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Memories allow us to know how to ride a bike, what it feels like when we fall off it, 

and where we parked it the last time we used it. These are very different types of 

memories and they depend on different regions of the brain. Overall, memories 

determine who we are; they shape our lives. The information is encoded and stored 

in neuronal networks. When this neuronal system is altered memories can be lost, as 

it is the case of Alzheimer's disease, where people's lives are dramatically changed.  

In my thesis entitled "The discovery of GluA3-dependent synaptic plasticity" I start by 

introducing relevant concepts as synaptic plasticity, learning and memory, describing 

the brain structures of interest for this work, namely the hippocampus and 

cerebellum, and presenting AMPA receptors and Alzheimer's disease. Finally, I 

introduce the experimental chapters that form the core of this thesis. 

 

1.1. Learning and memory 

Learning is the process by which we acquire information about the world, and 

memories are the stored knowledge. Even the simplest animals have the ability to 

learn from the environment, and this skill is highly developed in humans. What types 

of learning and memories have been described and studied? Which brain structures 

partake in memory formation? It is well accepted to classify memories into 

declarative (explicit) and non-declarative (implicit) ones.  

Declarative memories code information about autobiographical events (episodic 

memory) as well as knowledge of facts (semantic memory), and they can be willingly 

evoked. Declarative memories depend on structures of the temporal lobe: extensive 

experimental work (Squire and Zola-Morgan, 1991) allowed to identify the 

involvement of the hippocampus and entorhinal, parahippocampal and perirhinal 

cortices. The amygdala, a structure belonging to the limbic system, can exert a 

modulatory effect on explicit memories. In rodents, widely accepted models of explicit 

memories include object recognition and spatial learning tasks like the Morris water 

maze. On the other hand, implicit memories are characterized by being automatic 

and reflexive. Their formation and their recall are not conscious processes. 

Classically, this type of memory is gradually formed and improved. Implicit memories 

are classified into procedural memory (of habits and skills), priming, non-associative 

learning and classical conditioning.  
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Fear conditioning is a form of Pavlovian conditioning that is often used in research. In 

this task, the animal learns to associate a neutral stimulus (conditioned stimulus, 

CS), with an aversive unconditioned stimulus (US), so that re-exposure to the CS will 

lead to a conditioned behavioral response. In the case of contextual fear conditioning 

(Figure 1), the electric foot shock (US) is given in a certain context (CS) that 

becomes threatening. The conditioned response of the animal is to freeze, meaning 

a complete lack of movement except for breathing. A fear conditioning memory has 

components of both explicit and implicit learning: learning the context of the fearful 

situation involves explicit memory and depends on the hippocampus, since lesions in 

this brain area impair the memory (Kim and Fanselow, 1992). The association of the 

context with fear is implicitly generated and requires the amygdala (Phillips and 

LeDoux, 1992).   

 

Figure 1: Schematic representation of contextual fear conditioning. During the 
conditioning session, the mouse learns to associate the conditioned stimulus (CS, the 
context) with the unconditioned stimulus (US, electric foot shock). When tested, the mouse 
will freeze as a conditioned response to the CS. 

 

1.2. Synaptic plasticity and learning and memory 

 1.2.1. Historical overview 

William James (1890) was one of the first to question the physiological bases of the 

formation of associations. According to his "law of habit", the condition allowing 

associations to be made is the coactivity of elementary brain processes (James, 

1890). He was hypothesizing on the concept of neural plasticity. In 1893, Eugenio 

Tanzi proposed that changes provoked by experience were located in neural 

junctions (Tanzi, 1893) that would in 1897 be named synapses by Charles Scott 

Sherrington (Sherrington, 1897). Santiago Ramon y Cajal (1909) suggested that the 

nervous system was not a sinctium but an ensemble of separated neurons that were 
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only connected in specialized synaptic sites. He also proposed that learning was the 

result of new ramifications in the existing neurons rather than of neuron proliferation 

(Ramon y Cajal, 1894, 1909). These morphological changes would allow the 

strengthening of connections, rendering the transfer of information more efficient. 

Donald Hebb, in his book “The organization of behavior: a neurophysiological theory” 

(1949), brought forward the hypothesis about the neural processes underlying 

memory formation. He suggested that cell assemblies worked together in order to 

represent information, and these assemblies were distributed along large cortical 

areas. He postulated that “when an axon of cell A is near enough to excite cell B and 

repeatedly or persistently takes part in firing it, some growth process or metabolic 

change takes place in one or both cells such that A’s efficiency, as one of the cells 

firing B, is increased” (Hebb, 1949). In more modern terms, when presynaptic 

glutamate release coincides with postsynaptic depolarization, synaptic connections 

are strengthened, modifying synaptic ensembles. This concept was later supported 

by the work of Bliss and Lomo, who reported that in the hippocampus repetitive 

stimulation of cell ensembles resulted in a persistent increase in synaptic strength, 

evidenced by an increase in the extracellularly recorded excitatory postsynaptic field 

potentials (EPSPs) (Bliss and Lømo, 1973). They were to first to record a form of 

synaptic plasticity, which came to be known as long-term potentiation (LTP) (Douglas 

and Goddard, 1975). The discovery of Bliss and Lomo provided an experimental 

analogue to the learning-induced changes in synaptic connectivity postulated by 

Hebb, and it was the stepping-stone to numerous lines of research into synaptic 

plasticity and learning. 

 1.2.2. Synaptic plasticity: LTP and its link to learning 

In general, synaptic plasticity can occur at the presynaptic and/or the postsynaptic 

site. Presynaptically, it occurs generally by a change in the neurotransmitter release 

probability. In the case of postsynaptic modifications, the amount of receptors, as 

well as their properties, can change. In addition, the type of receptors that are 

expressed can be altered. Other synaptic changes that do not directly involve 

alterations in synaptic strength can also occur, such as structural plasticity of spines. 

All of these mechanisms of synaptic plasticity could be participating together in the 

process of memory storage, potentially with other neuronal changes as adult 

neurogenesis and alterations in neuronal excitability. 

Long-term potentiation (LTP; Figure 2) is the type of synaptic plasticity most 

thoroughly studied in its relation to learning and memory, and it is widely proposed to 
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be the cellular correlate of these processes. LTP occurs in a very short period of 

time, generates strengthening of synaptic transmission and can last for several hours 

or longer. Over the last decades, extensive work using pharmacological as well as 

genetic approaches has shed light into the molecular mechanisms and involvement 

of LTP in learning and memory. 

 

Figure 2: Representative figure showing LTP and LTD. Scheme of a hippocampal brain 
slice and the location of the stimulation and recording electrodes (top left). Examples of field 
excitatory postsynaptic potentials (fEPSPs) measured from synapses under (i) basal, (ii) 
depressed or (iii) potentiated conditions (bottom left). LTP (closed circles) and LTD (open 
circles) induced following high frequency stimulation (HFS) or low frequency stimulation (LFS) 
respectively (right). Adapted from Fleming and England, 2010. 

 

The mechanism that establishes LTP has been extensively investigated and different 

hypothesis have led to strong debates. Over the years, conflicting evidence pointed 

either to a pre- or to a post- synaptic origin. In short, the evidence of a presynaptic 

origin was based on the fact that after LTP there was a decrease in synaptic failures, 

which was an observation that at the time could only be explained by the failure to 

release neurotransmitter presynaptically. Eventually, this was settled with the 

discovery of postsynaptically silent synapses (Liao et al., 1995), containing NMDA 

receptors but not AMPA receptors. Upon LTP induction these synapses start 

expressing AMPA receptors as well, thereby becoming unsilenced, increasing 

synaptic strength and decreasing the number of synaptic failures. 

The most studied form of LTP in the hippocampus is NMDA receptor-dependent. 

NMDA receptors in the postsynaptic membrane are activated when presynaptic 

activation, leading to neurotransmitter release, coincides with postsynaptic 
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depolarization. Calcium influx through these receptors triggers molecular pathways 

such as the activation of calmodulin-dependent kinase II (CaMKII), which 

phosphorylate postsynaptic proteins including the carboxy-terminal region of the 

AMPA receptor subunit GluA1, facilitating the trafficking of GluA1-containing AMPA 

receptors into the postsynaptic density (PSD). This results in a rapid and stable 

increase in synaptic strength.  

Whereas one focus of LTP-related research is to unravel its detailed mechanisms, 

another central field is the one that studies the relation between this form of synaptic 

potentiation and learning and memory. Several lines of work provide evidence to 

consider LTP as a fundamental process for memory formation. Fear conditioning 

produces LTP (Fedulov et al., 2007; Rogan et al., 1997; Whitlock et al., 2006). The 

most compelling causal link between learning and LTP was recently strengthened 

showing that LTP induction in vivo can reactivate a previously inactive memory 

(Nabavi et al., 2014).  

Long-term synaptic plasticity involves not only strengthening of synaptic connections 

by means of LTP but also synaptic weakening, which occurs through long-term 

depression (LTD; Figure 2). The weakening of synapses in LTD can occur through a 

postsynaptic mechanism via internalization of AMPA receptors or presynaptically as 

a result of a decrease in neurotransmitter release. Over the years, in the field of 

study of NMDA receptor-dependent LTD it was established that low frequency 

stimulation activates NMDA receptors allowing a calcium influx that is lower than in 

the case of LTP, leading to the activation of calcineurin and internalization of GluA2-

containing AMPA receptors into clathrin coated vesicles (Carroll et al., 1999; Lüscher 

et al., 1999; Man et al., 2000). However, this classic view was challenged since it has 

recently been shown that calcium influx is not necessary for LTD: NMDA receptors 

have a metabotropic function that is sufficient to trigger a signaling cascade that may 

release CaMKII from the synapse and will cause synaptic depression (Aow et al., 

2015; Dore et al., 2015; Nabavi et al., 2013) and spine shrinkage (Stein et al., 2015).  

Events experienced by the individual are believed, at the cellular level, to modify 

synapses, thereby shaping neuronal pathways. One very important feature of 

synaptic plasticity related to learning and memory is its specificity. When a new 

memory is formed, only a subset of neurons is considered to be modified. The 

combination of neurons whose synapses are activated represent the memory 

engram, a term coined over a century ago (Semon, 1904). The study of the location 

of the memory engram was initiated with lesion experiments (Lashley, 1950). It is this 
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specific combination of synapses on a subset of neurons that encodes a memory 

(Hayashi-Takagi et al., 2015; Rumpel et al., 2005), and its artificial activation leads to 

the recall of the memory (Liu et al., 2012; Ramirez et al., 2013), whereas inactivation 

of the engram cells inhibits memory retrieval (Denny et al., 2014; Tanaka et al., 

2014). This sparse coding of memories allows the brain to store an enormous 

amount of information. If instead the majority of synapses on a large proportion of 

neurons would go through synaptic modifications during learning, this would unlikely 

lead to specific memory formation, or if it did then the number of distinct memories 

stored in the brain would be very limited. 

