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Abstract 

 

Homeostatic synaptic plasticity (HSP) regulates synaptic strength in response to changing 

neuronal firing patterns. This form of plasticity is defined by neurons’ ability to sense and over 

time integrate their level of firing activity, and to actively maintain it within a defined range. For 

instance, a compensatory increase in synaptic strength occurs when neuronal activity is chronically 

attenuated. However, the underpinning cellular mechanisms of this fundamental neural process 

remain poorly understood. We previously found that during activity deprivation, HSP leads to an 

increase in α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic (AMPA) receptor function as well 

as a shift in subunit composition from Ca2+-impermeable GluA2-containing AMPA receptors to 

Ca2+-permeable GluA2-lacking AMPA receptors not only at synapses, but also at extrasynaptic 

sites. Neurons therefore appear to be actively enhancing Ca2+ entry, possibly as a compensatory 

mechanism in response to a prolonged Ca2+ deficit. To test whether the homeostatic response may, 

at least in part, be mediated by internal Ca2+ stores, we depleted endoplasmic reticulum (ER) Ca2+ 

stores by using the Sarco/endoplasmic reticulum Ca2+ ATPases (SERCA) pump blocker 

cyclopiazonic acid (CPA) for a prolonged period. Interestingly, we have found that prolonged 

Ca2+-store depletion leads not only to an increase in synaptic strength per se, but also a cell-wide 

increase in synaptic Ca2+-permeable GluA2-lacking AMPARs. This increase in Ca2+ influx 

following periods of inactivity is conceptually highly reminiscent of a store-operated response, 

whereby cells re-establish their calcium levels following Ca2+ store depletion using cell surface 

Ca2+ channels. Our results suggest that neurons use synaptic receptors as means to regulate store 

Ca2+ levels, thus significantly expanding our understanding of the repertoire used by neurons to 

modulate cellular excitability. 
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Résumé 

 

 La plasticité synaptique homéostatique (HSP) régule la force synaptique en réponse aux 

modèles changeants de décharge neuronale. Ce type de plasticité est déterminé par la capacité des 

neurones à détecter et à intégrer avec le temps leur niveau d’excitabilité, et à le maintenir dans un 

intervalle défini. Par exemple, un accroissement compensatoire de la force synaptique a lieu 

lorsque l’activité neuronale est chroniquement atténuée. Cependant, les mécanismes cellulaires 

sous-jacents de ce processus neuronal fondamental restent mal compris. Nous avons 

précédemment constaté que, durant une période de privation d’activité, HSP mène à une 

augmentation dans la fonction du récepteur α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

(AMPA) ainsi qu’à un changement dans la composition sous-unitaire du récepteur, passant de 

récepteurs AMPA imperméables au Ca2+ contenant GluA2, au récepteurs AMPA perméables 

au Ca2+ dépourvus de GluA2, non seulement aux synapses, mais aussi aux sites extrasynaptiques. 

Les neurones semblent donc activement améliorer l’entrée des ions Ca2+, ce qui pourrait être un 

mécanisme compensatoire, en réponse à un manque prolongé de Ca2+.  Pour examiner si la réponse 

homéostatique pourrait, du moins en partie, être influencée par les réserves internes de Ca2+, nous 

avons réduit les réserves de Ca2+ dans le réticulum endoplasmique en utilisant l’acide 

cyclopiazonique (CPA) pour bloquer  les pompes Sarco/endoplasmic reticulum Ca2+ ATPases 

(SERCA) pour une longue période de temps. D’ailleurs, nous avons trouvé que la réduction 

prolongée des réserves de Ca2+ mène non seulement à une croissance dans la force synaptique en 

soi mais aussi à une croissance de récepteurs AMPA synaptiques perméables au Ca2+ dépourvus 

de GluA2. Une telle croissance, advenue après des périodes d’inactivité, rappelle fortement une 

réponse contrôlée par les réserves, selon laquelle les cellules rétablissent leurs niveaux de Ca2+, à 
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la suite de la réduction de ces réserves, en utilisant les canaux Ca2+ situés dans la membrane 

plasmique. Nos résultats suggèrent que les neurones utilisent des récepteurs synaptiques comme 

un moyen pour réguler les niveaux des réserves de Ca2+, élargissant ainsi considérablement notre 

compréhension du répertoire utilisé par les neurones pour moduler l’excitabilité cellulaire. 
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1. Introduction   

  

1.1 Glutamate Synapses 

 

 The brain consists of billions of neurons with distinct functions and structures. The way 

these neurons are connected with each other make up the powerful computer that reacts to our 

environment in various ways. In fact, each neuron has thousands of these connections known as 

synapses (Spruston, 2008). The vast majority of cortical synapses can generally be categorized as 

inhibitory, mediated by gamma amino butyric acid (GABA), or excitatory, mediated by glutamate 

(Kandel et al., 2000). Here, I will focus on the excitatory synapses. Glutamate receptors can be 

ionotropic (pore-forming) or metabotropic (G-protein coupled receptors) (Traynelis et al., 2010). 

At central neurons, such CA1 pyramidal neurons in the hippocampus, the main ionotropic 

glutamate receptors are the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic (AMPA) and N-

methyl-D-aspartate (NMDA) subtypes. AMPA receptors have the “reputation” of being the 

‘workhorse’ of the synapse because they provide the major excitatory driving force at resting 

membrane potentials. While both AMPA and NMDA receptors require the glutamate to gate, the 

latter also requires depolarization of the neuron to expel the magnesium (Mg2+) block from its pore 

(Mayer et al., 1984; Nowak et al., 1984; Johnson and Ascher, 1987; Kleckner and Dingledine, 

1988; Lerma et al., 1990). Therefore, NMDA receptors are not only ligand dependent but also 

voltage dependent hence a coincident detector. Both receptors are located at synaptic and 

extrasynaptic sites. Furthermore, the expression of these receptors are constantly regulated at the 

plasma membrane (Traynelis et al., 2010).  
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1.2 Glutamate Receptors 

 

1.2.1 Ionotropic Glutamate Receptors: NMDA Receptors 

 

The role of NMDA receptors in excitatory neurotransmission regulation is vital in the CNS. 

NMDA receptors are cationic channels permeable to Na+, K+, and Ca2+ (Perez-Otano & Ehlers, 

2005). The Ca2+ influx through NMDA receptors is critical in many of the NMDA receptors 

physiological and pathophysiological processes (Cull-Candy & Leszkiewicz, 2004). Genetic 

deletion of the GluN1 subunit causes death in neonatal stages. Furthermore, GluN1 constitutes a 

necessary subunit of all NMDA receptors (Forrest et al., 1994). The C-terminus region of GluN1 

regulates NMDA receptor trafficking and binding to proteins, including calmodulin, CaMKII, 

yotiao, alpha-actinin, tubulin, neurofilaments, and downstream regulatory element antagonist 

modulator (DREAM; Cull-Candy & Leszkiewicz, 2004; Horak & Wenthold, 2009). 

The combination of two GluN1 subunits with two GluN2 subunits (GluN2A – GluN2D) 

or a combination of GluN2 and GluN3 subunits (GluN3A – GluN3B) is essential for the formation 

of functional NMDA receptors (Monyer et al., 1992; Schorge and Colquhoun, 2003; Ulbrich and 

Isacoff, 2007, 2008; Traynelis et al., 2010). NMDA receptors are also coincident detectors. They 

require simultaneous binding of both glutamate and glycine for activation, and also require 

depolarisation to expel the magnesium (Mg2+) block from its pore (Johnson and Ascher, 1987; 

Kleckner and Dingledine, 1988; Lerma et al., 1990). Therefore, NMDA receptors are not only 

ligand dependent but also voltage dependent hence a coincident detector. The glycine binding site 

resides on the GluN1 and GluN3 subunits (Furukawa and Gouaux, 2003; Furukawa et al., 2005; 
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Yao et al., 2008), while the glutamate binding site is located on the GluN2 subunits (Furukawa et 

al., 2005). NMDA receptors are not functional without the GluN2 subunit in mammalian cells. 

