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2017 

AMPARs play an essential role in fast excitatory neurotransmission. Before native AMPARs can 

function at the synapse they must be processed intracellularly. These ion channels are synthesized 

and assembled into multimeric complexes, shuttled in a regulated fashion between intracellular 

compartments and are finally inserted into the membrane to carry out their function. Important 

binding partners known as auxiliary subunits associate with AMPARs at the synapse, but also 

during assembly and trafficking. The presence of auxiliary subunits in AMPAR complexes at the 

membrane has been demonstrated through electrophysiological studies, showing effects on the 

gating and pharmacology of AMPARs. The localization of AMPAR-auxiliary subunits complexes 

in cellular compartments has not been well characterized, and the stoichiometry of these auxiliary 

subunits for appropriate function is not known. The main objective is to further characterize 

auxiliary subunits beyond their effects on AMPAR gating at the synapse. Cerebellar Granule 

Neurons were to be used as the native environment to study AMPAR-auxiliary complexes to 

address both the localization of these complexes and the stoichiometry of auxiliary subunits. The 

prediction is that auxiliary subunits complex with AMPARs in a compartment-specific manner 

and this allows for the appropriate processing of AMPARs.  
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Introduction 

The central nervous system is an intricate network of neurons that coordinate signals and 

propagates responses to various targets within an organism. The structures where the cell-to-cell 

communication occurs between neurons are called synapses. These include chemical synapses 

defined by a chemical molecule or neurotransmitter being released by a presynaptic cell and acting 

on specific receptors of the postsynaptic cell to cause the propagation of the signal (Figure 1) 

(Purves et al., 2003). Chemical synapses can be further divided into excitatory and inhibitory 

subtypes, which together play crucial roles in the processing of information in the brain. 

Postsynaptic neurons can be excitatory or inhibitory depending on ion permeability of the ion 

channel activated by the neurotransmitter (Purves et al., 2003). An inhibitory synapse decreases 

the activity of a postsynaptic neuron, whereas excitatory synapses increase the probability of 

postsynaptic activity (Purves et al., 2003). The total neural population consists of approximately 

~80% excitatory neurons regardless of the species, and will be further discussed due to the 

overwhelming importance within a functional synapse (DeFelipe et al., 2002).  

Excitatory Synaptic Transmission 

The physiology of a synapse depends on two components: the type of neurotransmitter 

released and the corresponding receptor at the postsynaptic membrane. Nearly all excitatory 

synaptic transmission in the central nervous system involves the pre-synaptic release of the 

neurotransmitter glutamate (Traynelis et al., 2010). Upon release, glutamate activates post-

synaptic ligand-gated ion channels called iGluRs. Two major postsynaptic subtypes are AMPARs 

and NMDARs. All ionotropic glutamate receptors are non-selectively permeable to cations, 

allowing the passage of sodium, potassium and in some cases calcium (Purves et al., 2003). 

NMDARs demonstrate slow gating kinetics producing slow and long-lasting ionic currents, while 

AMPARs mediate rapid and brief currents at the synapse (Purves et al., 2003). The fast signaling 

of AMPARs also influence the behavior of neighboring NMDARs at the postsynaptic membrane 

(Greger et al., 2017). Both iGluRs are functionally distinct at an excitatory synapse and are 

important to synaptic function. 

Perturbation of synaptic physiology due to dysfunction or dysregulation has been 

implicated in various neurological disorders and neurodegenerative diseases. For example, the 

protein amyloid-beta closely associated with the neurogenerative disease, Alzheimer’s, can drive 

synaptic depression via endocytosis of AMPARs and has been linked to memory impairment 
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(Hsieh et al., 2006; Shankar et al., 2008). Synaptic function is necessary in maintaining sufficient 

and accurate communication within the central nervous system. A loss of synaptic regulation can 

lead to the disruption of synapses, and has been intimately linked to neurological and 

neurodegenerative diseases. Therefore, it is necessary to focus on the mechanisms that underlie 

the normal physiology of a synapse. 

Synaptic Plasticity 

Neural plasticity is the capacity of the nervous system to change in response to stimuli, 

most notably during development or rewiring of the neuronal circuits (Purves et al., 2003). The 

modulation of the functional proteins directly influences the formation and plasticity of a chemical 

synapse (Spronsen & Hoogenraad, 2010). The plasticity of the synapse is directly linked to 

changes in gene expression and post-translation modifications of synaptic proteins. The expression 

and modulation of synaptic proteins, such as iGluRs directly regulates synaptic transmission within 

a neural circuit.  

At the molecular level, the sensitivity of an individual synapse to a stimulus is modulated 

by regulating synaptic proteins. The long-term changes occurring at a synapse are responsible for 

brain function, such as memory and learning (Purves et al., 2003). LTP is a long-lasting 

strengthening of synaptic transmission, while weakening of synaptic activity is defined as LTD 

(Purves et al., 2003). LTP and LTD are changes occurring at individual synapses produced by 

cellular and molecular mechanisms that regulate synaptic proteins. In an excitatory synapse, the 

presence of NMDARs are important for the induction of LTP, while insertion of AMPARs are 

necessary for the maintenance of the LTP (Purves et al., 2003). Loss of AMPARs at the synapse 

leads to LTD and decreased synaptic efficacy (Purves et al., 2003). The expression and insertion 

of these receptors are crucial for development of the synaptic plasticity (Greger et al., 2017) The 

ability to modulate individual synapses demonstrates how the nervous system can precisely modify 

neuronal circuits spatially and temporally.  

