WT and 4-fold for ∆Nptx1 

relative to Uninf. (Uninf. = 0.081 ± 0.017 Hz, n = 13 cells; WT = 0.15 ± 0.025 Hz, n = 12 cells; 

∆Nptx1 = 0.49 ± 0.106 Hz, n = 11 cells; n = 3 independent preparations; ANOVA with multiple 

comparisons, ** p < 0.01, *** p < 0.001). 



Surprisingly, ∆Nptx1 significantly increases the mEPSC frequency 4-fold relative to uninfected 

cells, and 2-fold relative to WT (Figure 5.5B4). This robust increase in mEPSC frequency is 

reproducibly observed across a total of 9 slices from 3 independent preparations for each 

condition. In line with these data, Nptx1 knockdown at excitatory synapses was also found to 

increase the frequency of mEPSCs (Figueiro-Silva et al., 2015). An increase in mEPSC frequency 

could be due to changes in: 1. Glutamate release probability, 2. Spine density, or 3. Postsynaptic 

AMPAR content. To further investigate the mechanisms underlying an increase in mEPSC 

frequency with ∆Nptx1, additional experiments were conducted. 
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Probability_of_glutamate_release

To investigate if the increase in mEPSC frequency observed with ∆Nptx1 (Figure 5.5) can be 

attributed to changes in the presynaptic release machinery, the paired pulse ratio (PPR) was 

determined for WT, ∆Nptx1 and uninfected cells using inter-stimulus intervals (ISIs) of 25, 50, 100 

and 200 ms between EPSC1 and EPSC2. The PPR is calculated using the following equation: 

PPR = EPSC2 / EPSC1 

The probability of glutamate release is inversely proportional to the PPR, with alterations 

attributed to changes in the presynaptic calcium concentration (Zucker and Regehr, 2002). CA1 

synapses of uninfected control slices exhibit classical paired pulse facilitation (PPF) (Figure 

5.6A1; Zucker et al., 1989; Dobrunz and Stevens, 1997). As the ISI is increased, the probability of 

glutamate release is also increased, reflected by a decrease in the PPR (Figure 5.6B2). 

d

frequency was



Figure 5.6 GluA2Q ∆Nptx1 has no effect on the probability of glutamate release. (A) Representative traces 

for EPSCs recorded from (A1) Uninf., (A2) GluA2Q WT and (A3) GluA2Q ∆Nptx1 cells using an 

interstimulus interval (ISI) of 25, 50, 100 and 200 ms. (B1) Paired pulse ratio (PPR) of Uninf., WT and 

∆Nptx1 remained unchanged using an ISI of 25 ms (Uninf. = 2.10  0.08, n = 5; WT = 2.26  0.08, n = 5; 

∆Nptx1 = 2.14  0.05, n = 10; ANOVA, p > 0.05); 50 ms (Uninf. = 1.85  0.11, n = 5; WT = 1.95  0.09, n 

= 5; ∆Nptx1 = 1.83  0.07, n = 10; ANOVA, p > 0.05); 100 ms (Uninf. = 1.54  0.07, n = 5; WT = 1.63  

0.07, n = 5; ∆Nptx1 = 1.46  0.05, n = 10; ANOVA, p > 0.05); 200 ms (Uninf. = 1.20  0.08, n = 5; WT = 

1.27  0.09, n = 5; ∆Nptx1 = 1.13  0.03, n = 10; ANOVA, p > 0.05). (B2) PPR versus ISI scatter plot 

indicates no change between Uninf., WT and ∆Nptx1. 
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Neuronal pentraxins have been shown to modify glutamate release at the Schaffer collateral-CA1 

synapse (Cummings et al., 2017). The authors show that acute application of exogenous Nptx1/2/

r to organotypic hippocampal slices increases the PPR, whereas chronic application decreases the 

PPR. In the context of this work, it is possible that the increase in mEPSC frequency with ∆Nptx1 

(Figure 5.5) may be due to changes in the probability of glutamate release. Therefore, it was 

hypothesised that a loss of Nptx1 binding with GluA2Q ∆Nptx1, may in-turn affect the 

presynaptic release machinery, significantly altering the PPR. 

However, there is no significant difference between the PPR of GluA2Q WT and ∆Nptx1 

compared to uninfected cells over a range of ISIs (Figure 5.6B). The discrepancy between these 

data and Cummings et al., (2017), may be explained by direct Nptx1 interactions with other 

elements of the presynaptic machinery, thus the ∆Nptx1 mutation on the AMPAR NTD may not 

participate in this function. Nptx1 has been shown to directly interact with Kv7.2, localised at 

presynaptic sites (Figueiro-Silva et al., 2015), this interaction may influence glutamate release 

probability. Another explanation for these conflicting results is the potential difference in 

endogenous and exogenous concentrations of Nptx1, where Cummings et al., (2017) may achieve 

saturation of excitatory synapses with exogenous application, opposed to ~17% endogenous 

synaptic localisation in this study (Figure 5.4B). To investigate other potential mechanisms 

underlying the increase in ∆Nptx1 mEPSC frequency, the AMPAR/NMDAR ratio of CA1 

pyramidal neurons was investigated. 

 AMPAR/NMDAR ratio

A change in the number of functional excitatory synapses can have a profound effect on the 

frequency of mEPSC events. To investigate if the increased mEPSC frequency observed with 

∆Nptx1 (Figure 5.5) could be attributed to changes in the number of functional excitatory 

synapses, the AMPAR/NMDAR (A/N) ratio was determined. This assay was used to address two 

possible mechanisms: changes in synapse density and the number of ‘silent synapses’. Where 

changes in the number of synaptic connections is accompanied by a significant change in the 

NMDAR EPSC (Soler-Llavina et al., 2011; Letellier et al., 2018), and a change in the number of 

silent synapses is reflected by a change in the A/N ratio (Kerchner and Nicoll, 2008). 

Interestingly, knockdown of Nptx1 has been shown to increase the number of excitatory synapses 

in dissociated cortical cultures, reflected by an increase in mEPSC frequency (Figueiro-Silva et 

al., 2015). A similar effect is observed with occlusion of Nptx1 binding to the GluA2 NTD 

'''''''''''' 
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AMPAR/NMDAR ratio



(Figure 5.5). This suggests that Nptx1-GluA2 NTD interactions may be involved in limiting 

excitatory synapse density. Alternatively, Nptx1 interactions may be involved in regulating the 

number of silent synapses, as in Nptx1 knockout neurons of the dorsolateral geniculate nucleus 

the proportion of silent synapses is either increased or decreased depending on synapse 

maturation (Koch and Ullian, 2010; Bjartmar et al., 2006). To investigate if there is a change in 

synapse density or number of silent synapses with ∆Nptx1, the A/N ratio was determined 

AMPAR EPSCs were resolved from the peak current of responses held at -60 mV, and NMDAR 

EPSCs are determined from the amplitude 50 ms after the stimulus of responses held at +40 mV, 

to exclude AMPAR contribution to the EPSC. This permits recording of both AMPAR and 

NMDAR EPSCs from the same cell, which are then expressed as a ratio (A/N). The EPSC 

amplitude of neurons transduced with WT GluA2Q was significantly increased compared to 

paired uninfected cells (Figure 5.7A1), as demonstrated previously (Figure 5.4). The size of the 

NMDAR EPSC, however, is unchanged relative to paired uninfected cells. This is reflected by a 

significant increase in the A/N ratio (Figure 5.7A2). With no changes in NMDAR EPSC 

amplitude, this suggests that overexpression of WT receptors has no effect on the number of

functional synapses. 

Expression of ∆Nptx1 also significantly increases the size of the AMPAR EPSC (Figure 5.7B1), 

as illustrated in Figure 5.4. Interestingly, ∆Nptx1 NMDAR EPSCs remain unchanged relative to 

paired uninfected cells. Consequently, the A/N ratio is significantly increased to a similar extent 

to WT (Figure 5.7B2), suggesting no change in the number of silent synapses. Since changes in 

spine density upon manipulation of other proteins e.g. cell-adhesion molecules, were reflected by 

significant changes in the NMDAR EPSC (Soler-Llavina et al., 2011; Letellier et al., 2018), it 

seems unlikely that occlusion of Nptx1 binding to GluA2 receptors affects synapse density.

However, it is still possible that ∆Nptx1 affects spine morphology, therefore future studies should 

address this question using imaging approaches. 
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(Figure 5.5). This suggests that Nptx1-GluA2 NTD interactions may be involved in limiting 

excitatory synapse density. Alternatively, Nptx1 interactions may be involved in regulating the

number of silent synapses, as in Nptx1 knockout neurons of the dorsolateral geniculate nucleus 

the proportion of silent synapses is either increased or decreased depending on synapse 

maturation (Koch and Ullian, 2010; Bjartmar et al., 2006). To investigate if there is a change in 

synapse density or number of silent synapses with ∆Nptx1, the A/N ratio was determined. 

