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Abstract 

Glutamate receptors play a key role in synaptic plasticity mechanisms and are critical for 

learning and memory function. Deficits in synaptic plasticity and glutamate receptor 

functioning are observed in disease states like Alzheimer’s disease, and finding potential 

therapies for such disease states remains a major global endeavour. Previous research has found 

that secreted amyloid precursor protein-alpha (sAPPα) has multiple plasticity promoting 

effects. The aims of the current project were to identify the potential glutamate receptor 

trafficking promoting effects of functional regions of sAPPα, specifically the peptide CTα16, 

located at the C-terminal, and RER, located in the E2 domain. Rat hippocampal slices and 

primary hippocampal cultures were treated with sAPPα and peptides in acetylated form, Ac-

CTα16 and Ac-RER for 30 minutes. Analyses of total and cell-surface expression of glutamate 

receptor subunits GluA1, GluN1, and GluN2A, within hippocampal slices were completed via 

western blot. Immunofluorescence (mean intensity and puncta density) corresponding to 

surface and internal GluA1 was analysed using confocal imaging of hippocampal cultures. It 

was hypothesized that Ac-CTα16 and Ac-RER treatments would upregulate trafficking of 

GluA1 and GluN1 to the cell surface. Paired t-tests revealed no increases in membrane or total 

glutamate subunit levels in hippocampal slices. One-way ANOVA revealed a significant 

increase in cell-surface and intracellular intensities, as well as the density of cell-surface puncta 

in hippocampal cultures, following Ac-RER treatment. These results failed to replicate the 

previous finding that sAPPα increases glutamate receptor trafficking, and also indicated that 

Ac-CTα16 does not increase glutamate trafficking under these conditions, unlike Ac-RER. 

Additional investigation into the specific changes associated with the RER peptide in slices, 

including potential effects on other receptor subunits and the localization of detected GluA1-

containing receptor increases, may support the development of RER-based peptide therapy. 
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1.0 Introduction 

Synaptic plasticity mechanisms such as long-term potentiation (LTP) and long-term 

depression (LTD) are understood to underlie learning and memory, with previous research 

highlighting the importance of the hippocampus in memory formation. Many cellular changes 

are responsible for the functioning of these mechanisms, with glutamate receptors playing a 

key role. Indeed, disruption of glutamate receptor functioning can cause severe synaptic 

plasticity deficits which can be found in many disease states. Alzheimer’s disease (AD) is one 

major illness associated with synaptic dysfunction and subsequent neuronal loss, particularly 

in the hippocampus. Amyloid precursor protein (APP) is heavily implicated in the disease, but 

the non-amyloidogenic processing product of APP, secreted amyloid precursor protein-alpha 

(sAPPα), has been shown to provide neuronal support that can improve synaptic plasticity. 

sAPPα and the smaller, active domains of sAPPα, CTα16 and RER, may therefore have 

therapeutic potential. This project will address whether the peptides CTα16 and RER mimic 

the effects that sAPPα has on glutamate receptor trafficking. 

1.1.0 Synaptic Plasticity and the Hippocampus 

Learning and memory are crucial cognitive functions for maintaining our survival. 

Continuous sensory processing induces specific changes in the brain that are important for 

successful adaptation to changing environments. Of these changes, the ongoing alteration in 

number and strength of neural connections is perhaps the most important. Together, these 

phenomena are known as synaptic plasticity, which can be defined as activity-dependent 

changes in synaptic strength (i.e., efficacy of synaptic transmission between neurons) that is 

constantly modified and shaped by experience (Abbott & Nelson, 2000). Neurotransmitters are 

released from presynaptic neurons, which then selectively bind to receptors on postsynaptic 

neurons. Ligand binding to ionotropic receptors causes channel opening and subsequent ion 

flux, whilst binding via metabotropic receptors can signal via activation of second messengers, 
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both mechanisms that can influence a number of biochemical cascades related to plasticity 

(Bliss & Collingridge, 1993). Because of the link to learning and memory, greater 

understanding of the processes involved is vital, particularly for those suffering from plasticity-

related ailments like neurodegenerative diseases and addiction. 

Although various cell types in many areas of the brain exhibit synaptic plasticity (Kim 

et al., 2006; Kirkwood et al., 1996; Nicoll & Schmitz, 2005), the hippocampus is of particular 

interest due to its association with memory, as famously shown by the patient H.M. (Squire, 

2009), and disease – as exemplified by the memory decline and physical changes observed in 

the hippocampi of Alzheimer’s disease patients (Eustache et al., 2004; Wenk, 2003). The 

hippocampus lies within the medial temporal lobe of the mammalian brain. Part of the limbic 

system, the hippocampi are structures important for the acquisition of new episodic memories 

(Tulving & Markowitsch, 1998) and for spatial navigation and pattern separation (Kassab & 

Alexandre, 2018). The hippocampus has a laminar organisation, meaning that different types 

of cells and circuits are highly ordered and occur in distinct layers (Greenstein & Greenstein, 

2000). The major inputs into the hippocampus come from the entorhinal cortex, with one group 

of projections from layer III terminating on distal apical dendrites of CA1 pyramidal neurons. 

This is known as the temporoammonic pathway (direct path). The indirect pathway consists of 

projections from layer II that terminate on dentate gyrus granule cells. Projections from these 

cells, known as mossy fibres, synapse within the CA3 region onto pyramidal neurons, which 

in turn form projections known as Schaffer collaterals that terminate in the CA1 region. 

Projections from CA1 return to the entorhinal cortex (Greenstein & Greenstein, 2000). The 

hippocampal subregions can also be modulated via monoaminergic and cholinergic inputs 

(Haam & Yakel, 2017; Teixeira et al., 2018). Due to the highly ordered and well-defined 

anatomy of the hippocampus, the region has proved invaluable for the investigation and 

understanding of synaptic plasticity mechanisms. 
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1.1.1 Long-term Potentiation and Long-term Depression 

The major mechanisms of synaptic plasticity are long-term potentiation (LTP) and 

long-term depression (LTD). LTP is the process in which an activity-dependent increase in 

synaptic strength persists over time. The phenomenon was initially detected in the rabbit 

hippocampus by Lømo in 1966 (Lømo, 2003), and was further described in greater detail by 

Bliss & Lømo (1973). Multiple types of LTP exist that are defined by their mode of activation 

and downstream mechanisms, with the different types confined to specific and regional 

neuronal circuits within the brain (Malenka & Bear, 2004). Of these, N-methyl-D-aspartate 

(NMDA) receptor-dependent LTP is the most extensively studied (Malenka & Bear, 2004). 

Long-term depression (LTD), the opposing mechanism to LTP, is expressed as a persistent 

reduction in synaptic strength. LTD can also be activated in multiple ways, with NMDA 

receptor activation also capable of inducing LTD (Collingridge et al., 2010). The processes of 

LTP can be split into two phases. Early phase LTP consists of induction, which is dependent 

on postsynaptic calcium increase (Malenka et al., 1992) and is protein-synthesis independent, 

but protein kinase dependent, lasting approximately 60 minutes (Malenka & Bear, 2004). Late 

phase refers to the maintenance of LTP over longer periods of time, which requires de novo 

protein synthesis (Abraham & Williams, 2008). Induction and expression of LTP and LTD are 

also associated with multiple postsynaptic receptor changes, particularly those sensitive to 

glutamate (Malenka & Bear, 2004). These changes are discussed below.  

When investigating hippocampal synaptic plasticity in vivo and in vitro, neurons are 

often artificially stimulated via an electrical current delivered through an electrode. Two main 

types of stimulation are used to induce LTP. One type of stimulation, known as high-frequency 

stimulation (HFS), typically consists of 100 Hz stimulation for 1 second (Bliss & Collingridge, 

1993). Theta-burst stimulation (TBS) is also used, which consists of short stimulation bursts 

that are more physiologically relevant than HFS (Larson & Munkácsy, 2015). Theta-burst 



  4 

 

stimulation often consists of trains of four or five pulses at 100 Hz, delivered at 5 Hz, which 

falls within the theta frequency range. Long-term depression can also be induced by electrical 

stimulation through low frequency stimulation paradigms typically consisting of 1 Hz 

stimulation for 10-15 minutes (Mulkey & Malenka, 1992). The development of these 

stimulation protocols in conjunction with the characterisation of hippocampal pathways has 

allowed a large literature to develop that outlines structural and physiological changes 

associated with hippocampal LTP and LTD in healthy and diseased conditions.  

Long-term potentiation can be expressed via morphological changes. Following LTP, 

formation of multi-spine synapses can occur between presynaptic terminals and individual 

dendrites (Toni et al., 1999). Synaptic enlargement also follows glutamate application 

(Matsuzaki et al., 2004), with multiple synaptic changes occurring in dendritic spines in stages 

(Bosch et al., 2014). The stabilization and late stages are known to correlate with increases in 

neuronal scaffolding proteins (Bosch et al., 2014; Meyer et al., 2014). In addition to changes 

in neural architecture, presynaptic changes are also involved. Evidence highlights increases in 

glutamate release post-LTP induction (Enoki et al., 2009), that are dependent upon protein 

kinase A (PKA) and L-type voltage-gated calcium channels (Bayazitov et al., 2007). Nitric 

oxide receptor guanyl cyclase also appears to play a role, with isoform one being important 

presynaptically (Taqatqeh et al., 2009). During the process of LTD, somewhat opposite 

morphological changes to LTP can occur, with spine shrinkage (Zhou et al., 2004) and 

reductions in spine and presynaptic terminal contacts (Becker et al., 2008). However, key 

differences in downstream signalling pathways suggest that both physiological LTD and 

associated morphological changes can occur independently of each other (Zhou et al., 2004). 

Reductions in presynaptic glutamate release (Enoki et al., 2009) can also occur following LTD; 

this presynaptic change is also thought to be mediated by the retrograde messenger nitric oxide 

(Stanton et al., 2003) 
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A direct link between LTP and learning and memory has also been demonstrated. Initial 

experiments in rats showed that block of hippocampal NMDA receptors by the inhibitor AP-

5, which is known to block LTP in vitro and in vivo, blocked learning in a water maze task 

(Davis et al., 1992). Similarly, inhibition of protein kinase M zeta, a constitutively active 

protein thought to maintain LTP, causes deficits long-term spatial and fear memory without 

changing short-term memory, whilst also reversing LTP in vitro (Pastalkova et al., 2006). In 

addition, learning has been shown to generate LTP within the hippocampus (Whitlock et al., 

2006) strengthening the link between LTP and memory. Counterintuitively, spatial memory 

tasks and reversal learning performance also appears to be dependent on hippocampal LTD 

(Dong et al., 2013; Ge et al., 2010), suggesting that although LTD may be thought of as a 

counter to LTP mechanistically, the effects of LTD are not necessarily related to forgetting, or 

reductions in memory or learning.  

Due to the relationship between LTP and LTD processes and learning and memory 

formation, it is unsurprising that a significant amount of research has looked to outline the 

changes linked to these processes. Due to the nature of synapses and chemical transmission, 

much research has investigated the changes in expression, trafficking and modification of 

membrane receptors that may underlie the associated physiological changes. 

1.1.2 The AMPA and NMDA Receptors 

Receptors are protein structures that act as biological transducers, receiving and 

transferring signals from one cell (or area within a cell) to another. Many receptors are made 

up of multiple individual subunits that form a functional complex, detecting chemical signals 

released within the cell (intracellular receptors) or by nearby cells (extracellular receptors). The 

importance of receptors for cell-to-cell communication make them an essential part of 

biological systems that can cause significant ill health when functioning at a nonoptimal level. 

Multiple receptor types are highly involved in excitatory synaptic transmission, with the N-
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methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) receptors, both glutamate receptors, necessary for normal brain functioning. 

Crucially, changes in these receptors within the brain, and particularly within the hippocampus, 

are among the most important of those underlying normal learning and memory functioning. 

The AMPA receptor is a commonly found ionotropic receptor within the brain and is 

the major glutamate-gated ion channel responsible for fast excitatory synaptic transmission 

(Borges & Dingledine, 1998). Four subunits exist in mammals, GluA1-4 (Borges & 

Dingledine, 1998), which mainly pair into a dimer of dimers, forming a heteromeric tetramer 

(Mayer, 2006). Within the mature hippocampus, most cells express mainly GluA1 and GluA2 

subunits, with a relatively low percentage of GluA3 and GluA4 (Wenthold et al., 1996). The 

GluA2 subunit is the central protein controlling the AMPA receptor’s permeability to calcium. 

The post-transcriptional modification known as Q-R editing of the GluA2 mRNA can alter the 

uncharged glutamine to a positively charged arginine, which makes the resulting receptor 

impermeable to calcium ions (Geiger et al., 1995). The majority of GluA2 subunits in the adult 

brain are Q-R edited (Carlson et al., 2000), although subpopulations of hippocampal 

interneurons have been demonstrated to lack GluA2-containing AMPA receptors (McBain & 

Fisahn, 2001). This Q-R editing also mediates the subunit trafficking from the endoplasmic 

reticulum (Greger et al., 2002) and AMPA receptor assembly (Greger et al., 2003). All AMPA 

receptors are permeable to sodium and potassium, but when a receptor does not contain a 

GluA2 subunit, it is also permeable to calcium ions. Alternative splicing of RNA transcripts 

also occurs, producing “flip” or “flop” isoforms of all GluR subunits (Sommer et al., 1990), 

which can result in altered channel kinetics (Pei et al., 2009). These isoforms also influence 

receptor assembly (Brorson et al., 2004) and trafficking (Coleman et al., 2006).  

Like the AMPA receptor, the NMDA receptor is a glutamate receptor and ion channel. 

When activated, it allows for cation flow across the cell membrane (Gereau & Swanson, 2008). 
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More specifically, glutamate binding in addition to the co-agonist glycine will open the 

channel, however, a magnesium ion blocks the channel unless the cell is sufficiently 

depolarised. When depolarized, the magnesium ion is displaced, allowing subsequent flow of 

sodium and calcium into the cell, and potassium out of the cell. Generally, the required 

depolarization is generated by sodium influx through activation of AMPA receptors. The 

NMDA receptors are heteromeric tetramers that can consist of GluN1, GluN2 and GluN3 

subunits, and different combinations of these subunits alter channel properties, including 

deactivation time constant, conductance and permeability (Cull-Candy et al., 2001; Das et al., 

1998), although the GluN1 subunit is crucial for functionality. The GluN1 and GluN3 subunits 

contain the binding modules for glycine whilst the GluN2 subunits contain the site for 

glutamate (Furukawa et al., 2005). 