The plasticity of the postsynaptic membrane is influenced by synchronized expression and 

modulation of AMPARs. Synaptic plasticity is not simply regulated by the expression of the gene. 

AMPARs are further coordinated by non-transient binding partners known as auxiliary subunits. 

The non-pore forming auxiliary subunits complex with AMPARs and govern the trafficking and/or 

channel properties, thus, they directly influence synaptic physiology (Yan & Tomita, 2012). 

Although the function of auxiliary subunits at the membrane has been previously defined, the role 
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of auxiliary subunits in the processing of AMPARs is still not well understood. The review will 

focus on the known assembly and trafficking of AMPARs, which is important to understand the 

intracellular regulation of AMPARs. In addition, the diversity of auxiliary subunits and the current 

knowledge of auxiliary subunit influence on pore-forming AMPARs will be reviewed.  

AMPAR Assembly 

 AMPARs are assembled into tetrameric complexes from four subunits, GluA1-A4 (Figure 

2). The expression and assembly of different AMPAR subunit mediates specific functional 

properties and affect the development of postsynaptic signaling. Subunit composition influences 

trafficking properties, gating kinetics, ion permeability of the receptor. AMPARs lacking GluA2 

subunits, also known as GluA2-lacking receptors, are calcium permeable (Henley & Wilkinson, 

2016). Widespread RNA editing of GluA2 subunits replaces Q607 with R, rendering GluA2-

containing receptors calcium impermeable (Henley & Wilkinson, 2016). The change in calcium 

permeability of AMPARs is thought to contribute to synaptic plasticity (Henley & Wilkinson, 

2016). The insertion of CP- or CI-AMPARs can vary with developmental stage, demonstrating 

AMPAR expression requires temporal regulation and can be subunit specific (Henley & 

Wilkinson, 2016).  

According to Schwenk et al. (2014), brain regions including the hippocampus and cortex 

present GluA2 subunits as the predominant subunit (~45%), GluA1 and GluA3 at ~25% each, and 

GluA4 at ~6%. In contrast, the cerebellum region is dominated by GluA4 subunits (64%) 

(Schwenk et al., 2014).  Auxiliary subunits were also found to be in specific brain regions. The 

proteome study illustrated a diverse regional distribution of AMPAR subunits natively associated 

with auxiliary subunits. The results suggest a mechanism to coordinate distinct arrangements of 

AMPAR complexes in the brain (Schwenk et al., 2014). 

Prior to insertion into the membrane, these receptors require proper assembly and 

processing before the mature receptor is trafficked to the cell surface to contribute to synaptic 

transmission (Figure 3). AMPARs are assembled in the ER and require ER export, all which are 

thought to be highly regulated (Henley & Wilkinson, 2016). Assembled AMPARs are 

subsequently trafficked to the Golgi network and transported out via specialized vesicles. Mature 

and assembled AMPARs are then directed to the synapse to carry out their biological function. A 

major part of AMPARs function is the contribution of AMPAR protein domains that aid in receptor 

assembly, ER exiting and display important functional RNA editing. Each AMPAR subunit 
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consists of an extracellular ATD, LBD, three membrane-spanning TMDs, a re-entrant loop, and 

an intracellular CTD shown in Figure 2. These modular structures will be defined in their 

contribution to AMPAR assembly and function. 

Amino-Terminal Domain 

Improved structural resolution has helped to clarify the AMPARs through x-ray 

crystallography (Sobolevsky et al., 2009) and Cryo-EM projecting a picture of the AMPAR 

structure (Zhao et al., 2016; Twomey et al., 2016). The Cryo-EM structure visualized the ATD 

involved in AMPAR subunit oligomerization due to conformational changes seen in the protein 

structure. This was also demonstrated in vitro, purified ATDs possessed a relatively high affinity 

for each other, proposing a crucial role in the initial dimerization process (Kumar et al., 2009; 

Rossman et al., 2011; Mayer, 2011). The AMPAR ATD was recently proposed to be involved in 

AMPAR anchoring at the synapse and that LTP is dependent on the ATD (Watson et al., 2017).  

At the same dimer stage, the LBD domains are also proposed to organize into dimers, leading to 

the term a dimers-of-dimers (Figure 4) (Gan et al., 2015). Through various methods, the AMPAR 

structure is suggested to form a dimer-dimer intermediate based on single-particle EM, size-

exclusion chromatography and BN-PAGE (Shanks et al., 2010; Salussolia et al., 2013). The 

localization of AMPAR dimer reserve pools, could suggest a region responsible for subunit 

selection prior to the receptor exiting the ER.  

Ligand-Binding Domain 

The LBD is most notably important for the binding of agonist and forming an interface 

leading to ion channel current (Traynelis et al., 2010). The structural resolution in Cryo-EM further 

demonstrates the LBD’s significance to influence the activation of AMPARs through 

conformational changes known as the ‘gating cycle’ (Meyerson et al., 2016). The LBD is also 

functionally relevant suggested by RNA editing sites of the LBD sequence that impact the subunit 

assembly (Greger et al., 2006; Penn et al., 2008). Surprisingly, the presence of the LBD was also 

found to be necessary and defined as an energetic barrier or ‘LBD barrier’ that influences the 

stability of the receptor (Gan et al., 2016). Alternative RNA editing of the LBD generates two 

transcripts of GluA1-4, either existing as a flip (i) or flop (o) variants (Penn et al., 2012; Salussolia 

& Wollmuth, 2012). The splice variant region is dependent on the inclusion or exclusion of exon 

14 or exon 15, just before the M4 region in the mature transcript (Penn et al., 2012). An alteration 

of GluA1/GluA2 assembly is observed when either flip/flop variants is removed suggesting that 
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alternative splicing in the LBD may be involved in AMPAR assembly (Penn et al., 2012). The 

presence of flip/flop splicing has also been shown to influence interactions with auxiliary subunits 

(Semenov et al., 2012).  