 

1.2.2 Ionotropic Glutamate Receptors: AMPA Receptors 

 

 AMPA receptors are the driving force of excitatory synaptic transmission in the CNS. They 

are ionotropic glutamate receptors which are transmembrane proteins comprised of four large 

subunits (more than 900 residues each), which are localized at neuronal and non-neuronal cells. 

The four subunits constitute a central ion channel pore. Ionotropic glutamate receptor subunits 

contain four domains: an extracellular amino-terminal domain, an extracellular ligand-binding 

domain, a transmembrane domain, and an intracellular carboxyl-terminal domain. 

The majority of fast excitatory synaptic neurotransmission in the central nervous system 

(CNS) is mediated by glutamate activation of AMPA receptors (Dingledine et al., 1999). AMPA 

receptors are comprised of a combination of four subunits (GluA1 – GluA4) (Traynelis et al., 

2010). In general, native AMPA receptors are thought to be heterotetramers. For instance, in 

mature rats, the most common subunit configurations of AMPA receptors in hippocampal 

pyramidal cells are GluA1/GluA2 and GluA2/GluA3 (Dingledine et al., 1999; Traynelis et al., 

2010). The GluA2 subunit of AMPA receptors governs their permeability to calcium ions (Ca2+). 

The presence of a GluA2 subunit renders the channel impermeable to Ca2+ due to the 

posttranslational mRNA editing of a glutamine (Q) to an arginine (R) residue (Seeburg & Hartner, 

2003). The majority of GluA2 subunits in the CNS are found in the GluA2(R) form, making most 

AMPA receptors permeable only to sodium ions (Na+) and potassium ions (K+), and not permeable 
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to Ca2+ (Dingledine et al., 1999). On the contrary, AMPA receptors containing an unedited ‘Q-

form’ of GluA2 or lacking the GluA2 subunit are permeable to Ca2+ (Sommer et al., 1991). 

It has been shown that an imbalance between Ca2+-impermeable AMPA and Ca2+-permeable 

AMPA receptors have been related to the development of epilepsy (Tanaka et al., 2000). In fact, 

seizure susceptibility in adult rat brains is increased by the presence of the Ca2+-permeable AMPA 

receptors, and that these types of receptors play a role in circuit hyper-excitability (Krestel et al., 

2004). Furthermore, susceptibility to hypoxia-induced seizures occurs in the brain during 

developmental stages when there is an increased expression of Ca2+-permeable AMPA receptors. 

Consequently, perinatal hypoxia-induced seizures increase the expression of Ca2+-permeable 

AMPA receptors and the capacity for an AMPA receptor–mediated epileptogenesis (Sanchez et 

al., 2001). Therefore, elucidating the effects of plasticity on the expression of Ca2+-permeable 

AMPA receptors and studying the mechanisms by which Ca2+-permeable AMPA receptors are 

regulated are vital to understand the causes of epileptogenesis. 

 

1.3 Hebbian Plasticity 

 

 The regulation of glutamate receptors is an integral mechanism in synaptic plasticity which 

is the neurons ability to modify its synaptic properties (glutamate receptors included) in response 

to various stimuli (Malenka and Bear, 2004). With this in mind, changes in information coding 

and memory in the brain are partly underlied by the modulation of signaling between neurons at 

synapses. The modulation of the strength of synapses may be at the basis of learning. This process 

is largely believed to be governed by Hebbian forms of synaptic plasticity, such as Long-Term 

Potentiation (LTP) and Long-Term Depression (LTD) (Figure 1 A and B). LTP and LTD are 
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mediated by the dynamic regulation of postsynaptic glutamate receptors of the AMPA and NMDA 

subtypes (Figure 1 C). These processes display many of the features described in a model 

suggested by Donald Hebb, around 60 years ago, to explain how a neuronal network is able to 

store information (Hebb, 1949). Consequently, substantial efforts have been devoted towards 

defining the cellular and molecular mechanisms of LTP and LTD, and to understand their roles in 

learning and memory (Malenka & Nicoll, 1999; Malinow & Malenka, 2002; Lisman & 

Raghavachari, 2006; Whitlock et al., 2006; Kerchner & Nicoll, 2008; Kessels & Malinow, 2009). 

Today, these activity-dependent synaptic plasticity mechanisms are well described, and are 

thought to underlie information storage in the brain. 

LTP is a long-term enhancement of signal transmission between two neurons which can be 

the result of a high frequency stimulation of the presynaptic neuron (Figure 1 A). LTD is a long-

term decrease in the efficacy of signal transmission between two neurons due to low frequency 

stimuli (Figure 1 B). Hebbian LTP and LTD occur within seconds to minutes, in response to 

relatively short bouts of synaptic stimulation, and they can last from hours to days (Abraham, 

2003). Another method by which Hebbian Plasticity can be induced in neurons is by a phenomenon 

called Spike Timing Dependent Plasticity (STDP). Through this paradigm, synaptic strength can 

be altered by the timing of pre- and postsynaptic spikes. Essentially, LTP can be achieved if 

postsynaptic firing is preceded by synaptic input (originating from presynaptic spikes). 

Furthermore, LTD occurs when postsynaptic spikes precedes synaptic input (Markram et al., 

1997). STDP only operates when pre- and postsynaptic activities are within 30 milliseconds of 

each other (Bi & Poo, 1998; Feldman, 2000; Sjostrom et al., 2001). 

Generally, Hebbian Plasticity requires the influx of calcium through the opening of 

NMDARs (Collingridge et al., 1983; Lynch et al., 1983). The alteration in synaptic strength is 
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then expressed through up- or downregulation of postsynaptic AMPARs (Malinow & Malenka, 

2002; Shepherd & Huganir, 2007). Furthermore, the calcium-dependent activation of calmodulin-

dependent protein kinase II (CaMKII) is required for this process (Malinow et al., 1988; Malinow 

et al., 1989). What is certain is the importance of glutamate receptors in this mechanism. NMDARs 

act as the inducers of Hebbian Plasticity while changes in AMPAR function reflect the expression 

of this phenomenon. Though I have given a relatively thorough overview of Hebbian Plasticity, 

this was to contextualize Homeostatic Synaptic Plasticity, which is the focus of my thesis. 

 

1.4 Homeostatic Synaptic Plasticity 

 

1.4.1 Problems with Hebbian Plasticity 

 

The implementation of only Hebbian-type LTP and LTD mechanisms in different neuronal 

network models proved to be problematic in network function stability (Miller and MacKay, 1994; 

Turrigiano & Nelson, 2004; Lazar et al., 2009). These models establish a fundamental problem 

with an exclusive positive-feedback mechanism, such as Hebbian plasticity. In a network 

expressing purely Hebbian plasticity rules, synapses are driven to an excess of potentiation and 

depression, causing some synapses to reach a functional plateau, while others become functionally 

inactive (Figure 2). These positive-feedback processes may lead to the development of 

epileptogenic activity in neurons (Turrigiano & Nelson, 2004; Lazar et al., 2009). As Wong (2005) 

suggested, brain development in young children is intensive, and LTP/LTD have been associated 

with making children more susceptible to seizure. Nevertheless, several studies have shown that 

the occurrence of seizures in young children remains fairly low, taking into account the extent of 
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developmental changes involved in early childhood, suggesting the possibility of negative-

feedback mechanisms which would lead to the stabilization of neural networks during 

development (Turrigiano and Nelson, 2004; Davis, 2006) and during mature brain function (Yeung 

et al., 2004; Toyoizumi et al., 2005; Houweling et al., 2005; Thivierge & Cisek, 2008; Turrigiano, 

2008; Lazar et al., 2009; Turrigiano, 2012). 