Most of the studies mentioned above on the mechanism of LTP as well as its relation 

with memory, and many other types of learning and memory research, are performed 

in the hippocampus. This brain structure has been of great interest along the years 

and it is described in more detail below. 

 

1.3. The hippocampal formation 

Since the case of patient H.M. was described in 1957 (Scoville et al., 1957), in which 

the removal of the hippocampus and surrounding medial temporal lobe structures 

caused anterograde amnesia, the hippocampal formation has been strongly linked to 

the formation of declarative memories. Even though this is historically the most 

famous case, before this discovery it had already been proposed that the 

hippocampal formation was amongst the ones important for memory processes (von 

Bechterew, 1900; Glees and Griffith, 1952; Grünthal, 1947). 

The hippocampal formation (HF; Figure 3), c-shaped in rodents, is one of the 

principal structures of the medial temporal lobe that has a role in memory formation. 

The HF is divided in cytoarchitectonically distinct regions: the subiculum, the dentate 

gyrus (DG) and the hippocampus proper (HP). The latter is in turn subdivided into 

three areas, named after their similarity with a ram’s horn: Cornu Ammonis 1-3 (CA1, 

CA2 and CA3). 

The principal input to the HF arrives from the entorhinal cortex (EC) through the 

perforant path to the granule cells of the DG, although projections will arrive to all 

subdivisions of the HF. The EC in turn receives information from various cortical 

regions. The granule cells in the DG, through so-called mossy fibers, project to CA3. 

CA3 projects locally to itself and sends Schaffer collaterals to CA1. CA1 pyramidal 
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neurons in turn project to the subiculum and deep layers of the EC. Finally, the 

output of the subiculum is mainly the EC. The HF also receives input and sends 

projections to a number of other brain regions, rendering it a highly connected 

structure. The neuronal structure of the HP is laminar through its different sub 

regions. The cell type that prevails in the HP is the pyramidal neuron, whose cell 

body is located in the stratum pyramidale, where somas are densely packed forming 

an easily identifiable layer. Pyramidal neurons have an apical dendritic tree and a 

basal one.  

 

Figure 3: Components of the hippocampal formation. The subiculum, part of the EC, the 
DG and CA1-CA3 regions amongst others are indicated. The hippocampus proper is divided 
in stratum oriens (1), stratum pyramidale (2), stratum radiatum (3) and stratum lacunosum-
moleculare (4). Interneurons are not present in the illustration (adapted from Ramon y Cajal 
1911). 

For simplicity, throughout the remaining of this thesis we will refer to the hippocampal 

formation as hippocampus. Historically, different functions have been attributed to 

the hippocampus, such as olfaction and behavioral inhibition. During several 

decades, the hippocampus has been repeatedly implicated in spatial coding and 

different types of memory formation. During the 1970’s, important new evidence 

supported these roles of the hippocampus. It was discovered that pyramidal neurons 

of the rat could code for spatial information. Due to its prominent role in memory 

formation and its unique organization, the hippocampus can be accounted as the 

most frequently used brain structure in the study of synaptic plasticity and memory 

encoding. In particular, the Schaffer collateral to CA1 synapse remains probably the 

most studied synapse in the brain. 
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Although synaptic plasticity was described and extensively studied in the 

hippocampus, the process occurs widely throughout different structures of the brain, 

including the cerebellum (Ito and Kano, 1982; Figure 4).  

 

Figure 4: Location of the hippocampus and the cerebellum: Nissl staining of a sagittal 
mouse brain section. The hippocampus (left) and cerebellum (right) are marked by bliack 
squares. Image extracted from the Allan Brain Atlas (http://www.brain-map.org/). 

 

1.4. The cerebellum 

The cerebellum is part of the hindbrain, which also contains the medulla oblongata 

and pons. Composed by two hemispheres, it is located dorsally to the pons and 

posterior to the superior colliculus. The basic design is the same for the cerebellum 

and the cerebrum: an outer cortex with high neuronal density forming the grey 

matter, white matter and deep gangliar structures, in this case deep cerebellar and 

vestibular nuclei.  The cerebellar cortex is divided in 10 lobules, each consisting of a 

tightly folded layer of cortical grey matter.  

The first overview of the cerebellar circuitry was provided by Santiago Ramon y 

Cajal. Two of the main inputs to the cerebellum are climbing fibers, coming from the 

inferior olive, and mossy fibers. Purkinje cells (PC) were first described in 1837. They 

have a very characteristic morphology, with a bi-dimensional dendritic tree extremely 

ramified. Each PC receives input from one single climbing fiber (coming from the 

inferior olive) as well as multiple parallel fibers, which are the axons of granule cells, 

which in turn received input from mossy fibers. PCs are inhibitory cells, releasing 

GABA from their presynaptic sites, and they are the only output of the cerebellar 

cortex, projecting to cerebellar and vestibular nuclei neurons. PCs generate two 

types of spikes, namely simple and complex ones. The production of simple spikes is 
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intrinsic to the PC and their probability of occurrence is modulated by the activity of 

the parallel fibers. Complex spikes are caused by glutamate discharges from 

climbing fibers, since one climbing fiber contacts the PC in numerous synaptic sites. 

Granule cells, the smallest neurons in the brain, are contained in the granular layer. 

They have a very conserved morphology and their axons form the parallel fibers, 

which can connect with several PCs, although always making a single synaptic 

contact with each PC.  

The cerebellum has important functions in motor behavior. Amongst them, in the aim 

towards a correct and stable vision, is the generation of optokinetic responses and 

vestibulo-ocular reflexes. The former occurs when the eyes rapidly move following a 

target in movement, while the latter is the ability to counterbalance a head movement 

to prevent the destabilization of the visual focus. The cerebellum is also a structure of 

foremost importance for the fine tuning and encoding of procedural memory, which is 

a type of implicit memory. 

 

1.5. Glutamate receptors 

Glutamate is the principal excitatory neurotransmitter in the central nervous system. 

Upon fusion of glutamate-containing presynaptic vesicles with the presynaptic 

membrane, the neurotransmitter is released into the synaptic cleft, where it can bind 

to different transmembrane receptors at the postsynaptic side. Glutamate receptors 

can be ionotropic, meaning that they are ligand-gated ion channels, or metabotropic, 

meaning G-protein coupled receptors acting through a signaling cascade that 

involves a secondary messenger. These receptors mediate glutamate-induced 

excitation of neurons. 

There are three classes of ionotropic glutamate receptors (Figure 5): α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), N-methyl-D-aspartate (NMDA) 

and kainate receptors, named after their respective artificial selective agonists. In this 

thesis, the main type of glutamate receptor under study is the AMPA receptor. 
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Figure 5: Classification of ionotropic glutamate receptors. 

 

AMPA receptors (AMPARs) are ligand-activated cation channels. When activated, K+ 

and Na+ flow through their pore. As a result, postsynaptic currents having a reversal 

potential close to 0 mV are generated. 

AMPARs are composed of four subunits by a dimer of two identical homo- or 

heterodimers that together form the tetramer. There are four types of subunits, 

namely GluA1, GluA2, GluA3 and GluA4, and their sequences are highly 

homologous, approximately 70%. Each subunit contains one ligand-binding site 

(Mayer, 2005). Upon binding of the ligand, the subunit changes its conformation. 

Agonist binding to at least 2 of the 4 subunits is necessary to allow the channel to 

open (Clements et al., 1998).  

The structure of each subunit can be divided into an extracellular domain, a ligand 

binding domain, a transmembrane domain forming the channel pore and a 

cytoplasmic carboxy-terminal domain. It is in the latter that more differences are 

found between subunits. While GluA1 and GluA4 (and GluA2L, a splice variant of 

GluA2) have long carboxy-terminal domains, these are short in GluA2 and GluA3 

(and GluA4short, a splice variant of GluA4) subunits. The carboxy-terminal domains 

allow the subunits to interact with specific cytoplasmic proteins. In addition, each 

subunit has different and specifically regulated phosphorylation sites. Glutamatergic 

synaptic plasticity acts through modulation of AMPAR-mediated synaptic 

transmission, making AMPARs very interesting to study synaptic plasticity (Kessels 

and Malinow, 2009). 

AMPAR subunits are differentially expressed throughout the brain. They play distinct 

roles in synaptic plasticity, learning and memory, diseases and overall neuronal 

function, and some subunits have to date been more thoroughly characterized than 

others. There are no known pharmacological tools to selectively block or activate one 
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particular subunit. A genetic approach is rather used to unravel the role of the 

subunits. For example, transgenic mice or viral introduction of unaltered or modified 

subunits are commonly used tools. 

Certain subunit compositions can render AMPARs inwardly rectifying, meaning that 

ion flow in the outward direction becomes minimal. This is caused by polyamines, 

which at a depolarized holding potential (+40 mV) will block the channel pore. The 

rectification index is thus measured as the ratio of the AMPAR current observed at -

60 mV to that at +40 mV. GluA2 is the determinant subunit for this characteristic: if it 

is part of the AMPAR, rectification at positive potentials does not occur. Therefore, 

this property allows studying the composition of AMPARs that contribute to synaptic 

transmission. AMPARs lacking the GluA2 subunit conduct Ca2+ in addition to K+ and 

Na+. 

 1.5.1. GluA1 

GluA1 is the most studied AMPAR subunit in the context of synaptic plasticity and 

learning and memory. It mainly forms heterodimers with GluA2 (GluA1/2-AMPARs) 

and it can also form homomers (GluA1/1-AMPARs).  

Different genetic tools have been used to study the role of GluA1. Knocking out its 

gene allowed assessing in which processes GluA1 is a crucial player. 

Overexpressing GluA1 will tend to form homomeric GluA1/1-AMPARs rather than 

heteromers with GluA2, rendering AMPARs inwardly rectifying, and this acts as a so-

called electrophysiological tag. Other tools include expressing mutated GluA1 

subunits to determine the role of its regions and specific amino acids, expressing a 

pore-dead version of the receptor that does not conduct current, or expressing the 

cytoplasmic tail that interacts with GluA1-specific binding proteins competing with 

endogenous GluA1. It is currently not possible to pharmacologically block or activate 

selectively one type of AMPAR. 

GluA1 is responsible for the majority of AMPAR-mediated currents in the synapse as 

well as extra-synaptically (Andrásfalvy et al., 2003; Lu et al., 2009). As mentioned 

previously, GluA1 is delivered to the synapse upon LTP (Hayashi et al., 2000; 

Kakegawa et al., 2004; Shi et al., 2001, 1999) and it has been shown to be crucial for 

LTP in different regions of the brain such as the hippocampus, amygdala and cortex 

(Mack et al., 2001; Rumpel et al., 2005; Zamanillo et al., 1999). The trafficking of this 

subunit in and out of the synapse is an activity-dependent process, stimulated by 

NMDAR activation.  
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GluA1 has four known phosphorylation sites in its intracellular carboxy-terminal 

domain: Serine 818 (Boehm et al., 2006), 831 (Barria et al., 1997; Roche et al., 

1996) and 845 (Roche et al., 1996) and Threonine 840 (Lee et al., 2007). It is 

phosphorylated at S831 by protein kinase C (PKC) and CaMKII (increasing single 

channel conductance), at S845 by cAMP-dependent protein kinase (PKA) 

(increasing mean open probability), and at S818 and T840 by PKC. These 

phosphorylations in the carboxy-terminal domain of GluA1 modify the properties of 

the subunit (Lee et al., 2010), for example by increasing surface levels in the 

postsynaptic density, facilitating the process of LTP. However, it has been recently 

suggested that these phosphorylations hardly take place in vivo (Hosokawa et al., 

2015). 