Transmembrane Domain 

Besides the contribution of the LBD and ATD, the TMD also influences the assembly of 

AMPARs. The TMD is composed of three transmembrane helical domains (M1, M3, M4) and a 

membrane re-entrant loop, M2 (Traynelis et al., 2010). The M2 loop integrates with other subunit 

M2 domains to line the inner structure and enter the cytoplasmic side of the membrane shown in 

Figure 2 (Traynelis et al., 2010). The M2 segment forms the inner channel pore narrowing at the 

base of the channel (Traynelis et al., 2010). Constriction at the opening of the channel pore, 

presumably forming a gate that regulates the flux of ions (Traynelis et al., 2010). The previously 

discussed RNA editing of the Q607R site is within the M2 sequence. This change at the apex of 

the pore loop eliminates calcium permeability and decreases physiological channel blocks (Greger 

et al., 2003). The RNA editing creates a major distinction between GluA2-lacking or GluA2-

containing receptors. In addition, the Q/R site edit is prevalent in the majority of GluA2 RNA 

(Traynelis et al., 2010). The edited site of the GluA2 subunits showed increased dwell time in the 

ER, overall leading to increased availability and favoring the insertion of GluA2(R) into AMPAR 

tetramers (Greger et al., 2003). Overall the editing of the Q/R site directly influences AMPAR 

tetramerization.  

The M3 transmembrane helix is connected to the LBD region via linkers of amino acids, 

thought to be involved in the activation of gating (Greger et al., 2017). Mutations in the M3 helices, 

have been shown to impact the ionic current and modulation of partial agonist binding efficacy 

(Moore et al., 2013). Intercalated between neighboring subunits, the M1-M3 domains form the 

structural core of the channel depicted in Figure 4. Furthermore, Gan et al. (2016) has demonstrated 

that the TMD is necessary for AMPAR tetramerization and exhibits a drastic influence on proper 

assembly compared to the other modular domains. Specifically, the M4 segment of the TMD has 

been repeatedly shown to be required for tetramerization of AMPARs (Salussolia et al., 2013; Gan 

et al., 2015).  

The M4 uniquely interfaces with core M1-M3 domains of the neighboring AMPAR subunit 

(Gan et al., 2015). In addition, the M4 segment possesses a highly conserved ‘VLGAVE’ motif 

and manipulation of this sequence led to inefficient tetramerization (Gan et al., 2016). The M4 
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transmembrane helices have become an interesting component of the transmembrane region. In all 

eukaryotic iGluR subunits the M4 segment is present compared to prokaryotic iGluR subunits, 

demonstrating evolutionary relevance (Salussolia et al., 2013). The M4 has been demonstrated to 

be critical to tetramerization of AMPARs for successful surface expression (Salussolia et al., 2013; 

Gan et al., 2016; Amin et al., 2017).   

Carboxyl-Terminal Domain 

AMPARs have a cytoplasmic CTD that extend to different lengths depending on the 

subunit, and displays alternative splicing events (Greger et al., 2017).  The function of the CTD 

has been implicated in the trafficking and localization of AMPARs. Functional studies have 

uncovered involvement in the tight regulation by phosphorylation and interactions with post-

synaptic proteins PSD-95, SAP proteins e.g. (Kristensen et al., 2011; Anggono & Huganir, 2012). 

It is known that the activity of the CTD effects AMPAR trafficking in a subunit composition 

dependent manner and indirectly synaptic plasticity (Gough, 2007). However, it is not known 

whether these modifications are directly altering protein-protein interactions that participation in 

AMPAR assembly or altering trafficking to the membrane. AMPAR modular domains contribute 

to the development of mature AMPAR complexes.  

Auxiliary Subunits 

All native AMPARs are complexed with auxiliary subunits, which modulate the assembly 

and forward trafficking of AMPARs. Therefore, when investigating the function of AMPARs in 

the brain, it is necessary to consider auxiliary subunit influence. Auxiliary subunits are critical in 

regulating the trafficking, gating and pharmacology of the AMPAR-type iGluRs. This unique 

aspect is an integral part of AMPAR biogenesis and leads to the expansion of AMPAR function at 

the synapse.  