 

1.4.2 Solution to the Instability Problem 

 

Homeostatic plasticity mechanisms that maintain the firing activity of neurons within a 

determined range have been identified. As such, neurons can keep their spiking activity within an 

ideal range, and therefore play the role of stable carriers of information in brain activity (Figure 

3). Numerous determinants of cellular excitability, such as intrinsic excitability (Grubb and 

Burrone, 2010; Turrigiano, 2011) and synaptic strength (O'Brien et al., 1998; Turrigiano et al., 

1998; Turrigiano & Nelson, 2004; Turrigiano, 2012) are regulated by neurons to reach 

homeostasis, which is to keep the firing rate of a neuron within an optimal range. More precisely, 

the finding of homeostatic synaptic plasticity (HSP) has sparked substantial attention since it offers 

a possible way to resolve the aforementioned instability problem of Hebbian networks. Having 

characteristics similar to denervation supersensitivity at the neuromuscular junction (Cannon, 

1949), HSP is described as a bidirectional regulation of synaptic transmission in response to 

prolonged modifications in network activity (O'Brien et al., 1998; Turrigiano et al., 1998; 

Turrigiano, 2008). It has been suggested, however, that STDP alone may be enough to solve the 

instability problem previously described (Abbott & Nelson, 2000). Nevertheless, HSP offers 

another dimension of complexity in the control of synaptic function. 
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One of the determinants of cellular excitability in the maintenance of homeostasis is the 

strength of excitatory glutamatergic synapses. On one hand, the prolonged reduction of a neuron’s 

firing activity leads to the reinforcement of its excitatory synapses. On the other hand, the 

prolonged enhancement of its firing activity results in the weakening of its excitatory synapses 

(Figure 4). These processes are known as HSP, and are gradually becoming accepted as essential 

neuronal mechanisms for stability of neural networks. 

HSP is often studied by pharmacologically blocking neuronal network activity with 

tetrodotoxin (TTX) – a voltage-gated sodium channel blocker – for several days (Sutton et al., 

2006; Soden & Chen, 2010; Groth et al., 2011; Lindskog et al., 2011). Neurons respond to this 

prolonged suppression of activity by a cell-wide up-regulation of synaptic AMPA receptors to 

enhance cellular excitability. This cell-wide synaptic regulation is bidirectional, that is, neurons 

also tune down excitability by down-regulating synaptic AMPA receptors in response to prolonged 

elevations in activity. This response is suggested to be triggered by alterations in calcium signalling 

due to changes in voltage-gated calcium channel (VGCC) activation frequency. This was proposed 

to lead to changes in regulation by CaMKIV of gene expression (Ibata et al., 2008; Goold & Nicoll, 

2010). One interesting aspect of this global form of HSP is its multiplicative nature (O'Brien et al., 

1998; Turrigiano et al., 1998; Lee et al., 2013). Multiplicativity refers to the observation that when 

neurons undergo HSP, the distribution of miniature excitatory postsynaptic current (mEPSC) 

amplitudes is changed by a single common factor. The most important implication of such 

multiplicativity is that each synapse of a neuron must “scale” up in a manner proportional to its 

original synaptic strength. As a result, neurons can tune cellular excitability without disrupting the 

relative strengths between synapses, thus preserving the catalogue of synaptic engrams previously 

encoded, perhaps, by Hebbian plasticity mechanisms. 
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Various forms of cell-wide and input specific HSP have been identified. There have been 

several insights utilising in vivo paradigms to study this phenomenon. For example, with visual 

plasticity, raising animals in the dark, intraocular TTX injections, or binocular enucleation all led 

to an increase in AMPAR-mediated mEPSCs in V1 layer 2/3 pyramidal neurons (Desai et al., 

2002; Goel et al., 2006; Goel & Lee, 2007; Gao et al., 2010) (reviewed in Whitt et al., 2014). 

Similarly, an increase in excitatory synaptic strength was observed in L2/3 of A1 following sensory 

neuronal hearing loss, a method that removes evoked and spontaneous activity from the sensory 

organ (Kotak et al., 2005). Furthermore, abolishing all tactile whisker driven activity in 4-week 

old rats by unilateral infraorbital nerve resection led to the potentiation of thalamocortical inputs 

to the rodent barrel cortex (Yu et al., 2012). These results suggest the importance of HSP in our 

ability to adapt to radical changes in our environment. Beyond cell-wide forms of HSP, input 

specific HSP has helped shape our understanding of the purpose of HSP. For instance, the 

existence of input specific HSP was verified in vivo. Neurons of the optic tectum in Xenopus 

tadpoles, which receive inputs from visual and mechanosensory pathways, provided an excellent 

avenue to study the synapse specificity of HSP. It was observed that only synapses of the visual 

pathway were potentiated after dark-rearing of tadpoles, whereas overstimulation of the 

mechanosensory pathway by constant vibration led to only mechanosensory synapses being 

depressed (Deeg & Aizenman, 2011). Furthermore, it has been shown that prolonged activity 

deprivation by TTX leads to synapse-specific effects for CA3 pyramidal neurons. Whereas feed-

forward synapses potentiate after this form of HSP, recurrent CA3-CA3 synapses were depressed, 

thus showing an added level of complexity whereby glutamatergic synapses react differently to 

the same stimulus (in this case, TTX). In this manner, the weakening of these reverberant synapses 

was said to stabilise the network by reducing epileptic activity (Kim & Tsien, 2008). 
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One group demonstrated the presence of input-specific HSP in an ingenious way. Béïque 

et al. overexpressed Kir2.1 (to suppress the synaptic activity of a small subset of synapses) and 

Synapin-YFP (Syn-YFP) (to visualize synaptic terminals) in neurons. Using two-photon glutamate 

uncaging, synapses receiving input from these Kir2.1 overexpressed neurons showed an increases 

in post-synaptic AMPAR currents when compared to control spines (Beique et al., 2011). 

Furthermore, this increase in AMPARs was accompanied by a subunit compositional change from 

Ca2+-impermeable GluA2-containing AMPA receptors to Ca2+-permeable GluA2-lacking 

AMPA receptors. This process was shown to be dependent on the immediate early gene Arc. 

Altogether, individual synapses are able to regulate themselves independently of the firing rate of 

the neuron as a whole. This finding led to a paradigm shift in our understanding of HSP in that 

despite the neurons firing rate being largely unaffected, the neuron is able to measure synaptic 

input of individual spines and regulate their strengths accordingly. It is likely that cell-wide HSP 

and synapse-specific HSP both coordinate to maintain synaptic function within a range that is 

optimal for neural computation. 

Although the phenomenon of HSP is now relatively well established, several molecular 

details of HSP expression at synapses remain poorly understood. Recently, we investigated 

AMPAR subunit composition through biophysical and pharmacological methods after 3-4 days 

TTX treatment (Soares et al., 2013). It is well established that AMPARs containing the GluA2 

subunit exhibit linear current-voltage (I-V) relationships, while GluA2-lacking AMPARs exhibit 

inward rectification at positive potentials due to channel blockade by intracellular polyamines 

(Bowie and Mayer, 1995). We thus used this biophysical signature to probe the GluA2-content of 

synaptic AMPARs. We calculated the rectification indices of I-V curves constructed from 

pharmacologically-isolated AMPAR-mediated evoked excitatory postsynaptic currents (eEPSCs) 
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at Schaffer-collateral (SC) synapses in the presence of (100 µM) intracellular spermine (Beique et 

al., 2011). Spermine was used to provide the polyamine needed to induce the characteristic 

inwardly rectifying polyamine block of GluA2-lacking AMPARs. AMPAR-mediated eEPSCs 

from control neurons displayed linear I-V relationship, consistent with the presence of 

predominantly GluA2-containing AMPARs at these synapses (Lu et al., 2009). In contrast, we 

detected a strong voltage-dependent block of AMPAR-eEPSCs in TTX treated neurons, 

suggesting the presence of synaptic GluA2-lacking AMPARs. This shift in AMPAR subunit 

composition grants a Ca2+ permeability to these new GluA2-lacking AMPARs previously absent 

from GluA2-containing AMPARs. Furthermore, this shift in AMPA receptor subunit composition 

is a cell-wide phenomenon happening at spines, dendritic shafts, and the soma (Soares et al., 2013) 

(Figure 5). In other words, the neuron is, for some reason, actively introducing a new source of 

calcium (Figure 6). 