1.1.3 Glutamate Receptors in Induction and Expression of LTP 

In addition to their general importance for synaptic transmission, the roles of AMPA 

and NMDA receptors within hippocampal plasticity have been studied extensively over the 

years, with significant effort directed to their involvement in LTP mechanisms. The initiation 

of the LTP process is known as induction, and it begins following activation of NMDA 

receptors in addition to cell depolarisation aided by activation of AMPA receptors (Lüscher & 

Malenka, 2012). Activation of NMDA receptors allows for maximal calcium influx which 

stimulates multiple downstream cellular pathways, including activation of various kinases, 

including protein kinase C (PKC) and calcium/calmodulin-dependent protein kinase II 

(CaMKII), both of which are key for LTP induction (Malinow et al., 1989). When activated, 

these kinases phosphorylate other proteins, altering their properties. PKC can enhance NMDA 

receptor-mediated currents by reducing magnesium block via increased NMDA receptor 

phosphorylation (Chen & Huang, 1992; Lan et al., 2001), whilst PKA increases NMDA 

receptor-mediated currents through increased calcium permeability (Skeberdis et al., 2006). 
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Moreover, localisation or translocation of CaMKII to the postsynaptic density following 

NMDA activation leads to binding of CaMKII to NMDA receptors and subsequent 

phosphorylation of GluN2B subunits, enhancing channel desensitisation (Lisman et al., 2012; 

Sessoms-Sikes et al., 2005). 

The induction step is followed by de novo protein synthesis, necessary for maintained 

increases in synaptic strength (Krug et al., 1984; Otani et al., 1989). The maintenance of LTP 

over time is also dependent on a critical time window of transcription (Frey et al., 1996; Nguyen 

et al., 1994). Like NMDA receptor subunits, post-translational modifications to AMPA 

receptor subunits, particularly phosphorylation, can alter receptor functioning (Lee, 2006). 

Persistent phosphorylation of GluA1 at Serine-831 (via CaMKII) and Serine-845 (via PKA) is 

induced by LTP in hippocampal slices (Lee et al., 2000). Additionally, AMPA receptor 

trafficking to the postsynaptic density is increased (Shi et al., 1999), particularly those 

containing GluA1 and lacking GluA2 subunits (Plant et al., 2006; Williams et al., 2007). 

Trafficking of GluA2-3 subunits also occurs, although these have mainly extrasynaptic targets 

(Williams et al., 2007). PKC action is also necessary for insertion of AMPA receptors into the 

cell membrane following LTP stimulus (Boehm et al., 2006), whilst PKA activity can increase 

channel opening probability (Banke et al., 2000) and regulate recycling of AMPA receptors 

(Ehlers, 2000). Phosphorylation of Serine-845 is further associated with increased 

extrasynaptic trafficking of GluA1 subunits from internal pools, which can in turn migrate 

laterally to the postsynaptic density during LTP (Makino & Malinow, 2009; Oh et al., 2006). 

The addition of AMPA receptors into the synaptic membrane post-induction allows for the 

expression of LTP and contributes to the maintained increase in synaptic strength over time. 

Induction of LTP by HFS also causes increases in NMDA subunits GluN1 and GluN2B 48 

hours post-stimulation, with GluN1 increasing gradually post-induction, unlike GluN2B, 

which was significantly increased as early as 20 minutes post-induction, elucidating time 
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specific changes to NMDA receptor subunit expression (Williams et al., 2003). Recent 

evidence has also revealed that the C-terminal domains of both the GluA1 and GluA2 subunits 

are key for bidirectional synaptic plasticity and spatial and fear memory, as C-terminal 

exchanges caused significant deficits in LTP/LTD mechanisms and memory, without changing 

basal transmission (Zhou et al., 2018), further highlighting the complexities of the glutamate 

receptor roles in synaptic plasticity. 

The total number of glutamate receptors, their subunit composition, location, and 

various post-translational modifications influence the way in which they contribute to 

bidirectional synaptic plasticity mechanisms within the hippocampus. Outlining these changes 

and their underlying mechanisms is of importance as they can offer clues for treatment of 

disease states where synaptic plasticity is impaired. 

1.2.0 The Link between Alzheimer’s Disease and Synaptic Plasticity 

Alzheimer’s disease (AD) is a neurodegenerative disease that presents clinically as 

progressive memory loss and reduced cognitive function. The disease accounts for 

approximately 50-70% of all dementia cases, totalling at least 25 million people worldwide 

(Alzheimer’s Disease International, 2019) and is ultimately fatal. As worldwide life expectancy 

increases, the number of dementia cases is projected to nearly triple by the year 2050, and with 

dementia as a whole costing society an estimated 1 trillion US dollars a year as of 2019, 

Alzheimer’s disease presents itself as a significant global challenge for the future (Alzheimer’s 

Disease International, 2019). The major physiological hallmarks of AD include synapse and 

cell loss, neuroinflammation, amyloid-beta (Aβ) plaques, and neurofibrillary tangles (Wenk, 

2003). These changes are accompanied by many progressive psychological and behavioural 

deficits including memory loss, difficulty with problem solving, loss of time or location, and 

changes in mood (Alzheimer’s Association, 2020). The major hypothesis for the cause of AD 

is known as the “amyloid cascade hypothesis” (Hardy & Higgins, 1992). It posits that an 
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increase in Aβ production (and consequent development of plaques) leads to the downstream 

accumulation of tangles, inflammation and synaptic and neuronal loss. Importantly, Aβ 

monomers serve multiple functions within a healthy nervous system, and the existence of Aβ 

itself is not negative, but rather the increased concentrations of the protein and subsequent 

formation of protein aggregates is what appears to lead to negative effects (Chasseigneaux & 

Allinquant, 2012). The hippocampi are among the first structures to be affected by AD, with 

atrophy continuously progressing from early to late stages of the disease (Fox et al., 1996; Jack 

et al., 2004; Kaye et al., 2005), which leads to memory loss. Synaptic loss (but not plaque 

deposition) strongly correlates with clinical impairment (Scheff & Price, 2006), however the 

causal molecular changes that lead to such deficits are complex and not fully understood. 

1.2.1 Synaptic changes in AD and AD Models 

Multiple changes have been documented regarding changes to glutamate receptor 

expression and function in AD, with a 43% decrease in GluA1 subunits and 38% decrease in 

GluA2/3 detected in the entorhinal cortex of AD brains (Yasuda et al., 1995). Moreover, Chan 

and colleagues (1999) found an increase in caspase activity of AD brain neurons and increased 

AMPA receptor proteolysis, changes also present in hippocampal cultures treated with Aβ. 

NMDA receptor subunit phosphorylation within the entorhinal cortex is altered in AD patient 

brains and correlates with cognitive performance (Sze et al., 2001), linking AD receptor 

changes to behaviour. Brains of AD patients have also been found to express fewer GluN1 

subunits (Ikonomovic et al., 1999), and less excitatory neurotransmitter transporter expression 

and GluN1 mRNA in the hippocampus (Jacob et al., 2007), implying further involvement and 

alteration of receptors key to plasticity mechanisms. 

Transcranial magnetic stimulation protocols that induce LTP in healthy individuals fail 

to do so in AD patients, but without altering LTD, suggestive of specific changes that favour 

decrements of synaptic strength (Koch et al., 2012). These LTP impairments were also found 
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to be correlated with verbal memory impairments (Di Lorenzo et al., 2019). In addition to 

previously mentioned spine loss in AD (Scheff & Price, 2006), distorted and degenerated spine 

morphology has also been detected (Baloyannis et al., 2007) which may be indicative of altered 

long-term plasticity mechanisms.  

In a transgenic mouse model of AD (Swedish mutation), electrophysiological 

experiments have shown that synaptic transmission is disrupted well before plaque deposition 

(Hsia et al., 1999), suggesting that Aβ in forms other than plaques, such as oligomers, may be 

responsible for decrement. Synaptic loss and impaired LTP also precedes plaque deposition in 

a Swedish mutation AD model (Jacobsen et al., 2006), suggesting that synaptic alterations 

occur early in the disease progression and more subtle molecular changes are involved. Age-

related homeostatic downscaling of AMPA receptors (Chang et al., 2006), decreased levels of 

synaptically expressed GluA1 (Almeida et al., 2005) and total GluA1 and GluA2 subunits 

(Palop et al., 2007), lower GluN2B subunit phosphorylation (Palop et al., 2007), deficits in 

LTP (Auffret et al., 2010), LTD (Chang et al., 2006), and memory (Palop et al., 2007) are 

among the many changes observed. It is worth noting, however, particular changes are often 

related to specific transgenic models, and the various impairments do not always generalise 

across models, or within models across time (Marchetti & Marie, 2011).  

Although these studies may provide considerable insight into the changes that occur in 

human AD, it is important to keep in mind the challenges related to modelling AD in rodents. 

Hundreds of reports have outlined interventions that ameliorate brain changes associated with 

mouse models of AD (Zahs & Ashe, 2010), however, none of these successes have translated 

to humans, with over 100 clinical trials failing to find an effective treatment (Schneider et al., 

2014). Some researchers believe that transgenic mice models represent the asymptomatic phase 

of human AD progression, and therefore many treatments observed in these models are more 

likely to translate as preventative measures in humans (Zahs & Ashe, 2010). It is also important 
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to consider the fact that wild-type mice do not acquire AD or related pathology, and multiple 

mutations must be present within the mouse to generate all three major hallmarks of the disease. 

Despite these considerations, essential information concerning underlying mechanisms can still 

be extracted from such models, and their place within the field remains crucial for 

understanding AD. 

1.2.2 Exogenous Amyloid and Synaptic Change 

Studies in which amyloid is applied to brain tissue have allowed researchers to 

investigate various neurophysiological and structural changes across time via precise 

manipulation of numerous variables, including form and amount of Aβ protein, and target 

tissue type and location. These experiments do not require genetic manipulation and therefore 

avoid problems of inaccurately representing sporadic AD in humans. Application of Aβ1-42 

increases endocytosis of NMDA receptors (GluN1 and GluN2B subunits) and depression of 

NMDA-evoked currents in cortical neurons (in vitro) that is dependent on α7-nicotinic 

acetylcholine (α7-nACh) receptors and calcineurin activity (Snyder et al., 2005). Basal levels 

of phosphorylation at serine-845 of GluA1 are lowered by Aβ oligomers in a calcineurin-

mediated fashion that also blocks extrasynaptic delivery and may result in hindered 

GluA1/GluA2 subunit binding (Miñano-Molina et al., 2011). Additional removal of synaptic 

AMPA subunits, specifically GluA1, following Aβ application appears to be mediated through 

LTD signalling pathways that cause dendritic spine loss and spine size reduction (Almeida et 

al., 2005; Hsieh et al., 2006). Physiologically relevant (<low nanomolar range) levels of Aβ 

dimers and trimers induce loss of dendritic spines in rodent hippocampal slices (Shankar et al., 

2007), whilst dimers sequestered from AD brains inhibit LTP within hippocampal slices and 

elicit an enhancement of LTD and spine loss that is dependent on metabotropic glutamate 

receptors and NMDA receptors, respectively (Shankar et al., 2008). The administration of such 

dimers also inhibited learning task performance in rats. The LTD enhancement appears to be 
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related to interference of glutamate reuptake at the synapse, as the reuptake inhibitor TBOA 

mimicked LTD enhancement (Li et al., 2009). Increased glutamate also leads to an increase in 

extracellular calcium influx and calcineurin/glycogen synthase kinase-3 activation, all of which 

appear necessary for Aβ induced LTD enhancement. In conjunction, the inhibition of LTP 

caused by Aβ exposure is linked to increased activation of GluN2B-containing NMDA 

receptors by excess synaptic glutamate (Li et al., 2011). The enhancement of GluN2B-mediated 

NMDA currents, p38 mitogen-activated protein kinase activation and subsequent reduction in 

cyclic adenosine monophosphate (cAMP) response element-binding protein were necessary 

for LTP inhibition. Physiologically relevant levels of Aβ were also sufficient in eliciting the 

effect, implying one mechanism involved in cellular changes associated with AD (Li et al., 

2011). Furthermore, naturally secreted Aβ oligomers have been shown to inhibit rat 

hippocampal LTP in vivo (Walsh et al., 2002) whilst EphB2, a tyrosine kinase involved in 

NMDA receptor trafficking, binds with oligomers causing subsequent EphB2 degradation, 

leading to impaired NMDA receptor functioning (Cissé et al., 2011). The large number of 

changes that the application of Aβ can elicit highlights the potential importance of the protein 

in pathological contexts like that of AD. Collectively, findings suggest that excessive Aβ levels, 

or alterations in Aβ form, likely underlie several negative downstream effects, including 

synaptic dysfunction initially through dysregulation of glutamate receptors. Therefore, 

adjustment of Aβ homeostasis or alteration of amyloid processing may confer benefit through 

reduction of Aβ-related dysregulation of synaptic plasticity. 

1.3.0 Amyloid Precursor Protein 

Multiple proteins are implicated in AD development and pathogenesis. One major 

player is amyloid precursor protein (APP) from which the toxic Aβ can be produced. It is a 

large and widely expressed transmembrane protein that is part of the APP family, along with 

amyloid-beta precursor like protein 1 and 2 (APLP1/APLP2) in humans. APP has multiple 
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isoforms and is found throughout many tissues (Selkoe et al., 1988). In neurons, the APP695 

isoform is the most predominantly expressed isoform (Tanaka et al., 1989) which is often 

localised to the postsynaptic density (Schubert et al., 1991), but also found elsewhere 

(Shigematsu et al., 1992). It is a multifunctional protein involved in many processes; 

association with G-protein coupled receptors (Okamoto et al., 1995), cell adhesion (Soba et al., 

2005), differentiation (Hung et al., 1992), and synaptogenesis (Moya et al., 1994). APP695 is 

also known to associate with GluN2A- and GluN2B-containing NMDA receptors via an N-

terminal domain, occurring within the endoplasmic reticulum, where it can facilitate trafficking 

of associated NMDA receptor subunit types to the cell surface (Cousins et al., 2009), implying 

the involvement of APP in intracellular plasticity-related events.  

To study the physiological role of APP, several knock-out (KO) mouse models have 

been developed. Evidence from these models suggest that APP and its associated proteins are 

essential to normal cellular function. For example, mouse KO models of APP/APLP2 suffer 

early postnatal death (Von Koch et al., 1997), whilst APP KOs alone survive with multiple 

deficiencies such as reduced locomotor functioning, spatial learning task performance and LTP 

(Ring et al., 2007; Weyer et al., 2011). This suggests that APLP2 may be sufficient for 

maintaining survival, although the loss of APP is not without detrimental effects. APP-null 

mice also exhibit marked increases in reactive gliosis and loss of vesicle proteins synaptophysin 

and synapsin in the hippocampus and cortex (Dawson et al., 1999). Furthermore, APP/APLP2 

conditional knock-out mice exhibit reduced dendritic branching, neurite length, synaptic 

density, and spine volume, indicating that APP plays a key role in healthy neuronal and 

synaptic morphology (Hick et al., 2015). APPL, the Drosophila orthologue, has also proven to 

be essential for associative long-term memory (Goguel et al., 2011), whilst other findings have 

suggested that enriched environment exposure and subsequent cognitive capacity increases are 

correlated with increases in hippocampal APP (Huber et al., 1997). These studies provide 
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evidence that APP is functionally conserved across species, further highlighting the importance 

of APP in learning and memory processes. The broad expression and multiple roles of APP in 

normal neuronal function highlight the likely involvement in pathological conditions such as 

AD. 