Interestingly, some GluA1 properties can change depending on the experimental 

model. When expressed in organotypic hippocampal slices GluA1 is restricted from 

the synapses and only traffics to the synapse upon LTP induction or CaMKII 

activation (Hayashi et al., 2000; Kakegawa et al., 2004; Shi et al., 1999). 

Recombinant GluA1 expressed in dissociated cultured neurons can travel to the 

synapse in the absence of LTP induction (Lissin et al., 1998; Passafaro et al., 2001). 

It is well possible that dissociated neuronal cultures have a higher level of intrinsic 

neuronal activity that promotes the insertion of GluA1 into synapses. One study 

found that also in hippocampal slices GluA1 is delivered to the synapse without the 

need of activity (Granger et al., 2013), and proposed that it is the GFP tag that 

prevents trafficking to synapses, making the GFP-tagged GluA1 model less relevant. 

However, when trying to unify these views in the same experimental setup (Nabavi et 

al., 2014) activity-independent entry of GluA1 into synapses was not observed either 

in the presence or absence of a GFP tag. Importantly, when expressed in vivo GluA1 

can be found in dendritic spines (Mack et al., 2001), but only traffics into synapses 

upon behavioral experience. For instance, fear learning drives recombinant GluA1 to 

the synapse in the amygdala (Rumpel et al., 2005). In addition, whisker-experience 

involves the insertion of GluA1-containing AMPARs into synapses of the barrel 

cortex, and clipping whiskers prevents GluA1 from trafficking into these synapses 

(Makino and Malinow, 2011; Takahashi et al., 2003; Zhang et al., 2015). In 

conclusion, the majority of studies are in line with the model that GluA1-containing 

AMPARs only go into synapses upon LTP-like activity.  

The critical role for GluA1-trafficking in memory formation has been established using 

different model systems. Blocking GluA1-dependent LTP in vivo at different levels, 

such as knocking out GluA1 or introducing modified versions of GluA1 that disrupt 
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their trafficking, impairs learning or experience-dependent plasticity (Feyder et al., 

2007; Rumpel et al., 2005; Takahashi et al., 2003). Blocking GluA1 traffic to the 

synapse in the hippocampus or amygdala impairs memory formation (Mitsushima et 

al., 2011; Rumpel et al., 2005). Mice lacking GluA1 have spatial working memory 

deficits (Reisel et al., 2002; Schmitt et al., 2003, 2004) and are impaired in fear 

conditioning (Humeau et al., 2007). However, in these animals other processes such 

as spatial reference memory remain unaltered (Reisel et al., 2002; Schmitt et al., 

2003; Zamanillo et al., 1999), indicating that not all memory processes require 

GluA1-plasticity but likely depend on other types of plasticity.  

Overall, GluA1 is considered the key subunit in several forms of synaptic plasticity 

and memory formation. This view was recently challenged in a study showing that for 

LTP to take place glutamate receptors are required independently of their subunit 

subtype. In this scheme, LTP only needs an adequate reserve pool of extrasynaptic 

glutamate receptors (Granger et al., 2013). However, the fact that any receptor can 

traffic does not imply that GluA1-lacking AMPARs do traffic upon LTP under normal 

circumstances, nor that GluA1 is not necessary for the normal regulation of LTP. 

GluA1 is an abundant subunit and phosphorylation of its C-tail facilitates trafficking to 

the PSD upon LTP. It is possible that there is a form of competition between 

AMPARs with different compositions: when LTP is induced GluA1-containing 

AMPARs would traffic more easily than those lacking GluA1. Only in the absence of 

GluA1 would other receptors may become more relevant for LTP. 

 1.5.2. GluA2 

Virtually all the GluA2 subunits in the brain are present in their edited form: a single 

nucleotide substitution in the mRNA generates a protein where a neutral glutamine in 

the transmembrane domain is replaced by a positively charged arginine. This 

modification makes GluA2-containing AMPARs impermeable to calcium (Isaac et al., 

2007). Furthermore, edited GluA2 cannot form homomers, likely because of 

electrostatic repulsion. As explained above, GluA2-lacking AMPARs are inwardly 

rectifying. This property is used to electrophysiologically differentiate subunit 

compositions of AMPARs. Additionally, overexpression of unedited GluA2 allows the 

formation of GluA2 homomers that are rectifying. Since GluA2 and GluA3 have short 

cytoplasmic tails, homomeric unedited GluA2/2 recombinant receptors have been 

used to assess the role of GluA1-lacking AMPARs, and their properties are often 

extrapolated to endogenous GluA2/3 heteromers. Interneurons contain a large 

proportion of GluA2-lacking AMPARs, which are calcium permeable, have fast 
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deactivation kinetics and enhanced single channel conductance. The majority of 

AMPARs in excitatory neurons contain GluA2. 

The carboxy-terminal tail of GluA2 can be phosphorylated at S880, tyrosine 876 

(both sites having a role in receptor trafficking), and at S863 (Lu and Roche, 2012). 

When phosphorylated at S880, the C-tail of GluA2 prevents its interaction with 

GRIP/ABP while the capacity to bind PICK1 is unaltered, modulating receptor 

trafficking (Chung et al., 2000; Matsuda et al., 1999, 2000). The phosphorylation at 

Y876 results in the same modifications in interactions with GRIP and PICK1, and 

disrupting the phosphorylation impairs endocytosis of GluA2 and therefore LTD 

(Chung et al., 2003). 

LTP can be expressed in the absence of GluA2 (Jia et al., 1996). LTD in the 

hippocampus and cerebellum is a result of internalization of AMPARs. During this 

process, the carboxy-terminal domain of GluA2 interacts with proteins that trigger the 

endocytosis of the receptors, and LTD is absent in the cerebellum of GluA2 knock 

out mice (Chung et al., 2003). 

 1.5.3. GluA3 

The main focus of this thesis will revolve around the subunit GluA3. Over the last 

decades of research, GluA3 has received considerably less attention than other 

AMPAR subunits like GluA1 or GluA2. Although GluA3 is present throughout the 

brain, there is conflicting evidence regarding its relative abundance. At the mRNA 

level, GluA3 is 10-fold less abundant than GluA1 and GluA2 in the hippocampus 

(Tsuzuki et al., 2001). However, there is evidence showing that at the protein level 

GluA1 and GluA3 are present in equivalent amounts in the CA1 region of the 

hippocampus (Kessels et al., 2009). Moreover, GluA3 total protein levels in the 

hippocampus are considerable (Schwenk et al., 2014). 

It is then rather surprising to contrast this with the fact that in the absence of GluA1, 

when only GluA2/3-containing AMPARs are present, AMPAR currents in the 

hippocampus are low at synapses and virtually absent at extrasynaptic sites 

(Andrásfalvy et al., 2003; Lu et al., 2009). Correspondingly, when GluA3 is absent 

synaptic AMPAR currents remain unaltered or are only mildly reduced, and both LTP 

and LTD are still present (Lu et al., 2009; Meng et al., 2003).  

GluA3-deficient mice show unaltered auditory and contextual fear conditioning 

memories (Humeau et al., 2007) and they perform normally in a variety of behavioral 
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tests. For all of the above-mentioned reasons GluA3 has, until this thesis, remained 

largely ignored. 

Globally GluA3-deficient mice do however show a number of altered phenotypes, 

including: increased sociability and aggressive behavior (Adamczyk et al., 2012), 

disturbed slow-wave brain oscillations and respiratory modulation, a tendency to 

suffer seizures (Steenland et al., 2008) and an increased alcohol consumption 

following deprivation (Sanchis-Segura et al., 2006).  

 1.5.4. GluA4 

In pyramidal cells of the hippocampus GluA4 is highly expressed at the early stages 

of development. GluA4 trafficking properties have similarities with those of GluA1: 

they traffic to synapses in an activity dependent manner. In contrast to GluA1, 

spontaneous activity drives GluA4 trafficking in a manner independent of CaMKII 

(Zhu et al., 2000); phosphorylation of GluA4 at its C-tail by PKA is sufficient to trigger 

trafficking (Esteban et al., 2003). GluA4 levels decrease drastically during the first 

postnatal week in the hippocampus, where AMPARs will later consist of subunits 

GluA1, GluA2 and GluA3. In the barrel cortex, GluA4 delivery to the synapse 

triggered by whisker experience only occurs early in development (Miyazaki et al., 

2012). Remarkably, GluA4 remains a significant component of AMPARs in other 

brain structures such as the cerebellum (Schwenk et al., 2014), where it is found in 

granule cells and in Bergman glia, in the latter forming calcium-permeable AMPARs 

together with GluA1 subunits (Matsui et al., 2005). GluA4 is present in several types 

of interneurons, which in general do not express GluA2 and consequently show a 

sharper decay in their AMPAR-mediated currents.  

Compared to the vast knowledge on AMPARs in the hippocampus, the subunit 

composition and role of AMPARs in Purkinje cells of the cerebellum as well as their 

role in procedural cerebellar memory formation have not been extensively studied. 

There is sparse information about the roles of AMPAR subunit composition in 

plasticity of Purkinje cells (Bats et al., 2013; Douyard et al., 2007; Kakegawa and 

Yuzaki, 2005). Furthermore, although it is known that AMPAR-plasticity is involved in 

parallel fiber to Purkinje cell synapses during LTP and LTD (Chung et al., 2003; 

Kakegawa and Yuzaki, 2005; Steinberg et al., 2006), the full functional significance 

and the precise molecular pathways underlying this plasticity remain to be elucidated 

(Galliano and De Zeeuw, 2014; Gao et al., 2012).  

 



CHAPTER 1 

 24 

1.6. Alzheimer’s disease 

Neurodegenerative diseases are characterized by a loss of neural structure and 

function. Alzheimer’s disease (AD), a progressive age-related neurodegenerative 

disease, is the leading form of dementia in the elderly. It was fist described by Alois 

Alzheimer in 1906. The disease is characterized by the presence of two 

neuropathological elements: extracellular plaques that contain aggregates of the 

protein amyloid β, and neurofibrillary tangles composed of aggregates of the 

hyperphosphorylated protein tau. They are mainly formed in the cerebral cortex and 

subcortical regions, including the hippocampus. The clinical symptoms include 

impaired memory, personality changes, hallucinations and cognitive decline. The 

vast majority of patients present sporadic forms of AD, generally with a later onset in 

life. However, a fraction of the cases is linked with a genetic form of AD, termed 

familial AD, and the onset tends to be earlier in life. The early-onset AD is associated 

with mutations in the genes coding for the amyloid precursor protein (APP) and γ-

secretase subunits presenilin 1 or 2 (PS1, PS2). Since all these mutations point 

towards an increased production of γ-secretase mediated cleavage products of APP, 

familial AD are believed to involve the increased production of amyloid β (Aβ). Late-

onset and sporadic AD is associated with mutations in apolipoprotein E4 (ApoE4). 