Auxiliary subunits are defined by four criteria distinguishing them from other AMPAR 

transient and/or scaffold proteins (MAGUKs, Shank e.g.) (Vessey & Karra, 2007). First, an 

auxiliary subunit is defined as a non-pore-forming subunit. Therefore, no auxiliary subunit can 

have channel activity when expressed alone. Second, the interactions between the pore-forming 

AMPAR subunit and the auxiliary subunit must be stable and direct. In defining the direct, 

interaction, the auxiliary subunit must directly bind to AMPAR domains to mediate control. As 

for the stability of the interaction, the auxiliary subunit needs to be able to sustain association with 

AMPARs in a native environment. Third, the interactions of auxiliary subunits must be able to 
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modify the channel properties and/or trafficking in vivo in heterologous cells, when co-expressed 

with AMPARs. Finally, the auxiliary subunits should be necessary for certain channel properties 

observed in native ion channels. This is necessary to distinguish the native auxiliary subunits 

compared to non-native proteins that can behave like native auxiliary subunits. (Yan & Tomita, 

2012)  

The discovery of auxiliary subunits has illuminated the mechanisms behind AMPAR 

modulation. Recently, structural studies have shown auxiliary subunits associate with the TMD, 

suggesting a mechanism of modulating AMPARs through its modular domain (Twomey et al., 

2016; Zhao et al., 2016). The CTD has a highly variable sequence and display possible binding 

sites for proteins including auxiliary subunits. This feature may allow specific partnering of 

AMPARs to auxiliary subunits. Studies have shown auxiliary subunits preferentially interact with 

only long CTD containing AMPARs (GluA1 and GluA4) (Soto et al., 2009). Auxiliary subunits 

are diverse and are currently classified based on structure and homology. This investigation will 

focus on the comparison of auxiliary subunits: TARP γ-2, TARP γ-8, CNIH-2, CNIH-3 and GSG1-

L (Figure 5). While the impact of γ-2 on trafficking and assembly of AMPARs is well known, 

auxiliary subunits like CNIHs and GSG1-L are not well understood.   

Transmembrane AMPAR Regulatory Proteins  

The first class of auxiliary proteins to be discovered and interact with AMPARs are TARPs 

(Chen et al., 2000; Vandenberghe et al., 2005). TARPs are classified into two subtypes of TARPs, 

Type I: γ-2, γ-3, γ-4, γ-8 and Type II: γ-5, γ-7. These distinctions are based on both the TARP 

protein influence on AMPARs and the presence of a PDZ binding domain in the TARP carboxyl-

terminal tail (Yan & Tomita, 2012). Stargazin, also known as γ-2, was the first auxiliary subunit 

to be discovered and is very well characterized. TARPs are four transmembrane domain proteins 

that share homology with the subunits of voltage-gated calcium pore-forming channels (Figure 5) 

(Chen et al., 2000). However, when TARPs are expressed they do not form pore-forming channels 

and instead modulate the pore-forming AMPARs (Vandenberghe et al., 2005). 

TARPs associate with AMPARs at the postsynaptic membrane and modulate receptor 

current and pharmacology. The association of TARPs in AMPAR complexes leads to changes in 

ion channel function including the activation time, the rate of deactivation and desensitization 

(Preil et al., 2005; Menuz et al., 2007). Besides, the involvement in gating of a channel, it has been 

established that TARPs play a role in trafficking to the plasma membrane. An invaluable clue of 
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TARPs’ role in trafficking was observed in stargazer mice that lacked functional γ-2. The absence 

of γ-2 led to the loss of functional AMPARs in synapses of the cerebellar granule neurons (Chen 

et al., 2000; Vandenberghe et al., 2005). Further investigation found AMPAR surface expression 

could be easily rescued by the exogenous expression of type I TARPs only (Tomita et al., 2003). 

The functional study further revealed a compensatory role between type I TARPs and found a 

functional difference to type II TARPs (Tomita et al., 2003).  

The type I TARPs are essential for the insertion and removal of AMPARs from the 

membrane and can contribute to the development of LTP and LTD (Vandenberghe et al., 2005; 

Ziff, 2007). The TARP-AMPAR interactions are suggested to start within the ER based on analysis 

of protein modifications of the AMPARs (Tomita et al., 2003). TARPs are proposed to act as non-

canonical chaperones for AMPARs (Tomita et al., 2003). TARPs have also been shown to prefer 

AMPAR subunits, which influences the AMPAR complexes trafficking to the membrane (Menuz 

et al., 2008). Evidence supports that γ-2 promotes AMPAR exit from the ER, Golgi export and 

trafficking, and γ-8 are observed to be similar in promoting AMPAR expression at the membrane 

(Haering et al., 2014). In contrast, γ-2 promotes high-density AMPAR expression, while γ-8 is 

suggested to support basal level expression of AMPARs at the synapse (Rouach et al., 2016). 

Furthermore, the mechanism behind these type I TARPs’ similarities and differences in AMPAR 

function has yet to be defined.  

Cornichons  

CNIHs consist of three transmembrane domains and influence the function of AMPARs 

(Figure 5) (Haering et al., 2014). CNIHs were first identified in the Drosophila species (Schwenk 

et al., 2009). CNIHs were later found in a mammalian brain proteome analysis as CNIH-2 and 

CNIH-3 (Schwenk et al., 2009).  Co-assembly of CNIH proteins with AMPARs, promote surface 

expression and alter the channel gating of AMPARs (Schwenk et al., 2009). CNIHs is involved in 

the positive modulation of AMPAR trafficking, acting as ER cargo adaptors and enhance Golgi 

trafficking (Harmel et al., 2012). CNIHs co-expressed with AMPARs alter the glycosylation 

pattern of the receptor for preferential ER export (Harmel et al., 2012).  