AMPAR EPSCs were resolved from the peak current of responses held at -60 mV, and NMDAR 

EPSCs were determined from the amplitude 50 ms after the stimulus of responses held at +40 

mV, to exclude AMPAR contribution to the EPSC. This permits recording of both AMPAR and 

NMDAR EPSCs from the same cell, which are then expressed as a ratio (A/N). The EPSC 

amplitude of neurons transduced with WT GluA2Q was significantly increased compared to 

paired uninfected cells (Figure 5.7A1), as demonstrated previously (Figure 5.4). The size of the 

NMDAR EPSC, however, was unchanged relative to paired uninfected cells. This is reflected by 

a significant increase in the A/N ratio (Figure 5.7A2). With no changes in NMDAR EPSC 

amplitude, this suggests that overexpression of WT receptors has no effect on the number of

functional synapses.

Expression of ∆Nptx1 also significantly increased the size of the AMPAR EPSC (Figure 5.7B1), 

as illustrated in Figure 5.4. Interestingly, ∆Nptx1 NMDAR EPSCs remain unchanged relative to 

paired uninfected cells. Consequently, the A/N ratio was significantly increased to a similar 

extent to WT (Figure 5.7B2), suggesting no change in the number of silent synapses. Since 

changes in spine density upon manipulation of other proteins e.g. cell-adhesion molecules, are 

reflected by significant changes in the NMDAR EPSC (Soler-Llavina et al., 2011; Letellier et al., 

2018), it seems unlikely that occlusion of Nptx1 binding to GluA2 receptors affects synapse 

density. However, it is still possible that ∆Nptx1 affects spine morphology, therefore future 

studies should address this question using imaging approaches. 



Figure 5.7 GluA2Q ∆Nptx1 has no effect on AMPAR/NMDAR ratio.  
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Figure 5.7 GluA2Q ∆Nptx1 has no effect on AMPAR/NMDAR ratio. (A1) GluA2Q WT increases 

AMPAR, but not NMDAR EPSC amplitude. Representative traces of AMPAR EPSC (arrow; 

peak amplitude) recorded at -60 mV and NMDAR EPSC (dotted line; 50 ms after stimulus) 

recorded at +40 mV of Uninf. (grey) and GluA2Q WT (red) (scale bar = 20 pA; 20 ms). WT 

AMPAR EPSC amplitude is significantly increased relative to Uninf. (Uninf. = 43.0  6.7 pA; 

WT = 70.0  8.3 pA; n = 11; paired t-test, p < 0.001). WT NMDAR EPSC amplitude is 

unchanged relative to Uninf. (Uninf. = 33.8  8.6 pA; WT = 37.6  7.5 pA; n = 9; paired t-test, p 

= 0.58). (A2) WT AMPAR/NMDAR (A/N) ratio is significantly increased relative to Uninf. 

(Uninf. = 1.17  0.18; WT = 2.56  0.48; n = 7; paired t-test, p < 0.01). (B1) GluA2Q ∆Nptx1 

increases AMPAR, but not NMDAR EPSC amplitude. Representative traces of AMPAR and 

NMDAR EPSCs of Uninf. (grey) and GluA2Q ∆Nptx1 (burgundy) (scale bar = 20 pA; 20 ms). 

∆Nptx1 AMPAR EPSC amplitude is significantly increased relative to Uninf. (Uninf. = 30.1  3.2 

pA; ∆Nptx1 = 57.5  7.3 pA; n = 10; paired t-test, p < 0.01). ∆Nptx1 NMDAR EPSC amplitude is 

unchanged relative to Uninf. (Uninf. = 21.2  3.6 pA; ∆Nptx1 = 26.6  4.6 pA; n = 12; paired t-

test, p = 0.35). (B2) ∆Nptx1 A/N ratio is significantly increased relative to Uninf. (Uninf. = 1.31  

0.11; ∆Nptx1 = 2.98  0.33; n = 9; paired t-test, p < 0.001). 
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Figure 5.7 GluA2Q ∆Nptx1 has no effect on AMPAR/NMDAR ratio. (A1) GluA2Q WT 

increased AMPAR, but not NMDAR EPSC amplitude. Representative traces of AMPAR EPSC 

(arrow; peak amplitude) recorded at -60 mV and NMDAR EPSC (dotted line; 50 ms after 

stimulus) recorded at +40 mV of Uninf. (grey) and GluA2Q WT (red) (scale bar = 20 pA; 20 ms). 

WT AMPAR EPSC amplitude was significantly increased relative to Uninf. (Uninf. = 43.0 ± 6.7 

pA; WT = 70.0 ± 8.3 pA; n = 11; paired t-test, p < 0.001). WT NMDAR EPSC amplitude was 

unchanged relative to Uninf. (Uninf. = 33.8 ± 8.6 pA; WT = 37.6 ± 7.5 pA; n = 9; paired t-test, p 

= 0.58). (A2) WT AMPAR/NMDAR (A/N) ratio was significantly increased relative to Uninf. 

(Uninf. = 1.17 ± 0.18; WT = 2.56  0.48; n = 7; paired t-test, p < 0.01). (B1) GluA2Q ∆Nptx1 

increased AMPAR, but not NMDAR EPSC amplitude. Representative traces of AMPAR and 

NMDAR EPSCs of Uninf. (grey) and GluA2Q ∆Nptx1 (burgundy) (scale bar = 20 pA; 20 ms). 

∆Nptx1 AMPAR EPSC amplitude was significantly increased relative to Uninf. (Uninf. = 30.1 ± 

3.2 pA; ∆Nptx1 = 57.5 ± 7.3 pA; n = 10; paired t-test, p < 0.01). ∆Nptx1 NMDAR EPSC 

amplitude was unchanged relative to Uninf. (Uninf. = 21.2 ± 3.6 pA; ∆Nptx1 = 26.6 ± 4.6 pA; n = 

12; paired t-test, p = 0.35). (B2) ∆Nptx1 A/N ratio was significantly increased relative to Uninf. 

(Uninf. = 1.31 ± 0.11; ∆Nptx1 = 2.98 ± 0.33; n = 9; paired t-test, p < 0.001). 



Synaptic expression 

Constitutive synaptic trafficking of AMPARs is thought to involve the insertion and removal of 

receptors by exocytotic and endocytic processes on a rapid time scale (Opazo and Choquet, 

2011), influencing receptor number and ultimately the synaptic strength. Nptxs are able to 

dramatically control the synaptic AMPAR content at both excitatory (Cho et al., 2008; Figueiro-

Silva et al., 2015) and inhibitory (Chang et al., 2010; Pelkey et al., 2015) synapses. To further 

investigate if the increase in ∆Nptx1 mEPSC frequency (Figure 5.5) is due to a change in the 

number of postsynaptic AMPARs, the evoked AMPAR EPSC amplitude of WT and ∆Nptx1 

expressing cells was combined from several experiments (Figure 5.4 and 5.7) and normalised to 

paired uninfected cells (Figure 5.8A). As the peak amplitude of AMPAR EPSCs were unchanged 

between WT and ∆Nptx1 in recombinant cells (Figure 5.2), the size of the synaptic response 

(AMPAR EPSC amplitude) can be used as a measure of synaptic receptor content.

Surprisingly, AMPAR surface expression is increased in Nptx knockout cortical neurons, an 

effect attributed to AMPAR clustering and endocytosis by Nptxs. Knockout of Nptx inhibits 

AMPAR endocytosis, increasing synaptic expression (Cho et al., 2008), a mechanism potentially 

underlying enhanced frequency of excitatory synaptic transmission (Figure 5.5; Figueiro-Silva et 

al., 2015). Nptx1-induced clustering and internalisation of AMPARs may explain the increased 

number of mEPSC events detected with GluA2Q ∆Nptx1 (Figure 5.5), as AMPAR internalisation 

is associated with a decrease in mEPSC frequency (Beattie et al., 2000). To determine synaptic 

expression levels, normalised AMPAR EPSCs of GluA2Q WT and ∆Nptx1 were compared 

directly (Figure 5.8). WT overexpression resulted in a 1.7-fold increase (Figure 5.8A2) and 

∆Nptx1 overexpression resulted in a 1.8-fold increase (Figure 5.8A3) in the AMPAR EPSC. 