Since ApoE4 influences the clearance of Aβ, one could speculate that late-onset and 

sporadic AD are usually associated with problems with Aβ clearance, while familial 

AD is linked with its high production. 

Over the years, there has been extensive research aiming to understand what are 

the molecular mechanisms underlying Alzheimer's disease. Different hypothesis 

have been put forward.  

 

Figure 6: Schematic representation of neurons in a healthy and Alzheimer's brain. On 
the right, there are neurofibrillary tangles composed of tau and extracellular plaques 
composed of Aβ. Image from BrightFocus Foundation (http://www.brightfocus.org/). 
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The cholinergic hypothesis was the first one proposed to explain AD, in the 1970’s. It 

was based on the fact that dysfunction and loss of cholinergic activity is a common 

early event in AD (Davies and Maloney, 1976). Furthermore, there is decreased 

activity and reduced levels of the components of the cholinergic system in AD 

patient’s brains (Auld et al., 1998). 

The tau hypothesis states that the main cause of AD is the abnormal phosphorylation 

of tau, a highly soluble microtubule-associated protein. This hyperphosphorylation of 

Tau leads to its aggregation and yields neurofibrillary tangles that accumulate inside 

the neurons, damaging cytoplasmic functions and interfering with axonal transport. In 

this frame, different proteins that phosphorylate tau and can cause AD have been 

identified: glycogen synthase kinase 3 and cyclin dependent kinase 5 (Noble et al., 

2003; Spittaels et al., 2000).  

The third model is the amyloid β (Aβ) cascade hypothesis. The transmembrane 

amyloid precursor protein (APP) can be processed in two ways. In the non-

amyloidogenic pathway, APP is firstly cleaved by α-secretase, whose site of action is 

inside the Aβ domain, and then cleaved by γ-secretase. Therefore, in this case the 

formation of the Aβ peptide is precluded. In the other option, known as the 

amyloidogenic pathway, APP is cleaved by β-secretase followed by the action of γ-

secretase. One of the products of this processing is the Aβ peptide. The enzyme γ-

secretase cleaves the protein in a variable site, producing peptides of different sizes: 

Aβ40 and Aβ42. Although both forms are found in aggregates, Aβ42 is highly 

fibrillogenic, being thus the origin of large oligomers and plaques. An Aβ production-

clearance unbalance leads to its accumulation in fibrils, originating neuropathological 

symptoms (Hardy and Selkoe, 2002). 

The different hypotheses do not necessarily exclude each other. For instance, it is 

likely that tau is part of the Aβ cascade, since Aβ does not cause neurotoxicity in the 

absence of tau (Takashima et al., 1993). 

The function and structure of neurons, but also of other cell types as microglia, 

astrocytes and muscle cells (endothelial and smooth) become altered by high levels 

of Aβ; the effects of Aβ on these other cell types can in turn indirectly further affect 

neurons (Mucke and Selkoe, 2012). 

Originally, the amyloid cascade hypothesis pointed to Aβ insoluble plaques as the 

causative agent for AD (Hardy and Higgins, 1992). However, the discovery of soluble 
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oligomeric Aβ and its effects have provided evidence that this smaller form of 

aggregation of Aβ has a main role in the early synaptic failures seen in AD (Cheng et 

al., 2007; Lesné et al., 2006; Mucke et al., 2000; Shankar et al., 2008; Terry et al., 

1991). The precise targets of Aβ and the mechanisms by which the peptide initiates 

the synaptic effects remain to be fully elucidated. Aβ has been found to interact with 

membrane receptors such as NMDARs, AMPARs, α7 nicotinic acetylcholine 

receptors and insulin receptors amongst others, although the physiological relevance 

(i.e. concentration) and the state of aggregation of the peptide have not always been 

fully controlled (Mucke and Selkoe, 2012). An increased production of Aβ results in a 

loss of spines, a reduced capacity for synaptic plasticity and synaptic depression 

through the endocytosis of AMPARs and NMDARs (Kamenetz et al., 2003; Lambert 

et al., 1998; Walsh et al., 2002). Synaptic depression mediated by amyloid β requires 

the activation of NMDAR function (Kamenetz et al., 2003; Kessels et al., 2013) in a 

manner independent of ion flux through the receptor channel (Kessels et al., 2013), 

which via a signaling cascade involving tau phosphorylation ultimately causes 

AMPAR internalization (Jin et al., 2011; Kamenetz et al., 2003; Mairet-Coello et al., 

2013; Takashima et al., 1993). AMPAR endocytosis is crucial for depletion of 

NMDARs and spine loss to take place (Hsieh et al., 2006; Miyamoto et al., 2016). 

The metabotropic, ion-flux independent, function of NMDARs is not only required for 

Aβ-induced synaptic depression (Kessels et al., 2013), but also for spine shrinkage 

(Stein et al., 2015) and spine loss (Birnbaum et al., 2015). Research into the 

molecular mechanisms through which Aβ causes synaptic deficits is crucial for the 

future development of therapeutical strategies that effectively can inhibit or even 

prevent AD in the future. 

 

1.7. Scope of this thesis 

AMPA receptors are responsible for fast excitatory synaptic transmission in the brain. 

GluA1-containing AMPA receptors have been extensively studied and are known to 

play a key role in several forms of synaptic plasticity and memory formation. In 

contrast, GluA3-containing AMPA receptors have historically been ignored, because 

they have remained relatively invisible at the cell physiological level. This thesis aims 

to "put GluA3 on the map" by studying the role it plays in synaptic plasticity and 

behavior in the hippocampus and cerebellum, and establishing the relationship 

between GluA3 and amyloid β. 
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In Chapter 2, I describe our discovery that GluA3-containing AMPA receptors are 

present at synapses in large amounts, but they are invisible because they are 

closed/inactive/dormant under basal conditions and are hence electrically silent. 

However, when the intracellular cAMP level rises, GluA3 channels become 

functional, leading to a powerful synaptic potentiation. Fear, through an increase in 

norepinephrine levels, is a trigger for this newly found type of synaptic plasticity. We 

further show that this GluA3-plasticity plays no role in memory formation. 

As I describe in Chapter 3, we find that GluA3-dependent synaptic plasticity is not a 

phenomenon restricted to the hippocampus: it also occurs in the cerebellum. In this 

brain structure, GluA3-containing AMPA receptors are responsible for long-term 

potentiation at the parallel fiber to Purkinje cell synapse and adaptation of the 

vestibulo-ocular reflex. 

In Chapter 4 I return to the hippocampus, turning the focus to Alzheimer's disease. 

Experiments in mouse models of Alzheimer's disease have shown that soluble 

oligomeric clusters of amyloid β trigger synaptic weakening, a loss of synapses and a 

reduction in synaptic plasticity. We find in this chapter that all these amyloid β-driven 

effects depend of AMPA receptor subunit GluA3 and that memory deficits in our 

mouse model of Alzheimer's disease are absent in a GluA3-deficient background, 

altogether suggesting that the expression of amyloid β-mediated synaptic and 

cognitive deficits require the presence of GluA3. 

Finally, the main conclusions of this thesis are exposed and discussed throughout 

Chapter 5. 
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ABSTRACT 

AMPA receptors are responsible for fast excitatory synaptic transmission in 

the brain. In CA1 pyramidal neurons of the hippocampus two types of AMPA 

receptors predominate: those that contain subunits GluA1 and GluA2, and 

those that contain GluA3 and GluA2. GluA1-containing AMPA receptors have 

been extensively studied and are known to play a key role in several forms of 

synaptic plasticity and memory formation. In contrast, the contribution of 

GluA3 to synapse physiology has remained elusive. Here we show that under 

basal conditions GluA3-containing AMPA receptors are inactive and contribute 

little to synaptic currents. During fear, a rise in intracellular cyclic AMP levels 

driven by norepinephrine release restores GluA3 channel function, leading to a 

massive and transient synaptic potentiation. Our results indicate that GluA3- 

and GluA1-containing AMPA receptors contribute differently to synaptic 
plasticity and memory formation.  

  

INTRODUCTION 

Memory formation involves the selective strengthening of groups of synapses within 

neuronal circuits that are activated during an experience. The encoding of memories 

is thought to depend on the long-term potentiation (LTP) and long-term depression 

(LTD) of synaptic strength (Whitlock et al., 2006; Nabavi et al., 2014). LTP and LTD 

can be expressed by a change in the number of postsynaptic AMPA-type glutamate 

receptors (AMPARs) (Huganir and Nicoll 2013; Malinow and Malenka 2002). AMPAR 

channels are formed through the assembly of four AMPAR subunits. In excitatory 

neurons of the mature hippocampus, the majority of AMPARs consist of subunits 

GluA1 and GluA2 (GluA1/2 heteromers) or GluA2 and GluA3 (GluA2/3 heteromers) 

(Wenthold et al., 1996).  

GluA1-containing AMPARs play an essential role in several forms of experience-

dependent plasticity (Kessels and Malinow 2009). GluA1 is inserted into synapses 

upon the induction of LTP or the formation of fear memories, whereas a selective 

blockade of GluA1 trafficking impairs LTP and memory formation (Mitsushima et al., 

2011; Rumpel et al., 2005). In line with this, LTP and the formation of fear memories 

are severely impaired in GluA1-deficient mice (Humeau et al., 2007). In contrast to 

the short cytoplasmic tails (C-tails) of GluA2 or GluA3, the GluA1 subunit has a long 

C-tail that contains several unique phosphorylation sites by which the trafficking of 
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GluA1 to synapses can be regulated. For instance, the C-tail of GluA1 can be 

phosphorylated by protein kinase A (PKA), which in turn promotes the surface 

expression of GluA1-containing AMPARs (Joiner et al., 2010; Man et al., 2007), 

thereby lowering the threshold for LTP and facilitating the formation of memories 

(Crombag et al., 2008; Hu et al., 2007; Qian et al., 2012). Such activation by PKA 

can occur following activation of beta-adrenergic receptors (β-ARs) by 

norepinephrine (NE), which leads to activation of adenylyl cyclases, producing a rise 

in intracellular cyclic AMP (cAMP) (Hall 2004; Vanhoose and Winder 2003). Whereas 

the role of GluA1 in synaptic plasticity and learning is well established, the role of 

GluA3-containing AMPARs has remained unclear. In hippocampal neurons that lack 

GluA3 LTP and LTD are intact (Meng et al., 2003) and the capacity of GluA3-

deficient mice to acquire fear memories is comparable to wild-type congenics 

(Adamczyk et al., 2012; Humeau et al., 2007).  