Herring et al. (2013) has shown that CNIH proteins selectively associate with AMPARs 

containing GluA1. In hippocampal neuronal cultures, the loss of CNIH proteins leads to the 

depletion of GluA1-containing receptors at the synapse (Herring et al., 2013). This study further 

suggested γ-8 was preventing CNIH association with specific AMPARs, directly mediating CNIHs 
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influence on AMPARs (Herring et al., 2013). CNIH-2 has also shown to competitively lessen the 

formation of AMPAR-TARP complexes, but favorable associates with AMPAR-TARP complexes 

that contain γ-8 (Gill et al., 2011). This functional evidence has displayed that CNIHs are, 

competing with certain TARPs, potentially due to similar or overlapping binding sites of the 

AMPAR complexes (Haering et al., 2014).  

Germ Cell Specific Gene 1-Like  

Recently identified auxiliary protein, GSG1-L was discovered using affinity purification 

and mass spectroscopy from AMPAR complexes isolated from rat brain (Shanks et al., 2012). 

GSG1-L shares homology to the claudin family proteins, which includes the TARPs (Haering et 

al., 2014). GSG1-L is predicted to consist of four transmembrane domains, but contains a distinctly 

longer loop adjacent to the amino-terminal region of the protein compared to TARPs (Figure 5) 

(Shanks et al., 2012). Expression of GSG1-L leads to modulation of AMPAR channel properties 

by decreasing the rate of deactivation and desensitization (Shanks et al., 2012). GSG1-L 

expression also demonstrated a suppressive action on AMPAR surface expression (Shanks et al., 

2012).  In recent functional studies, GSG1-L suppressed CP-AMPARs at the synapse and 

diminished calcium current flow through AMPARs (McGee et al., 2015). GSG1-L assumes the 

role of an inhibitory element, further strengthened by its overexpression reducing AMPAR 

presence at the postsynaptic membrane (Shanks et al., 2012).  Genetic studies also showed in 

GSG1-L KO rats lead to an increase in AMPAR expression at the synapse (Shanks et al., 2012).  

AMPAR-Auxiliary Subunit Complexes 

Given the continued expansion of auxiliary subunits associated with AMPARs, it is 

necessary to understand the native architecture of AMPAR complexes and characterize the 

composition including auxiliary subunits. For AMPAR trafficking, assembly begins in the ER and 

receptor stoichiometry is a tightly regulated process that involves the influence of auxiliary 

subunits. CNIHs act as ER exporters and promote exit from the ER and Golgi, seen by the altering 

of the glycosylation pattern of the AMPAR complexes (Schwenk et al., 2009; Harmel et al., 2012). 

Many studies indirectly suggest TARPs also interacts with AMPARs at the ER, shown by changes 

in the glycosylation pattern of AMPARs (Tomita et al., 2003; Vandenberghe et al., 2005). 

Preliminary work in our lab has shown that CNIH impacts AMPAR tetramerization in the 

endoplasmic reticulum whereas TARPs do not. This suggested that CNIHs are localizing further 

upstream than that of TARPs, compared to what has been previously shown. 
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The native localization of AMPAR-auxiliary complexes during assembly and trafficking 

to the postsynaptic membrane has yet to be directly shown. The first aim is to characterize the 

localization of these AMPAR-auxiliary subunits in neurons. Reconstructing a native environment 

is necessary for investigating the intracellular processing of AMPARs. Endogenously expressed 

AMPARs and auxiliary subunits are distributed throughout the mammalian brain in various 

combinations, demonstrated by Schwenk et al. (2014). In the mouse cerebellum, GluA1, γ-8, 

CNIHs and GSG1-L are not endogenously expressed or express at relatively low levels (Schwenk 

et al., 2014). Therefore, CGNs will serve as background for studying GluA1, γ-8, CNIHs and 

GSGL-1. The optimal stoichiometry of auxiliary subunits also is unknown and its effect on the 

intracellular processing of AMPARs. The second aim is to define native stoichiometry of auxiliary 

subunits complexing with AMPARs. In the native environment, FRET will be used to quantify the 

number of auxiliary subunits such as γ-2 that natively associate with AMPARs. Investigating these 

features of auxiliary subunits may suggest a motive for why similar auxiliary subunits have a 

varying influence on AMPAR assembly and trafficking. Specifically, investigating the difference 

between γ-2 and γ-8 in the mammalian brain.  

Overall, this study aims to investigate auxiliary subunits’ ability to expand the functional 

diversity of AMPARs before insertion into the postsynaptic membrane. I hypothesize that auxiliary 

subunits interact with AMPARs in a compartment-specific manner and their interactions are 

critical for the robust trafficking of AMPARs in a native environment. We will also develop 

approaches to characterize auxiliary-AMPAR stoichiometry. The knowledge of composition and 

localization of AMPAR-auxiliary complexes is crucial to understanding synaptic function and its 

contribution to plasticity in the brain.  
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Figure 1. Chemical synapses feature no direct flow of current from the pre- to postsynaptic 

cell. Instead the postsynaptic current is generated by secretion of a neurotransmitter that acts on 

postsynaptic ligand-gated ion channels. Adapted from Pereda (2014). 

 

 

Figure 2. (A) The modular domains of AMPAR depicted, along with the topology of a single 

subunit containing each element that contribute to the AMPAR complex. Including the mRNA 

edit site in the M2 region, also the region of the flip/flop cassette above the M4 transmembrane 

region. Note: This is generic and does not show the differential between AMPAR subtypes. The 

stars represent where the agonist binds. (B) The x-ray crystal structure of the GluA2 

homotetramer from PDB:3KG2 (Sobolevsky et al., 2009), where each polypeptide AMPAR 

subunit is distinctly colored. Adapted from Greger et al. (2017). 