Using this as a measure of synaptic receptor content at CA1 synapses, this suggests that Nptx1 

binding has no effect on GluA2Q synaptic expression. 
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Figure 5.8 GluA2Q WT and ∆Nptx1 localise at excitatory synapses and increase the AMPAR 

EPSC. (A) Pooled data of AMPAR EPSC amplitude from GluA2Q WT and ∆Nptx1 expressing 

cells relative to paired Uninf. control cells. (A1) AMPAR EPSC amplitude of WT (Uninf. = 100.0 

 11.3 %; WT = 170.0  13.4 %; n = 20 cells, n = 6 preparations; paired t-test, p < 0.001) and 

∆Nptx1 (Uninf. = 100.0  9.44 %; ∆Nptx1 = 184.4  15.5 %; n = 18 cells, n = 6 preparations; 

paired t-test, p < 0.001) was significantly increased relative to Uninf. (A2) Scatter plot of WT 

AMPAR EPSC amplitude indicates a robust increase in amplitude relative to Uninf. (scale bar = 20 

pA; 20 ms). (A3) Scatter plot of ∆Nptx1 AMPAR EPSC amplitude shows a significant increase in 

amplitude relative to Uninf. (scale bar = 20 pA; 20 ms). (B1) HA-GluA2Q WT and ∆Nptx1 

transfected for immunostaining. (B2) WT and ∆Nptx1 receptors were enriched at hippocampal 

dendritic spines (cytosolic GFP). ∆Nptx1 surface and total expression was unchanged relative to 

WT (Surface: WT = 4.38  0.69 x104 AU; ∆Nptx1 = 3.61  0.37 x104 AU; Total: WT = 3.86  

0.56 x104 AU; ∆Nptx1 = 3.21  0.50 x104 AU; n = 6; ANOVA, p > 0.05). 
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To further clarify synaptic expression levels, HA-tagged WT and ∆Nptx1 were overexpressed in 

dissociated hippocampal neurons followed by live staining of surface receptors (Figure 5.8B). 

Both WT and ∆Nptx1 enrich at dendritic spines, where they contribute to effective synaptic

transmission, as determined using the synaptic RI (Figure 5.4). The surface and total receptor 

content were then quantified using the fluorescence intensity from live and permeabilised staining 

against HA-GluA2Q respectively, indicating no change in ∆Nptx1 relative to WT (Figure 5.8B3). 

This further supports functional data (Figure 5.8A), suggesting no change significant changes in 

synaptic receptor expression levels between WT and ∆Nptx1. 

Taken together, these data imply no change in synaptic receptor expression levels with occlusion 

of Nptx1 binding to the GluA2 NTD. A caveat of these immunostaining experiments for studying 

AMPAR internalisation, is that dissociated hippocampal cultures are fixed before quantifying 

surface/ total receptor content. A more suitable approach for studying changes in synaptic 

AMPARs, is to use fluorescence recovery after photobleaching (FRAP; Watson et al., 2017), or 

single-particle tracking experiments on WT and ∆Nptx1 receptors. This would permit live 

assessment of receptor motility, where changes in AMPAR internalisation can be uncovered. 

5.2.4  GluA1 ∆Nptx1 synaptic transmission 
GluA1 NTDs have a higher binding affinity for Nptx1 than GluA2 NTDs (Figure 5.1B). Given 

the subunit-specific contribution of GluA1/2 NTDs to synaptic trafficking and control of 

transmission and plasticity (Watson et al., 2017; Díaz-Alonso et al., 2017; Watson et al., 2020; 

Jiang et al., 2021), it is possible that GluA1 ∆Nptx1 may exert different functional effects at CA1 

synapses. To test this hypothesis, GluA1 WT and ∆Nptx1 receptors were expressed in CA1 

pyramidal neurons and their effect on synaptic function was determined. 

First the endogenous distribution of Nptx1 was investigated at GluA1-containing excitatory 

synapses in dissociated hippocampal neurons (Figure 5.9B). Nptx1 (green) showed 

co-localisation with presynaptic bassoon (cyan) and postsynaptic GluA1 (magenta) at some 

but not all excitatory synapses. Similarly to GluA2, Nptx1 localised at ~19% of excitatory 

synaptic sites containing GluA1 (Figure 5.9B2). This finding is unsurprising, as the majority of 

excitatory synapses contain GluA1/2 heteromers in the hippocampus (Lu et al., 2009; Schwenk et 

al., 2012; Schwenk et al., 2014), therefore a similar percentage co-localisation would be 

_______'''''''
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5.2.4 GluA1 ΔNptx1 synaptic transmission

both WT and ∆Nptx1 enriched



Figure 5.9 GluA1 ∆Nptx1 traffics to CA1 synapses. 
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Figure 5.9 GluA1 ∆Nptx1 traffics to CA1 synapses. (A) GluA1 WT and ∆Nptx1 receptors. (•) 2 

amino acid mutation in the AMPAR NTD, referred to as ∆Nptx1. (B) Immunostaining of 

hippocampal dendritic spines containing endogenous: GluA1 (magenta), bassoon (cyan) and 

Nptx1 (green). Triple co-localisations are marked with white arrows and quantified as synaptic 

localisations.  (B2) Nptx1 localises to 19% of excitatory synapses containing GluA1 (n = 5 cells). 

(C1) Representative synaptic RI traces of Uninf. (grey) and GluA1 WT (blue) held at -60, 0 and + 

40 mV (scale bar = 20 pA; 10 ms). Synaptic RI of WT is significantly decreased relative to Uninf. 

(Uninf. = 0.51  0.04; WT = 0.33  0.03; n = 13; paired t-test, p < 0.001). eEPSC amplitude of 

WT is unchanged relative to Uninf. (Uninf. = 65.0  12.6 pA; WT = 74.6  14.2 pA; n = 18; 

paired t-test, p = 0.42). (C2) Representative synaptic RI traces of Uninf. (grey) and GluA1 ∆Nptx1 

(navy) (scale bar = 20 pA; 10 ms). Synaptic RI of ∆Nptx1 is significantly decreased relative to 

Uninf. (Uninf. = 0.55  0.05; ∆Nptx1 = 0.40  0.03; n = 13; paired t-test, p < 0.01). eEPSC 

amplitude of ∆Nptx1 is unchanged relative to Uninf. (Uninf. = 35.1  2.8 pA; ∆Nptx1 = 38.2  

4.7 pA; n = 15; paired t-test, p = 0.58). (D1) 20 representative traces recorded at -60 mV overlay 

with average trace (bold) of Uninf. and WT. Coefficient of variation (CV) of WT is unchanged 

relative to Uninf. (Uninf. = 0.35  0.02; WT = 0.32  0.03; n = 15; paired t-test, p = 0.32). 20 

representative traces overlay with average trace of Uninf. and ∆Nptx1. CV of ∆Nptx1 is 

unchanged relative to Uninf. (Uninf. = 0.35  0.02; WT = 0.38  0.03; n = 13; paired t-test, p = 

0.33). 
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Figure 5.9 GluA1 ΔNptx1 traffics to CA1 synapses. (A) GluA1 WT and ΔNptx1 receptors. (·) 2 

amino acid mutation in the AMPAR NTD, referred to as ΔNptx1. (B) Immunostaining of 

hippocampal dendritic spines containing endogenous: GluA1 (magenta), bassoon (cyan) and 

Nptx1 (green). Triple co-localisations are marked with white arrows and quantified as synaptic 

localisations. (B2) Nptx1 localised to 19% of excitatory synapses containing GluA1 (n = 5 

cells). (C1) Representative synaptic RI traces of Uninf. (grey) and GluA1 WT (blue) held at -60, 

0 and + 40 mV (scale bar = 20 pA; 10 ms). Synaptic RI of WT was significantly decreased 

relative to Uninf. (Uninf. = 0.51 ± 0.04; WT = 0.33 ± 0.03; n = 13; paired t-test, p < 0.001). 

eEPSC amplitude of WT was unchanged relative to Uninf. (Uninf. = 65.0 ± 12.6 pA; WT = 74.6 

± 14.2 pA; n = 18; paired t-test, p = 0.42). (C2) Representative synaptic RI traces of Uninf. 

(grey) and GluA1 ΔNptx1 (navy) (scale bar = 20 pA; 10 ms). Synaptic RI of ΔNptx1 was 

significantly decreased relative to Uninf. (Uninf. = 0.55 ± 0.05; ΔNptx1 = 0.40 ± 0.03; n = 13; 

paired t-test, p < 0.01). eEPSC amplitude of ΔNptx1 was unchanged relative to Uninf. (Uninf. = 

35.1 ± 2.8 pA; ΔNptx1 = 38.2 ± 4.7 pA; n = 15; paired t-test, p = 0.58). (D1) 20 representative 

traces recorded at -60 mV overlay with average trace (bold) of Uninf. and WT. Coefficient of 

variation (CV) of WT was unchanged relative to Uninf. (Uninf. = 0.35 ± 0.02; WT = 0.32 ± 

0.03; n = 15; paired t-test, p = 0.32). 20 representative traces overlay with average trace of 

Uninf. and ΔNptx1. CV of ΔNptx1 was unchanged relative to Uninf. (Uninf. = 0.35 ± 0.02; WT 

= 0.38 ± 0.03; n = 13; paired t-test, p = 0.33). 