1.3.1 APP Proteolytic Processing 

In conjunction with its many functions as a transmembrane protein and involvement in 

neural health and memory processes, APP can undergo further processing via multiple 

enzymatic actions (Zhang et al., 2012). Two major processing pathways exist. One such route 

known as the amyloidogenic pathway involves β-secretase cleavage at residue 597 of APP. 

This cleavage releases secreted amyloid precursor protein beta (sAPPβ), and protein C99 (Cole 

& Vassar, 2007), which can be cleaved further by γ-secretase to produce amyloid precursor 

protein intracellular cytoplasmic domain and Aβ (see Fig. 1). As previously mentioned, 

increases in amyloidogenic processing is associated with familial AD via increased β-secretase 

cleavage (Johnston et al., 1994). The mutually exclusive alternative, non-amyloidogenic 

pathway involves cleavage via α-secretase activity of a disintegrin and metalloprotease 10 

(ADAM10) between residues 16-17 that make up the Aβ protein. This allows the extracellular 

release of an N-terminal fragment secreted amyloid precursor protein-alpha (sAPPα; Esch et 

al., 1990), different from sAPPβ by only 16 C-terminal residues, and the membrane-associated 

fragment C83, which can be further cleaved by γ-secretase to release the amyloid precursor 

protein intracellular cytoplasmic domain and P3 (Zhang et al., 2012). ADAM10 is the major 

α-secretase enzyme candidate for APP (Kuhn et al., 2010), whilst β-secretase 1 (BACE1) is 

likely the key enzyme competitor (Luo et al., 2001). Within the Golgi network, protein kinase 

C (PKC) stimulation and ADAM10 inhibition implies competitive action between α- and β-

secretase, as these alterations produce more C83 and C99, respectively (Skovronsky et al., 

2000). More recent research has uncovered that other less dominant pathways exist (Andrew 
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et al., 2016), and that simplification of APP processing into two pathways may fail to capture 

all important details that may be associated with disease states. These involve alternative beta-

secretases, in addition to delta- and eta-secretases and metabolites, which further complicate 

the APP processing system’s relationship with disease. 

 

 

 

Figure 1 

The Two Major Processing Pathways of Amyloid Precursor Protein 

APP (middle) can be processed via the amyloidogenic pathway, resulting in the production of 

sAPPβ and amyloid-β (left). When processed via the non-amyloidogenic pathway, sAPPα and 

p3 are produced (right). 
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Considering that APP can be processed via multiple pathways, it is important to 

consider what factors might influence the directionality of processing. Activation of NMDA 

receptors, but not AMPA receptors, appears to stimulate the non-amyloidogenic pathway of 

APP processing, as glutamate treatment of cultured cortical neurons in the presence of the 

AMPA receptor inhibitor CNQX caused an α-secretase dependent, 2.5-fold increase in levels 

of C83, whilst also inhibiting Aβ1-40 release (Hoey et al., 2009). A doubling of sAPPα levels 

was also observed in culture medium post-treatment, indicating an association between neural 

activity and α-secretase processing of APP. Additionally, increases in cytoplasmic calcium 

(Buxbaum et al., 1994), application of brain-derived neurotrophic factor (Holback et al., 2005) 

or activation of metabotropic glutamate receptors (Lee et al., 1995), P2Y2 nucleotide receptors 

(Camden et al., 2005) or angiotensin type 1 receptors (Kanarek et al., 2017) enhances sAPPα 

release, further displaying that cellular activity initiated by a diverse range of mechanisms can 

influence non-amyloidogenic APP processing.  

With the amyloid cascade hypothesis in mind, it stands to reason that processing along 

the non-amyloidogenic pathway may yield benefit through reduced production of Aβ, 

especially if the amyloid increases associated with AD are indeed related to a pathological 

change in APP processing. Moreover, with sAPPα increases related to NMDA receptor 

activation, it is likely implicated in underlying plasticity mechanisms, which are also disrupted 

in AD. These associations have led to a significant amount of research that has focused on 

sAPPα, and its role within the brain. 

1.4.0 The Role of sAPPα in Neuronal Function and Alzheimer’s Disease 

A large volume of sAPPα-related research has been conducted since the protein was 

first described (Mattson et al., 1993), and because of the clear connection between APP and 

AD, work has looked to highlight APP related changes in AD. Notably, people suffering from 

familial AD, also known as early-onset AD, often exhibit a mutation in the APP gene. The 
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most widely characterised mutation, known as the Swedish mutation, increases the production 

of Aβ via increased β-secretase cleavage (Johnston et al., 1994), indicating at least one pathway 

related to AD progression.  Analysis of blood platelets has revealed increased activation of 

BACE1 (Tang et al., 2006) and reduced activation and levels of ADAM10 (Colciaghi et al., 

2002; Colciaghi et al., 2004; Tang et al., 2006) and sAPPα (Colciaghi et al., 2002) in AD 

patients. In cerebrospinal fluid, AD patients appear to have significantly lowered levels of 

mature and truncated ADAM10 (Sogorb-Esteve et al., 2018), sAPPα and overall secreted APP 

(Colciaghi et al., 2002; Fellgiebel et al., 2009a; Rosén et al., 2012; Sennvik et al., 2000a), 

although other evidence suggests no difference in cerebrospinal fluid levels of sAPPα between 

AD patients and controls (Olsson et al., 2003). Largely, these findings strengthen the link 

between AD and lowered non-amyloidogenic processing of APP, further suggesting the 

importance of sAPPα for non-disease state functioning. It is especially relevant when the large 

amount of evidence pertaining to the many positive neural effects of sAPPα are also 

considered, as described below. 

1.4.1 Neuroprotection, Neurogenesis, and Cell Development  

Secreted amyloid precursor protein alpha has many effects on multiple cell types. 

Several studies have found sAPPα to be neuroprotective against varied insults, including 

excitotoxicity and hypoglycaemia (Furukawa et al., 1996b; Mattson et al., 1993), proteasomal 

stress (Copanaki et al., 2010; Kundu et al., 2016) and Aβ toxicity (Barger & Mattson, 1996; 

Goodman & Mattson, 1994; Guo et al., 1998). With regard to cell development, human 

embryonic stem cells exposed to sAPPα are driven towards neural precursor cell differentiation 

(Porayette et al., 2009), while subgranular zone derived neural progenitor cells increase their 

proliferation and have increased survivability (Baratchi et al., 2012). Age-related neural 

progenitor cell decline in mice can also be rescued by sAPPα in vitro and in vivo, linking the 

protein to neurogenesis processes (Demars et al., 2013). Moreover, sAPPα has been shown to 
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rescue cognitive and motor deficits and reduce 7-day cortical damage in APP knockout mice 

following traumatic brain injury (Corrigan et al., 2012b). A conditional sAPPα-knock-in mouse 

model lacking APP/APLP2 did not exhibit postnatal lethality (Weyer et al., 2011), unlike the 

findings of Li et al. (2010) who found that a sAPPβ-knock-in was unable to rescue lethality. 

Tackenberg and Nitsch (2019) showed that sAPPα, but not sAPPβ, was protective against co-

administered Aβ1-42 oligomer toxicity, both in mouse primary neuron cultures and hippocampal 

slices. Specifically, dendritic spine loss and Aβ1-42 induced increases in tau phosphorylation 

were abolished. However, application of neither sAPPα nor sAPPβ induced changes in spine 

density or phosphorylation, implying specific protective effects in the presence of Aβ 

oligomers. 

1.4.2 LTP, LTD and sAPPα 

The potential role that sAPPα plays in the control of synaptic plasticity mechanisms is 

significant as any changes in LTP and LTD are likely to influence learning and memory. Early 

work revealed that sAPPα can shift the frequency dependency of LTD and LTP induction in 

the adult rat hippocampus (Ishida et al., 1997). Pre-treatment with sAPPα inhibited a low-

frequency stimulation from inducing LTD in the CA1 region and caused a 10 Hz stimulation 

to induce LTD, contrasting with no induction in control slices. Further, pre-treatment enhanced 

HFS-induced LTP (Ishida et al., 1997). Endogenous sAPPα has also been shown to play a role 

in synaptic plasticity, as the addition of sAPPα antibodies reduced LTP in the rat dentate gyrus 

(Taylor et al., 2008). Moreover, inhibition of ADAM activity by TAPI-1 reduces LTP in vivo, 

an effect that can be rescued by exogenous application of sAPPα (Taylor et al., 2008), 

reinforcing the role that sAPPα plays in synaptic plasticity mechanisms. Rescue of LTP has 

been observed following application of sAPPα in an APP/APLP2 conditional knock-out (Hick 

et al., 2015), whilst facilitation of LTP occurred in CA1 mini-slices in a protein synthesis and 

receptor trafficking dependent manner (Mockett et al., 2019). Further, sAPPα can rescue age-
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related LTP deficits in rat hippocampal slices (Moreno et al., 2015; Xiong et al., 2017), as well 

as deficits observed in aged transgenic AD mice (Tan et al., 2018). However, impairment of 

LTP also resulted from sAPPα application to slices from young animals (Xiong et al., 2017), 

as well as high dose application (Taylor et al., 2008) suggesting age and dose-specific effects. 

Collectively, these data suggest that sAPPα has a range of benefits for LTP across both healthy 

and disease states. 

1.4.3 Genetic Changes 

Gene expression and ensuing protein synthesis must occur for LTP (and memory) to 

persist for extensive periods (Flexner et al., 1963; Frey et al., 1996; Kelleher et al., 2004). It is 

likely that changes in transcription underlie some of the synaptic facilitation properties sAPPα. 

Transcription dependent neuroprotection has been suggested as a property of sAPPα. Indeed, 

sAPPα treatment has been shown to activate transcription factor NF-kappa B (NF-κB), a factor 

involved in hippocampal plasticity (Albensi & Mattson, 2000) and the inflammatory response 

(Baeuerle & Henkel, 1994). This activation enhanced NF-κB/DNA binding, an effect that 

correlated with neuronal protection against calcium damage (Barger & Mattson, 1996), whilst 

activation of the transcription factor was found to prevent apoptosis in AD-mutant PC12 cells 

(Guo et al., 1998). In APP-KO mice, transcription of neuroprotection- and plasticity-related 

genes was reduced compared to sAPPα knock-in mice lacking APP (Aydin et al., 2011). Pre-

treatment of hippocampal slices with sAPPα induced expression of multiple neuroprotective 

genes and protected against Aβ-induced tau phosphorylation and neurotoxicity (Stein et al., 

2004). Similarly, slices treated with 1 nM sAPPα for 24 hours, and 48 hours after NMDA 

insult, protected against excitotoxicity (Ryan et al., 2013). Exposure to this treatment for 15 

minutes increased inducible transcription factors AP-1 and EGR1, and activated constitutive 

factors CREB and NF-κB, whereas 24-hour exposure reduced overall gene expression, 

implicating these changes in the excitotoxicity protection. A recent finding has also found that 
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sAPPα application to hippocampal cultures and slices increases activity-related cytoskeletal-

associated (Arc) mRNA and protein (60 minute and 2 hour treatment, respectively), which is 

heavily involved in modulating synaptic plasticity through AMPA regulation (Livingstone et 

al., 2019). These data further demonstrate the potential role of sAPPα within both healthy and 

disease states, suggesting that the protein is involved in maintaining cell survival and synaptic 

plasticity via multiple signalling pathways that cause and result in altered gene expression and 

de novo protein synthesis. 

1.4.4 Memory 

Behavioural tasks have also been utilised in addition to biochemical experiments to 

explore the potential beneficial effects of sAPPα in memory functioning. Early investigations 

found that younger animals (five to six months) reliably performed better than older animals 

(24-25 months) in a water maze task involving working and reference memory (Anderson et 

al., 1999). These rats also differed in their sAPPα levels, with older animals exhibiting a 49% 

reduction in sAPPα in their cerebrospinal fluid. Memory of a passive avoidance task was 

prevented in chicks following intrahippocampal injection (Mileusnic et al., 2000), and in rats 

following intraventricular injection (Doyle et al., 1990; Huber et al., 1993) of antibodies to 

residues present in sAPPα. Complete APP-KO has also been found to cause spatial memory 

deficits, whereas a sAPPα-specific knock-in could rescue these memory deficits (Ring et al., 

2007). Moreover, spatial memory deficits caused by ADAM10 inhibitor TAPI-1 could be 

rescued by co-application of sAPPα in the hippocampus of adult rats (Taylor et al., 2008). 

Intrahippocampal injections of sAPPα rescued age-related deficits in a novel object location 

task, but not watermaze task, whilst having no effect on young rats (five months; Xiong et al., 

2017). The various behavioural findings show therapeutic potential for alleviating natural 

cognitive decline as well as pathology-induced deficits. 
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1.4.5 Molecular Mechanisms of sAPPα action  

The molecular mechanisms underpinning the action of sAPPα have been an ongoing 

focus of many research groups. The protein has been shown to directly inhibit BACE1 (Peters-

Libeu et al., 2015), downregulating its activity and preventing the production of Aβ (Obregon 

et al., 2012). Exogenous administration also reduced glycogen synthase kinase 3 beta-mediated 

increases in tau phosphorylation (Deng et al., 2015), indicating that sAPPα alters another 

pathological cascade. Furukawa et al. (1996a) provided initial evidence that sAPPα increased 

potassium currents and reduced NMDA receptor-mediated calcium responses in cultured 

hippocampal cells via a cyclic guanosine monophosphate-dependent pathway. However, these 

findings have not been replicated and conflict with evidence that sAPPα augments LTP and 

memory processes (Mockett et al., 2017). Later work showed that exogenous application of 

sAPPα to hippocampal slices caused an increase in tetanically evoked NMDA receptor-

mediated currents whilst leaving basal AMPA and NMDA receptor-mediated currents 

unaltered (Taylor et al., 2008). Further, application of sAPPα increased synaptic protein 

synthesis in a CaMKII , protein kinase G (PKG)  and extracellular signal related kinase-

mediated manner (Claasen et al., 2009), suggesting that de novo protein synthesis may underlie 

the modulating effects sAPPα on LTP and memory. These protein synthesis changes, however, 

are normally related to late phase LTP, but evidence exists that sAPPα can facilitate LTP as 

early as induction (Hick et al., 2015; Taylor et al., 2008), suggesting that other mechanisms 

may also be activated. Recent work by Mockett et al. (2019) revealed that 1 nM sAPPα applied 

exogenously to rat CA1 mini-slices for 30 minutes promoted glutamate receptor trafficking of 

both GluA1 and GluN1, but not GluA2 glutamate subunits, to the synaptic membrane, in 

conjunction with increased de novo protein synthesis that included GluA1. The trafficking 

effects were observed up to 30 minutes post-washout of sAPPα, implicating a metaplastic 

priming effect of the protein. These effects were CaMKII- and PKG- dependent and were found 
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to underlie the facilitation of LTP observed in the presence, and after washout, of sAPPα. As 

discussed, application of sAPPα (1 nM, 2 hours) promotes the synthesis of Arc protein via 

CaMKII (Livingstone et al., 2019), an increase that in dendrites was also MAPK and PKG 

dependent and was reduced by antagonism of NMDA and α7-nACh receptors, which together 

completely attenuated the increase in protein synthesis.  