 

12 

 

 

Figure 3. A diagram depicting AMPAR trafficking from the ER, through the Golgi network to 

postsynaptic synapses. Various subcellular organelles are involved in the assembly and 

trafficking of AMPARs. The subunit-specific AMPARs are assembled and exit the ER in a 

highly regulated fashion. Adapted from Henley & Wilkinson (2016). 

 

 

Figure 4. A diagram depicting assembly of the AMPAR modular domains. The three major events 

are the formation of the dimer driven by the ATD, the formation of an un-stable intermediate and 

the formation of the fully assembled receptor completed by the wrapping of the M4 domain and 

domain swapping event in the LBD. Adapted from Gan et al. (2015). 
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Figure 5. Schematic structure of TARPs, CNIH and GSG1-L. Displaying both their 

similarity and differences in structure. TARP and GSG1-L share homology to the Claudin protein 

family. Adapted from Haering et al. (2014). 
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Materials and Methods 

Plasmid Constructs 

Experiments were conducted with constructs GluA1 (rattus noregicus) all in the flip form: GluA1 

(accession #P19490). AMPAR tandems provided by the Roger Nicoll Lab were used for 

transfection of rGluA1 flanked at the CTD by base pair repeats and fused to γ-2 along with IRES 

domain followed by dsRED (1:1 ratio). 

 

Human Embryonic Kidney 293 Culture and Transfection 

Wildtype and mutant AMPARs were expressed in HEK 293 cells. For 24 hours before transfection, 

HEK 293 cells were cultured on 3x105 cells per 60 mm culture dishes in DMEM, supplemented 

with 10% FBS. HEK 293 cell were co-transfected with X-tremeGENE HP (Roche) at 60% 

confluency with 2 µg of cDNA constructs with pEGFP-C1(Clontech) at a ratio of 9:1, unless the 

construct contained a fluorescent tag no pEGFP-C1 was used. For HEK 293 cells transfected with 

AMPARs, 10µM CNQX (Sigma) a competitive antagonist was added to improve cell viability. 

After 48 hours, the cells were harvested for western blot analysis. 

 

Cerebellar Granule Neuronal Cultures 

Mouse CGNs were cultured from cerebella of P5-6 C57BL/6J pups through mechanical and 

enzymatic dissociation (trypsin 0.25% and DNase I 0.001%). The heterogenous cell lysate were 

subjected to a Percoll gradient separation to further purify the cerebellar granule neurons, from 

purkinje cells, glia cells and interneurons (Lee et al., 2009). Subsequently after Percoll gradient 

for purification of CGNs, the cells are manually counted and divided into aliquots of 4x106-5x106 

cells per test tube. The 6-well culture plates that are previously coated in low molecular weight 

poly-D-lysine (Sigma) overnight are rinsed and incubated with serum-free media at 37ºC in 5% 

CO2.  

 

Cerebellar Granule Neuron Nucleofection 

After the Percoll gradient, the CGN suspension is centrifuged and the media is aspirated, and cells 

are resuspended in 100 µl transfection solution (Shayou Ge Lab). For transfection of cDNA, CGNs 

were nucleofected on DIV0 with either 2 micrograms (µg) cDNA or 2 µg pcDNA.GFP as a control 

using the program G-013, C-013, A023 following the Optimized Protocol for Primary Mouse 



 

15 

 

Neurons (Amaxa) using the Lonza Amaza Nucleofector™ 2b. The cells were subsequently plated 

after transfection on to the incubated plates, in Neurobasal medium (Gibco) supplemented with 

10% fetal bovine serum, 100X penicillin-streptomycin, 100X GlutaMAX. Cytosine Arabionoside 

(1 uM) was added DIV1 to prevent glia cell proliferation. Cell cultures were examined through 

Olympus CkX41 inverted microscope and imaged using AccuScope camera on AccuView 

program. 

 

Protein Harvest and Western Blot 

The HEK 293 cultures were washed with cold 1X PBS, the cells were lysed and suspended I in 

RIPA buffer for whole cell lysate. The cells were agitated and incubated for 30 minutes at 4ºC and 

then centrifuged (Eppendorf Centrifuge 5417R) at 12,000 rpm for 20 minutes at 4ºC. The 

membrane proteins contained in the supernatant were mixed with Laemmli 2x buffer. The protein 

samples and PageRuler Plus Prestained Protein ladder were separated by a 5% SDS-PAGE gel run 

at 100V for 1 hour at room temperature. The proteins were transferred from the polyacrylamide 

gel to nitrocellulose membrane (0.45 mm) by wet transfer (BioRad) using 1X Tris-glycine buffer 

with the addition of methanol. The transfer of proteins to the membrane were confirmed with 2 % 

Ponceau S stain (Sigma) and then destained with TBS-T. The nitrocellulose membrane was 

blocked overnight with 5% non-fat milk protein in TBS (1x) at 4 ºC. The blocked membrane was 

incubated with anti-GluA1 (Millipore, MABN1116, Rabbit Monoclonal Antibody RH95) for 1 

hour at room temperature under constant agitation and washed with TBS-T. The membrane was 

then incubated with HRP-conjugated goat anti-rabbit IgG secondary antibody (Santa Cruz 

Biotechnologies, sc2030). The blot was developed using luminol reagent (Santa Cruz 

Biotechnologies, sc-2048) and exposed to chemiluminescent blue-sensitive film. 