To determine synaptic trafficking of GluA1, the synaptic RI was determined (Figure 5.9). GluA1 

homomers contain a Q residue at the Q/R editing site, rendering them Ca2+ permeable and 

inwardly rectifying (Bowie and Mayer, 1995). Upon overexpression of GluA1, receptors 

predominantly form homomers, evident by significant rectification of the synaptic response 

(Watson et al., 2017; Díaz-Alonso et al., 2017). GluA1 and GluA2Q homomers have comparable 

single-channel conductances in heterologous expression systems ~20 pS (Coombs et al., 2012), 

therefore permitting comparison of the relative amplitude of GluA1 and GluA2Q synaptic 

reponses. 

The extent of synaptic rectification observed with GluA1 WT is lower than that of GluA2Q WT, 

confirming previous findings performed using SCE (Chapter 4; Watson et al., 2017). GluA1 WT 

has a significantly reduced synaptic RI relative to paired uninfected cells but shows no change in 

AMPAR EPSC amplitude (Figure 5.9C1). This suggests that GluA1 WT is trafficked to CA1 

synapses where it contributes to synaptic transmission, although to a lesser degree than GluA2Q 

WT (Figure 5.4). Likewise, GluA1 ∆Nptx1 also significantly reduces the synaptic RI relative to 

paired uninfected cells, with no change in AMPAR EPSC amplitude (Figure 5.9C2). This 

indicates that occlusion of Nptx1 binding to the GluA1 NTD has no effect on synaptic trafficking 

to CA1 synapses. 

Coefficient of variation (CV) analysis on AMPAR EPSCs recorded from GluA1 WT and ∆Nptx1 

provides a measure of the reliability synaptic transmission at CA1 synapses. GluA1 WT CV is 

unchanged relative to paired uninfected cells (Figure 5.9D1). Similarly, GluA1 ∆Nptx1 CV 

remains unchanged compared to paired uninfected cells (Figure 5.9D2). This implies that Nptx1 

binding to the GluA1 NTD has no effect on in the reliability of GluA1-containing AMPAR-

mediated synaptic transmission. 
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To determine synaptic trafficking of GluA1, the synaptic RI was determined (Figure 5.9). GluA1 

homomers contain a Q residue at the Q/R editing site, rendering them Ca2+ permeable and 

inwardly rectifying (Bowie and Mayer, 1995). Upon overexpression of GluA1, receptors 

predominantly form homomers, evident by significant rectification of the synaptic response 

(Watson et al., 2017; Díaz-Alonso et al., 2017). GluA1 and GluA2Q homomers have comparable 

single-channel conductances in heterologous expression systems ~20 pS (Coombs et al., 2012), 

therefore permitting comparison of the relative amplitude of GluA1 and GluA2Q synaptic 

responses.

The extent of synaptic rectification observed with GluA1 WT was lower than that of GluA2Q 

WT, confirming previous findings performed using SCE (Chapter 4; Watson et al., 2017). GluA1 

WT had a significantly reduced synaptic RI relative to paired uninfected cells but showed no 

change in AMPAR EPSC amplitude (Figure 5.9C1). This suggests that GluA1 WT is trafficked to 

CA1 synapses where it contributes to synaptic transmission, although to a lesser degree than 

GluA2Q WT (Figure 5.4). Likewise, GluA1 ΔNptx1 also significantly reduced the synaptic RI 

relative to paired uninfected cells, with no change in AMPAR EPSC amplitude (Figure 5.9C2). 

This indicates that occlusion of Nptx1 binding to the GluA1 NTD has no effect on synaptic 

trafficking to CA1 synapses. 

Coefficient of variation (CV) analysis on AMPAR EPSCs recorded from GluA1 WT and ΔNptx1 

provides a measure of the reliability synaptic transmission at CA1 synapses. GluA1 WT CV was 

unchanged relative to paired uninfected cells (Figure 5.9D1). Similarly, GluA1 ΔNptx1 CV 

remained unchanged compared to paired uninfected cells (Figure 5.9D2). This implies that Nptx1 

binding to the GluA1 NTD has no effect on in the reliability of GluA1-containing AMPAR-

mediated synaptic transmission. 

expected. Nptx1 localises to < 20% of GluA1/2-containing synapses, much lower than that of 

Nptx2 at PV-IN synapses (~95%; Chang et al., 2010).



 

To investigate the effect of Nptx1-GluA1 NTD interactions on the frequency of excitatory 

synaptic transmission, mEPSCs were recorded from WT and ∆Nptx1 receptors at CA1 synapses 

(Figure 5.9). In the presence of 1 µM TTX, mEPSCs with an amplitude of >7 pA were detected 

from Uninf., WT and ∆Nptx1 expressing cells (Figure 5.10A), with uninfected cells reproducing 

the mEPSC amplitude and frequency determined in Figure 5.5. Strikingly, the mEPSC amplitude 

of ∆Nptx1 was significantly decreased relative to both WT and uninfected cells (Figure 5.10B1). 

The cumulative distribution plot showed a significant trend towards a higher proportion of lower 

amplitude events (10-20 pA) for ∆Nptx1 relative to WT (Figure 5.10B1). This suggests that 

∆Nptx1 receptors, although synaptically expressed (Figure 5.9), are unable to maintain the 

strength of synaptic transmission achieved by WT receptors. Interestingly, mEPSC frequency 

was significantly increased for both WT and ∆Nptx1 relative to uninfected cells (Figure 5.10B4), 

suggesting WT and ∆Nptx1 receptors have a similar level of overexpressed synaptic receptors. 

However, GluA1 ∆Nptx1 receptors are unable to respond as effectively to presynaptic glutamate 

release, likely due to the loss of Nptx1-induced clustering. One interpretation of these data is that 

Nptx1 interactions with the GluA1 NTD may cluster postsynaptic receptors within the PSD for 

effective synaptic transmission (Savtchenko and Rusakov, 2014). 

These findings are interesting when directly compared to mEPSCs recorded from GluA2Q 

receptors (Figure 5.5). While GluA2Q ∆Nptx1 showed a trend wise increase in mEPSC 

amplitude (Figure 5.5B1), GluA1 ∆Nptx1 had a significantly reduced mEPSC amplitude (Figure 

5.10). This suggests that Nptx1 may exert subunit-specific effects on AMPAR-mediated synaptic 

transmission. This could be explained by the apparent higher binding affinity of Nptx1 for GluA1 

relative to GluA2 NTDs (Figure 5.1), exerting subunit-specific effects on receptor function. 

Another interesting comparison between these subunits, is the increase in mEPSC frequency 

observed with GluA2Q ∆Nptx1 (4-fold) relative to GluA1 ∆Nptx1 (2-fold). GluA2Q ∆Nptx1 

dramatically increased mEPSC frequency, whereas GluA1 ∆Nptx1 did not. This again raises the 

possibility of a subunit-specific regulation of AMPAR function by Nptx1, or indeed other 

interactors that engage with this binding site. 
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GluA1 ∆Nptx1 mEPSCs
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GluA1 ΔNptx1 mEPSCs 



Figure 5.10 GluA1 ∆Nptx1 decreases mEPSC amplitude. 
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Figure 5.10 GluA1 ∆Nptx1 decreases mEPSC amplitude. (A) 3 Representative mEPSC traces 

recorded from (A1) Uninf., (A2) WT and (A3) ∆Nptx1 in the presence 1 µM TTX. Example 

traces for each condition are taken from 2 independent preparations. (B1) Cumulative frequency 

distribution plot of mEPSC amplitude indicates a significant decrease in ∆Nptx1 mEPSC 

amplitude distribution relative to WT (WT = 14.9  0.20 pA, n = 982 events; ∆Nptx1 = 12.3  

0.11 pA, n = 1487 events; Kolmogorov-Smirnov test, P < 0.001). (B2) Average mEPSC traces of 

Uninf. (grey), WT (blue) and ∆Nptx1 (navy) (scale bar = 5 pA; 5 ms). (B3) mEPSC amplitude of 