There are currently two theories on the relevance of having two different types of 

AMPARs in excitatory neurons. One model dictates that LTP and learning involve 

synaptic trafficking of GluA1-containing AMPARs, whereas GluA3-containing 

AMPARs are constitutively replacing AMPARs at synapses independently of 

neuronal activity (Kessels and Malinow, 2009; Shi et al., 2001). In this model GluA3-

containing AMPARs are hypothesized to play a homeostatic role in keeping synapse 

strength stable in the face of protein turnover (McCormack et al., 2006). The second 

model states that in essence any type of AMPAR can be inserted into synapses upon 

LTP induction (Granger et al., 2013) and therefore AMPARs can contribute to 

learning in a manner independent of subunit composition. In this model the 

observation that GluA1-containing AMPARs dominate in mediating synaptic 

strengthening is explained by the notion that GluA3-containing AMPARs contribute 

little to synaptic and extrasynaptic AMPAR currents in hippocampal pyramidal cells 

(Lu et al., 2009).  

In the present study we combine these two models by showing that although GluA3-

containing AMPARs are present at hippocampal synapses in substantial numbers, 

they transmit no or little currents upon glutamate binding under basal conditions. 

However, when activation of β-ARs following fear results in an increase in 

intracellular cAMP, GluA3-containing AMPARs become functional, leading to 

synaptic potentiation in a novel format. Yet interestingly, when GluA3-containing 

AMPARs are contributing substantially to synaptic currents, they play no part in 

hippocampus-dependent memory formation. 
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RESULTS 

A rise in cAMP increases the open-channel probability of GluA3-containing 
AMPARs 

To examine the contribution of GluA3 to the pool of extrasynaptic AMPARs, we 

recorded currents evoked by puffing AMPA onto outside-out membrane patches 

excised from cell bodies of CA1 pyramidal neurons in organotypic hippocampal 

slices prepared from wild-type, GluA3-deficient or GluA1-deficient mice. The absence 

of GluA3 had no effect on extrasynaptic AMPAR currents (p>0.9, Figure 1A). A non-

stationary noise analysis on these outside-out AMPAR currents showed that the 

absence of GluA3-containing AMPAR currents did not result in differences in the 

average number of functional AMPARs per patch, single channel conductance or 

open-channel probability (Figure C,D). Consistent with previous results (Andrásfalvy 

et al., 2003), GluA1-deficient outside-out patches contained relatively few functional 

AMPAR channels, and those that were present had a low single-channel 

conductance and open channel probability (Figure C,D). As a result, currents were 

83% smaller in GluA1-deficient outside-out patches compared with those that 

contained GluA1 (p<0.0001, Figure 1A). These data indicate that under basal 

conditions the majority of extrasynaptic AMPAR currents are derived from GluA1-

containing AMPARs. 

A rise in intracellular cAMP results in a long-lasting potentiation of AMPAR currents 

(Carroll et al., 1998; Chavez-Noriega and Stevens, 1992; Sokolova et al., 2006). To 

study how cAMP modifies AMPARs, we recorded AMPA-evoked currents from 

outside-out patches with or without cAMP in the solution of the recording pipette, 

while blocking cAMP degradation by phosphodiesterases (PDEs) with IBMX (Figure 

1A). We note that IBMX by itself did not change the amplitude of the response to 

AMPA puffs (Figure S1A). In somatic membrane patches from wild-type neurons the 

amplitudes of the responses to AMPA puffs were 2-fold higher in the presence of 

cAMP (p=0.0009; Figure 1A). In patches from GluA3-deficient somatic patches cAMP 

did not change AMPAR currents (p=0.9; Figure 1A). However, in GluA1-deficient 

CA1 patches AMPAR currents increased 4.5-fold in the presence of cAMP 

(p<0.0001; Figure 1A). This occurred as a function of an increase in the estimated 

number of functional channels (p=0.0009), channel conductance (p=0.04) and open-

channel probability (p=0.002; Figure 1C,D). As a result, GluA3-containing AMPARs 

activated by cAMP reached conductance levels comparable to those of GluA1-

containing AMPARs in GluA3-deficient patches (p=0.9), the channel properties of 
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which were not modified by cAMP (Figure 1C,D). These experiments suggest that 

cAMP selectively potentiated currents through GluA3-containing AMPARs, revealing 

a novel type of AMPAR plasticity.  

 

Figure 1. cAMP increases currents but not the number of GluA3-containing AMPARs at 
the cell surface 

(A) Experimental setup, example traces and averages of AMPAR amplitudes in response to 
AMPA puffs onto outside-out patches from WT (CA1 cell bodies without (black; n=15) or with 
(gray; n=24) cAMP in pipette, GluA3-KO without (dark blue; n=20) or with (light blue; n=20) 
cAMP, and GluA1-KO without (dark red; n=18) or with (light red; n=10) cAMP. All recordings 
in the presence of desensitization blockers cyclothiazide and PEPA and cAMP condition in 
the presence of PDE inhibitor IBMX. (B) Sindbis expression of SEP-GluA3 rescues the 
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cAMP-driven GluA3-plasticity. Outside-out patches from SEP-GluA3 infected GluA3-KO cell 
bodies, before (n=7) and after (n=8) wash-in of forskolin plus IBMX. (C) Example graphs of 
non-stationary noise analysis for WT, GluA3-KO and GluA1-KO outside-out recordings. (D) 
Average number of functional channels, single channel conductance and open probability 
extracted from non-stationary noise analysis of the outside-out recordings (see methods). (E) 
Example images and average fluorescence intensity of GluA3-KO cell bodies (left; n=6) and 
dendrites (right; n=8) infected with SEP-GluA3 visualized with 2-photon laser scanning 
microscopy before and after wash-in of forskolin plus IBMX (n=8). Scale bars indicate 5 µm. 
Error bars indicate SEM, * indicates p<0.05. 

 

To examine whether GluA3-plasticity involves trafficking of GluA3 to the cell surface, 

we introduced fluorescently labeled GluA3 into GluA3-deficient CA1 neurons. 

Whereas recombinant GluA3 expression did not alter outside-out AMPAR currents, 

washing-in both the adenylyl cyclase activator forskolin and PDE inhibitor IBMX 

rescued the cAMP-driven potentiation of AMPAR currents (p=0.03; Figure 1B), 

indicating that recombinant GluA3 responds similarly to a rise in cAMP as 

endogenous GluA3. As a means to quantify the surface levels of recombinant GluA3, 

the subunit was tagged with super ecliptic phluorin (SEP), which is only fluorescent 

at neutral pH, i.e. when present in the ER, cis-Golgi or at the cell surface, but not at 

acidic pH in late endosomes or lysosomes. We visualized the pH-sensitivity of SEP-

GluA3 by acutely washing in ACSF buffered at pH 5 (Figure S1B). Upon the wash-in 

of forskolin and IBMX, the SEP fluorescence levels remained unchanged at the 

surface area of both dendrites (p=0.4) and cell bodies (p=0.2; Figure 1E), suggesting 

that cAMP-driven GluA3-plasticity does not result from trafficking of GluA3-containing 

AMPARs from endocytic compartments to the cell surface.  

We next examined the cAMP-driven activation of GluA3 channel function by 

performing single-channel recordings under cell-attached configuration from soma of 

CA1 pyramidal GluA1- or GluA3-deficient neurons from organotypic hippocampal 

slices, while adding AMPA to the recording pipette. Single-channel AMPAR currents 

from GluA3-deficient neurons did not change in the presence of forskolin (Figure 2A-

E), indicating that the channel properties of GluA1-containing AMPARs remained 

unchanged upon a rise in cAMP. In GluA1-deficient neurons the basal open 

probability of AMPARs was low and events were almost exclusively in open state 1, 

which occurs when only two out of four subunits change conformation upon 

glutamate binding. In the presence of forskolin the open probability increased 

substantially (p=0.0001; Figure 2F,G) and GluA3-containing AMPARs more often 

reached open states 2 and 3 (open state 1: p<0.0001, 2: p=0.0002, 3: p<0.0001; 

Figure 2H), leading to enhanced average conductance (p<0.0001; Figure 2I) without 
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modifying the conductance level of each open state (open state 1: p=0.2, 2: p=0.06, 

3: p=0.8; Figure 2J). These experiments indicate that GluA3-containing AMPARs are 

largely electrically quiet under basal conditions, but become functional upon a rise in 

cAMP by increasing their capacity for glutamate-gated channel opening.  

Figure 2. cAMP increases the open-channel probability of GluA3-containing AMPARs 

(A-E) Single channel recordings under cell-attached configuration of GluA3-KO (blue) and (F-
J) GluA1-KO (red) neurons in control conditions and incubated with forskolin (GluA3-KO ctrl: 
n=15, FSK: n=14; GluA1-KO ctrl: n=15, FSK n=14). Example traces (A,F), open probability 
(B,G), fraction of time spent in each open state (C,H), average conductance (D,I) and 
conductances of each open state (E,J). Error bars indicate SEM, * indicates p<0.05. 

 

A rise in cAMP activates GluA2/3s at synapses 

To investigate whether the cAMP-driven activation of GluA3-plasticity occurs at 

synapses, we performed whole-cell patch clamp recordings on CA1 neurons from 

organotypic hippocampal slices in the presence or absence of forskolin. Forskolin 

incubation significantly increased AMPAR/NMDAR ratios evoked by stimulating 
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Schaffer collateral inputs onto synapses of wild-type CA1 neurons (p=0.01; Figure 

3A). In GluA3-deficient neurons forskolin failed to trigger a change in the 

AMPAR/NMDAR ratio (p=0.6; Figure 3A), indicating that forskolin activated GluA3-

containing AMPARs at the postsynaptic membrane. Consistent with the notion that 

the potentiation effect of forskolin is expressed postsynaptically (Sokolova et al., 

2006), forskolin did not affect presynaptic glutamate release, since paired pulse 

ratios (WT: p=0.3, KO: p=0.7; Figure 3B) and the quantal content of evoked 

glutamate release (p=0.7, Figure S2A) remained unchanged. 

 
Figure 3. The cAMP-driven postsynaptic potentiation is dependent on GluA3  
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(A) Example traces and average AMPAR/NMDAR EPSC ratios of WT neurons with (n=13) or 
without (n=9) forskolin, and GluA3-KO neurons with (n=8) or without (n=8) forskolin. (B) 
Example traces and average paired pulsed ratio of WT CA1 neurons with (n=8) or without 
(n=8) forskolin, and of GluA3-KO neurons with (n=8) or without (n=8) forskolin. (C) Example 
traces, mEPSC frequencies, mEPSC amplitudes and mEPSC distribution per 1 pA binned 
amplitude of WT neurons with (n=10) or without (n=10) forskolin and GluA3-KO neurons with 
(n=10) or without (n=8) forskolin. (D) Example traces, mEPSC frequencies and mEPSC 
amplitudes in the presence of IBMX of WT neurons with (n=10) or without (n=11) cAMP and 
of GluA3-KO neurons with (n=8) or without (n=8) cAMP in recording pipette. (E) Example 
traces, mEPSC frequencies and mEPSC amplitudes in GluA3-KO slices of uninfected CA1 
neurons with (n=9) or without (n=8) forskolin, and GFP-GluA3 infected neurons with (n=11) or 
without (n=8) forskolin. Error bars indicate SEM, * indicates p<0.05. 