 

 

 

 

 

 

 

 



 

16 

 

Results 

Figure 6. Cerebellar Granule Neurons cultured in P5 pups (Nucleofected with p.EGFP-C1on 

DIV0). Imaged using Olympus CkX41 inverted microscope. 

 

 

Figure 7. Cerebellar Granule Neurons cultured in P5 pups (Nucleofected with p.EGFP-C1 on 

DIV0). Imaged using Olympus CkX41 inverted microscope.  

 

 

 

 

82017 Amaza Program A-023 

91117 Amaza Program G-013 
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Figure 8. (a) HEK293 Cells (Co-transfected with GluA1.pRK7 and p.EGFP-C1) and (b) 

HEK293 Cells (Transfected with GluA1-γ-2-IRES-dsRed.p  ). Imaged using Olympus CkX41 

inverted microscope. 

 

 

Figure 9. Western blot of transfected HEK 293 Cells (Harvested 48 hours post-transfection). 

Primary Antibody: Rabbit anti-GluR1 Secondary Antibody: goat anti-rabbit HRP conjugated. 

Lane 1 contains PagePlus Ruler (not shown), Lane 2 contains pRK.rGluA1, and Lane 3 contains 

pIRES.rGluA1-γ-2-IRES-dsRed respectively. Black arrow indicates weak band in Lane 3. 

  

61917 HEK293 

(a) (b) 

61917 HEK293 
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Discussion 

Auxiliary subunits are necessary to regulate the intracellular processing and synaptic 

function of AMPARs. Previous studies have shown the importance of auxiliary subunits at the 

postsynaptic membrane, yet there is a lack of understanding of how auxiliary subunits participate 

in intracellular processing. Investigating in the native environment of AMPARs is necessary to 

understand auxiliary subunits role in AMPAR assembly and trafficking. 

Nucleofection of Neuronal Cell Cultures 

Nucleofection is an improved form of electroporation that uses an electric current to 

transfer DNA into the nucleus of a target cell (Karra et al., 2010).  Nucleofection also provides a 

high transfection efficiency, necessary to biochemically isolate the proteins of interest for methods 

such as immunoblotting (Gartner et al., 2006; Karra et al., 2010). In Figure 6, nucleofected CGNs 

are indicated by GFP fluorescence showing a transfection efficiency of less than 2%. The low 

transfection of the CGNs demonstrated that the nucleofection process can heavily depend on the 

cell type and requires optimization of the protocol for higher transfection efficiencies. The process 

of nucleofection also presents a physical stress to the neurons. P5-P6 mice cerebellum were used 

because this time point contained the largest yield of CGNs according to Hatten et al. (1998) and 

Lee et al. (2009). Overall this improved the number of viable cells after the nucleofection process.  

Figure 7 shows nucleofected CGNs containing GFP fluorescence after the protocol was 

continually optimized by increasing the cell count and repeated testing of several nucleofection 

programs on the Amaxa Nucleofector. The nucleofection programs are set to both alter the duration 

and intensity of the electrical current designed by Amaxa, for specific cell-types. The most 

effective Amaxa programs, which showed the largest number of GFP-positive CGNs were G-013 

and C-013. However, the transfection efficiency was observed to be less than 5%. This result 

demonstrates the challenge of transfecting post-mitotic cells such as neurons, because they can be 

very resistant to the introduction and expression of exogenous constructs (Karra et al., 2010).  

Neuronal cultures are highly sensitive to physical stress, alterations in temperature, pH and 

changes in osmolarity, all of which can affect the transfection efficiency (Karra et al., 2010).  

Nucleofection also presents limitations for when cell cultures can be transfected. For 

adherent cell cultures like CGNs they need to be nucleofected prior to plating. Neuronal cultures 

therefore need to be nucleofected DIV0. Nucleofecting neurons the day of dissociation does not 

allow cells to recover and can lead to more cell death. Overall, the nucleofection method needs to 
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be optimized further to increase the transfection efficiency to around 60-80% that several studies 

have observed (Gartner et al., 2006; Zietelhofer et al., 2009). 

Western Blot Analysis of AMPAR Complexes 

For the biochemical analysis of GluA1 and GluA1-γ-2 (tandem construct), SDS-PAGE and 

western blot were initially performed. HEK 293 cells were used because they are easily established 

and capable of large exogenous expression of proteins through simple transfection (Nishimura et 

al., 2000). The transfected HEK 293 are shown in Figure 8 indicated by either (a) GFP fluorescence 

or (b) dsRED fluorescence confirming successful transfection. The western blot in Figure 9 shows 

each sample processed and probed for GluA1. In lane 1, GluA1 is readily detected but forms 

multiple bands of various weights on the blot. The molecular weight for AMPAR assembly states 

is: ~700 kDa for tetramer, ~400 kDa for dimers, ~175 kDa for monomers (Reimers et al., 2011).  

Figure 9 displays bands between 250 kDa to 55 kDa in lane 1, these results are not 

consistent with current analysis of AMPAR complexes. One reason for inconsistency of protein 

bands is using SDS-PAGE. This technique leads to denatured proteins, therefore the AMPAR 

complexes cannot easily be discriminated as monomeric, dimeric or tetrameric (Reimers et al., 

2011). In Figure 9, for the GluA1 tandem construct (lane 3), shows a relatively low indistinct signal 

indicated by a black arrow. This result suggests the auxiliary subunit tandem is interfering with 

the antibody binding to the AMPAR. This analysis overall demonstrates limitations of western 

blot in isolating intact AMPAR complexes, however this is already well known and several have 

used BN-PAGE to isolate AMPAR complexes (Salussolia et al., 2013; Schwenk et al., 2014; Gan 

et al., 2016). 