∆Nptx1 is significantly decreased relative to both Uninf., and WT (Uninf. = 15.2  0.99 pA, n = 8 

cells; WT = 15.0  0.36 pA, n = 7 cells; ∆Nptx1 = 12.1  0.55 pA, n = 7 cells; n = 2 independent 

preparations; ANOVA with multiple comparisons, *p < 0.05). (B4) mEPSC frequency is 

unchanged for WT and significantly increased 2-fold for ∆Nptx1 relative to Uninf. (Uninf. = 0.10 

 0.018 Hz, n = 8 cells; WT = 0.18  0.022 Hz, n = 7 cells; ∆Nptx1 = 0.19  0.023 Hz, n = 7 cells; 

n = 2 independent preparations; ANOVA with multiple comparisons, * p < 0.05). 
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mEPSC frequency was

∆Nptx1 was significantly decreased relative to both Uninf., and WT 
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 5.2.5  Exogenous Nptx1PTX application
Throughout this Chapter synaptic recordings have been performed on overexpressed WT and 

∆Nptx1 AMPARs to examine the functional effect of blocking endogenous Nptx1 binding. To 

approach this question from a different angle, exogenous Nptx1 PTX domains (Nptx1PTX) were 

purified and applied to organotypic hippocampal slices to interfere with endogenous Nptx1-

AMPAR interactions (Figure 5.11). As mentioned above, endogenous Nptx1 forms hexameric 

assemblies, containing 6 PTX domains, which are thought to cluster AMPARs (Xu et al., 2003), 

whereas Nptx1PTX lacks the domains involved in oligomerisation. 100 nM Nptx1PTX binds to 

GluA1-4 NTDs (Chapter 4), similarly to full-length Nptx1 (Figure 5.1A). Nptx1PTX is 

hypothesised to compete with endogenous Nptx1 for binding sites on the AMPAR NTD. 

However, with only one PTX domain of the oligomeric hexamer that makes up Nptx1 (Xu et al., 

2003), AMPAR clustering by hexameric Nptxs should be prevented (Figure 5.1) and reflected by 

a change in the AMPAR EPSC. 

AMPAR EPSCs were recorded from CA1 pyramidal neurons at a basal stimulation frequency of 

0.2 Hz for a duration of 40 mins (Figure 5.11A1). Application of buffer solution had no 

considerable effect on the amplitude of AMPAR EPSCs over time (Figure 5.11A1/2). Similarly, 

100 nM Nptx1PTX application had no significant effect on AMPAR EPSC amplitude (Figure 

5.11A1/2). This suggests that Nptx1PTX binding to endogenous AMPAR NTDs has no effect 

on the strength of AMPAR-mediated synaptic transmission at CA1 synapses. The lack of an 

observable change in the size of the AMPAR EPSC with Nptx1PTX however, has a number of 

potential explanations discussed below. 

CPTX, a synthetic synaptic organiser containing the Nptx1PTX domain, enhances AMPAR-

mediated synaptic transmission at CA1 synapses after 4 hours or 3 days incubation (Suzuki et al., 

2020). It is possible therefore, that wash-in of Nptx1PTX over 35 mins is not sufficient time for the 

protein to penetrate through the slice and enter CA1 synapses. An alternative strategy 

would be to pre-incubate slices for around 12 hours, as demonstrated with purified GluA1-3 

NTDs (Chapter 3). Another possibility is that the functional effect of endogenous Nptx1 may 

occur at other hippocampal synapses. PL proteomics was performed on entire hippocampal 

slices in (Chapter 4), including CA1, CA3 and DG hippocampal regions. In these 

experiments therefore, Nptx1 identification could be from any of these hippocampal 

synapse types. The strongest endogenous signal for Nptx1 was observed in the hilus of the 

dentate gyrus (Figure 5.11B3), suggesting that Nptx1 may exert its functional effect at DG-CA3 

synapses.
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5.2.5  Exogenous Nptx1PTX application



Figure 5.11 Nptx1PTX has no effect on AMPAR-mediated transmission at CA1 synapses. (A1) 

Nptx1 cartoon (top) indicates full-length oligomeric hexamer formed in vivo (Xu et al., 2003). 

Nptx1PTX cartoon (bottom) indicates the Nptx1 PTX domain, lacking the domains involved in 

protein oligomerisation. AMPAR EPSCs recorded at a basal stimulation frequency of 0.2 Hz 

indicate no change in amplitude following application of 100 nM Nptx1PTX (kindly provided by Dr 

Veronica Chang) or buffer control after a 35 mins incubation. (Scale bar: 20 pA; 20 ms). (A2) 

No significant change in AMPAR EPSC amplitude over time. AMPAR EPSC of Nptx1PTX 

was unchanged relative to buffer control after 35 mins (Buffer = 99.5  5.9 %, n = 4; 

Nptx1PTX = 106.4  2.7 %, n = 3; unpaired t-test, p = 0.43). (B) Immunostaining of endogenous 

Nptx1 in the (B1) CA1, (B2) CA3 and (B3) dentate gyrus (DG) regions of organotypic 

hippocampal slices (pepsin-reated), with the strongest signal observed in the hilus (h) of the 

DG. Lower Nptx1 expression was observed in the stratum radiatum (sr) of the CA1 region, 

where schaffer collaterals synapse onto CA1 pyramidal neurons recorded in these experiments. 
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Future experiments therefore, should aim to deduce the functional effect of Nptx1 at DG-CA3 

synapses, where expression appears to be highest. Finally, application of only Nptx1PTX 

domain will result in a much lower affinity for AMPAR NTDs than that of oligomeric 

hexamers, due to multivalent avidity (Elegheert et al., 2016). Therefore, it can be expected that 

Nptx1 PTX domain binding in organotypic slices will have a much lower affinity than that 

of endogenous Nptx1 interactions. Thus, a much higher concentration than 100 nM will 

be required to out-compete endogenous Nptx1-induced AMPAR clustering. A concentration 

of 100 nM Nptx1PTX was used in these experiments as this is the highest 

concentration achievable with protein purification (Nptx1PTX kindly provided by Dr Veronica 

Chang).

196________________________________________Nptx1 shapes excitatory synaptic transmission through NTD interactions



 

In addition to Nptx1-AMPAR NTD interactions, a direct interaction between Nptx1 and Kv7.2 

has also been reported (Figueiro-Silva et al., 2015). The authors have shown that Nptx1 and 

Kv7.2 co-immunoprecipitate in brain lysates and co-localise at presynaptic terminals. This 

interaction was found to modulate Kv7.2 surface expression and subsequently potassium M-

current amplitude. Kv7 potassium channel subunits regulate neuronal excitability, by setting the 

action potential threshold (Brown and Passmore, 2009). Neuronal excitability is increased in 

Nptx1 knockdown neurons, suggestive of a negative regulatory role in shaping neuronal 

excitability. To determine if Nptx1 interactions with Kv7.2 are linked to Nptx1-AMPAR NTD 

interactions, the neuronal excitability of CA1 pyramidal neurons expressing GluA2Q WT and 

∆Nptx1 was assessed.

Neuronal excitability was measured by determining the number of action potential spikes in 

response to a +350 pA current injection (Figure 5.12). Spike number was significantly increased 

in both WT and ∆Nptx1 relative to uninfected cells (Figure 5.12B). Surprisingly, the neuronal 

excitability of ∆Nptx1 was further increased relative to WT (Figure 5.12B). This suggests that 

occlusion of Nptx1 binding to the GluA2 NTD results in increased action potential firing through 

an unknown molecular mechanism. Further investigation into the effect of ∆Nptx1 on neuronal 

excitability is required, these experiments could be repeated in the presence of AMPAR 

antagonists, to remove the contribution of an increased frequency of excitatory synaptic 

transmission with ∆Nptx1 relative to WT receptors (Figure 5.5). 
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Figure 5.12 GluA2Q ∆Nptx1 increases neuronal excitability. (A) Action potential firing of CA1 

pyramidal neurons in response to a +350 pA current injection for (A1) Uninf., (A2) GluA2Q WT, 

and (A3) GluA2Q ∆Nptx1 (scale bar: 10 mV; 100 ms). Resting membrane potentials of Uninf., 

GluA2Q WT and GluA2Q ∆Nptx1 were unchanged, with an average of -65 mV. GluA2Q WT and 

∆Nptx1 recordings were performed from DPI 5-7 CA1 pyramidal neurons, with Uninf. cells 

recorded from the same slices. (B) GluA2Q WT and ∆Nptx1 spike number were significantly 

increased relative to Uninf. (Uninf. = 38  3.34; n = 6; GluA2Q WT = 52  2.97; n = 4; GluA2Q 

∆Nptx1 = 67  4.03; n = 5; ANOVA with multiple comparisons, * p < 0.05, *** p < 0.001). 
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5.3 Discussion 

This chapter aims to resolve the influence of Nptx1-AMPAR NTD interactions on excitatory 

synaptic transmission. Occlusion of Nptx1 binding to the GluA1/2 NTD has a subunit-specific 

effect on the efficiency of AMPAR-mediated synaptic transmission. While Nptx1 interactions 

with the GluA2 NTD appear to negatively regulate, GluA1 NTD interactions appear to 

positively regulate spontaneous excitatory synaptic transmission. 