 

1.5 Store-Operated Responses in the Endoplasmic Reticulum (ER) 

 

 We previously found that HSP leads to the insertion of Ca2+ permeable GluA2-lacking 

AMPARs not only at synaspes, but at extrasynaptic sites as well. Although this switch in subunit 

composition of AMPARs bears strong functional implications for synapse function, it also 

increases calcium influx in neurons in response to ongoing synaptic activity. Extrasynaptic sites 

also contribute to this increase in calcium influx due to glutamate spill over from the synapse. Such 

an increase in calcium influx following periods of inactivity is highly reminiscent of a store-

operated response, whereby cells restore their intracellular calcium stores following depletion. 
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This raises the possibility that the homeostatic response may, at least in part, be a store-operated 

response. 

Briefly, this response occurs during Ca2+ emptying of ER stores (through Ryanodine 

receptors, IP3 receptors, or Ca2+ leak channels), where mechanisms with the purpose of refilling 

these stores are triggered (Alonso et al., 1991). A transverse ER membrane Ca2+ sensor – Stromal 

interaction molecule (STIM1) – senses the depletion of Ca2+ with its N-terminal tail (Roos et al., 

2005). STIM1 then aggregates and migrates to the ER-plasma membrane junction and activates 

Ca2+ channels at the plasma membrane (Luik et al., 2006). Channels that are activated by the 

depletion of [Ca2+]ER are referred to as store-operated Ca2+ channels (SOC) or Ca2+ release-

activated Ca2+ channels (CRAC). One example of a CRAC channel is the plasma membrane pore-

forming protein Orai1 (Cahalan et al., 2007). The main purpose of these channels is to refill the 

ER of its Ca2+ store following depletion. While the ER and the plasma membrane are in close 

proximity (around 10 nm), there is actually no physical contact between the two. However, a tight 

coupling between the influx of Ca2+ through CRAC channels and the influx of Ca2+ into the ER 

through sarco/endoplasmic reticulum Ca2+ ATPases (SERCA) has been observed (Alonso et al., 

2012). These mechanisms are referred to as capacitative Ca2+ entry (CCE) or store-operated 

responses (Figure 7). 

Importantly, the phenomenon of AMPARs refilling calcium stores after prolonged calcium 

depletion would be of significant impact in that it would show that neurons use synaptic receptors 

as means to regulate store calcium homeostasis, significantly expanding our understanding of the 

cellular machinery of store operated responses in central neurons. 
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2. Objectives and Hypotheses 

 

In order to explore the possibility that synaptic channels are used to refill calcium ER after 

depletion, we reasoned that prolonged ER calcium store depletion would cause a subunit switch 

from calcium impermeable GluA2-containing AMPARs to calcium permeable GluA2-lacking 

AMPARs. Confirming the link between homeostatic and store-operated responses would bring a 

significant paradigm shift in our understanding of this fundamental cellular mechanism. 

To determine whether the regulation of a population of glutamate receptor subunits is part 

of the store-operated response in central neurons, we treated hippocampal organotypic slices with 

cyclopiazonic acid (CPA) for 2 days. CPA acts as a pore-blocker of SERCA pumps, thus 

preventing refilling of ER Ca2+ stores and the eventual depletion of these stores (Moncoq et al., 

2007). We then assessed whether Ca2+ emptying of ER stores causes the potentiation of AMPARs 

and/or the insertion of GluA2-lacking AMPARs at the plasma membrane (synaptically and/or 

extrasynaptically) of CA1 hippocampal neurons. 

It is well established that AMPARs containing the GluA2 subunit exhibit linear current-

voltage (I-V) relationships, while GluA2-lacking AMPARs exhibit inward rectification at positive 

potentials due to channel blockade by intracellular polyamines (Bowie and Mayer, 1995). We used 

this biophysical property to probe the GluA2-content of synaptic AMPARs. 

 

Objective 1: To determine whether the regulation of a population of glutamate receptor subunits is 

part of the store-operated response in central neurons (Figure 9 A). 

Hypothesis: Depletion of ER Ca2+ stores will cause a shift from calcium impermeable 

GluA2-containing to calcium permeable GluA2 lacking AMPARs. 
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Objective 2: To determine whether homeostatic synaptic plasticity is a store operated response 

(Figure 9 B). 

Hypothesis: HSP induced by TTX and the store-operated response act through the same 

mechanism. 

 

3. Materials and Methods 

 

To tackle both objectives, we used rat hippocampal organotypic tissue cultures. These 

cultures allow for prolonged pharmacological treatments while maintaining the neuronal structure 

and synapses of the brain tissue in question which in this case is the hippocampus. 

 

3.1 Organotypic Slice Culture 

 

Organotypic slice cultures are prepared using a modified method of the original technique 

reported by Stoppini et al. 1991. Sprague-Dawley rats (Charles River Laboratories; 6-8 days old) 

are anaesthetized by isofluorane (Baxter Corporation, Canada) inhalation and decapitated 

according to methods approved by the University of Ottawa Animal Care Committee. Individual 

hippocampi are removed in ice-cold cutting solution containing the following (in mM): 119 

choline chloride, 2.5 KCl, 4.3 MgSO4, 1.0 CaCl2, 1.0 NaH2PO4–H2O, 1.3 Na-ascorbate, 11 

glucose, 1 kynurenic acid, 26.2 NaHCO3, saturated with 95% O2 and 5% CO2, pH 7.3 (295–310 

mOsm/L), and coronal hippocampal slices (400 μm) are obtained using an MX-TS Tissue Slicer 

(Siskyou). Individual hippocampal slices are transferred to membrane inserts (Millipore, 

#PICM03050) and maintained in six-well plates at 34°C in 95% O2 and 5% CO2 containing 
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Neurobasal-A-based culture media. Slice culture media is exchanged at 1 day in vitro (DIV) and 

then every 2-3 days thereafter. After 6-8 DIV, slices are divided into treatment and control groups; 

30 µM cyclopiazonic acid (CPA, Abcam Biochemicals, #ab120300) is added to the treatment 

group. The treatment lasts for 48 hours. 

 

Objective 1: 

3.2 Whole-Cell Electrophysiology 

 

Whole-cell recordings were performed on CA1 pyramidal neurons in treated and control 

slices after 2 days of CPA-treatment. Slices were removed from culture inserts, placed in a 

recording chamber, and CA1 pyramidal cells were visualized under differential-interference 

contrast (DIC) using a Zeiss Axio Examiner D1 upright microscope (40x/0.75NA objective). All 

experiments were performed at room temperature (23-25°C) in artificial cerebrospinal fluid 

(ACSF) containing the following (in mM): 119 NaCl, 2.5 KCl, 1.3 MgSO4, 2.5 CaCl2, 1.0 

NaH2PO4, 11 glucose, and 26.2 NaHCO3 saturated with 95% O2 and 5% CO2, pH 7.3 (295–310 

mOsm/L). Additional drugs were added to the ACSF as follows (in μM): 1 TTX (Tocris 

Bioscience), 150 picrotoxin (Tocris Bioscience), and 50 D-APV (abcam Biochemicals). Picrotoxin 

and D-APV were included to block GABA and NMDA receptors respectively in order to study 

AMPARs. Cells were recorded using an Axon Multiclamp 700B amplifier, sampled at 10 kHz, 

digitized with an Axon Digidata 1440A digitizer and Bessel filtered at 2 kHz. Borosilicate glass 

recording electrodes (World Precision Instruments, Florida or Sutter, California) were pulled using 

a Narashige PC-10 vertical puller (Narishige, Japan), and had resistances ranging from 3.5-5 MΩ. 

For AMPAR I-V curves, 0.1 mM spermine (Tocris) was included in the internal solution, and the 
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recordings were done in voltage-clamp mode. For all voltage-clamp recordings, access resistance 

was continuously monitored during the experiment by delivering a 5 mV hyperpolarizing step at 

the beginning of each trace. All recordings were analyzed using Clampfit 10.2 (Molecular Devices) 

and Origin 8 analysis software (OriginLab). 