Recent efforts have revealed that sAPPα can rescue LTP, synaptic density deficits and 

spatial memory deficits observed in an APP/APLP2 conditional knock-out (Richter et al., 

2018). The protein was also shown to function as a positive allosteric modulator at α7-nACh 

receptors in oocytes (Richter et al., 2018), suggesting that increases in calcium associated with 

α7-nACh channel opening may be key for the rescuing of synaptic plasticity mechanisms. 

Additionally, sAPPα binds to γ-aminobutyric acid (GABA) type B receptors, specifically 

subunit 1a (Rice et al., 2019). Application of sAPPα increase short-term facilitation and 

decrease vesicle recycling and miniature excitatory/inhibitory postsynaptic currents in a 

GABAB-dependent fashion, although this effect was found with sAPPα at a relatively high 

concentration (1 μM). The discovery of this new binding site adds another potential cascade to 

the extensive roles of sAPPα, one which may yet yield added benefit once better understood. 

1.4.6 Therapeutic potential of sAPPα 

Using AAV-mediated viral gene transfer, Fol et al. (2016) overexpressed sAPPα in the 

brains of aged APPswe/PS1ΔE9 mice with antecedent AD pathology. Overexpression of 

sAPPα improved spine density and plasticity deficits, whilst also rescuing behavioural 

performance in the Morris water maze. Microglia recruitment to the vicinity of amyloid plaques 

increased whilst amyloid plaque load decreased, suggesting improved clearance. In the same 

mouse model, lentivirus-mediated over-expression of human sAPPα from four months old led 

to better performance in the Morris watermaze at 8-10 months old when compared to non-

expressing littermates (Tan et al., 2018). In conjunction, LTP was partially rescued without 
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changes to amyloid pathology. Additionally, reducing levels of BACE1 in an AD mouse model 

with small interfering RNAs reduced production of Aβ and ameliorated both spatial learning 

and memory components in a water maze task (Singer et al., 2005). This also may have allowed 

for more α-secretase activity due to less competition for enzymatic binding, augmenting sAPPα 

production, although this was not investigated. Moreover, sAPPα has proved useful as a 

treatment for traumatic brain injury in rodents (Corrigan et al., 2011, 2012a, 2012b; Thornton 

et al., 2006)  

The aforementioned findings provide various lines of evidence not only for the 

mechanism of action of sAPPα, but also highlights a number of potential therapeutic targets 

for disease states that could be targeted via secondary treatment methods.  

1.5.0 Bioactive Domains of sAPPa 

Although there exists a plethora of research concerning sAPPα’s potential as a 

therapeutic protein, it would likely prove difficult to translate these effects to humans for a 

number of reasons. The blood-brain barrier is very selective, and getting therapeutically 

relevant levels of sAPPα into the brain via the bloodstream may be difficult, if not impossible, 

considering previous work showing that it is too large to cross the barrier (Habib et al., 2017). 

In addition, increasing sAPPα levels in the brain via upregulation of α-secretase may have 

several unintended and detrimental secondary consequences. Exploration of smaller bioactive 

fragments of the protein could prove beneficial as they may be less likely to suffer these issues, 

however, they have received less attention. Identifying and characterizing the specific 

functional regions within sAPPα may not only help to elucidate the downstream mechanisms 

of action, but also lead to improved understanding of isolated peptides, which could later be 

more easily translated into some form of peptide therapy. At least two such regions have been 

identified and partially characterised.  These are discussed below. 
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1.5.1 CTα16 

The C-terminal of the sAPPα protein is comprised of protein residues that are absent 

from sAPPβ and make up the N-terminal region of the Aβ protein. The 16 amino acid sequence, 

DAEFRHDSGYEVHHQK (CTα16), is the only difference between the sAPPα and sAPPβ 

proteins (see right of Fig. 1). As differences have been observed in the biological properties of 

the two proteins, it has been suggested that CTα16 may play a significant role in the beneficial 

effects of sAPPα when compared to the relatively weaker effects of sAPPβ. 

Firstly, application of Aβ1-15, which shares most of the residues with CTα16, augments 

LTP, rescues LTP deficits induced by Aβ1-42 and rescues LTP deficits observed in hippocampal 

slices of APPswe mice (Lawrence et al., 2014). Bilateral hippocampal injections of the peptide 

also improved contextual fear conditioning in mice. Further, an antibody recognizing a 

sequence common to both Aβ and CTα16, anti-BP16, has been shown to inhibit cell-substratum 

linkage and cause neurite retraction in multiple PC12 cell types (Chen & Yankner, 1991), 

implicating at least part of the sequence in healthy cell development. 

Other evidence shows that sAPPα has an approximate 100-fold greater efficacy in 

neuroprotection against Aβ1-28 toxicity, excitotoxicity and hypoglycaemic conditions in culture 

when compared to sAPPβ (Furukawa et al., 1996b). APP-mutant B103 cortical neurons that 

produced more sAPPβ than sAPPα (compared to wild-type; B103/APP) developed fewer 

neurites and experienced more neurite loss than wild-types when exposed to 1 nM Aβ1-42 (Li 

et al., 1997). Furthermore, B103/APP cells maintained a high neurite number following 

treatment of up to 100 nM Aβ1-42. Together, these findings and the various differences observed 

between sAPPα and sAPPβ with regard to neural health, and memory mechanisms described 

above is suggestive of CTα16 fragment involvement in these processes. However, other factors 

such as protein conformation may be involved in the functional differences between sAPPα 
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and sAPPβ (Peters-Libeu et al., 2015) and therefore comparisons between the secreted proteins 

should not be taken as direct evidence of CTα16 involvement. 

The 16-residue fragment itself, however, may also exert effects on cell proliferation 

and survival. An N-acetylated form of CTα16, Ac-CTα16, which enhances protection against 

degradation (Adessi & Soto, 2002), enhanced the proliferation of neural progenitor cells 

prepared from mouse pups in a dose-dependent fashion and increased neuronal differentiation 

(Morrissey et al., unpublished observations). Both increases observed were comparable to 

sAPPα, contrasting with the findings that both sAPPα and sAPPβ promote glial differentiation 

(Baratchi et al., 2012). Ac-CTα16 (1 to10 nM) application for 30 minutes produced 

concentration- and sequence-dependent enhancements in induction and persistence of LTP in 

young rat CA1 synapses, whilst also significantly increasing de novo protein synthesis 

(Morrissey et al., 2019b). These enhancements were blocked by the protein synthesis inhibitor, 

cycloheximide, as well as the α7-nACh receptor inhibitor α-bungarotoxin. In addition, 

trafficking inhibitor Brefeldin A blocked LTP enhancement (Morrissey et al., 2019b). 

Interestingly, LTP deficits observed in 14-16-month-old AD model mice (APPswe/PS1dE9) 

were completely rescued by application of 1 nM Ac-CTα16. Together, the findings indicate 

that CTα16 mimics multiple effects of sAPPα, which is crucial if it is to be developed for 

therapeutic purposes. 

1.5.2 RER 

Early work investigating APP discovered that a sequence located near the Kunitz-like 

protein inhibitor region of the protein was able to promote the growth of A-1 fibroblasts (Roch 

et al., 1992). A 17-mer peptide within APP was then identified as an important sequence, with 

infusion into rat brains producing a significant increase in the number of presynaptic terminals 

in frontoparietal cortex (Roch et al., 1994) and a 500 nM injection of the peptide proved 

protective against neurologic damage in a rabbit spinal cord ischemic model (Bowes et al., 
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1994). Additionally, the 17-mer peptide was shown to bind to cell surface sites and promote 

neurite extension of B103 cells (Jin et al., 1994). Further, evidence has shown that the 17-mer 

peptide can also enhance the survival of neuronal cultures (Ohsawa et al., 1997). Within the 

second ectodomain of sAPPα, a five amino acid sequence, RERMS (sAPPα328-332), was 

determined to be the unique region within the 17-mer peptide that was required for growth, 

survival and migration of fibroblasts (Ninomiya et al., 1993). This sequence also promoted 

survival and neurite extension of rat cortical neurons (Li et al., 1997), unlike a mutant fragment 

lacking the RERMS sequence (Yamamoto et al., 1994). The competitive antagonist to RERMS, 

peptide RMSQ, blocked neurite extension at higher concentrations (Li et al., 1997) whilst the 

peptide analogue of RERMS, P165, protected against streptozotocin-induced damage when 

applied to both SH-SY5Y and rat hippocampal cells (Wang et al., 2011; Yao et al., 2016), 

adding further evidence that RERMS has neuroprotective effects. Research by Corrigan et al. 

(2011) also highlighted that administration of the second ectodomain of sAPPα, and thus 

including the RERMS sequence, is protective against traumatic brain injury in rats. 

Administration of these fragments in vivo also appears to benefit memory. The 17-mer 

sequence was initially shown to increase memory retention in rats, as reversal learning was 

inhibited after exposure to the peptide (Roch et al., 1994). After daily P165 administration, 

streptozotocin-induced cognitive decline was improved in both spatial and learning dimensions 

as measured by a water maze task (Xu et al., 2014). In chicks, intracerebral injection of RERMS 

or the reverse sequence rescued memory-loss caused by anti-APP administration on a one-trial 

passive avoidance task (Mileusnic et al., 2000), specifically implicating the RER sequence. 

Further analysis found that RERMS and the trimer RER were both neuroprotective against 

Aβ12-22-induced memory loss when tested in a one-trial passive avoidance task (Mileusnic et 

al., 2004). When chicks were trained on a weak paradigm, both sequences acted as memory 

enhancers, allowing for a greater memory performance. These effects were dose-dependent, 
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and a modified form, Ac-RER, remained effective in changing memory. RER was later found 

to bind to collapsing response mediator protein 2 (CRMP2; Mileusnic & Rose, 2011), a 

cytoskeleton related protein involved in many neural development processes that is disturbed 

in AD (Ip et al., 2014). Antibodies to CRMP2 given prior to Ac-RER inhibited the memory 

rescue by RER alone, whilst RER prior to anti-CRMP2 antibodies allowed for memory rescue 

(to levels prior to anti-CRMP2). 

RER has also been shown to influence LTP in a comparable way to CTα16 and sAPPα. 

Hippocampal slices treated with Ac-RER produced enhanced LTP compared to controls and 

protected against Aβ induced LTP impairments (Morrissey et al., 2019a). This increase differed 

from that of 1 nM Ac-CTα16 treatment, as 1 nM Ac-RER was unable to match the effect on 

the initial induction of LTP, and 10 nM was required for the same overall effects. In addition, 

no LTP facilitation was conferred when sAPPα was edited to contain the sequence Alanine-

Alanine-Alanine in place of RER, solidifying the importance of this small region in synaptic 

plasticity enhancement by full-length sAPPα (Morrissey et al., 2019a). Collectively, the early 

work assessing the effects of 17-mer fragment of APP, and successive refinement to the smaller 

RERMS and RER peptide, make further investigation of this small molecule potentially 

valuable from a therapeutic standpoint. 

It is also of note that the differences in effect between the two main secreted APP 

proteins, sAPPα and sAPPβ, may not be associated with the difference in 16 amino acids alone, 

but likely also due to the distinct three dimensional structure of sAPPα (Peters-Libeu et al., 

2015). This variation may alter the influence of the RER sequence present in both proteins 

which may further explain the lack of effect sAPPβ has relative to sAPPα. 
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1.6.0 Current Project 

Recent work has shown that incubation of rat CA1 mini-slices with sAPPα stimulates 

the trafficking of GluA2-lacking AMPA receptors and NMDA receptors to the neuronal cell 

surface, likely mediating the facilitation of LTP induced by sAPPα (Mockett et al., 2019). In 

addition, increased de novo protein synthesis was observed for GluA1 but not GluA2. Current 

evidence shows that sAPPα and the protein fragments CTα16 (Morrissey et al., 2019b) and 

RER (Morrissey et al., 2019a) produce comparable enhancements of LTP. These observations, 

in conjunction with the numerous physiological and anatomical changes that take place in 

neural tissue following sAPPα exposure, allows for postulation that the protein fragments may 

also influence receptor trafficking in a similar manner to that found for sAPPα by Mockett et 

al. (2019). 

The aims of these experiments were to identify the potential trafficking promoting 

effects of functional regions of sAPPα, specifically the peptides CTα16 and RER (in modified 

form, Ac-CTα16 and Ac-RER) derived from two different locations in the parent molecule. 

Peptide treatments of hippocampal tissue and primary hippocampal cultures were carried out. 

Analysis of total and cell-surface receptor subunits (GluA1, GluN1 and GluN2A) was 

completed via western blot, whilst analysis of immunofluorescence intensity and number of 

puncta corresponding to surface and internal GluA1 was completed using imaging of 

hippocampal primary cultures. Based on previous findings regarding sAPPα and its fragments 

CTα16 and RER, it was hypothesised that treatment with each peptide (CTα16 and RER in 

acetylated form) would upregulate GluA1 surface expression in a dose- and trafficking-

dependent fashion. It was also hypothesised that GluN1 subunit levels would increase in the 

same manner following treatment. 
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2.0 Methods 

2.1.0 Animals 

All animals were sourced from a breeding colony maintained at the Hercus Taieri 

Resource Unit, University of Otago. Male Sprague Dawley rats, aged 8-12 weeks old were 

used for all western blot experiments. Sprague Dawley rat pups (male and female) aged 

postnatal day 0-1 were used for hippocampal culture preparation. Experiments conducted in 

this study were approved by the University of Otago’s Animal Ethics Committee (ET19/16, 

ET19/177, ET26/16).  

2.2.0 Drugs 

Recombinant human sAPPα and sAPPβ were produced by the Tate lab (Department 

of Biochemistry, University of Otago). The proteins were purified from the culture media of 

HEK 293T cells in which the relevant fragment of the APP gene had been stably integrated 

(Turner et al., 2007). Acetylated (Ac) protein fragments –Ac-CTα16 and Ac-RER were 

synthesised and provided in lyophilised form by EZBiolab (Carmel, IN, United States). 

Proteins were diluted into working concentrations from stock solution (in phosphate buffer 

solution; PBS) just prior to use. 