Nptx1 directly interacts with AMPAR subunits GluA1-4, engaging with the AMPAR NTD at an 

undisclosed binding site (Figure 5.1). NTD mutants occlude Nptx1 binding (∆Nptx1) and have 

the same channel gating kinetics as WT receptors (Figure 5.2). AMPARs are expressed 

selectively in the CA1 region of the hippocampus using AAV microinjection of the GFP-P2A-

AMPAR expression vector (Figure 5.3). Endogenous Nptx1 binding to the AMPAR NTD has no 

effect on the trafficking of exogenous GluA1 (Figure 5.9) or GluA2Q (Figure 5.4) receptors to 

CA1 synapses, as ∆Nptx1 mutants contribute to excitatory synaptic transmission to the same 

extent as WT receptors. However, when positioned at excitatory synapses, GluA2Q ∆Nptx1 

significantly increases mEPSC frequency (Figure 5.5), whereas GluA1 significantly reduces 

mEPSC amplitude (Figure 5.10). These functional effects could be attributed to a number of 

different mechanisms, namely changes in 1. Glutamate release probability; 2. Spine density; 3. 

Postsynaptic AMPAR content. Occlusion of Nptx1 binding to the GluA2 NTD appears to have 

no effect on the probability of glutamate release (Figure 5.6), or spine density (Figure 5.7), 

leaving the possibility of a change in postsynaptic AMPAR content. The following mechanisms 

are postulated as possible explanations for an increased GluA2 ∆Nptx1 mEPSC frequency: lateral 

diffusion or endocytosis of receptors (Figure 5.13). Blocking Nptx1 interactions with the GluA1 

NTD appears to reduce the number of functional postsynaptic AMPARs, likely through 

preventing receptor clustering and reducing the efficacy of synaptic transmission. The following 

mechanism is postulated for a reduced GluA1 ∆Nptx1 mEPSC amplitude: postsynaptic receptor 

clustering (Figure 5.14). Nptx1 regulates excitatory synaptic transmission in a subunit-specific 

manner through direct interactions with the AMPAR NTD. Hypothetical mechanisms for Nptx1 

regulation are discussed below.
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 Probability of glutamate release

Changes in mEPSC are often accompanied by changes in the presynaptic release machinery, 

therefore the PPR was used a measure of glutamate release probability. CA1 pyramidal neurons 

were selectively transduced as to only affect the postsynaptic neuron, so changes in presynaptic 

activity cannot be attributed to expression in CA3 pyramidal neurons. No significant change in 

the PPR (Figure 5.6), or CV (Figure 5.4) was detected between GluA2Q WT and ∆Nptx1. This 

suggests that there is no change in the probability of glutamate release with a loss of Nptx1-

AMPAR NTD interactions. These experiments were conducted using eEPSCs, relying on action-

potential driven vesicular release of glutamate. However, experiments demonstrating a significant 

change in mEPSC frequency were performed using spontaneous EPSCs. It is possible therefore, 

that increases in mEPSC frequency (Figure 5.5; Figure 5.10) may be due to changes in the 

presynaptic release machinery affecting only spontaneous release. As spontaneous and evoked 

transmission are differentially regulated at excitatory synapses (Ramirez and Kavalali, 2011), 

Nptx1 binding may selectively affect spontaneous transmission through undetermined 

mechansims. This can be further investigated by recording asynchronous EPSCs (aEPSCs) in the 

presence of Sr2+. Where replacing Ca2+ with Sr2+ in the ACSF results in ‘asynchronous 

release’ of glutamate onto postsynaptic AMPARs, a distinct form of glutamate release (Oliet et 

al., 1996). 

Functional_synapses

A/N ratio can be used as a proxy for studying changes in the number of functional synapses, 

where significant changes in the NMDAR EPSC reflect a change in spine density (Letellier et al., 

2018), and changes in the A/N ratio reflect a change in the number of silent synapses (Kerchner 

and Nicoll, 2008). Although no significant changes between GluA2Q WT and ∆Nptx1 are 

observed using this read-out, it remains possible that a subtle change in spine density or 

morphology may occur, which can be detected using confocal microscopy of dendritic spines 

filled with cytosolic fluorescent reporter. To further address changes in silent synapses, GluA2Q 

WT and ∆Nptx1 receptors should be studied using knockout and replacement to achieve 

endogenous AMPAR expression levels. Additionally, the number of silent synapses could be 

studied by recording aEPSCs in the presence of Sr2+ and detecting changes in aEPSC frequency 

(Chapter 3; Sheng et al., 2015). At this stage, the possibility of Nptx1 increasing the proportion of 

silent synapses via a negative regulation mechanism cannot be ruled out. 
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Figure 5.13 Nptx1 negatively regulates GluA2-mediated synaptic transmission. (A) Hypothetical 

mechanisms for Nptx1-GluA2 NTD interactions with WT receptors at excitatory synapses. 

GluA2Q WT receptors bind Nptx1 resulting in a lower frequency of mEPSCs. Proposed 

mechanisms for negative regulation of synaptic transmission include: (A1) reduced lateral 

diffusion of AMPARs from extra-/peri-synaptic sites into the synapse; or (A2) increased AMPAR 

endocytosis. (B) Hypothetical mechanisms for a loss of Nptx1 binding to GluA2Q ∆Nptx1 

receptors at excitatory synapses. (•) GluA2Q ∆Nptx1 mutation occludes Nptx1 binding resulting in 

a higher frequency of mEPSCs. Proposed mechanisms of increased excitatory synaptic 

transmission with GluA2Q ∆Nptx1 include: (B1) increased lateral diffusion into the synapse from 

peri-/extra-synaptic sites; or (B2) decreased AMPAR endocytosis. Ultimately, a high proportion of 

GluA2Q ∆Nptx1 receptors are expected within the postsynaptic density (PSD), resulting in a 

higher frequency of mEPSC events. 
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AMPAR clustering

Nptx1 promotes postsynaptic receptor clustering through direct interactions with the AMPAR 

NTD (O’Brien et al., 1999; O’Brien et al., 2002; Xu et al., 2003; Sia et al., 2007; Lee et 

al., 2017). The functional consequence of Nptx1-induced AMPAR clustering however, remains 

unresolved at CA1 synapses. In this study, AMPAR-mediated synaptic transmission appears to 

be regulated by Nptx1 in a subunit-specific manner, where GluA2Q negative regulates 

(Figure 5.5) and GluA1 positively regulates (Figure 5.10) the strength of spontaneous synaptic 

transmission. This is puzzling, as Nptx1 binding occurs at both GluA1/2 NTDs, however the 

functional outcome appears to differ. This may be the consequence of differential Nptx1 binding 

affinity or even other protein interactors docking at the same binding site. Potential AMPAR 

clustering mechansims of these subunits are discussed below. 

AMPARs are incorporated into the synapse via surface diffusion from extra-synaptic sites (Opazo 

and Choquet, 2011; Penn et al., 2017). Protein interactions with the AMPAR influence receptor 

mobility, resulting in the insertion, retention or exclusion of receptors from the synapse. 

Interestingly, synaptic protein PRRT1 has been shown to establish an ‘reserve pool’ of extra-

synaptic AMPARs (Kirk et al., 2015), fundamental for the expression of long-term potentiation 

(Granger et al., 2013; Matt et al., 2018). In the context of this study, it is possible that Nptx1 

interactions with GluA2Q are responsible for limiting insertion of AMPARs into the synapse, 

limiting the frequency of mEPSC events (Figure 5.13A1). Blockade of Nptx1 binding with 

GluA2Q ∆Nptx1 therefore, may result in a loss of this regulatory mechanism, culminating in an 

increased frequency of spontaneous synaptic transmission (Figure 5.13B1). 

In contrast to this, Nptx1-GluA1 NTD interactions appear to be crucial for the maintenance of 

synaptic strength. The reduction in GluA1 ∆Nptx1 mEPSC amplitude (Figure 5.10) may be due 

to a loss of AMPAR clustering within the PSD (Figure 5.14). Similarly, synaptic protein Olfm1 

appears to trap AMPARs at the synapses by decreasing receptor lateral diffusion through direct 

interactions with the AMPAR NTD (Pandya et al., 2018). A loss of Nptx1 binding to GluA1 

∆Nptx1 therefore, may also result in ‘un-clustering’ of receptors and exclusion from the PSD 

(Figure 5.14B1). To address this hypothesis, FRAP or single-particle tracking experiments could 

be performed on GluA1/2 WT and ∆Nptx1 receptors to assess the mobility of synaptic receptors. 