 

In miniature EPSC (mEPSC) recordings, forskolin induced a modest increase in the 

average amplitude (p=0.002) and a large increase in the frequency (p<0.0001) of 

mEPSC events (Figure 3C). A postsynaptic change in AMPAR currents reflected by 

a change in mEPSC frequency rather than mEPSC amplitude is not uncommon and 

has been observed previously (Lee et al., 2014; Lu et al., 2009; Rumbaugh et al., 

2006). In GluA3-deficient neurons, forskolin did not change the average mEPSC 

amplitude and triggered a mEPSC frequency increase (p=0.001) that was 

significantly smaller in magnitude compared to that in wild-type CA1 neurons 

(p=0.0005; Figure 3C). GluA3-dependent synaptic potentiation was also induced by 

directly infusing cAMP into CA1 neurons with PDEs blocked by IBMX (WT: p=0.01, 

GluA3-KO: p=0.8; Figure 3D). Re-introducing GluA3 by acute viral expression of 

GFP-GluA3 in GluA3-deficient CA1 neurons rescued the forskolin-driven increase in 

mEPSC frequency (p=0.001; Figure 3E). These experiments indicate that the cAMP-

mediated increase in postsynaptic AMPAR currents requires GluA3. 

Neurons that are deficient in both GluA1 and GluA3 virtually lacked mEPSC events 

(Figure 4A), indicating that synaptic AMPAR currents recorded from GluA1-deficient 

CA1 neurons predominantly stem from GluA3-containing AMPARs. Whereas these 

GluA1/GluA3 double deficient neurons were insensitive to forskolin (p>0.9), forskolin 

did elevate the mEPSC frequency in GluA1-deficient neurons (p=0.0009; Figure 4A). 

GluA3-containing AMPARs are thought to predominantly exist as GluA2/3 

heteromers, because structural constraints at their N-terminal domain prevent 

GluA3s from efficiently forming homomers (Sukumaran et al., 2011). To test whether 

the forskolin-driven GluA3-plasticity was mediated by GluA2/3 heteromers, we 

measured the AMPAR rectification indices in GluA1-deficient neurons. Unlike GluA2-

containing AMPARs, GluA2-lacking AMPARs are rectifying: they conduct only at 

negative potentials. GluA1-deficient neurons displayed no rectifying currents either 
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before or after forskolin treatment (p=0.6, Figure 4B), indicating that the cAMP-

mediated increase in synaptic efficacy is produced by GluA2/3 heteromers.  

A rise in cAMP can cause postsynaptic potentiation by triggering GluA1 

phosphorylation via PKA activation (Joiner et al., 2010; Man et al., 2007). Indeed, 

adding  the  specific  PKA  activator  N002 to the recording pipette increased mEPSC 

Figure 4. cAMP activates GluA2/3s via a PKA and Epac independent mechanism  
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(A) Example traces, mEPSC frequencies, mEPSC amplitudes of and mEPSC distribution per 
1 pA binned amplitude of GluA1-KO neurons without (dark red; n=11) or with (light red; n=10) 
forskolin and GluA1/3-KO neurons without (dark purple; n=11) or with (light purple; n=8) 
forskolin. (B) GluA3 exists as GluA2/3 heteromeric AMPARs. Average rectification indices ((I-
60mV – I0mV) / (I+40mV – I0mV)) were determined in GluA1-KO organotypic slices of CA1 neurons 
without (n=6) or with (n=6) forskolin treatment. (C-F) PKA or Epac did not mediate GluA3-
plasticity. (C) Example traces, mEPSC frequencies and mEPSC amplitudes of WT neurons 
with (n=12) or without (n=13) PKA agonist N002, and GluA1-KO neurons with (n=13) or 
without (n=15) N002 in the recording pipette. (D) Example traces, mEPSC frequencies and 
mEPSC amplitudes of untreated CA1 neurons (n=15), neurons incubated with forskolin 
(n=15), with PKA inhibitor KT5720 (n=10), preincubated with KT5720 prior to forskolin (n=10), 
incubated with PKA inhibitor PKI (n=7), or preincubated with PKI prior to forskolin (n=6). 
Different letters (a,b) indicate significant differences (p<0.05). (E) Average mEPSC 
frequencies and amplitudes of CA1 neurons with control intracellular solution (n=7) or with 
Epac activator 8-CPT-2Me-cAMP in the recording pipette (n=7). (F) Same as (D) for CA1 
neurons incubated with Epac inhibitor ESI-05 (n=12), forskolin (n=10) or preincubated with 
ESI-05 prior to forskolin (n=15). (G) Farnesyltransferase inhibitor Salirasib prevents GluA3-
plasticity. Example traces, mEPSC frequencies and mEPSC amplitudes of untreated CA1 
neurons (n=23), neurons incubated with forskolin (n=14), with Salirasib (n=18), preincubated 
with salirasib prior to forskolin (n=22). Error bars indicate SEM, * indicates p<0.05. 

 

frequency and amplitude in wild-type CA1 neurons (p=0.004; Figure 4C). However, 

N002 did not increase the frequency or amplitude of mEPSC events in GluA1-

deficient CA1 neurons (p=0.07; Figure 4C). Moreover, pre-incubation of wild-type 

CA1 neurons with drugs that block PKA activation, KT5720 or PKI, failed to prevent 

the forskolin-mediated increase in mEPSC frequency (for both drugs p>0.9; Figure 

4D). KT 5720 was able to block the forskolin-driven increase in mEPSC amplitude, 

which may reflect a blockade of GluA1-trafficking. These data indicate that GluA3-

plasticity is not mediated by PKA. We further excluded the involvement of the cAMP-

dependent activation of HCN channels, since these channels were blocked by 

intracellular cesium during whole-cell recordings. We also found no evidence 

supporting a direct activation of GluA3 by cAMP (Figure S2B).  

As an alternative cAMP pathway, the Epac family of the cAMP-regulated guanidyl 

exchange factors (GEFs) has been described (Gloerich and Bos 2010). A drug 

(ESI05) that inhibits Epac was unable to block the effect of forskolin (p=0.4; Figure 

4F), and adding the Epac activator 8-CPT-2Me-cAMP (8CPT) to the recording 

pipette did not increase the frequency of mEPSC events (p=0.5; Figure 4E). These 

data suggest that GluA3-plasticity in CA1 neurons does not involve Epac, which is in 

line with previous findings that Epac activation does not increase synaptic currents in 

hippocampal neurons (Gelinas et al., 2008; Ster et al., 2009). Interestingly, in 

Chapter 3 we describe that cAMP-driven GluA3-plasticity is also operational in 

cerebellar Purkinje cells and, using the same experimental conditions as we used 
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here, we found that in these neurons GluA3-dependent synaptic potentiation is 

mediated by Epac (Gutierrez-Castellanos et al). Since signaling pathways tend to be 

conserved between different cell types, one could speculate that GluA3-plasticity in 

the hippocampus is mediated by a cAMP-regulated GEF that is homologous to Epac 

but insensitive to currently available Epac-selective drugs. GEFs activate GTPases 

including the superfamily of Ras-like proteins. To test the possibility that a member of 

the Ras superfamily is involved in mediating GluA3-plasticity, we tested an inhibitor 

of farnesyltransferases (FTs) of which Ras proteins are a substrate. The FT-inhibitor 

(Salirasib) significantly reduced the forskolin-mediated increase in mEPSC frequency 

(p=0.04, Figure 4G), indicating that GluA3-plasticity involves a mediator that depends 

on FT activity. We propose that a rise in cAMP can induce synaptic potentiation in 

CA1 neurons through two divergent signaling pathways: the trafficking of GluA1-

containing AMPARs to the cell surface by PKA and the increase in the open-

probability of GluA2/3s by a to-date unidentified cAMP-dependent GEF of Ras-like 

proteins.  

NE-release triggers the activation of GluA3-plasticity  

β-adrenergic receptor (β-AR) activation leads to an increase in intracellular cAMP 

levels (Seeds and Gilman, 1971). To assess whether β-AR activation can trigger 

GluA3-plasticity, we performed a mEPSC analysis on CA1 excitatory neurons of the 

dorsal hippocampus in brain slices acutely isolated from mature mice. The mEPSC 

frequency and amplitude were similar in CA1 neurons from wild-type and GluA3-

deficient mice, suggesting that GluA3-containing AMPARs in CA1 neurons are in an 

inactive state under basal conditions. When these slices were incubated with the β-

AR agonist isoproterenol we observed an increase in mEPSC frequency in CA1 

neurons of wild-type mice, provided that cAMP degradation was inhibited with IBMX 

(p<0.0001; Figure 5A). Isoproterenol did not trigger synaptic potentiation in CA1 

neurons of GluA3-deficient littermates (p=0.6; Figure 5A), indicating that β-AR 

activation is sufficient to evoke GluA3-plasticity when PDE activity is low.  

To examine whether GluA3-plasticity can be induced in vivo through NE release, 

epinephrine (E) or saline as a control was injected intraperitoneally in mature mice. E 

stimulates the locus coeruleus (LC) to supply NE throughout the nervous system 

including the hippocampus, which enhances arousal and reduces the exploratory 

locomotor activity in rodents (Carter et al., 2010; Liang et al., 1986). When mice were 

placed in a novel environment 10 minutes after E-injection, both wild-type (p=0.01) 

and GluA3-deficient littermates (p=0.03) showed decreased locomotion to a similar 
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extent (p=0.9) (Figure 5B), suggesting that LC-activity is intact in GluA3-deficient 

mice. In brain slices prepared 10 minutes after E-injection we observed a significant 

increase in mEPSC frequency in the majority of CA1 neurons of wild-type mice 

(p=0.002), but not in neurons of GluA3-deficient mice (p=0.8; Figure 5C and S3A).  