 

3.3 Two-Photon (2P) Imaging and Uncaging 

 

Simultaneous two-photon imaging and glutamate uncaging was performed using two 

ultrafast Ti:Sapphire on an Olympus MPE-1000 system (BX61WI upright microscope; 40x/0.8NA 

or 60x/1.0NA objective; Olympus, Melville, NY). We filled the cell with 0.03 mM Alexa Fluor 

594 hydrazide (Na-salt; Invitrogen) using the recording pipet allowing us to image the cell with a 

2P laser set at 810 nm. In this manner, we visualized the morphology of the cell, including its 

spines and dendritic arborisation. While imaging, the cell was in a bath of ACSF containing 2.5 

mM MNI-Glutamate trifluoroacetate (Femtonics), 1 μM TTX (Tocris Bioscience), 150 μM 

picrotoxin (Tocris Bioscience), and 50 μM D-APV (Abcam Biochemicals). MNI-Glutamate 

cannot interact with AMPARs unless uncaged with a 2P laser set at 720 nm. Controlling the power 

of the laser allows one to control the amount of glutamate uncaged, and thus enables the recording 

of a single synapse, estimated at the tip of a spine visualised with the 810 nm laser. I-V curves of 

AMPARs from synaptic, extrasynaptic, and soma loci were studied in this fashion. 
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Objective 2: 

3.4 Biolistic Transfection 

 

 The cells were transfected biolistically using the same procedure as described by Soares et 

al., 2014. Neurons were co-transfected with mCherry (Takara Clontech, Mountain View, CA) to 

visualize the morphology of the neuron and pHluorin-GluA2 ΔC49 (Rathje et al., 2013) to 

visualize the endoplasmic reticulum (ER). We then used the spine enrichment index to measure 

the amount of ER in spines.  

Gsp = Value of the intensity in the green channel at a spine 

Rsp = Value of the intensity in the red channel at a spine 

Gden = Value of the intensity in the green channel at a dendritic shaft 

Rden = Value of the intensity in the red channel at a dendritic shaft 

 

3.5 Slow AHP 

 

 We also looked at the time course of slow AHP as a proxy to assess relative calcium ER 

levels between various conditions. We incubated organotypic hippocampal slices in CPA (30 μM) 

for 3 hours, recorded the AHP of CA1 pyramidal neurons in the presence of CPA, and compared 

the slow AHP amplitude with that of an untreated neuron (control). The slow AHP was generated 

in voltage-clamp mode by holding the cell at -50 mV, depolarising the cell to 20 mV for 500 ms, 

and polarising the cell back to -50 mV. The depolarisation to 20 mV opens calcium channels, 

leading to the generation of calcium-mediated potassium currents underlying the AHP. 
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4. Results 

 

4.1 AMPARs-mediated mEPSCs of CPA-treated CA1 pyramidal cells 

 

 One defining feature of TTX-induced HSP is an increase in AMPAR-mediated mEPSCs. 

One immediate prediction of our hypothesis is that depleting ER Ca2+ stores would also lead to an 

increase in AMPAR expression. To determine whether AMPARs are upregulated after prolonged 

calcium store depletion, we recorded AMPARs mEPSCs and analysed their amplitudes after 

incubating the organotypic hippocampal slices in CPA (30 μM) for 24 or 48 hours. Recordings 

were done in the presence of TTX (1 μM) and picrotoxin (150 μM). For the 24 hour CPA treatment, 

we did not observe a difference in the average mEPSC amplitude between control and CPA 

treatment (p = 0.115; unpaired Student’s t test; n = 14 for control; n = 14 for CPA) (Figure 10 B). 

However, when all the mEPSC events are plotted in a cumulative distribution curve, we observed 

a significant increase in the amplitudes of the CPA-treated cells compared to the control condition 

(p-value < 0.001; two-sample K-S test) (Figure 10 B). Thus, a 24 hour treatment seems to show a 

significant but small change in AMPAR mEPSCs. In order to widen the gap of mEPSC amplitudes 

between control and prolonged calcium depleted cells, we increased the time of the CPA treatment 

from 24 to 48 hours. For the 48 hour CPA treatment, we observed an increase in the average 

mEPSC amplitude in CPA treated cells compared to the control condition (p < 0.5; unpaired 

Student’s t test; n = 9 for control; n = 10 for CPA) as well as a difference in the cumulative 

distribution of the mEPSCs (p-value < 0.001; ks test) (Figure 11 B). Thus, the 48 hour CPA 

treatment was used for the rest of the experiments unless otherwise noted because it showed the 

biggest change in mEPSC amplitude. 
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 We also analysed AMPAR mEPSC frequency to observe whether prolonged calcium 

depletion led to any changes in spontaneous vesicular release probability or number of synapses. 

The 24 hour and 48 hour CPA treatment revealed no difference in the average frequency of events 

between control and CPA treatment (24 hour CPA treatment, p-value = 0.189, unpaired Student’s 

t test, n = 14 for control, n = 14 for CPA, Figure 10 C; 48 hour CPA treatment, p-value = 0.286, 

unpaired Student’s t test, Figure 11 C). However, when the inter-event intervals were plotted in a 

cumulative distribution, we observed a significant difference between the frequencies of events of 

mEPSCs of the two conditions (24 hour CPA treatment, p-value < 0.001, two-sample K-S test, 

Figure 10 C; 48 hour CPA treatment, p-value < 0.001, two-sample K-S test, n = 9 for control; n = 

10 for CPA Figure 11 C). The frequency of mEPSCs was greater in CPA-treated cells than in 

control cells. This suggests that either spontaneous vesicular release, number of synapses, or both 

are increased after 48 hour calcium depletion. An increased probability of vesicular release or 

increased number of synapses would lead to an increase in the number of mEPSC events. 

 

4.2 Excitability of CPA-treated CA1 pyramidal cells 

 

 The increase in mEPSC amplitude observed after 48 hour CPA treatment is highly 

reminiscent of that observed in TTX-induced HSP. One possible explanation for this CPA-induced 

effect other than prolonged ER calcium store depletion is that CPA may have an effect on neural 

excitability. To determine whether acute CPA treatment has an effect on the excitability of CA1 

pyramidal neurons, we performed current injections in CA1 pyramidal neurons in control 

conditions and right after calcium store depletion. To achieve calcium store depletion, we 

incubated slices in 30 μM CPA for 3 hours prior to patching, and the recording was performed in 
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the presence of CPA. CPA was applied for 3 hours in order to be certain that ER calcium stores 

were depleted. We recorded action potentials generated from different current injections (ranging 

from -20 pA to 200 pA, incrementally by 20 pA steps) in CPA-treated and untreated slices. As 

shown in Figure 12 B, there was no difference in the firing rate between control and acute CPA 

treated CA1 pyramidal neurons (n = 12 for control; n = 9 for CPA). Therefore, we did not detect 

any drastic changes in excitability following acute CPA treatment. Consequently, the increase in 

AMPAR mEPSC amplitude is probably not due to decreased activity of the network, but most 

likely to the prolonged depletion of ER calcium stores. 