Similar experiments have been used to demonstrate a role for the AMPAR (Watson et al., 2017) 

and NMDAR (Washburn et al., 2020) NTD in trapping receptors at the synapse. 
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Figure 5.14 Nptx1-induced clustering potentiates GluA1-mediated synaptic transmission. (A) 

GluA1 WT receptors are clustered by Nptx1 through direct NTD interactions. (A1) Hypothetical 

mechanism underlying GluA1 WT mEPSC amplitude. A moderate clustering of AMPARs on a 

nanoscale permits potentiation of the synaptic response (Savtchenko and Rusakov, 2014). Nptx1-

induced accumulation of GluA1-containing AMPARs within the postsynaptic density (PSD) 

enables receptors to respond more effectively to presynaptic glutamate release. As a consequence, 

mEPSC amplitude is increased. (B) GluA1 ∆Nptx1 receptors are unable to cluster due to a loss of 

Nptx1-AMPAR NTD interactions. (•) GluA1 ∆Nptx1 mutation occludes Nptx1 binding resulting 

in a decreased mEPSC amplitude. (B1) Hypothetical mechanism responsible for a reduced 

mEPSC amplitude with GluA1 ∆Nptx1. Occlusion of Nptx1 binding results in a disperse 

arrangement of postsynaptic AMPARs, with some receptors unable to respond to glutamate 

positioned outside the PSD. This may result in a lower mEPSC amplitude as fewer receptors are 

positioned within the PSD for effective signal transduction. 
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Taken together, it is postulated that GluA2 NTD clustering may manifest as a ‘trapping’ of 

receptors at peri-synaptic sites, whereas GluA1 NTD clustering may result in immobilisation of 

receptors within the PSD, promoting effective signal transduction (Savtchenko and Rusakov, 

2014). In line with this evidence, the AMPAR NTD has been shown to exert a subunit-specific 

effect on excitatory synaptic transmission and plasticity (Watson et al., 2017; Daz-Alonso et al., 

2017; Watson et al., 2020; Jiang et al., 2021). The findings in this study however, should be 

interpreted with caution, as the ∆Nptx1 mutation may also serve as a binding site for other 

AMPAR NTD interactors. Therefore, subunit-specific effects deduced using ∆Nptx1 constructs 

could be the result of other synaptic proteins engaging in interactions with the AMPAR NTD. 
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Endocytosis

Another potential postsynaptic mechanism for Nptx1 in excitatory synaptic transmission is GluA2 

NTD clustering and endocytosis. For Nptxr, TACE-induced cleavage of the Nptxr PTX domain 

promotes postsynaptic clustering of AMPARs and subsequent endocytosis during mGluR1/5-

dependent long-term depression at hippocampal and cerebellar synapses (Cho et al., 2008). The 

authors propose that AMPARs are captured by PTX domain interactions with the AMPAR NTD 

and targeted to sites of endocytosis. The role of Nptx1 in AMPAR endocytosis has not been 

investigated, but it would be interesting to see if Nptx1PTX binding were able to induce AMPAR 

internalisation. In this model, occlusion of Nptx1 binding to ∆Nptx1 receptors at the synapse may 

prevent regulated endocytosis of AMPARs, subsequently increasing the frequency of mEPSC 

events (Figure 5.13B2). Whereas WT receptors, which bind Nptx1, are able to undergo 

endocytosis and thus the strength of excitatory synaptic transmission can be negatively regulated 

successfully (Figure 5.13A2). No significant difference in WT and ∆Nptx1 synaptic expression is 

observed using immunostaining of fixed hippocampal neurons and microscopy (Figure 5.8B). To 

better answer this question of AMPAR endocytosis, a knockout and replacement strategy should 

be employed with single particle tracking of live AMPARs. 

Negative_regulation

Several publications point towards a role for Nptx1 in the negative regulation of excitatory 

synaptic transmission (Figueiro-Silva et al., 2015; Koch and Ullian, 2010; Bjartmar et al., 2006). 

Considerable lines of evidence in this Chapter support the findings of Figueiro-Silva et al., 

(2015). GluA2Q ∆Nptx1 often mimics the effects observed with Nptx1 knockdown, including: 

increased mEPSC frequency (Figure 5.5) and increased neuronal excitability (Figure 5.12). It is 

likely that Nptx1 in turn binds to other synaptic proteins, as is the case for C1ql2/3 (Matsuda 

_____

                                                                                                   with the AMPAR NTD at 

the same binding site.

Díaz-Alonso et al.,



 et al., 2016; Straub et al., 2016) and Cbln1/2/4 (Matsuda et al., 2010; Elegheert et al., 2016), 

which bind iGluR NTDs and presynaptic neurexin simultaneously (Favuzzi et al., 2019). Nptx1 

has been shown to interact with presynaptic potassium channel subunit Kv7.2, regulating 

neuronal excitability (Figueiro-Silva et al., 2015). It would be interesting to confirm this 

interaction and deduce whether this forms a trans-synaptic complex with the AMPAR NTD.

The findings in this study could be explained by the presence of simultaneous interactions 

between secreted Nptx1, postsynaptic GluA2 NTDs and presynaptic Kv7.2, in a trans -synaptic 

complex. Where occluding Nptx1 binding may result in a loss of Kv7.2 surface expression and 

increased neuronal excitability. Nptx1-AMPAR NTD interactions may regulate neuronal firing 

rate (Figure 5.12), through potential simultaneous interactions with presynaptic Kv7.2 

(Figueiro-Silva et al., 2015) and the AMPAR NTD in concert. Following confirmation of 

the direct Nptx1-Kv7.2 interaction, it would be interesting to see if all three components 

interact simultaneously in a cell-based binding assay or neuronal co-culture system. 

Interestingly, trans -synaptic complex ADAM22-LGI1-ADAM23 requires all 

components to participate in the complex, otherwise AMPAR function and neuronal 

excitability is perturbed (Fukata et al., 2021). 

Studying the functional effect of Nptx1 is made more challenging due to its developmental 

expression and activity-dependent release (Chang et al., 2010; Schaukowitch et al., 2017; 

Dörrbaum et al., 2020). Nptx1 expression in organotypic hippocampal slices (Figure 5.11B) 

appears to be lower than that of adult acute slices, where the more well-defined layers of the 

adult hippocampus show strong expression of Nptx1 (Cho et al., 2008; Apóstolo et al., 2020). 

Physiologically, this expression profile results in developmental regulation of silent synapse 

conversion at RGC synapses (Bjartmar et al., 2006; Koch and Ullian, 2010). These differences 

may account for discrepancies in functional effects uncovered at different synapse-types and 

developmental age. Nptx1 binding affinity is highest for GluA4 across the AMPAR NTD 

subunits; future studies may aim to determine the effect of a loss of Nptx1-GluA4 NTD 

binding, where this higher affinity may translate into a more profound functional effect. This 

interaction is particularly interesting in the context of neuronal development, as GluA4-

containing AMPARs contribute to synaptic transmission during early-postnatal stages of 

hippocampal development (Zhu et al., 2000). Although the physiology of the Nptxs has been 
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well-described for excitatory synapses onto PV-INs (Chang et al., 2010; Gu et al., 2013; Pelkey 

et al., 2015), this cell-type makes up only ~10% of hippocampal neurons. It is unlikely therefore, 

that this is the only role of Nptxs. Indeed, Nptx1 and Nptxr are detected with high levels of 

AMPAR NTD-enrichment in PL proteomics from excitatory synapses onto principal neurons in 

the hippocampus (Chapter 4).

This chapter uses organotypic hippocampal slices to permit modification of the CA1 pyramidal 

neurons AMPAR content using AAV transduction. Future studies however, should aim to study 

later developmental stages when Nptx1 expression is increased (Cho et al., 2008; Apóostolo et al., 

2020), using P0/1 stereotactic injection of AAV particles in in vivo (Ho et al., 2020) followed by 

acute brain slice preparation from adult mice. Furthermore, the effect of occluding Nptx1 binding 

with the ∆Nptx1 mutation should be studied on endogenous AMPARs, using CRSPR/Cas9 

modification of post-mitotic neurons (Nishiyama et al., 2017), opposed to overexpression used 

throughout this study. 