2.3.0 Western Blot 

2.3.1 Hippocampal Slice Preparation and Treatment 

 Animals were deeply sedated via intraperitoneal ketamine injection (100 mg/kg) and 

decapitated. The skin and skull were cut along the midline and laterally to the eyes followed 

by peeling of the tissue to reveal the brain, which was removed after severing the optic tracts 

and cranial nerves. The brain was removed and placed in ice-cold artificial cerebrospinal 

fluid (aCSF) in which sodium chloride was substituted with sucrose (cutting solution). The 

aCSF contained the following (in mM): sucrose 210, KCl 3.2, NaH2PO4 1.25, NaHCO3 26, 
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CaCl2 2.5, MgCl2 1.3, D-glucose. Hippocampi were carefully isolated from the whole brain, 

removed and whole, transverse hippocampal slices (400 µm) obtained using a tissue chopper 

(McIlwain). Slices were recovered, transferred to 35 mm tissue culture dishes (4 slices/dish; 

ThermoFisher, 153066) or Nunc™ 12 well Multidishes (4 slices/well; ThermoFisher, 

150628) containing 1 mL of aCSF, which contained the following (in mM): NaCl 124, KCl 

3.2, NaH2PO4 1.25, NaHCO3 26, CaCl2 2.5, MgCl2 1.3, D-glucose. Dishes were placed in a 

humidified incubator equilibrated with carbogen 95% O2/5% CO2 for two hours (32 ºC). 

Slices were then treated with either sAPPα 1 nM/10 nM, sAPPβ 10 nM, Ac-CTα16 1 nM/10 

nM, Ac-RER 10 nM, or no drug (aCSF) for 30 minutes, each treatment carried out in an 

individual well. Treatments were prepared in warm oxygenated aCSF (1 ml) which was then 

exchanged for the existing aCSF. 

  Following treatment, cell-surface proteins were labelled via membrane-impermeable 

biotinylation and precipitated through addition of NeutrAvidin beads using a previously 

optimized methodology (Mockett et al., 2019; Williams et al., 2007). Briefly, slices were 

relocated to ice-cold aCSF for 5 minutes following treatment, which was then replaced by 1 

mL ice-cold biotin solution (2.5 mg/mL; sulfo-NHS-SS-biotin, Pierce, 21331) and incubated 

on a shaker table at 60 rpm for 45 minutes. Washes with Tris-HCL (20 mM, pH 7.6) were 

carried out to quench non-attached biotin (3 x 1 min). Slices were then removed from the 

Tris-HCl solution and relocated to 1.5 mL Eppendorf tubes, snap-frozen on dry ice, and 

maintained at -80 ºC before further processing. Slice preparation and treatment was carried 

out by Dr. Bruce Mockett. 

2.3.2 Isolated Cell-surface Protein Collection  

The cell-surface protein extraction method was modified based on previously 

optimized methodology (Mockett et al., 2019; Williams et al, 2007). Cell membrane was 

disrupted via manual homogenization using a plastic piston followed by sonication in 150 µL 
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of solubilization buffer (1 mM EGTA, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 

complete protease inhibitor (Roche), 1% (v/v) TritonX-100, 0.1% (w/v) SDS) in PBS. 

Estimates of protein content were conducted via DC protein assay (BioRad). Total protein 

was adjusted to 100 µL at the lowest protein concentration of the groups in an experiment. 

The remaining sample (≥50 µL) was frozen at -80 ºC as total protein fraction. Addition of 

NeutrAvidin affixed to agarose beads (40 µL, 2 hr, 4 ºC) and centrifugation (14,000 G, 5 

min) was used to precipitate biotin-tagged proteins and allow for supernatant collection 

(intracellular protein fraction). Further centrifugation (14,000 G, 5 min) was carried out and 

supernatant discarded, the beads resuspended with 200 µL of solubilization buffer. After 

repeating centrifugation and resuspension a further two times, membrane proteins were 

released from the biotin-NeutrAvidin complex through incubation in 1% (w/v) SDS, and 100 

mM DTT (10 min, 99°C). After additional centrifugation (14,000 G, 5 min), the supernatant 

was removed and stored as cell-surface protein (membrane fraction) at -80 ºC until western 

blot analysis.  

2.3.3 Quantitative Western Blot Analysis and Imaging 

Whole-cell extracts containing 10 µg of protein were analysed via western blot. Cell 

surface protein extracts of a fixed volume (15 µL) were also analysed via western blot. 

Proteins were separated via SDS-PAGE (acrylamide/bis 9% w/v) and transferred to 

nitrocellulose membrane (GE Healthcare Life Sciences). To quantify total protein content in 

both whole-cell and cell-surface fractions, membranes were stained with REVERT 700 (5 

mL, 5 min; LI-COR BioSciences) and washed twice with REVERT 700 Wash Solution (5 

mL, 30 secs; LI-COR BioSciences).  

Membranes were then imaged using an Odyssey Classic or Odyssey FC Infrared 

Fluorescence Imaging system and ImageStudio Lite 5.2.1 software (LI-COR BioSciences) at 

700 nm. After imaging, membranes were exposed to REVERT 700 Reversal Solution (5 mL, 
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8 min; LI-COR BioSciences) to remove the protein stain. Membranes were then probed with 

antibodies recognizing GluA1 (Abcam, ab31232-100), GluN1 (Invitrogen, 32-0500), 

GluN2A (Millipore, 07-632), or Calnexin (Santa Cruz, sc-11397), which served as a marker 

for successful fractionation of protein extracts. Appropriate IgG-IRDye 680/800-conjugated 

secondary antibodies (LI-COR BioSciences, 926-68071, 926-32350) were applied and 

detected using the Odyssey Classic or Odyssey FC imager. Fluorescent images were 

quantified using Empiria Studio 1.3 (LI-COR BioSciences).  

2.3.4 Western Blot Design and Statistical Analysis 

Normalization was carried out to account for variation in protein amount due to slice 

size, slice number, and other potential contributing factors. Thus, whole-cell and cell surface 

protein extracts signal was normalised to REVERT total protein signal after background 

signal adjustment. GraphPad Prism (8.4.3) was used to test for statistically significant outliers 

using the ROUT method (Q = 1%). Data were assumed to be normally distributed (no 

normality test was carried out due to small samples). Paired t tests were used to assess the 

effect of sAPPα (1 nM), sAPPβ (10 nM), Ac-CTα16 (1 nM) and Ac-RER (10 nM) on 

receptor subunit levels compared to control. This analysis method was selected as each blot 

contained only tissue from one animal (multiple treatments). The significance level for all 

tests was p < 0.05.  

2.4.0 Hippocampal Cell Culture 

2.4.1 Hippocampal Cell Culture Preparation 

 Primary hippocampal cell cultures preparation was based on a modified version of the 

protocol outlined by Kaech and Banker (2006), further developed by Dr. Tet-Woo Lee and 

Dr. Megan Elder. All instruments used were autoclaved and all liquids filter-sterilised prior to 

use. Aseptic techniques were employed at all necessary stages to minimise contamination. 
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Culture dishes (35 mm, MatTek, NC9341562) were coated with poly-D-lysine (100 μg/ml, 

Sigma-Aldrich, 1 hr) rinsed with Milli-Q ultrapure water and left to dry in a HeraSafe™ 

2030i Biological Safety Cabinet (ThermoFisher). 

 Rat pups (male or female, postnatal day 0-1) were decapitated with sharp scissors and 

heads were immersed in ice-cold dissection media (in mM: Na2SO4 82, K2SO4 30, MgCl2 5.8, 

CaCl2 0.252, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 1, glucose 20, 

0.001% Phenolred in Milli-Q water, adjusted to pH 7.4) and relocated to a sterile laminar 

flow cabinet (TopAir, HC-H090P). 

 The skin and skull were cut along the midline and laterally to the eyes followed by 

peeling of the tissue to reveal the brain, which was removed after severing the optic tracts and 

cranial nerves. The isolated brain was transferred into fresh, cold dissection media.  

Hippocampi were isolated from the whole brain and transferred to a 15 mL Falcon® conical 

tube containing ice-cold dissection media. Hippocampi were then incubated in cysteine-

activated papain (2.64 mM L-cysteine; Sigma-Aldrich, 168149), 3% Papain (Sigma-Aldrich, 

19001-73-4) in dissection media (adjusted to pH 7.4 with NaOH), for 15 minutes at 37 ºC to 

induce extracellular matrix dissociation. Incubation was repeated with fresh solution before 

washing tissue (4 x 30 sec) with ice-cold dissection media to halt protease activity. Manual 

dissociation of cells via trituration in warm neuronal growth media (97% Neurobasal A 

media, 2% B27 supplement, 1% Glutamax-100; Life Technologies) was completed and 

remaining tissue was able to settle during incubation on ice (3 min). Supernatant was 

removed and centrifuged (70 x g, 4 ºC, 5 min) to pellet dissociated cells, which were then 

resuspended in warm neuronal growth media and counted using Trypan blue staining in a 

hemocytometer. Cells were plated at 40,000 cells per culture dish (35 mm, 14 mm diameter 

coverslip, MatTek, NC9341562) for immunocytochemistry. Dishes were relocated to a 
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Thermo Forma Steri-Cycle 370 CO2 incubator (ThermoFisher) and maintained at 37 ºC (5% 

CO2). A total of 18 dishes were prepared. 

2.4.2 Conditioned Media Production and Cell Culture Maintenance 

 Production of conditioned media was required for the maintenance of the primary 

hippocampal cultures. Neuronal cells were plated in a 75 cm2 flask coated with poly-D-lysine 

(100 μg/ml) and maintained in neuronal growth media (weekly replenishment of neuronal 

growth media). Approximately 80% of media was recovered every four days after 7 days in 

vitro (DIV 7).  For glial conditioned media, glial cells were dissociated from cortical tissue, 

resuspended, and plated in a 175 cm2 flask. Glial cells were then supported by the addition of 

minimal essential media (87%, Gibco), fetal bovine serum (10%, Gibco) and glucose (3%, 

1.1 mM). The flask was shaken after one day to loosen microglial attachments and unhealthy 

neurons. The media was then exchanged for fresh minimal essential media, and similarly 

refreshed on DIV 3, DIV 5. On DIV 7, no neurons remained (no neuronal morphology 

observed), and the media was replaced with neuronal growth media to support growth and 

proliferation of the remaining glia. Glial conditioned media was collected every four days 

from DIV 11. Harvesting of media continued until up to 40 days or until cells were visibly 

less healthy (identified via increased cell debris). Following collection, media was 

centrifuged (69.5 x g, 5 min) to pellet any debris. The supernatant was stored at -20°C prior 

to use. 

Supplementation of cell cultures with conditioned media occurred four hours and 4 

days following plating. Conditioned media consisted of neuronal growth media which 

contained additional media from both cortical neuronal and glial cultures was added. This 

provided further support to the hippocampal cultures via various secreted factors contained in 

the media. Culture preparation and maintenance was carried out by Dr. Bruce Mockett. 



  36 

 

2.4.3 Hippocampal Cell Culture Immunocytochemistry 

 Primary hippocampal cell cultures were treated with either sAPPα 1 nM, sAPPβ 10 

nM, Ac-CTα16 1 nM/10 nM, Ac-RER 10 nM or no drug (control; culture media only) for 30 

minutes at DIV21-25 (three dishes per treatment). Treatments were all prepared in warm 

(37°C) culture media. Following treatment, cells were rinsed with PBS and then fixed in 4% 

paraformaldehyde in PBS for 30 minutes. Cells were then blocked in 4% normal goat serum 

(in PBS) overnight (4°C) or for 1 hour at room temperature (RT). Cultures were then 

incubated in an N-terminal GluA1 antibody (Sigma-Aldrich, MAB2263) for 2 hours at RT, 

followed by three, 5 minute washes (PBS), and 30 minute incubation in suitable secondary 

antibody (Alexafluor 555 anti-mouse, Invitrogen, A21424), followed by three, 5 minute 

washes (PBS). Following cell-surface GluA1 targeting, cells were permeabilised with 0.5% 

Triton X-100 in PBS (15 min). Blocking was repeated and subsequent targeting of GluA1 

(Sigma-Aldrich, MAB2263), microtubule-associated protein 2 (MAP2; Synaptic Systems, 

188-004), and glial fibrillary associated protein (GFAP; Dako, Z033401-2) with relevant 

primary antibodies for 2 hours at RT was carried out. This was followed by washing, 

incubation in appropriate secondary antibodies (Alexafluor 405 anti-rabbit, Invitrogen, 

A31556; Alexafluor 488 anti-guinea pig, Invitrogen, A11073; Alexafluor 647 anti-mouse, 

Invitrogen, A21236), and a final three washes (as above). Each dish was filled with 2 mL of 

PBS for storage and prior to imaging. 

2.4.4 Confocal Microscopy 

 Treatment conditions of each dish were coded prior to imaging to reduce 

experimenter bias. Images were captured with a Nikon Eclipse Ni-E upright confocal 

microscope, C2si camera, and a 60X/1.0 NA water immersion objective (MRD07620; Nikon 

Instruments, Tokyo, Japan). All images were captured using NIS-Elements Enhanced 

Resolution 4.51 software (Nikon Instruments, Tokyo, Japan), a pinhole setting of 40 µm, 3X 
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optical zoom, and laser power that did not exceed 15%. Dendrites were selected randomly 

with the soma of each cell at or near the edge of each image. Images were acquired as 16-bit 

mode z-stacks with an x-y resolution of 512 x 512 pixels. The optical slice thickness varied 

between 0.3 and 0.8 μm to accommodate for different neuronal morphology and allow for 

maximal clarity of the cells. Pixel dwell time was 4.8 µs. During acquisition, care was taken 

to ensure minimal to no overlap with other neuronal or glia somata or processes. Only 

channels corresponding to GFAP and MAP2 immunofluorescence were visualised prior to 

image capture to reduce imaging bias associated with GluA1 immunofluorescence. 

Approximately 10-12 regions were captured per dish (excluding two dishes, where cell 

culture growth was abnormal; one each for sAPPβ 10nM and Ac-CTα16 10nM), with a target 

sample size of approximately 30 images per treatment. Images were saved as “.nd2” files. 

2.4.4 Image Processing and Analysis 

Images were deconvolved using NIS-Elements Enhanced Resolution 4.51 software 

(3D deconvolution; Nikon Instruments, Tokyo, Japan). The deconvolution method was blind, 

with 5 iterations completed. Images were processed using Fiji (ImageJ; Schindelin et al., 

2012). Each image was corrected for background signal via the rolling ball method (width: 20 

pixels). Best layer for analysis (optical slice) was selected based on clarity of MAP2 

immunofluorescence of the dendrite to be analysed. Primary dendrites of approximately 50 

μm in length, beginning approximately 5 μm from the edge of the soma and measured using 

the segmented line tool, were outlined using the polygon selection tool (see Fig. 2). For the 

purposes of this analysis, primary dendrites were defined as processes that extended directly 

from the soma. If processes extended out from the primary dendrite along the measured 

length, care was taken when outlining the area to exclude major deviations in the width 

caused by branching. Where dendrites branched before 50 μm, the selection stopped at the 

branch point. Following selection of the dendritic area, both the cell-surface and intracellular 
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channels underwent thresholding via the Otsu method (Otsu, 1979), which was selected based 

on information provided by the threshold check function of the ImageJ plugin, BioVoxxel 

Toolbox (Brocher, 2015; appendix A). This allowed for the measurement of the mean gray 

value (mean intensity) within the selected area, for both the cell-surface and intracellular 

GluA1 immunofluorescence. 