 
Figure 5. NE release triggers the activation of synaptic GluA3  

(A) β-AR activation induces GluA3-plasticity. Brain slices were acutely isolated from mature 
WT and littermate GluA3-KO mice. Example traces, average mEPSC frequencies and 
amplitudes from CA1 neurons incubated with no drugs, β-AR agonist isoproterenol, PDE 
blocker IBMX, or isoproterenol plus IBMX (WT: Ctrl n=13, Iso n=11, IBMX n=7, Iso+IBMX 
n=9; GluA3-KO: Ctrl n=15, Iso n=7, IBMX n=7, Iso+IBMX n=6). (B) Epinephrine injection 
decreases the motion of both WT and GluA3-KO mice. Example traces and average motion 
as a change in significant motion pixels (SMPs) (Kopec et al., 2007) of WT injected with 
saline (n=15) or epinephrine (n=15) and GluA3-KO injected with saline (n=17) or E (n=15). 
(C) Example traces, mEPSC frequencies and mEPSC amplitudes of CA1 hippocampal 
neurons from WT mice injected with epinephrine (n=15) or saline (n=13) or GluA3-KO mice 
injected with epinephrine (n=13) or saline (n=16). (D) AAV virus expressing GFP or GFP-Cre 
were stereotactically targeted at the CA1 of flGluA3 mice. Example traces, mEPSC 
frequencies and mEPSC amplitudes recorded from GFP-positive CA1 neurons after injection 



GLUA3-SYNAPTIC PLASTICITY IN THE HIPPOCAMPUS 

	  51 

with epinephrine (GFP: n=11; GFP-Cre: n=9) or saline (GFP: n=11; GFP-Cre: n=11). Error 
bars indicate SEM, * indicates p<0.05. 

 

To assess whether synaptic potentiation upon E-injection required GluA3 in CA1 

neurons, we repeated this experiment in mice that lacked GluA3 expression 

selectively in a subset of CA1 neurons. Three-week-old mice, whose GluA3 gene 

was flanked by loxP sites (flGluA3), were stereotactically injected with AAV5 virus 

expressing either Cre-GFP or GFP under control of the Synapsin promoter in the 

CA1 region of the hippocampus. After allowing Cre-recombinase to reduce GluA3 

levels for three weeks, we injected E or saline intraperitoneally and measured 

mEPSCs on GFP-positive neurons from slices prepared 10 minutes after injection. 

Whereas the synaptic effect of E injection was evident in slices prepared from mice 

injected with control GFP-virus (p<0.0001), it was abolished in neurons where GluA3 

expression had been knocked out by Cre-recombinase (p=0.06; Figure 5D). These 

data indicate that E-injection is sufficient to induce GluA3-plasticity in CA1 pyramidal 

neurons. 

 

GluA3-plasticity is induced by fear but does not contribute to memory 
formation 

Mice were allowed to explore a novel environment whereupon they received three 

electric shocks (0.8 mA) as an aversive stimulus. In wild-type mice this fear 

conditioning protocol led to the formation of contextual fear memories that remained 

stable over time (Figure 6A,B,E). Fear induced in mice by foot shocks in an 

unfamiliar context triggers the acute release of NE in the hippocampus, which peaks 

approximately 10 minutes after delivery of the shocks (Bremner et al., 1996; McIntyre 

et al., 2002). To assess whether such fear elicits synaptic plasticity in the CA1 region 

of the hippocampus, brain slices were prepared 10 minutes after fear conditioning 

and mEPSCs were recorded from pyramidal neurons. A significant increase in the 

frequency of mEPSC events was observed (p<0.0001; Figure 6C) in the majority of 

CA1 pyramidal neurons (Figure S3B), which was not accompanied by changes in 

average mEPSC amplitude (p=0.6; Figure 6C), spine density or average spine size 

at apical dendrites (Figure S4A). When wild-type mice were injected with β-AR 

antagonist propranolol 30 minutes prior to fear conditioning, the increase in mEPSC 

frequency in slices prepared 10 minutes after administering foot shocks was 

significantly  reduced  compared  to saline-injected control mice (p=0.02;  Figure 6D),  
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Figure 6. Fear triggers a GluA1-independent synaptic potentiation in CA1 neurons 

Mice received a fear conditioning session consisting of three electric shocks of 0.80mA (A-F). 
(A) Locomotion was quantified during fear conditioning in WT (n=17) and GluA1-KO (n=16) 
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littermates. (B) Freezing levels when re-exposed to the shock cage either 10 min (WT: n=8; 
GluA1-KO: n=8) or 2 hours (WT: n=9; GluA1-KO: n=8) after conditioning. (C) Slices were 
prepared from naïve mice or from mice 10 min or 2 hours after conditioning of WT (N: n=29 
neurons, 10m: n=12, 2h: n=21) or GluA1-KO mice (N: n=29, 10m: n=19, 2h: n=30) 
littermates. (D) WT and GluA1-KO mice were injected with propranolol 30 min prior to fear 
conditioning and brain slices were prepared 10 min after conditioning. Example traces, 
mEPSC frequencies and amplitudes were recorded from WT (Ctrl: n=22, Prop: n=16) and 
GluA1-KO (Ctrl: n=10, Prop: n=9) CA1 neurons. (E) Whereas contextual fear memories of 
WT mice are stable in time, in GluA1-KO mice the expression of fear memories gradually 
increases in time. Different groups of WT (10 min: n=8; 2hrs: n=9; 24hrs: n=8; 1 week: n=12; 
1 month: n=5) and GluA1-KO (10 min: n=8; 2hrs: n=8; 24hrs: n=7; 1 week: n=12; 1 month: 
n=10) littermate mice were re-exposed to the shock cage and freezing levels were quantified. 
(E) Both GluA1-KO and GluA1/GluA3 double KO littermates display gradually increasing fear 
memories. Different groups of GluA1-KO (2hrs: n=7; 24hrs: n=9) and GluA1/3-KO (2hrs: n=6; 
24hrs: n=8) littermates were re-exposed to the shock cage and freezing levels were 
quantified. 

 

indicating that fear-induced plasticity relies at least in part on β-AR activation. The 

synaptic potentiation of CA1 neurons elicited by the fearful experience was transient: 

in acute slices prepared 2 hours after fear conditioning mEPSC frequency had 

returned to baseline levels (Figure 6C). These results are consistent with previous 

observations that contextual fear conditioning is accompanied by a change in 

synaptic strength in the CA1 region of the hippocampus (Zhou et al. 2009; Whitlock 

et al. 2006). 

Fear conditioning leads to the activation of GluA1-dependent plasticity in a proportion 

of CA1 hippocampal neurons (Mitsushima et al. 2011). To study whether fear also 

triggers GluA1-independent forms of synaptic plasticity, GluA1-deficient mice were 

fear conditioned and their memory was assessed. In contrast to wild-type littermates, 

GluA1-deficient mice did not show any freezing response immediately following the 

shocks (p<0.0001; Figure 6A) or following re-exposure to the shock-cage 10 minutes 

after conditioning (p<0.0001; Figure 6B). Despite these differences, fear conditioning 

did induce a transient increase in mEPSC frequency in the majority of CA1 neurons 

in slices from GluA1-deficient mice (p<0.0001, Figure 6C and S3B). This increase, 

which required β-AR activation (p=0.04; Figure 6D), was smaller in absolute size 

compared with that in slices from wild-type littermates (p<0.0001), but similar in 

relative magnitude (p=0.7). These experiments suggest that synaptic plasticity was 

induced in the absence of GluA1 through the activation of β-ARs shortly after a 

fearful event. Interestingly, GluA1-deficient mice were able to gradually develop long-

term contextual fear memories. Although they never reached the freezing levels of 

wild-type littermates (p=0.03; Figure 6E), they did freeze significantly when re-



CHAPTER 2 

 54 

exposed to the shock-cage at later time points (10 min vs. 1 month: p<0.001). Note 

that each group of mice was tested only once to avoid effects of extinction or 

habituation in the fear response (see methods). A similar time-course of slowly 

developing fear responses was observed in mice that lack both GluA1 and GluA3 

(Figure 6F), indicating that these delayed memories relied on plasticity mechanisms 

that did not involve GluA1 or GluA3. 

The behavior of GluA3-deficient mice during the fear conditioning protocol was 

normal: their locomotor activity was similar to wild-type littermates when put in a 

novel environment (p=0.9) and their startle response to the shocks did not differ 

(p=0.8, Figure 7A). GluA3-deficient mice showed freezing levels similar to those of 

wild-type littermates when re-exposed to the shock-cage either 10 minutes (p>0.9) or 

2 hours (p=0.4) after fear conditioning (Figure 7B). To examine whether fear 

conditioning induced GluA3-plasticity in the hippocampus, we recorded mEPSCs in 

brain slices isolated from GluA3-deficient and wild-type littermates. In CA1 neurons 

of GluA3-deficient mice an increase in mEPSC frequency was observed in slices 

isolated 10 minutes after fear conditioning (p=0.0004; Figure 7C), likely as a 

consequence of GluA1-plasticity and/or presynaptic plasticity. Importantly, this 

increase in mEPSC frequency was substantially smaller in magnitude than that in 

CA1 neurons of wild-type littermates (p=0.005), indicating that GluA3-plasticity was 

induced in the CA1 region of the hippocampus of wild-type mice. Similarly, when 

GluA3 was knocked out by Cre-expression selectively in the CA1 region of flGluA3 

mice after development, the increase in mEPSC frequency from Cre-positive cells of 

slices isolated 10 minutes after fear conditioning was significantly smaller compared 

with neurons expressing GFP as a control (p=0.001; Figure 7D). These experiments 

indicate that GluA3-plasticity is induced in CA1 pyramidal neurons by the fear 

conditioning experience. GluA3-plasticity did not contribute to the formation or 

stability of fear memories; if anything, long-term memories tended to be slightly 

improved in GluA3-deficient mice compared to wild-type littermates (Figure 7E). The 

fear responses were equally context-specific for wild-type and GluA3-deficient mice 

(p=0.6; Figure 7F), indicating that the absence of GluA3 did not cause a 

generalization of conditioned fear. Moreover, GluA3 did not play a role in a more 

protracted type of learning: the reward-based two-choice discrimination task was 

unaffected (WT vs GluA3-KO: p>0.9; Figure S5A,B). These data indicate that in 

contrast to GluA1-dependent plasticity, GluA3-plasticity does not directly contribute 

to hippocampal learning, underscoring the functional relevance of AMPAR-subunit 

composition. 
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Figure 7. Fear triggers a GluA3-plasticity in CA1 neurons 

Mice received a fear conditioning session consisting of three electric shocks of 0.80mA (A-
D,F) or 0.65mA (E). (A) Locomotion was quantified during fear conditioning in WT (n=22) and 
GluA3-KO (n=22) littermates. (B) Freezing levels when re-exposed to the shock cage either 
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10 min (WT: n=11; GluA3-KO: n=11) or 2 hours (WT: n=11; GluA3-KO: n=11) after 
conditioning. (C) Slices were prepared from naïve mice or from mice 10 min or 2 hours after 
conditioning of WT (N: n=15, 10m: n=18, 2h: n=16) or GluA3-KO mice (N: n=22, 10m: n=22, 
2h: n=10) littermates. (D) flGluA3 mice stereotactically injected as in Figure 5D were 
subjected to fear conditioning, and 10 min later brain slices were prepared. Example traces, 
average mEPSC frequencies and amplitudes of Cre-GFP (n=11) and control GFP (n=15). (E) 
Contextual fear memories of both WT and GluA3-KO mice are stable in time. Different groups 
of WT (10 min: n=11; 2hrs: n=11; 24hrs: n=10; 1 week: n=10; 1 month: n=5) and GluA3-KO 
(10 min: n=11; 2hrs: n=11; 24hrs: n=8; 1 week: n=6; 1 month: n=7) littermates were re-
exposed to the shock cage and freezing levels were quantified. (F) Fear memories in WT and 
GluA3-KO mice are context specific. WT (n=13) and GluA3-KO (n=12) are exposed to context 
A and context B but only receive shocks in A. 2 Hours later they are re-exposed to both 
context A and B and freezing levels are scored.  
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DISCUSSION  

In this study we identified a form of synaptic plasticity in the CA1 region of the 

hippocampus that depends on GluA3-containing AMPARs. Historically, AMPARs of 

hippocampal neurons have been assumed to predominantly consist of GluA1/2s with 

only a small proportion of GluA2/3s. This notion was based on the observations that 

mRNA levels of GluA3 are 10-fold lower compared with GluA1 and GluA2 mRNA 

levels (Tsuzuki et al., 2001) and that GluA2/3s contribute little to synaptic and 

extrasynaptic AMPAR currents (Andrásfalvy et al., 2003; Lu et al., 2009). However, 

the total protein levels of GluA3 in the hippocampus were shown to be substantial 

(Schwenk et al., 2014), and it was estimated that the AMPAR population in CA1 

dendrites is composed of equivalent amounts of GluA1/2s and GluA2/3s (Kessels et 

al., 2009). We here unify these seemingly contradictory findings by showing that 

GluA3-containing AMPARs are present at synapses and on the cell surface; 

however, they are electrically quiet under basal conditions.  