 

4.3 Stimulation-evoked AMPAR I-V curves 

 

 TTX-induced HSP leads to an increase in calcium permeable AMPARs. We hypothesise 

that this increase in calcium permeability is due to decreased calcium in internal stores of the 

neuron. Therefore, we should observe a shift in the AMPAR population from calcium impermeable 

GluA2-containing to calcium permeable GluA2-lacking after prolonged ER calcium store 

depletion. To determine whether there is a subunit shift from GluA2-containing to GluA2-lacking 

AMPARs after prolonged calcium store depletion, we measured stimulation-evoked AMPAR I-V 

curves in the presence of spermine after 48 hour CPA treatment. Toward this end, we stimulated 

the Schaffer collaterals with a stimulating electrode and recorded a monosynaptic current from a 

CA1 pyramidal neuron at different holding potentials (-60 mV, -30 mV, 0 mV, 20 mV, and 40 

mV) in the presence of D-APV (50 μM) and picrotoxin (150 μM). An Ohmic I-V relationship 

indicates the presence of GluA2-containing AMPARs whereas an inwardly rectifying current 

suggests the insertion of GluA2-lacking AMPARs (Figure 13 A). As shown by the rectification 
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index averages (Figure 13 D), the CPA-treated slices display significantly more rectification (p < 

0.05; unpaired Student's t test; n = 9 for control; n = 10 for CPA) (Figure 13 E). This suggests the 

insertion of GluA2-lacking AMPARs into synapses following store depletion. 

 

4.4 Glutamate uncaging evoked AMPAR I-V curves 

 

 In TTX-induced HSP, the change in subunit composition from GluA2-containing to 

GluA2-lacking AMPARs occurred not only at synaptic sites, but also at other subcellular regions. 

Thus, we explored the possibility that prolonged calcium store depletion also leads to the same 

subcellular distribution of AMPARs as TTX-induced HSP. To determine whether this subunit 

change happens at other subcellular regions, and not just at synaptic sites, we used two-photon 

uncaging of MNI-glutamate to probe for GluA2-lacking AMPARs at spine, dendritic, and somatic 

sites of CA1 pyramidal neurons. Two-photon uncaging of MNI-Glutamate allows us to activate 

glutamate receptors at defined subcellular compartments. Essentially, we filled the cell with a 

fluorescent dye (Alexa 594) for visualisation of morphology (Figure 14 A), then we generated I-

V curves at each subcellular site in the presence of D-APV (50 μM) (Figure 14 B), and the 

rectification index was applied here to differentiate between a GluA2-containing and a GluA2-

lacking AMPA receptor population. We observed significant differences in the rectification 

indices at the spine (p < 0.01; unpaired student’s t test; n = 20 for control; n = 23 for CPA), dendrite 

(p < 0.01; unpaired student’s t test; n = 14 for control; n = 15 for CPA), and soma (p < 0.01; 

unpaired student’s t test; n = 23 for control soma; n = 15 for CPA) between control and CPA 

treatment (Figure 14 D). In all three subcellular regions, CPA-treated cells rectified more than 

control cells. This suggests that prolonged ER calcium store depletion leads to a cell-wide insertion 
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of GluA2-lacking AMPARs, which has also been observed after TTX-induced HSP (Figure 14 

C). 

 

4.5 Spine density and spine volume 

 

 As reported in section 4.1, prolonged ER calcium store depletion led to an increase in 

AMPAR mEPSC amplitude and frequency. The increase in mEPSC amplitude may indicate spine 

enlargement, since bigger spines are correlated with synapses having a higher content of AMPARs. 

Furthermore, the increase in mEPSC frequency suggests a larger number of synapses. Therefore, 

we analysed the average spine density and spine volume of neurons filled with Alexa 594 (Figure 

15 A) from the uncaging experiment (section 5.4). We calculated spine density as the number of 

spines per 10 μm of dendritic length. We observed no difference in the average spine densities 

between control and prolonged CPA-treated CA1 pyramidal neurons (p-value = 0.814; unpaired 

Student's t test; n = 9 for control; n = 10 for CPA) (Figure 15 B). This suggests that the increase 

in mEPSC frequency is not due to an increase in number of spines, but most likely to a presynaptic 

effect (for example, an increase in release probability). As for the average spine volume, we did 

not observe a statistically significant difference between control and prolonged CPA-treated CA1 

pyramidal neurons (p-value = 0.0968; unpaired Student's t test; n = 5 for control; n = 6 for CPA) 

(Figure 15 C). However, when all the spine volumes are plotted in a cumulative distribution curve, 

we observed a significant difference between the spine volumes of the two conditions (p-value < 

0.001; two-sample K-S test) (Figure 15 C). 
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4.6 Spine localization of ER using pHluorin-GluA2 ΔC49 

 

 One feature of the store-operated response is the proximity of the ER membrane to the 

plasma membrane (around 10 nm). Normally, CA1 pyramidal neurons have very few spines 

invaded by ER (roughly 10-15% of spines) (Blumer et al., 2015). Thus, the ER must invade spines 

in order to be in close enough proximity for the store-operated response to take place. To determine 

whether ER invades spines after prolonged calcium depletion or activity deprivation, cells were 

biolistically transfected with mCherry (morphology) and pHluorin-GluA2 ΔC49 (ER-retained). 

GluA2 ΔC49 is a truncated GluA2 subunit that remains in the ER (Greger et al., 2002). Transfected 

CA1 pyramidal neurons were then imaged either after 2 days CPA (30 μM) treatment, 3 days TTX 

(1 μM) treatment, or no treatment (control) (Figure 16 A). The spine enrichment index was then 

calculated as shown in Figure 16 B. The average spine enrichment index was greater in CPA-

treated than in control cells (p-value < 0.05; one-way ANOVA with post-hoc Tukey HSD test), 

greater in TTX-treated than in control cells (p-value < 0.05; one-way ANOVA with post-hoc 

Tukey HSD test), and was greater in TTX-treated than in CPA-treated cells (p-value < 0.05; one-

way ANOVA with post-hoc Tukey HSD test) (n = 8 control; n = 9 for CPA; n = 10 for TTX) 

(Figure 16 C). When all the spine enrichment indices are plotted in a cumulative distribution 

curve, we observed a significant difference between the CPA-treated and the control cells (p-value 

< 0.001, ks test), the TTX-treated and the control cells (p-value < 0.001, ks test), and the TTX-

treated and the CPA-treated cells (p-value < 0.001, ks test) (Figure 16 C). Thus, our data suggests 

that prolonged activity deprivation or ER-calcium store depletion both lead to a larger degree of 

spines invaded by ER. 
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4.7 Slow AHP in the presence of CPA 

 

 If TTX-induced HSP is a store-operated response, one assumption is that TTX leads to ER 

calcium store depletion. However, measuring calcium levels in the ER is not trivial. Therefore, we 

used the slow afterhyperpolarization (AHP) as a proxy for ER calcium levels. Briefly, the AHP is 

a phenomenon that refers to a hyperpolarisation that occurs after an action potential (fast AHP) or 

a series of action potentials (medium AHP, followed by slow AHP). The fast AHP lasts for about 

2-5 ms and happens directly after an action potential. It is mediated by voltage- and calcium-

activated potassium channels (big potassium channels: BK channels) (Matthews et al., 2009, Lee 

& Cui, 2010). The medium AHP lasts roughly 50-100 ms and happens after a train of action 

potentials. It is mediated by Ca2+-gated potassium channels (small conductance calcium-activated 

potassium channels: SK channel family, SK1-4), predominantly the SK1 and SK2 channels 

(Villalobos et al., 2004), and this current can be blocked by apamin (a selective SK channel 

blocker) (Hammond et al., 2006). There is also an apamin-insensitive component to the medium 

AHP that may be mediated by voltage-gated potassium channels (Kv7, the KCNQ family), but 

that are also Ca2+ mediated (Gu et al. 2005; Gu  et al., 2008; Tzingounis & Nicoll, 2008). 

The slow AHP lasts for about 1-2 seconds and is elicited after a train of action potentials 

alongside the medium AHP. It is mediated by other forms of calcium-mediated potassium 

channels, different from those that underlie the fast and medium AHP. However, the identity of 

these channels is still unknown (Sah & Isaacson, 1995; Villalobos et al., 2004). One hypothesis 

states that the activation of the slow AHP current is indirectly calcium mediated, whereby 

increased calcium levels in the cytosol leads to an increase in membrane phosphatidylinositol 4,5-

biphosphate levels, leading to the activation of the channels underlying the slow AHP current 
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(Andrade et al., 2012). KCNQ channels are also a possible candidate underlying the slow AHP 

current (Kim et al., 2012). Regardless of the hypotheses behind the generation of the slow AHP, 

it is well established that it is a calcium-mediated potassium current. 