Puncta were also manually counted per dendritic segment for both cell-surface and 

intracellular GluA1 images (individually). Prior to counting, images were corrected for 

background signal via the rolling ball method (radius; 20 pixels). Puncta were defined as at 

least 3 pixels in diameter, bright relative to background, and approximately circular in shape. 

Puncta that fell within the dendritic selection area were counted in addition to those lateral to 

the selection, up to approximately half the diameter of the dendrite to account for puncta 

located in spines of the dendrite. If puncta could be localised to secondary processes (via 

MAP2 immunofluorescence), they were excluded. 
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Figure 2 

Example Images with Outlined Dendritic Selection 

(A) A representative image of MAP2 immunofluorescence layer with a segment of dendrite 

outlined for analysis. (B) The same image but viewing the intracellular GluA1 

immunofluorescence, following background subtraction and Otsu threshold application, with 

the same segment outlined. Outlines exaggerated for easier visualization. 

 

Hippocampal Culture Statistical Analysis 

GraphPad Prism (8.4.3) was used to carry out a log transformation of the data to 

increase normality. The transform formula X = Log10(X+1) was used to allow for inclusion of 

zero values. Significant outliers were identified and removed using the ROUT method (Q = 

1%). Data were tested for normality using the D’Agostino-Pearson test. Very few deviations 

from normality were detected, therefore no nonparametric tests were carried out. One-way 

analysis of variance (ANOVA) tests were carried out to assess the effect of treatment (sAPPα 

1 nM, sAPPβ 10 nM, Ac-CTα16 1 nM/10 nM and Ac-RER 10 nM) compared to control, on 

multiple measures; cell-surface and intracellular mean intensity, cell-surface and intracellular 

puncta density (puncta per area), ratio of mean cell-surface to intracellular intensity, and ratio 

of cell-surface to intracellular puncta density. Where ANOVA returned significant results, 

A B 
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Dunnett’s multiple comparisons test was carried out. If compared variances were 

significantly different from each other, the Brown-Forsythe ANOVA test was used, with 

Dunnett’s T3 multiple comparisons test following significant results. The significance level 

for all tests was p < 0.05.  

3.0 Results 

3.1.0 Western Blotting 

3.1.1 Protein Fractionation and Linear Range of Antibodies 

 Initial western blot experiments were carried out to ensure that the protein 

fractionation protocol resulted in successful isolation of cell-surface proteins. Initial imaging 

of blots showed a higher than expected amount of α-tubulin present in membrane protein 

fractions, although similar findings have previously been reported (Marcello et al., 2019). 

Calnexin, an integral endoplasmic reticulum protein, was subsequently targeted in an attempt 

to provide better evidence of successful sample fractionation. Figure 3 shows a representative 

blot that exhibits calnexin in total protein fraction samples that is significantly reduced in 

membrane protein fraction sample, providing evidence that fractionation was successful. 

Figure 3 

Calnexin in Differing Protein Fraction Samples 

A representative image of calnexin immunoreactivity in lanes that contain the total protein 

fraction sample, whilst reduced in lanes that contain the membrane protein fraction sample 

(TF = Total Fraction; MF = Membrane Fraction). Molecular weight marker in first lane, 

fractions are technical replicates; last lane contained half the total protein sample. 

 TF         TF          TF          TF           MF        MF        MF         MF         TF 
102 kDA - 

-Calnexin 
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The linear range of major antibodies was also quantified via western blot signal 

detection to ensure accurate measurement in later experiments. Figure 4 shows the 

fluorescent detection across 2 μg – 15 μg of protein loading (total fraction) for REVERT total 

protein signal (Fig. 4A), as well as GluA1 (Fig. 4B), GluN1 (Fig. 4C), and GluN2A (Fig. 4D) 

antibodies. 

 

Figure 4 

Detection of Total Protein, GluA1, GluN1 and GluN2A Fluorescent Signal across Different 

Protein Loading Amounts 

(A) REVERT. (B) GluA1. (C) GluN1. (D) GluN2A. Graphs show the range of antibody 

immunoreactivity for different protein loads (western blot). Regression lines show that 

antibody sensitivity is linear across 2-15µg of protein. (>94% accuracy). AU = arbitrary units 

(fluorescent intensity). Each antibody was tested across the same four wells of one blot, one 

biological sample. 
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 B                      
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 D                      
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3.1.2 Protein Treatment Effects 

 Investigation of treatment effects of sAPPα and the protein fragments on GluA1, 

GluN1, and GluN2A subunit levels was completed. Each blot contained 4-5 treatment groups 

from one animal (no replicates). Total protein fractions and membrane protein fractions were 

not included in the same blots. Initial experiments probed blots with GluA1, GluN1 and 

GluN2A antibodies simultaneously (representative blot, Fig. 5).  

Figure 5 

Representative Blot Showing GluA1, GluN1 and GluN2A Bands 

A representative image of GluA1, GluN1 and GluN2A immunoreactivity in all lanes containing 

membrane fraction samples (first lane contains molecular weight marker, followed by 

membrane fraction samples of different treatments) 

  

102 kDA - 

76 kDA - 

225 kDA - 

150 kDA - 

-GluN2A 

-GluN1 
-GluA1 
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Total GluA1. Paired t-tests were completed comparing the fold change of GluA1 in 

treated total protein samples relative to control total protein sample (normalised to REVERT 

total protein signal). No significant differences were found for any treatment (sAPPα 1 nM; 

1.05 ± 0.12, n = 11; t(10) = 0.44, p = 0.67; sAPPα 10 nM; 0.93 ± 0.07, n = 5; t(4) = 1.05, p = 

0.35; sAPPβ 10 nM; 0.92 ± 0.13, n = 9; t(8) = 0.62, p = 0.55; CTα16 1 nM; 0.91 ± 0.08, n = 

11; t(10) = 1.14, p = 0.28; CTα16 10 nM; 1.00 ± 0.10, n = 11; t(10) = 0.01, p = 0.99; RER 10 

nM ; 0.88 ± 0.08, n = 6; t(5) = 1.46, p = 0.20; Fig. 6). 

Figure 6 

Fold Change in Total GluA1 by Treatment 

Data are presented as mean ± SEM.  Paired t-test, compared to control (no treatment = 1.0), 

revealed no significant differences compared to control  
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Total GluN1. Paired t-tests were completed comparing the fold change of GluN1 in 

treated total protein samples relative to control total protein sample (normalised to REVERT 

total protein signal). A significant decrease was found for the sAPPβ 10 nM group (0.66 ± 

0.12, n = 10; t(9) = 2.83, p = 0.02). No other significant differences were found (sAPPα 1 nM; 

1.01 ± 0.08, n = 12; t(11) = 0.09, p = 0.93; sAPPα 10 nM; 0.87 ± 0.18, n = 6; t(5) = 0.73, p = 

0.50; CTα16 1 nM; 0.77 ± 0.11, n = 12; t(11) = 2.16, p = 0.05; CTα16 10 nM; 0.74 ± 0.10, n = 

12; ; t(11) = 0.96, p = 0.36; RER 10 nM; 0.78 ± 0.30, n = 6; t(5) = 0.75, p = 0.49; Fig. 7). 

Figure 7 

Fold Change in Total GluN1 by Treatment 

Data are presented as mean ± SEM. Paired t-test, compared to control (no treatment = 1.0), 

*p < 0.05 

  

* 
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Total GluN2A. Paired t-tests were completed comparing the fold change of GluN2A 

in treated total protein samples relative to control total protein sample (normalised to 

REVERT total protein signal). No significant differences were found for any treatment 

(sAPPα 1 nM; 1.15 ± 0.21, n = 12 ; t(11) = 0.73, p = 0.48; sAPPα 10 nM; 0.84 ± 0.13, n = 6; 

t(5) = 1.16, p = 0.30; sAPPβ 10 nM ; 0.92 ± 0.08, n = 9; t(8) = 0.99, p = 0.35; CTα16 1 nM; 

0.89 ± 0.12, n = 12; t(11) = 0.94, p = 0.37; CTα16 10 nM; 0.95 ± 0.17, n = 12; t(11) = 0.30, p = 

0.77; RER 10 nM; 0.77 ± 0.14, n = 6; t(5) = 1.72, p = 0.15; Fig. 8). 

Figure 8 

Fold Change in Total GluN2A by Treatment 

Data are presented as mean ± SEM. Paired t-test, compared to control (no treatment = 1.0), 

revealed no significant differences compared to control   
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Membrane GluA1. Paired t-tests were completed comparing the fold change of 

GluA1 in treated membrane protein samples relative to control membrane protein sample 

(normalised to REVERT total protein signal). No significant differences were found for any 

treatment (sAPPα 1 nM; 1.18 ± 0.19, n = 12; t(11) = 0.97, p = 0.35; sAPPα 10 nM; 1.03 ± 

0.16, n = 6; t(5) = 0.18, p = 0.87; sAPPβ 10 nM; 0.95 ± 0.14, n = 10; t(9) = 0.34, p = 0.74; 

CTα16 1 nM; 0.82 ± 0.13, n = 11; ; t(10) = 1.39, p = 0.19; CTα16 10 nM; 1.08 ± 0.15, n = 11; 

t(10) = 0.57, p = 0.58; RER 10 nM; 0.93 ± 0.26, n = 6; t(5) = 0.28, p = 0.79; Fig. 9). 

Figure 9 

Fold Change in Membrane GluA1 by Treatment 

Data are presented as mean ± SEM. Paired t-test, compared to control (no treatment = 1.0), 

revealed no significant differences compared to control   
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Membrane GluN1. Paired t-tests were completed comparing the fold change of 

GluN1 in treated membrane protein samples relative to control membrane protein sample 

(normalised to REVERT total protein signal). No significant differences were found for any 

treatment (sAPPα 1 nM; 1.02 ± 0.09, n = 12; t(11) = 0.19, p = 0.85; sAPPα 10 nM ; 1.00 ± 

0.10, n = 6; t(5) = 0.01, p = 0.99; sAPPβ 10 nM;  0.83 ± 0.09, n = 10; t(9) = 1.99, p = 0.08; 

CTα16 1 nM; 0.86 ± 0.11, n = 12; t(11) = 1.31, p = 0.22; CTα16 10 nM; 1.04 ± 0.10, n = 12; 

t(11) = 0.42, p = 0.68; RER 10 nM; 0.75 ± 0.14, n = 6; t(5) = 1.82, p = 0.13; Fig. 10). 

Figure 10 

Fold Change in Membrane GluN1 by Treatment 

Data are presented as mean ± SEM. Paired t-test, compared to control (no treatment = 1.0), 

revealed no significant differences compared to control   
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Membrane GluN2A. Paired t-tests were completed comparing the fold change of 

GluN2A in treated membrane protein samples relative to control membrane protein sample 

(normalised to REVERT total protein signal). A significant decrease was found for the 

sAPPα 10 nM treated group (0.71 ± 0.07, n = 5; t(4) = 4.25, p = 0.0132). No other significant 

differences were found (sAPPα 1 nM; 0.98 ± 0.10, n = 11; t(10) = 0.18, p = 0.86; sAPPβ 10 

nM; 0.89 ± 0.11, n = 9; t(8) = 1.77, p = 0.12; CTα16 1 nM; 0.78 ± 0.11, n = 11; t(10) = 1.93, p 

= 0.08; CTα16 10 nM; 1.02 ± 0.13, n = 11; t(10) = 0.19, p = 0.86; RER 10 nM; 0.96 ± 0.16, n 

= 6; t(5) = 0.24, p = 0.82; Fig. 11). 

Figure 11 

Fold Change in Membrane GluN2A by Treatment 

Data are presented as mean ± SEM. Paired t-test, compared to control (no treatment = 1.0), 

*p < 0.05  

* 
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 Given the few significant differences observed in these initial experiments, follow up 

western blotting was completed that assessed GluA1 (and α-tubulin) in the absence of 

NMDA receptor antibodies, in case there were antibody interactions that compromised 

GluA1 antibody binding and subsequent signal. GluA1 was selected as levels of this subunit 

were previously shown to change as a result of sAPPα treatment (Mockett et al., 2019). 

Replicate membrane fraction samples from the same animals as previous experiments were 

used, with 8 samples included in each blot, comprised of tissue taken from two animals. Only 

sAPPα 1 nM, CTα16 1nM, and CTα16 10 nM treatment groups were investigated further. 

The results of these follow-up experiments are presented in Figure 12. 

Membrane GluA1 (replication). Paired t-tests comparing the fold change of GluA1 

in treated membrane protein samples relative to control membrane protein sample 

(normalised to REVERT total protein signal) were completed in the presence of only α-

tubulin antibody. No significant differences were found for any treatment (sAPPα 1 nM; 1.03 

± 0.11, n = 10; t(9) = 0.27, p = 0.80; CTα16 1 nM; 1.01 ± 0.14, n = 10; t(9) = 0.04, p = 0.97; 

CTα16 10 nM; 1.20 ± 0.15, n = 10; t(9) = 1.34, p = 0.21; Fig. 12). 
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Figure 12 

Fold Change in GluA1 (replication) by Treatment  

Data are presented as mean ± SEM. Paired t-test, compared to control (no treatment = 1.0), 

no significant differences compared to control  

 

3.2.0 Hippocampal Primary Cultures 

 Visualization of both cell-surface and intracellular GluA1 was completed via primary 

hippocampal culture as an alternative means to western blot of assessing changes in 

glutamate receptor trafficking. Figure 13 provides some illustrative examples of the images 

acquired. Mean intensity (mean gray value) and number of puncta were measured within (and 

lateral to; puncta only) a selection of primary dendrite that did not exceed 50 µm. When 

intracellular and cell-surface puncta overlapped (magenta; Fig. 13), the puncta were counted 

as cell-surface and intracellular, one count for each. These overlapping puncta likely indicate 

overlapping cell-surface and intracellular GluA1 on the surface and within spines which is 

detected during imaging due to resolution limits. 
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Figure 13 

Representative Composite Images from Each Treatment Group 

(A) Control. Inset is increased magnification for better visualization. (B) sAPPα 1 nM. (C) 

sAPPβ 10 nM. (D) CTα16 1 nM. (E) CTα16 10 nM. (F) RER 10 nM.  Green = MAP2, blue = 

cell-surface GluA1, red = intracellular GluA1, magenta = cell-surface/intracellular GluA1 

overlap (all background subtracted). GFAP excluded.   
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3.2.1 Image Deconvolution 

 Deconvolution was carried out on all images to reduce blur and enhance 

immunofluorescence from the true source (blind method, 5 iterations; Fig. 14). 