Future Directions and Alternative Methods 

For recovery of native protein complexes, BN-PAGE is an ideal technique because it 

allows for native extraction of proteins while preserving protein structure and protein-protein 

interactions (Wittig et al., 2006). When using BN-PAGE for isolating AMPAR complexes this can 

reveal the auxiliary subunits complexed with the AMPAR in specific cellular compartments. The 

detection of auxiliary subunits also needs to be improved because they possess a relatively low 

molecular weight and cannot be detected in a gel shift. This can be accomplished by using a GFP-

tagged auxiliary subunit to allow for the detection of auxiliary subunit presence. This also gives 

the ability to decipher between endogenous and exogenous auxiliary subunits.  



 

20 

 

For isolation of the AMPAR complexes in neurons, it is necessary to have a high 

percentage transfection efficiency for protein isolation. The nucleofection method requires a great 

deal of optimization shown by the inability to obtain above a 10% transfection of cells. Another 

alternative to performing nucleofection, would be viral transfection of CGNs. There are many 

advantages in using viral transfection, including a high transfection efficiency, stable genomic 

integration and presents a relatively low toxicity (Karra et al., 2010). Lentivirus is a retrovirus 

already used to transfect neuronal cell cultures, especially non-dividing cell types (Karra et al., 

2010). One disadvantage is seen in the non-site-specific integration into the genome which could 

lead to mutagenesis, this can be corrected with a non-integrating lentivirus (Wanisch et al., 2009; 

Karra et al., 2010). Viral transfection will also allow the transfection of the neurons beyond DIV0, 

allowing for the neuronal cultures to become well established after culturing. Lentivirus is a better 

alternative for future experiments compared to the nucleofection method, and requires less 

optimization. 

Subcellular fractionation is also needed to resolve the AMPAR complexes from specific 

compartments of the cells. To further the investigation, AMPARs complexed with auxiliary 

subunits need to be isolated from the ER, Golgi network, and plasma membrane. Preformed 

continuous iodixanol gradient is a common technique used to fractionate the Golgi network, ER 

and plasma membrane (Graham, 2002). Several studies have performed this technique in cell lines 

and were able to visualize modulation of ubiquitin-containing proteins from the Golgi network 

compared to the ER, along with protein turnover between different compartments (Yang et al., 

1997; Zhang et al., 1998). Overall this method could allow for the visualization of AMPAR-

auxiliary complexes for where they are occurring intracellularly. 

An alternative method to subcellular fractionation and BN-PAGE analysis, is to perform 

immunocytochemistry (ICC) though it is less definitive. Immunocytochemistry involves the fixing 

of the cells and permeabilizing the membrane, for the antibodies to bind the proteins of interest 

(Ray et al., 2009). ICC can be used to probe for both AMPARs and auxiliary subunits concurrently 

while probing for specific cellular compartments (ER, Golgi network e.g.). A disadvantage of ICC 

is the occurrence of cross-talk between the different fluorophores on the secondary antibodies that 

are detected (Ray et al., 2009). To correct for crosstalk and obtain a higher resolution, confocal 

microscopy can be used. The advantages of using a confocal microscopy is the ability to label your 
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specimens with one or more fluorescent probes and the elimination ‘out of focus’ flare, commonly 

a disadvantage in conventional widefield optical microscopy (Paddok et al., 2017). 

A future approach to characterize the auxiliary subunit stoichiometry will be the use of 

FRET. The employment of FRET has become a valuable tool in analyzing PPIs. FRET is a 

distance-dependent interaction where the donor and acceptor molecules must be in-close proximity 

and can be implied in vivo (Udea et al., 2013). Beyond the ability to measure protein-protein 

interactions, FRET offers an opportunity to quantitatively assay the stoichiometry of signaling in 

living cells. In Ben-Johny et al. (2016), FRET is used to determine the stoichiometry of 

calmodulin, a calcium binding protein, and its ability to bind to various voltage-gated calcium and 

sodium channels. Their novel approach to investigate the stoichiometry of the proteins was 

mathematically interpreted from the rate of energy transfer between the FRET sensors on their 

proteins of interest (Ben-Johny et al., 2016). This allowed for the direct assessment of the 

stoichiometry between exogenous tagged proteins that can be free floating or membrane bound. 

The continued investigation will provide insight into the involvement of auxiliary subunits 

in the intracellular processing of AMPARs. To determine where specific auxiliary subunits are 

localized in a native environment may establish characteristics between auxiliary subunits. The 

introduction of the optical technique FRET is a novel approach in assessing the stoichiometry of 

auxiliary subunits, a question that is not well understood. In Gill et al. (2011) and other previous 

studies, electrophysiological approaches demonstrated auxiliary subunits association is variable 

depending on the presence of other auxiliary subunits. Therefore, a future question is to assess 

auxiliary subunit cooperative and/or competitive binding of AMPAR complexes. This would 

present another reason for regional distribution of auxiliary subunits and how they coordinate 

AMPARs and contribute to synaptic plasticity. Auxiliary subunits govern AMPARs in different 

brain regions and are essential for normal synaptic function. Adding an additional fundamental 

network of complexity to the central nervous system. 
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