Interestingly, the current of the slow AHP is largely dependent on calcium originating from 

internal stores. In other words, calcium induced calcium release (CICR) contributes to the slow 

AHP. As calcium rushes in to the cell after depolarization, this calcium opens ryanodine receptors 

located on the ER membrane, which causes the release of calcium from internal stores, which in 

turn contributes to the slow AHP. When CICR is blocked, the amplitude of the slow AHP is 

reduced (Torres et al., 1996; Shah & Haylett, 2000; Qin et al., 2012; Andrade et al., 2012). This 

is especially true for CA1 pyramidal neuron, where CICR is found to contribute around 50% of 

the slow AHP current (Figure 8). Therefore, the slow AHP can be used as a proxy to assess relative 

calcium ER levels between various conditions. Therefore, we looked at the time course of slow 

AHP during states of low calcium store levels (Figure 17). To do this, we incubated organotypic 

hippocampal slices in CPA (30 μM) for 3 hours, recorded the AHP of CA1 pyramidal neurons in 

the presence of CPA, and compared the slow AHP amplitude with that of an untreated neuron 

(control). CPA was applied for 3 hours in order to be certain that ER calcium stores were depleted. 

The slow AHP was generated in voltage-clamp mode by holding the cell at -50 mV, depolarising 

the cell to 20 mV for 500 ms, and polarising the cell back to -50 mV. The depolarisation to 20 mV 

opens calcium channels, leading to the generation of calcium-mediated potassium currents 

underlying the AHP. We observed that in control cells, the slow AHP displays a run up, and 

maximises at around 60 seconds (Figure 17 B). The slow AHP is bigger in control cells than the 

acute CPA treated cells (p-value < 0.01; unpaired Student’s t test; n = 11 for control; n = 9 for 

acute CPA) (Figure 17 D). Furthermore, when we compared the slow AHP at 0 seconds and at 
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60-90 seconds, we observed that the slow AHP increases at 60-90 seconds for control cells (p-

value < 0.01; paired Student’s t test; n = 11 for control at 0 seconds; n = 11 for control at 60-90 

seconds), but not for the acute CPA-treated cells (p-value = 0.133; paired Student’s t test; n = 9 

for acute CPA at 0 seconds; n = 9 for acute CPA at 60-90 seconds). This is further shown in Figure 

17 C where we compare the average difference (the slow AHP at 0 seconds subtracted from the 

slow AHP at 60-90 seconds) between the control and the acute CPA-treated cells (p-value < 0.01; 

unpaired Student’s t test; n = 11 for control; n = 9 for acute CPA). 

 We also looked at the slow AHP after holding a CA1 pyramidal neuron at -70 mV for 5 

minutes (Figure 18). This was to explore the possibility of the slow AHP decreasing after holding 

the cell at resting membrane potential as a result of ER calcium store depletion. After reaching a 

peak slow AHP, we stopped stimulating the cell for 5 minutes while holding it at -70 mV, then 

resumed the slow AHP protocol. Figure 18 B shows the time course of the experiment. When we 

compare the slow AHP at 120-140 seconds (peak slow AHP) and at 750 seconds (first stimulation 

after the 5 minute period at -70 mV), we observed that the slow AHP decreases at 750 seconds for 

control cells (p-value < 0.05; paired Student’s t test; n = 10 for control at 120-140 seconds; n = 10 

for control at 750 seconds), but not for the acute CPA-treated cells (p-value = 0.276; paired 

Student’s t test; n = 8 for acute CPA at 120-140 seconds; n = 8 for acute CPA at 750 seconds). 

This is further shown in Figure 18 C where we compare the average difference (the slow AHP at 

120-140 seconds subtracted from the slow AHP at 750 seconds) between the control and the acute 

CPA-treated cells (p-value < 0.01; unpaired Student’s t test; n = 10 for control; n = 8 for acute 

CPA). Thus, our results suggest that the cell needs to be depolarised in order to refill its ER calcium 

stores, and that under resting membrane potential, the cell undergoes ER calcium store depletion. 
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5. Discussion 

 

5.1 Prolonged ER calcium store depletion leads to an increase in the number of synaptic AMPA 

receptors 

 

 To determine whether AMPARs are governed by the store-operated response, we applied 

CPA (30 μM) on organotypic hippocampal slices for 24 or 48 hours, causing ER calcium stores to 

be depleted for a prolonged period of time. We chose this time scale in order to roughly match that 

of homeostatic synaptic plasticity by activity deprivation (TTX at 1 μM for 3 days) (Soares et al., 

2013). As stated previously, the 24 hour CPA treatment resulted in an average mEPSC amplitude 

that was borderline significantly larger than in control conditions (Figure 10 B). We then tried 

applying the same concentration of CPA for 48 hours to test whether the extended time of calcium 

store depletion would lead to a larger effect. We observed a significant increase in mEPSC 

amplitude for the 48 hour CPA treatment compared to control conditions. This increase in mEPSC 

amplitude suggests either the presence of a larger number of AMPA receptors at the synapse, a 

subunit change from GluA2-containing to GluA2-lacking AMPA receptors, or a combination of 

both. GluA2-lacking AMPA receptors have a larger conductance than the GluA2-containing 

variety which would lead to an increase in mEPSC amplitudes. As shown in Figure 15 C, spine 

volume seems to be increasing after prolonged calcium store depletion, suggesting the possibility 

of a larger population of AMPA receptors at synapses. These findings are interesting because the 

increase in synaptic strength is reminiscent of that seen during homeostatic synaptic plasticity. 

 For both 24 hour and 48 hour CPA treatments, no change was observed in the average 

mEPSC frequencies compared to control conditions, but the cumulative distribution of the inter-
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event intervals between each mEPSC was left shifted. If the increase in frequency is real, it would 

suggest either a larger probability of spontaneous vesicular release, a larger number of synapses, 

or a combination of both. According to Figure 15 B, spine density seems unchanged after 48 hour 

CPA treatment, which highly suggests that the increase in frequency of mEPSCs would not be 

attributed to a larger number of synapses 

 Though these findings are fascinating, they could be due to the possibility that CPA 

treatment is affecting the activity of the network by dampening firing activity of the neurons. If 

so, then the observed effects can be attributed to decreased activity in the network, and this would 

be no different than the TTX treatment. 

 

5.2 Acute CPA treatment has no effect on firing rate 

 

 To confirm that CPA application has no effect on the firing capacity of CA1 pyramidal 

neurons, we performed current injections in CA1 pyramidal neurons in control conditions and 3 

hours after CPA application to be certain that ER calcium stores are depleted. The CPA-treated 

cells were recorded in the presence of CPA. As shown in Figure 12 B, CPA has no effect on the 

firing response patterns of CA1 pyramidal neurons. Therefore, the effects discussed in section 5.1 

are not due to decreased activity of the network, but most likely to the prolonged depletion of ER 

calcium stores. 

 

 

 



29 
 

5.3 Prolonged ER calcium store depletion leads to the insertion of GluA2-lacking AMPA 

receptors 

 

 Using stimulation-evoked AMPAR I-V curves in control and 48 hour CPA treatment, we 

observed a subunit switch from GluA2-containing to GluA2-lacking AMPA receptors. In other 

words, a prolonged period of calcium store depletion led to a shift in the synaptic AMPA receptor 

population from a calcium-impermeable to a calcium-permeable one. Interestingly, this change 

also happens at spines, dendritic shafts, and the soma as evidenced by glutamate uncaging evoked 

AMPAR I-V curves. This AMPA receptor subunit shift is also seen after prolonged activity 

deprivation (Béïque et al., 2011; Soares et al., 2013). This corroborates with the hypothesis of our 

first objective that prolonged depletion of ER calcium stores causes a shift from GluA2-containing 

to GluA2 lacking AMPARs. It is as though the cell is responding to calcium depletion by 

introducing a new source of calcium, which is consistent with the idea of a store-operated response. 