Figure 14 

Representative Original and Deconvoluted Composite Images 

d 

(A/C) Original image. (B/D) Deconvoluted image. Deconvoluted images exhibit a better 

signal to noise ratio. C/D have MAP2 removed for greater GluA1 visualization. Green = 

MAP2, blue = cell-surface GluA1, red = intracellular GluA1, magenta = cell-

surface/intracellular GluA1 overlap (all background subtracted). GFAP excluded. 

  

A B 
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3.2.2 Protein Treatment Effects 

Mean gray values (cell-surface/intracellular; mean intensity), and number of cell-

surface and intracellular puncta associated with GluA1 subunits were measured for each 

image. The cell-surface and intracellular puncta densities, ratio of cell-surface to intracellular 

puncta densities and ratio of mean cell-surface intensity to mean intracellular intensity were 

calculated based on these values (following log transformation). 

Mean Cell-surface Intensity. A one-way ANOVA to assess changes in the mean 

cell-surface intensity across all treatments compared to control revealed a significant overall 

treatment effect; F(5, 139) = 4.19, p = 0.001. Post-hoc analyses using Dunnett’s multiple 

comparisons test revealed that the mean cell-surface intensity was significantly greater for the 

RER 10 nM treatment condition than the control treatment condition (Control; 1.18 ± 0.05, n 

= 26; RER 10 nM; 1.48 ± 0.06, n = 26; p = 0.01; Fig. 15). No other significant differences 

between treatment and control were found. 

Mean Intracellular Intensity. The assumption of homogeneity of variances was 

violated, and so the Brown-Forsyth ANOVA test was carried out to assess changes in the 

mean intracellular intensity across all treatments compared to control. This revealed a 

significant overall treatment effect; F(5, 125.5) = 6.50, p < 0.001. Post-hoc analyses using 

Dunnett’s T3 multiple comparisons test revealed that the mean intracellular intensity was 

significantly higher for the RER 10 nM treatment condition than the control treatment 

condition (Control; 1.90 ± 0.03, n = 26; RER 10 nM; 2.06 ± 0.02, n = 26; p < 0.001; Fig. 15). 

No other significant differences between treatment and control were found. 
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Figure 15 

Mean Cell-surface and Intracellular Intensities by Treatment 

(A) Mean cell-surface intensity. (B) Mean intracellular intensity. Data are presented as mean 

± SEM. Each individual point is a value from one image. Dunnett’s post-hoc test, **p < 0.01, 

***p < 0.001 

Mean Cell-surface Puncta Density. A one-way ANOVA to assess changes in the 

mean cell-surface puncta density across all treatments compared to control revealed a 

significant overall treatment effect; F(5, 139) = 13.87, p < 0.001. Post-hoc analyses using 

Dunnett’s multiple comparisons test revealed that the mean cell-surface puncta was 

significantly higher for the RER 10 nM treatment condition than the control treatment 

condition (Control; 0.05 ± 0. 006, n = 26; RER 10 nM; 0.10 ± 0.008, n = 26; p < 0.001; Fig. 

16). No other significant differences between treatment and control were found. 

Mean Intracellular Puncta Density. A one-way ANOVA was conducted to assess 

changes in the mean intracellular puncta density across all treatments compared to control. 

No significant difference was found; F(5, 139) = 0.41, p = 0.84 (Fig. 16).  
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Figure 16 

Mean Cell-surface and Intracellular Puncta Density by Treatment 

(A) Mean cell-surface puncta density. (B) Mean intracellular puncta density. Data are 

presented as mean ± SEM. Each individual point is a value from one image. Dunnett’s post-

hoc test, ***p < 0.001 

 

Ratio of Cell-surface/Intracellular Mean Intensity. A one-way ANOVA to assess 

changes in the ratio of cell-surface to intracellular intensity across all treatments compared to 

control revealed a significant overall treatment effect; F(5, 139) = 2.62, p = 0.027. However, 

post-hoc analyses using Dunnett’s multiple comparisons test revealed no significant 

differences when comparing individual treatments to the control treatment condition (Fig. 

17). 

Ratio of Cell-surface/Intracellular Puncta Density. A one-way ANOVA was 

conducted to assess changes in the ratio of cell-surface to intracellular puncta densities across 

all treatments compared to control. No significant difference was found; F(5, 139) = 0.64, p = 

0.67; Fig. 17).  

 

 A                   B  
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Figure 17 

Ratios of Cell-surface to Intracellular Intensity and Puncta Density by Treatment 

(A) Ratio of cell-surface to intracellular intensity. (B) Ratio of cell-surface to intracellular 

puncta density. Data are presented as mean ± SEM. Each individual point is a value from one 

image. No significant differences compared to control. 

 

4.0 Discussion 

4.1 Findings 

In the current study, quantitative western blots and hippocampal cell culture imaging 

techniques were used to assess the treatment effects of the proteins sAPPα, sAPPβ, Ac-CTα16 

and Ac-RER on the expression of glutamate receptor subunits GluA1, GluN1 and GluN2A. 

Results from western blot experiments regarding the cell-surface fraction revealed no changes 

in glutamate subunit levels as a result of sAPPα (1 nM), sAPPβ, Ac-CTα16 (1/10 nM), or Ac-

RER treatment, although treatment with the high concentration of sAPPα (10 nM) caused a 

significant reduction in the expression of surface GluN2A subunits. Total protein analysis also 

revealed no treatment effects across sAPPα (1/10 nM), Ac-CTα16 (1/10 nM), or Ac-RER, 

 A  B 
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whilst sAPPβ treatment caused a significant reduction in the total amount of the GluN1 

subunits.  

The reduction in membrane surface GluN2A subunits following sAPPα treatment (10 

nM) is a novel finding. A lower concentration of sAPPα (1 nM) showed no effect on GluN2A 

subunits levels in prior work (Mockett et al., 2019), which was further corroborated by the 

current study. Evidence would suggest that sAPPα may exert its effects maximally at 

approximately 1 nM (Livingstone et al., 2019; Mockett et al., 2019; Taylor et al., 2008), and it 

does not necessarily come as a surprise that a larger concentration of sAPPα may induce a 

reduction in the GluN2A subunit, particularly if this treatment is detrimental to cellular health 

or signalling. This reduction may in turn be reflective of wider cellular changes. GluN2B 

subunits were not investigated in the current experiments, as early efforts to detect GluN2B via 

western blot were unsuccessful. The reduction in GluN2A subunits in the current study could 

be a compensatory reduction to an increase in GluN2B subunits, which have been shown to 

increase after treatment with sAPPα at 1 nM (Mockett et al., 2019), and may increase further 

at higher treatment concentrations. Although GluN1, GluN2A, and GluN2B often form 

heterodimers in the hippocampus (Shipton & Paulsen, 2014), endocytosis and associated 

intracellular processing of GluN2 subunits is independent (Lavezzari et al., 2004), which 

further complicates interpretation of the observed reduction in GluN2A. Furthermore, the 

threshold for LTP is at least in part influenced by the ratio of GluN2A/GluN2B, with a larger 

amount of GluN2B indicative of metaplastic change favouring LTP (Xu et al., 2009). Without 

information regarding GluN2B in the current experiment, it is hard to deduce whether the 

reduction in GluN2A was associated with a lower GluN2A/GluN2B ratio, or rather a general 

reduction in both subunits. Although, in the latter case, we would also expect accompanying 

reduction in GluN1 due to the nature of NMDA receptor composition (Shipton & Paulsen, 

2014), which was not seen here.  
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The reduction in total GluN1 subunits observed in the sAPPβ treatment group has also 

not been previously reported. Research has indicted that this β-secretase product of APP is 

substantially weaker or completely ineffective in facilitating LTP relative to sAPPα (reviewed 

by Mockett et al., 2017). Therefore, sAPPβ was included as a negative control in the current 

study as it was predicted that no changes in subunit levels would be incurred at the 10 nM 

concentration. As the observed reduction did not generalise to the other glutamate subunits, it 

would appear that sAPPβ inhibits or reduces the production of GluN1 subunits without 

generally reducing glutamate associated proteins. A specific mechanism in which this could 

occur is unclear, especially considering changes in GluN2A were not found. Alternatively, the 

reductions may be specific to GluN1 subunits that have not been incorporated into receptor 

complexes. Further, a reduction in total GluN1 could help to explain previous reports 

highlighting the lack of effect sAPPβ has on LTP relative to sAPPα (Hick et al., 2015; Taylor 

et al., 2008), particularly if this reduction masks any changes that would enhance LTP. In 

addition, sAPPβ (or a product of further processing) has been shown to bind death receptor 6 

and cause cell death (Nikolaev et al., 2009), an action which may have been initiated to some 

extent during the treatment of slices. However, this effect has only been observed in the absence 

of trophic factors during the development of motor neurons in vitro, therefore large variations 

in cell age and type, in addition to relatively short treatment time in the current study, renders 

this explanation unlikely. 

Perhaps the most surprising finding from the current experiment was the lack of 

treatment effect elicited by 1 nM sAPPα. Previous work by Mockett et al. (2019) highlighted 

that sAPPα (1 nM) facilitates LTP in a trafficking and protein synthesis-dependent manner. 

This facilitation coincided with increases in surface levels of both GluA1 and GluN1 subunits. 

FUNCAT-PLA analysis indicated that sAPPα increased overall protein synthesis as well as 

specific GluA1 synthesis in primary hippocampal culture (Mockett et al., 2019). Indeed, if total 
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protein increases were sufficiently large, relative increases in GluA1 synthesis would prove 

hard to detect with the current methodology. However, this finding followed a treatment of two 

hours, a much longer treatment time than the 30 minutes in the current study. Livingstone et 

al. (2019) also found that sAPPα increased de novo Arc protein synthesis following two hour 

treatment, and an increase in Arc mRNA at 60 and 120 minutes of treatment, but not 30 

minutes, further emphasising the importance of treatment time, which may be a significant 

contributor to the lack of effects in the current study. Despite this, the findings of the current 

experiment remain inconsistent with previous work, as no surface increases in GluA1 or GluN1 

were detected following sAPPα treatment, despite previous detection in slices following the 

same treatment time (30 min; Mockett et al., 2019). The acquisition of cell-surface proteins 

was also confirmed in the current study via western blot probing of calnexin, therefore, specific 

technical issues related to protein fractionation are unlikely to be a cause for concern. 

Prior evidence that α-secretase inhibition is detrimental to LTP (Taylor et al., 2008) 

would suggest that endogenous sAPPα plays a role in LTP mechanisms, potentially through 

modulation of calcium influx via α7-nACh receptor action (Richter et al., 2018). If sufficiently 

high release of endogenous sAPPα was occurring basally across all groups, any effects incurred 

via exogenous application of treatment proteins may have been occluded, thus resulting in no 

measurable change in subunit levels. Although the results of Mockett et al. (2019) would 

suggest that this is unlikely to be the case, potential increases in endogenous sAPPα levels via 

unknown mechanisms may have contributed to the lack of sAPPα treatment effect observed in 

the current study. Although CTα16 and RER were recently shown to replicate the LTP-

enhancing effects of sAPPα (Morrissey et al., 2019a; 2019b) and changes in surface levels of 

GluA1 and/or GluN1 were predicted to increase based on the notion that the LTP-related 

effects of CTα16 and RER likely relied similarly on trafficking of these subunits, these effects 
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may have also be negatively impacted by abnormal or altered concentrations of endogenous 

sAPPα.  

It is important to mention that a crucial difference in methodology between the current 

study and that of Mockett et al. (2019) was the type of tissue analysed. Mockett and colleagues 

(2019) used mini-slices containing only area CA1 in their western blot experiments, which 

completely excluded the other areas of the hippocampus.  In contrast, whole hippocampal slices 

were used in the current experiments, which included CA1-CA3 and the dentate gyrus. CA1 

mini-slices were also used when investigating de novo protein synthesis following CTα16 and 

RER treatment (Morrissey et al., 2019a; 2019b). However, subunit specific differences can be 

found across cells in the hippocampus, such as variation in expression of GluN1 and GluN2A 

(Liu et al., 2008). Moreover, other regional differences (of which there are many; Datson et al., 

2004; Farris et al., 2019; Nicoll & Schmitz, 2005; Simons et al., 2009) may also lead to altered 

treatment responses across different areas of hippocampal tissue. The previously identified 

changes to receptor subunit levels and LTP changes in CA1 following sAPPα treatment may 

indeed be present in the current experiments, however, the inclusion of tissue from the greater 

hippocampus may have made these changes difficult to detect with quantitative western blot. 

Also of note, the slice tissue used was acquired from animals ranging from 8-12 weeks of age, 

unlike Mockett et al. (2019), who used animals aged 6-8 weeks old (see also; Morrissey et al., 

2019a; 2019b). Previous reports have indicated that age can influence the effect of sAPPα on 

LTP, with young animals (5 months old) displaying LTP deficits and older animals (24 months 

old) exhibiting LTP facilitation following sAPPα (10 nM) treatment (Xiong et al., 2007). 

Additionally, cell age has previously been associated with down-regulation and alterations in 

APP processing (Kern et al., 2005). Thus, changes in processing and subsequent levels of 

endogenous amyloid processing products may contribute to differences across animal age and 

further complicate optimal concentrations of exogenous sAPPα needed to achieve plasticity 
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related changes. Although it is hard to determine with any certainty the true influence of animal 

age on LTP and associated cellular changes, particularly between a relatively small difference 

(6-8 weeks versus 8-12 weeks), the effects of age in addition to regional differences should be 

considered as potentially key points of variation between the current study and Mockett et al. 

(2019), and all future work investigating the effects of sAPPα and associated peptide fragments 

should be mindful that changes may be age and region specific. 

Following the lack of expected increases of GluA1 and GluN1 subunits in western blot 

experiments, further probing of GluA1 was completed using primary hippocampal cultures. 

Imaging of hippocampal cell cultures revealed no differences in puncta density or intensity 

measures for sAPPα, sAPPβ or Ac-CTα16 treatments. In contrast, Ac-RER treatment increased 

cell-surface puncta density, but not intracellular puncta density, and increased cell-surface and 

intracellular puncta intensities. These findings support the hypothesis that RER treatment 

would increase the level of cell-surface GluA1, but still failed to provide evidence that CTα16 

(and sAPPα) increase cell-surface GluA1.  

Changes in subunit levels following RER treatment had not been previously 

investigated, though recent work did highlight the ability of RER to enhance LTP in 

hippocampal slices (Morrissey et al., 2019a). While the current findings pertain to hippocampal 

cultures, the apparent change in levels of GluA1 may reflect an underlying mechanism for the 

previously identified LTP enhancement in slices. Further, these data may be reflective of the 

similar finding that sAPPα treatment induces trafficking of GluA1 to the cell surface (or 

reduces internalisation), in addition to de novo protein synthesis that includes GluA1 (Mockett 

et al., 2019), and may highlight a similar underlying mechanism. The lack of change in the 

ratios of cell-surface to intracellular measures also implies that although RER treatment caused 

a higher level of surface GluA1 expression, this increase was accompanied by a significant 
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increase in internal GluA1 also, implying not only increases in trafficking (or reduced in 

internalisation), but also increased protein synthesis. 