This chapter provides novel insights into the subunit-specific role of Nptx1-AMPAR NTD 

interactions on CA1 synaptic transmission. Interestingly, Nptx1 binding appears to selectively 

affect spontaneous, but not evoked transmission. Future studies should aim to deduce the 

mechanism of Nptx1 modulation on spontaneous AMPA-mediated synaptic transmission. 
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well-described for excitatory synapses onto PV-INs (Chang et al., 2010; Gu et al., 2013; Pelkey et 

al., 2015), this cell-type makes up only ~10% of hippocampal neurons. It is unlikely therefore, 

that this is the only role of Nptxs. Indeed, Nptx1 and Nptxr are detected with high levels of 

AMPAR NTD-enrichment in PL proteomics from excitatory synapses onto principal neurons in 

the hippocampus (Chapter 4).

This chapter uses organotypic hippocampal slices to permit modification of the CA1 pyramidal 

neurons AMPAR content using AAV transduction. Future studies however, should aim to study 

later developmental stages when Nptx1 expression is increased (Cho et al., 2008; Apóstolo et al., 

2020), using P0/1 stereotactic injection of AAV particles in in vivo (Ho et al., 2020) followed by 

acute brain slice preparation from adult mice. Furthermore, the effect of occluding Nptx1 binding 

with the ΔNptx1 mutation should be studied on endogenous AMPARs, using CRISPR/Cas9 

modification of post-mitotic neurons (Nishiyama et al., 2017), opposed to overexpression used 

throughout this study.

This chapter provides novel insights into the subunit-specific role of Nptx1-AMPAR NTD 

interactions on CA1 synaptic transmission. Interestingly, Nptx1 binding appears to selectively 

affect spontaneous, but not evoked transmission. Future studies should aim to deduce the 

mechanism of Nptx1 modulation on spontaneous AMPAR-mediated synaptic transmission. 







Chapter 6 

Conclusions 

This investigation has identified synaptic cleft proteins that interact with the AMPAR NTD and 

characterised their functional importance. The NTD projects mid-way into the synaptic cleft, 

exposing it to a protein-rich environment. This large extracellular domain acts as a docking 

platform for synaptic proteins, hypothetically modulating receptor sub-synaptic positioning and 

function. This study identified Nptx1 as a direct AMPAR NTD interactor involved in modulating 

excitatory synaptic transmission at hippocampal CA1 synapses. 

AMPARs concentrate within clusters in the postsynaptic density, potentially trans- synaptically 

aligning with presynaptic glutamate release sites. Sub-synaptic arrangement of receptors on a 

nanometer scale is thought to enhance synaptic efficacy. The AMPAR NTD plays a role in the 

maintenance of synaptic transmission and plasticity at hippocampal synapses. To determine the 

physiological role of the NTD in sub-synaptic positioning, glutamate spillover was induced onto 

potentially ‘mis-aligned’ peri-synaptic receptors. These experiments provided the first functional 

assessment of sub-synaptic AMPAR positioning. Increasing the spatio-temporal spillover of 

glutamate from the synaptic cleft did not however, result in the activation of additional ‘mis-

aligned’ NTD-deleted AMPARs, suggesting no detectable change in the nanometer arrangement 

of WT and ∆NTD receptors. 

A wealth of AMPAR-interacting proteins have been identified using classical affinity-

purification mass spectrometry. However, this technique does not permit capture of weak and 

transient AMPAR-interacting proteins. Therefore, proximity-labelling proteomics was 

established in organotypic slice culture, allowing capture of synaptic proteins within the vicinity 

of AMPAR-fusion constructs. The efficiency of 4 different labelling tags were assessed, derived 

from biotin ligase (BioID2, MiniTurbo and TurboID) and ascorbate peroxidase (APEX2) 

enzymes. Proximity-labelling proteomics enabled identification of novel candidate interactors 



from the synaptic cleft, in addition to known constituents of the AMPAR proteome. Candidate 

proteins were subsequently screened in a cell-based binding assay, capable of detecting known 

iGluR NTD interactors Cbln1, C1ql2 and C1ql3. Over 40 synaptic proteins were screened in the 

binding assay, resolving Nptx1 as a direct GluA1-4 NTD interactor. 

Nptx1 binds directly to the AMPAR at an undisclosed site within the NTD. A 2 amino acid 

mutation within the NTD, termed ∆Nptx1, completely abolished Nptx1 interactions, permitting 

study of the functional consequence of Nptx1 binding. ∆Nptx1 receptors had the same channel 

gating kinetics as WT receptors, however, when incorporated into synaptic sites, occlusion of 

Nptx1 binding was found to affect AMPAR-mediated synaptic transmission in a subunit-specific 

manner. Nptx1 interactions with the GluA1 and GluA2 NTD appear to both negatively and 

positively regulate the strength of synaptic transmission respectively. This study determined the 

role of Nptx1 in shaping excitatory synaptic transmission through direct interactions with a 

specific site on the AMPAR NTD. 

AMPAR-interacting proteins modulate numerous aspects of receptor function, from early 

biogenesis to synaptic function. The AMPAR NTD is thought to engage in subunit-specific 
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from the synaptic cleft, in addition to known constituents of the AMPAR proteome. Candidate 

proteins were subsequently screened in a cell-based binding assay, capable of detecting known 

iGluR NTD interactors Cbln1, C1ql2 and C1ql3. Over 40 synaptic proteins were screened in the 

binding assay, resolving Nptx1 as a direct GluA1-4 NTD interactor.

Nptx1 binds directly to the AMPAR at an undisclosed site within the NTD. A 2 amino acid 

mutation within the NTD, termed ΔNptx1, completely abolished Nptx1 interactions, permitting 

study of the functional consequence of Nptx1 binding. ΔNptx1 receptors had the same channel 

gating kinetics as WT receptors, however, when incorporated into synaptic sites, occlusion of 

Nptx1 binding was found to affect AMPAR-mediated synaptic transmission in a subunit-specific 

manner. Nptx1 interactions with the GluA1 and GluA2 NTD appear to both negatively and 

positively regulate the strength of synaptic transmission respectively. This study determined the 

role of Nptx1 in shaping excitatory synaptic transmission through direct interactions with a specific 

site on the AMPAR NTD.

Despite confirmation of Nptx1 as an AMPAR NTD-interacting protein, numerous reported N-cadherin, Olfm1 and Np65 have been postulated as AMPAR NTD-interacting proteins. 

However, direct protein interactions were not observed in this study, raising questions about the 

reproducibility of reported NTD interactors. Using the comprehensive proteomic lists determined 

in this study, future investigations should focus on determining binding to different sites on the 

AMPAR, or by characterising synaptic function through indirect protein interactions.

AMPAR-interacting proteins modulate numerous aspects of receptor function, from early 

biogenesis to synaptic function. The AMPAR NTD is thought to engage in subunit-specific 

interactions with proteins in the synaptic cleft, regulating functional output from the postsynaptic 

cell. Understanding how synaptic proteins bind to the AMPAR NTD and the physiological 

consequence of these interactions is crucial for understanding the mechanisms of synaptic 

transmission and plasticity. Ultimately, an appreciation of these molecular processes will improve 

our knowledge of how information is transferred and stored in the brain.

It has been postulated that N-cadherin, Olfm1 and Np65 all engage in protein interactions with the 

AMPAR NTD. However, direct interactions were not observed using various binding assays, 

raising questions over the reproducibility of reported NTD interactors. Using the comprehensive 

proteomic lists determined in this study, future investigations should focus on determining protein 

interactions with different sites on the AMPAR or explore the synaptic function of undescribed 

cleft proteins.

AMPAR-interacting proteins modulate numerous aspects of receptor function, from early 

biogenesis to synaptic function. The AMPAR NTD is thought to engage in subunit-specific 

interactions with proteins in the synaptic cleft, regulating functional output from the postsynaptic 

cell. Understanding how synaptic proteins bind to the AMPAR NTD and the physiological 

consequence of these interactions is crucial for understanding the mechanisms of synaptic 

transmission and plasticity. Ultimately, an appreciation of these molecular processes will improve 

our knowledge of how information is transferred and stored in the brain.
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Appendix A 

Proximity-labelling proteomics datasets 

Enrichment values are Log2 transformed and displayed as a heat map according to intensity. 

Detection of NTD interactors from the literature marked as yes (Y) or no (N)



Figure A.1 GluA2Q NTD-enriched proteins identified by BirA* PL proteomics. 
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Figure A.2 GluA2Q NTD-enriched proteins identified by Apex2 PL proteomics. 
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Figure A.3 GluA2Q NTD-enriched proteins identified by all 4 PL proteomics tags. 

244________________________________________Appendix A



Figure A.4 GluA1/2/3-enriched proteins identified by BioID2 PL proteomics. 
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Figure A.5 NTD interactors identified from the current literature screened in cell-based binding 
assay and proximity-labelling proteomics. 
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