This however leads to the question of whether ER morphology is changing in order to favor a state 

which accommodates the process of calcium store-refilling. Enhanced synaptic strength and spine 

volume after prolonged CPA treatment led us to believe that the ER fills a larger number of spines 

after prolonged store depletion. ER-filled spines tend to be bigger and generate larger EPSCs than 

spines with no ER (Holbro et al., 2009). 
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5.4 Prolonged ER calcium store depletion or activity deprivation leads to invasion of ER into 

dendritic spines 

 

 To determine whether ER invades spines after prolonged calcium depletion or activity 

deprivation, cells were biolistically transfected with mCherry (morphology) and pHluorin-GluA2 

ΔC49 (ER-retained). The pHluorin-GluA2 ΔC49 construct is a cleaved AMPA receptor that 

remains trapped in the ER (Rathje et al., 2013). Normally, CA1 pyramidal neurons have very few 

spines invaded by ER (roughly 10-15% of spines) (Blumer et al., 2015), and the store-operated 

response requires the ER to be within 10 nm of the plasma membrane (Alonso et al., 2012). 

Therefore, we expect a larger amount of ER-filled spines after 48 hour CPA (30 μM) treatment 

and 72 hour TTX (1 μM) treatment. Using the spine enrichment index, we observed that TTX-

treated neurons had the most ER invasion of spines, followed by the CPA treated neurons, and 

lastly, the control neurons. 

 Firstly, this suggests that activity deprivation and prolonged calcium store depletion lead 

to the same fate, which is a compensatory mechanism in order to return ER calcium levels within 

an optimal range. As the ER invades spines, they are closer to GluA2-lacking AMPA receptors, 

which is one of the requirements for a store-operated response. Secondly, TTX-treated slices seem 

to have a higher degree of ER invasion than in CPA. This can be attributed to either ER calcium 

depletion being only partly responsible for the effects seen in homeostatic synaptic plasticity, or 

that the 48 hour CPA time point is too short to reach the state of the 72 hour TTX treatment. 

Different time points for the CPA treatment (including the 72 hour CPA treatment) are needed in 

order to distinguish between the two possible reasons for this discrepancy. Furthermore, electron 

microscopy is needed to confirm whether the ER that invades spines after treatment is within the 
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critical distance (around 10 nm) from the spine plasma membrane to undergo the store-operated 

response. Overall these data corroborates our hypothesis that HSP induced by TTX and the store-

operated response act through the same mechanism. However, an occlusion experiment comparing 

control neurons to CPA treated, TTX treated, and CPA+TTX treated neurons would shed more 

light on whether HSP induced by TTX and the store-operated response operate through a common 

pathway. 

 

5.5 CA1 pyramidal neurons’ ER calcium stores are depleted within 5 minutes at resting 

membrane potential 

 

 Our second hypothesis that HSP induced by TTX and the store-operated response act 

through the same mechanism comes with the assumption that TTX treatment leads to calcium store 

depletion. Under resting membrane potential, central neurons (including CA1 pyramidal neurons) 

have a very low level of ER calcium, and this is only replenished by depolarizing the cell to open 

voltage-gated calcium channels (Shmigol et al., 1994) (Figure 19). Furthermore, ER calcium 

stores of CA1 pyramidal neurons empty within 5 minutes of CPA application in CA1 neurons from 

dissociated cultures (Samtleben et al., 2013; Shmigol et al., 1994). Here, we use the slow AHP as 

a proxy to measure the level of calcium in the ER. First, we checked if CPA treatment blocked 

part of the slow AHP (Figure 17). As expected, roughly 50% of the slow AHP was blocked with 

acute CPA treatment (Figure 17 D). Interestingly a large run-up of the slow AHP was observed in 

control neurons (Figure 17 E), but not in the acute CPA treated neurons (Figure 17 F). If the ER 

is normally at a low level in CA1 hippocampal neurons, then this run-up could be seen as the cell 

refilling its ER stores. The slow AHP is generated in voltage-clamp mode by holding the cell at -



32 
 

50 mV, depolarising the cell to 20 mV for 500 ms, and polarising the cell back to -50 mV. The 

depolarisation to 20 mV opens calcium channels, leading to the generation of calcium-mediated 

potassium currents underlying the AHP. In the initial stimulation of the slow AHP, this calcium 

current may possibly be used not just for the generation of the slow AHP, but also the refilling of 

the ER stores, which subsequently leads to larger slow AHP as the contribution of CICR increases. 

If this were the case, then holding a CA1 pyramidal neuron at -70 mV for 5 minutes should cause 

the slow AHP in control conditions to reduce back to its initial state, whereas the acute CPA-

treated cells should have an unchanged slow AHP (Figure 18). As hypothesised, the slow AHP in 

control conditions returns to its initial state, and this drop in slow AHP amplitude is blocked by 

acute CPA treatment (Figure 18 B-E). This shows that CA1 pyramidal neurons, under resting 

membrane potential, has low calcium levels, which are rapidly depleted (within 5 minutes). This 

suggests that prolonged TTX treatment or activity deprivation leads to a state where CA1 

pyramidal neuron are depolarised a lot less, leading to a state of low ER calcium across a long 

period of time, as opposed to neurons where activity is not perturbed. It seems that taking away 

action potential firing is equivalent to hindering the store-refilling mechanism of the neuron. 

Therefore, CA1 neurons respond to this prolonged activity deprivation by increasing calcium 

conductance through GluA2-lacking AMPA receptors in order to compensate for the reduced 

number of open voltage-gated calcium channels. 
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6. Conclusion 

 

 Collectively, the data highly suggests that the regulation of a population of glutamate 

receptor subunits is part of the store-operated response in central neurons. Furthermore, the data 

corroborates the idea that HSP induced by TTX and the store-operated response may, in fact, act 

through the same mechanism. Figure 20 represents the model supported by the data. Within the 

model (Figure 20), STIM-1 is poised as a prime candidate for the sensor of HSP as it is also the 

sensor for the store-operated response. To investigate this, we will biolistically transfect 

organotypic hippocampal slices with a STIM-1 shRNA in order to observe the effects of 

homeostatic synaptic plasticity in the absence of STIM-1. Either the cell cannot sense it has low 

ER calcium (no change in AMPA receptor population with TTX treatment), it assumes it is always 

in a state of low calcium (transfected neurons express GluA2-lacking AMPA receptors without 

TTX or CPA), or the mechanism is STIM-1 independent. Either way, it would shed light on 

whether HSP is, in essence, a store-operated response. 

It is largely believed that Hebbian plasticity is the fundamental mechanism underlying the 

way the brain stores information and mediates learning. We also know that Hebbian plasticity can 

modulate synaptic strength by up- or down-regulating AMPARs at synapses. Furthermore, HSP 

has been shown to be able to also modulate the expression of AMPARs. We can therefore deduce 

that HSP may also be an important mechanism in brain information coding. If HSP is shown to 

be, at least in part, a store-operated response, then the mechanism underlying HSP would be 

exposed to be tightly linked with levels of internal Ca2+ stores. In fact, the importance of ER in 

HSP has already been alluded in synaptopdin (SP)-deficient mice lacking the spine apparatus (SA) 

– an organelle in the spine composed of stacked smooth ER. The granule cells of these mice were 
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unable to be synaptically potentiated by denervation-induced synaptic scaling as opposed to 

granule cells of wild-type mice. Furthermore TTX-induced HSP led to an increase in mEPSC in 

wild type granule cells, but not in SP-deficient ones (Vlachos et al., 2013). This finding reveals 

the necessity of ER in HSP, but lacks any mechanistic explanation for its existence in this process. 

My data however sheds some light on the mechanism behind HSP, putting ER Ca2+ as a possible 

signalling ion for this phenomenon, presumably acting through STIM-1 interaction. Thus, 

elucidating the functional role of ER Ca2+ stores on synaptic transmission would shed light on the 

fundamental mechanisms and principles underlying the ability of the brain to store and process 

information and learn. 
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