It is interesting that both intracellular and cell-surface GluA1 intensity increased 

following RER treatment but puncta density only increased on the cell-surface. This could be 

attributed to the threshold method used, which did exhibit a greater tendency to overestimate 

true intracellular fluorescence intensity in our images when compared to cell-surface 

fluorescence (see appendix A). However, this could also signify that there is indeed an increase 

in both cell-surface and intracellular levels of GluA1, but the capture of the intracellular change 

is only obtained via intensity due to the difference in subunit distribution. Immunofluorescence 

corresponding to intracellular GluA1 included a diffuse signal along the dendrite, which was 

mostly absent in the cell-surface immunofluorescence. Under basal conditions, newly 

synthesised GluA1-containing-AMPA receptors leave from the somatic Golgi apparatus via 

vesicles and travel bidirectionally along dendrites (Hangen et al., 2018). These vesicles do not 

appear to aggregate, although they do remain still for a third of the time, potentially to allow 

for AMPA receptor release. Indeed, if RER treatment did induce GluA1 synthesis and 

trafficking, this could account for the lack of change in intracellular puncta, as it is less likely 

that the intracellular subunits cluster (relative to their total distribution) in a way that would 

allow for their signal to meet the inclusion criteria for puncta. Larger numbers of GluA1 

subunits localised to spines but not expressed on the surface of the cell would be more likely 

to present as puncta, whilst GluA1 being transported along the dendrite would not. The current 

findings would therefore highlight a co-occurring increase in receptor trafficking or reduction 

in endocytosis (increase in cell-surface intensity/puncta) and increase in GluA1 synthesis 

(increase in intracellular intensity). 

Consideration should be given to the potential reasons why changes in GluA1 were also 

not observed in hippocampal cultures following sAPPα and CTα16 treatment. Unlike previous 
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experiments concerning treatment effects on LTP at CA1 pyramidal cell synapses, we were 

unable to determine specific neuronal cell types captured in the hippocampal cultures. 

Regulation of AMPA subunits is cell-type and regionally specific within the hippocampus 

(identified in slices), with pyramidal cells and interneurons (CA1) exhibiting dendritic 

synthesis, whilst granule cells, which were also present in the current culture preparations, 

exhibit mainly somatic translation (Cox & Racca, 2013). However, in hippocampal cultures, 

pyramidal neurons appear to greatly express glutamate subunits within spines, unlike 

GABAergic interneurons (Craig et al., 1993). Thus, some lack of glutamate change observed 

across treatment groups may be due to selection differences in neuronal type, rather than a true 

lack of treatment effect, although this is unlikely to have had a significant effect as cell types 

should be balanced across treatment groups. As explained, previous work investigating the 

protein fragments CTα16 and RER has observed increases in LTP in the CA1 region of the 

hippocampus (Morrissey et al., 2019a; 2019b). It is likely the case that important changes in 

trafficking (RER) and/or protein synthesis (CTα16 and RER) are incurred via their action on 

neurons, however, consideration of cell specific changes may be crucial for realising a 

treatment effect, particularly when these changes may be localised to specific cellular 

compartments (Craig et al., 1993; Cox & Racca, 2013). Indeed, CA1 mini-slices contain all 

cell types mentioned, and the increases in glutamate trafficking found within this tissue 

(Mockett et al., 2019) makes the current lack of findings within whole hippocampal slices hard 

to reconcile, unless treatment effects are exclusive to CA1 and are masked by inclusion of total 

hippocampus as mentioned above. Additionally, CTα16 (or sAPPα) effects may be exclusive 

to CA1 neurons, or significantly reduced in strength for neurons in other regions. Any reduction 

in cell sensitivity to CTα16 based on cell origin or type could account for the apparent lack of 

effect on GluA1 levels as seen in culture and western blot analysis. 
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Peters-Libeu et al. (2015) have highlighted significant conformational differences 

between sAPPα and sAPPβ, which may explain the lack sAPPβ effectiveness relative to sAPPα 

in previous research. Morrissey et al. (2019a) found that changing the RER sequence within 

the E2 domain of sAPPα to AAA rendered the protein ineffective at enhancing LTP. These 

findings, in addition to previous evidence showing the effectiveness of CTα16 (Morrissey et 

al., 2019b) and the current study, indicate that the mechanisms of action for sAPPα/CTα16 and 

RER are independent of each other. Further, if changes to LTP and receptor subunit levels 

associated with sAPPα and CTα16 action are specifically mediated by modulation of α7-nACh 

receptors (Lawrence et al., 2014; Richter et al., 2018; Morrissey et al., 2019b), a significant 

reduction or lack of these receptors in the current experimental tissue or hippocampal cultures 

could explain the lack of effect observed following treatment with sAPPα and CTα16 whilst 

still accounting for RER induced changes. Prior work has identified that RER interaction with 

CRMP2 is necessary for the memory rescue in chicks (Mileusnic & Rose, 2011), which may 

provide an alternative or additional pathway for sAPPα and RER to exert LTP-enhancing 

effects. The fact that RER utilises at least one independent pathway to CTα16 may help to 

further explain the different treatment effects observed in the current study. 

4.2 Limitations 

 The findings of this study should be considered in light of some limitations. Firstly, the 

data from the western blot experiments in the current study were more variable than predicted, 

with treatments producing bidirectional data values (greater and lesser than control). After 

acquiring the initial data (n ≤ 12) with the associated variance, it was discovered that much 

larger samples sizes were likely required to identify treatment effects, if any were to be found. 

Due to time constraints, western blot experiments were not continued. If future western blot 

experiments were to be carried out, consideration of minimum sample size should be 

completed, and further exploration into alternative methods or extensive optimization of the 
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current methods should be performed to minimise variation from all sources. This is 

particularly important as small variations within the western blot methodology can have large 

effects on the resulting membrane band signal. 

Some consideration should also be given to the image analysis methodology. First, due 

to the nature of imaging across three dimensions, it is difficult to account for fluorescence (or 

puncta) across a z stack in a precise way, therefore, the current method targeted the layer of 

highest clarity with regard to the dendrite. However, analysis of GluA1 based on multiple 

layers would likely provide more accurate results, especially considering that both cell-surface 

and intracellular GluA1 is often localised to spines, which are not easily identified based on 

the neuron marker MAP2. Additionally, selection criteria for puncta during analysis, and what 

constitutes a meaningful physiological change in GluA1 when measured by changes in puncta 

size, intensity, or other factor, is unclear. Although it is likely that mean immunofluorescence 

per puncta area would be a more precise measure, time and technological automation 

constraints were a limiting factor in further development of specific puncta analysis in the 

current study. Future optimization of strategies that enable precise measurement of multiple 

changes relating to subunit expression would greatly improve the data and their interpretation. 

Furthermore, although attempts were made to capture images of dendrites with minimal bias, 

it cannot be confirmed whether neuron types included in analysis were balanced across all 

treatment groups due to the lack of specific morphological distinction and physiological 

differences identified by neuron sub-type markers. Future work with hippocampal cultures 

should look to differentiate between cells in some way to further parse out whether changes 

are specific to particular neuronal (or glial) sub-types. 

Following the treatment and fixing of hippocampal cell cultures, the density and spread 

of cells in two dishes (sAPPβ 10 nM and CTα16 10 nM treated) were found to be significantly 

reduced. These dishes were unable to be imaged and were excluded. Moreover, imaging 
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revealed a number of GluA1-positive, MAP2-negative, bleb-like structures, presumably 

apoptotic or necrotic cells undergoing lysis, across multiple dishes. Subsequent investigation 

within the lab found that the incubator used to maintain the culture dishes during the growth 

period did not maintain a steady level of CO2. Use of phenol red indicator showed that the pH 

of the culture media often drifted towards acidic, implying an elevation of CO2 that could not 

be equilibrated by the amount of buffer present. The potential impact of elevated CO2 in the 

cultured cells is unclear in the present experiment, although it is likely that any acidosis will 

have induced at least some cell death (Ding et al., 2000). This may have led to the state of the 

two excluded dishes, whilst influencing the properties of the cells in the other dishes. Indeed, 

the loss of cells may have created a bias for specific surviving cells, which may have further 

complicated data collection and interpretation. Rat hippocampal slices have been shown to 

have reduced population spikes in hypercapnic conditions (Balestrino & Somjen, 1988), and 

similar alteration to underlying cellular properties in cultured cells may explain lack of some 

treatment effects in the cell culture experiments. This may be particularly important if treatment 

effects rely on metaplastic state changes, which may be saturated or unable to be induced due 

to previous influence of hypercapnia or associated acidosis. In future work, careful preservation 

of cell culture should be maintained to ensure cellular stability and culture health.  

Finally, it is worth reiterating the importance of concentration and duration with regard 

to treatment. The time constraints of the current project did not allow for optimization of these 

factors, thus experiments drew upon previous research. Western blot parameters were based 

upon previous work from the lab (Mockett et al., 2019; Morrissey et al., 2019a, 2019b) that 

previously demonstrated significant treatment effects. The literature concerning optimal 

treatment of hippocampal cultures is however less extensive. Previous work with rat 

hippocampal cultures has shown that sAPPα effects are detected following pretreatment within 

2-10 nM, although the treatment time (24 hr) was much longer than the current experiments 
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(Mattson, 1994). Although 30 minutes of treatment was expected to cause a change in cell-

surface glutamate subunits within hippocampal slices, it was relatively unknown whether the 

treatment of hippocampal cultures for the same amount of time would be similarly effective. 

Contrasting with slice treatment, recent work by Livingstone et al. (2019) highlighted that 

increases in Arc mRNA and protein within hippocampal neurons were only observed following 

sAPPα (1 nM) treatment for 60 minutes and 120 minutes, respectively. If changes in surface 

levels of glutamate subunits are indeed dependent on trafficking and protein synthesis (Mockett 

et al., 2019), these findings suggest that treatment for 30 minutes may be too short to observe 

a significant increase in surface GluA1 in hippocampal cultures. Although the current results 

suggest that this may differ for RER, future work should look to elucidate how treatment time 

and concentration specifically influence glutamate subunits levels in hippocampal cultures, and 

extend this investigation to CTα16 and RER. 

4.3 Future Directions 

 The current study failed to replicate previous findings associated with sAPPα treatment 

and found no treatment effects of CTα16 but did provide evidence for a novel treatment effect 

of RER. With the present findings albeit with methodological considerations and limitations in 

mind, many questions remain that warrant further investigation.  

Firstly, research should continue to address the potential effects that CTα16 may have 

on plasticity mechanisms. Prior investigation has indicated that this C-terminal fragment of 

sAPPα can mimic some of the parent protein effects, with definitive and comparable effects to 

sAPPα on LTP and protein synthesis in rat CA1 mini-slices (Morrissey et al., 2019b). 

Additional research should look to identify the underlying changes and cellular processes that 

could facilitate such changes. Although no GluA1, GluN1 or GluN2A-specific increases could 

be identified in the current study, levels of these proteins or other glutamate receptor subunits 

may change under different conditions because of CTα16 application. In addition, the 
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seemingly trafficking- and protein synthesis-dependent effects of the peptide on LTP should 

be further analysed if findings were to support a role for glutamate receptor change induced by 

the peptide. It may also be the case that other changes in receptor functioning such as those 

incurred by post-translational modification may contribute to the change in LTP. Further 

analysis should be carried out regarding potential peptide effects on phosphorylation states of 

plasticity related proteins, especially those involved in LTP expression, GluA1, GluN1 and 

GluN2B. Similar effects to sAPPα may be detected, such as greater phosphorylation of GluA1 

serine-831 (Mockett et al., 2019), and further comparison of specific changes may highlight 

differences in the peptide mechanism(s) of action relative to sAPPα. 

Building on the previous findings concerning the effect of RER on memory and LTP 

(Mileusnic et al., 2004, Mileusnic & Rose, 2011; Morrissey et al., 2019a), the current findings 

expand the knowledge base surrounding this unique peptide, with an increase in cell-surface 

(and intracellular) levels of GluA1 further exemplifying RER’s plasticity-related effects. 

Future research may look to investigate whether other glutamate subunits implicated in LTP 

changes (GluN1 and GluN2B; Mockett et al., 2019) may be influenced by RER, and further 

corroborate whether changes to glutamate subunits, be they dependent on protein synthesis 

and/or glutamate receptor trafficking, underlie changes in LTP. Indeed, further investigation 

into the role CRMPR2 in glutamate subunit and subsequent LTP related changes is also 

warranted, in addition to clarification of whether the change in cell-surface GluA1 is the result 

of greater surface trafficking or reduced receptor internalisation. Additional research should 

also address the specific location of GluA1 increases to evaluate whether they are associated 

with the postsynaptic density, or whether these receptors are localised to extrasynaptic sites 

from which they can migrate to the postsynaptic density following LTP induction (Makino & 

Malinow, 2009; Oh et al., 2006). 
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With further elucidation of the effects of RER on plasticity mechanisms in wild type 

and transgenic disease models (both in vitro and in vivo), further translational potential of the 

peptide may be realised. Human diseases that cause synaptic dysfunction and or synapse or cell 

loss, like that observed in AD, stand to benefit from any developments surrounding this 

remarkably small peptide. RER in the acetylated form may prove to be a promising candidate 

for peptide-based therapeutics for diseases like AD, as it would be protected from significant 

degradation and likely cross the blood brain barrier readily, unlike the much larger sAPPα. 

Several peptide-based therapies for the treatment of various ailments have been already been 

developed (Kaspar & Reichert, 2013) and various attempts are being made to further peptide-

based therapies specific to neurodegenerative disease (Baig et al., 2018). Many are currently 

being trialed clinically, including the 39-amino acid peptide exenatide, which is considerably 

larger than RER, for the treatment of AD (Mullins et al., 2019). Determining the mechanism 

of action underlying the effects of RER may help to expand our understanding of plasticity 

mechanisms more generally and may allow for greater manipulation of these mechanisms for 

therapeutic benefit across multiple disease states. 
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Appendix A 

Example Images of BioVoxxel Toolbox Threshold Check 

(A) Cell-surface GluA1 layer. (B) Intracellular GluA1 layer. Blue = thresholded as 

background (true background), cyan = thresholded as background, despite some signal 

(underestimation), orange/yellow = thresholded as foreground (true foreground), red/dark 

orange = thresholded as foreground, despite low/no signal (overestimation).  

 

The Otsu threholding method was selected after comparing the different threshold 

algorithms, both global and local, based on the output of the BioVoxxel Toolbox (Brocher, 

2015) threshold check function. Selection of threshold method was based on maximization of 

true overall signal for both the cell-surface and intracellular layer (following background 

subtraction). Overestimation of signal via threshold was included in mean intensity analyses. 
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