GluA3-mediated currents become visible when intracellular cAMP levels are 

increased in CA1 neurons. Our single-channel recordings indicate that these 

increased currents are a consequence of an improved capacity of glutamate to open 

the AMPAR channel. GluA1-containing AMPARs opened their channels 

independently of cAMP levels, suggesting that this type of AMPAR channel plasticity 

is an exclusive feature of GluA3. Future structural studies may reveal whether cAMP 

triggers a putative conformational change within the GluA3 subunit that allows either 

glutamate to access the ligand binding site or glutamate binding to open the channel. 

The activation of GluA3-plasticity by cAMP is fast, since outside-out patches were 

pulled from whole-cell configuration after allowing cAMP to flow inside the cell for ~10 

seconds. It remains to be established which intermediate player induces the cAMP 

activation responsible for the increased currents mediated by GluA2/3s. We did not 

find evidence for cAMP to act via its known neuronal targets (PKA, HCN channels, 

Epac) or directly onto GluA3. Based on our findings that GluA3-plasticity in cerebellar 

Purkinje cells is mediated by Epac, the cAMP-regulated GEF for Rap1 (see Chapter 

3), and that GluA3-plasticity in CA1 neurons is reduced by a FT inhibitor, which is 

known to block the activity of Ras-like proteins, we consider the possibility that 

GluA3-plasticity in the hippocampus is mediated by a to-date unidentified cAMP-

regulated GEF for a member of the Ras-superfamily.  

The cAMP-driven activation of surface GluA2/3s mirrors GluA3-plasticity at 

synapses: both increased approximately two-fold in currents upon a rise in cAMP. 
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These results imply that similar to its total levels at CA1 dendrites (Kessels et al., 

2009) approximately half of the synaptic and extrasynaptic AMPAR population 

consists of GluA2/3s. When recombinant GluA3 was expressed in GluA3-deficient 

CA1 neurons of organotypic slices, the newly formed GluA3-containing AMPARs did 

not cause a change in synaptic or extrasynaptic AMPAR currents. However, upon a 

rise in cAMP they showed increased currents at both synaptic and extrasynaptic 

sites without a change in GluA3 surface levels. These findings suggest that GluA2/3s 

had trafficked to the cell surface and into synapses in the absence of LTP-like 

activity. Similarly, the activation of GluA3-plasticity upon fear conditioning was not 

accompanied by a change in spine size or spine number (Figure S4A). Considering 

that the number of AMPARs at CA1 synapses correlates well with spine size 

(Matsuzaki et al., 2001), GluA3s may have been already present at synapses before 

learning. Our results are therefore in line with the AMPAR subunit-specific rules for 

synaptic plasticity: unlike GluA1-containing AMPARs, GluA3-containing AMPARs do 

not require LTP-like activity to traffic onto the cell surface and into synapses (Kessels 

et al., 2009; Makino and Malinow, 2009; Shi et al., 2001). A recent study showed that 

in the absence of GluA1, GluA1-lacking AMPARs can be added to synapses upon 

the induction of LTP (Granger et al., 2013). Although this study did not show whether 

this is also the case for GluA2/3s, our finding that GluA2/3s are electrically quiet 

under basal conditions may explain why LTP is not visible in GluA1-deficient 

hippocampal slices (Granger et al., 2013; Zamanillo et al., 1999). Previous studies 

showed that a slowly arising LTP can be seen in GluA1-deficient slices when a theta-

burst stimulation is paired with a postsynaptic depolarization (Frey et al., 2009). We 

speculate that upon this stimulation protocol a gradual increase in cAMP levels may 

have activated GluA3-plasticity.  

Whereas GluA3 is uniformly distributed within synapses, GluA1 tends to be more 

concentrated towards their edges (Jacob and Weinberg, 2015) and large CA1 

synapses are particularly enriched in GluA1 (Shinohara & Hirase 2009). This notion 

that GluA1/2s and GluA2/3s are differentially distributed at CA1 synapses may 

explain why the postsynaptic activation of GluA3-containing AMPARs was largely 

reflected as an increase in mEPSC frequency without necessarily a change in 

average mEPSC amplitude. A large proportion of mEPSCs recorded from CA1 

neurons fell below the 5 pA detection limit (Figure 3C, 4A). When a mEPSC is 

generated by the release of a single vesicle onto a micro-domain within a synapse 

that predominantly contains GluA2/3s (MacGillavry et al., 2013), its amplitude may 

only overpass the detection limit after a rise in cAMP. Reversely, glutamate binding 
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to a micro-domain that contains mainly GluA1 and little GluA3 may produce mEPSCs 

that are detectable under basal conditions, but the amplitude of such mEPSCs will 

benefit only little from GluA3-plasticity. In such a scenario, the frequency of mEPSC 

events increases more than their average amplitude. Similarly, CA1 neurons, in 

which either GluA1 or GluA3 are depleted, are mostly affected in mEPSC frequency 

and little in amplitude (Lu et al., 2009). We therefore propose that variations in 

mEPSC frequency, if not caused by a change in presynaptic vesicle release or the 

number of functional synapses, may be a manifestation of a postsynaptic AMPAR 

subunit-specific effect.  

Our experiments indicate that the activation of β-ARs can stimulate two independent 

forms of AMPAR plasticity in parallel. First, PKA phosphorylation of GluA1-containing 

AMPARs facilitates their trafficking to synapses (Man et al., 2007), thereby facilitating 

memory formation (Hu et al., 2007). We identified a second cAMP-dependent form of 

AMPAR plasticity. Our data show that GluA2/3-dependent currents are increased by 

β-AR activation following a fearful experience. Other signaling pathways that lead to 

a rise in intracellular cAMP, like for instance those activated by dopamine or 

serotonin release, may theoretically also lead to the activation of GluA3-plasticity. 

Besides the hippocampus, GluA3-containing AMPARs are present in most other 

brain regions, including the cortex, amygdala, striatum, thalamus, brain stem, 

olfactory bulb, nucleus accumbens and cerebellum (Breese et al., 1996; Reimers et 

al., 2011; Schwenk et al., 2014), suggesting that GluA3-plasticity may be operative 

throughout the brain. In Chapter 3 we demonstrate that Purkinje cells of the 

cerebellum also express both GluA1- and GluA3-containing AMPARs, but in these 

neurons GluA3, and not GluA1, was crucial for synaptic strengthening and motor 

learning (Gutierrez-Castellanos et al.). Thus, the AMPAR subunit rules for synaptic 

plasticity are inverted in Purkinje neurons with respect to those in CA1 hippocampal 

neurons.  

Fear learning depends on GluA1-dependent long-term potentiation of a subset of 

synapses on a fraction of neurons in the hippocampus and the lateral amygdala 

(Mitsushima et al., 2011; Rumpel et al., 2005). We show that fear also induced a 

GluA3-dependent form of short-term synaptic potentiation in the majority of CA1 

neurons. When considering that fear memories require sparse coding and remain 

present long-term, it may not be surprising that GluA3-plasticity does not contribute 

to hippocampus-dependent memory formation. GluA3-plasticity also did not mask a 

memory by selectively potentiating synapses that took no part in the memory 

engram, since GluA3-deficient mice displayed fear responses indistinguishable from 
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wild-type littermates shortly after fear conditioning when GluA3s are largely active. It 

was previously suggested that GluA2/3s gradually replace GluA1-containing 

AMPARs at synapses after experience-dependent plasticity (McCormack et al., 

2006; Takahashi et al., 2003). This AMPAR-subunit replacement process does not 

appear to be necessary to stabilize a memory, since we observed that fear memories 

remained stable in GluA3-deficient mice for up to one month after fear conditioning. 

In theory, the replacement of GluA1- for GluA3-containing AMPARs may have an 

adverse effect on the preservation of memories as GluA3 channels would be partly 

inactive after replacement. Perhaps this explains why in some instances we 

observed stronger long-term memories in GluA3-deficient mice compared to wild-

type littermates. Interestingly, GluA3-plasticity is likely a selective feature of 

excitatory neurons, since most inhibitory neurons in the hippocampus lack GluA2/3s 

(Leranth et al., 1996). The activation of GluA3-plasticity may therefore selectively 

promote excitation, potentially enhancing information transfer during an emotional 

experience. The previous observation that GluA3-deficient mice display more 

aggressive behavior (Adamczyk et al., 2012) may be in line with a possible role of 

GluA3-plasticity in the control of emotional behavior. 
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SUPPLEMENTARY FIGURES 

 

 

Figure S1. (A) Blocking phosphodiesterase activity with IBMX is not sufficient to induce 
AMPAR potentiation. Amplitudes of outside-out evoked recordings (from SEP-GluA3-positive 
neurons) in response to AMPA puffs in control condition or in the presence of IBMX. (B) 
Example images and average fluorescence intensity of SEP-infected GluA3-KO at the edge 
of cell bodies (top, n=3) or at apical dendrites (bottom, n=3) visualized with 2-photon laser 
scanning microscopy before and after wash-in of pH5-buffered ACSF (n=3). Error bars 
indicate SEM, scale bars indicate 5 μm, * indicates p<0.05. 
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Figure S2. (A) Evoked AMPAR EPSC amplitude and quantal content (1/CV2) of AMPAR 
EPSCs, average NMDAR EPSC, NMDAR 1/CV2, AMPAR/NMDAR EPSC ratio (as seen in 
figure 3B), and AMPAR/NMDAR 1/CV2 ratio, of WT CA1 neurons with or without forskolin. 
The quantal content depends on the quantal size and number of effective synapses, and 
correlates linearly with the inverse square of the coefficient of variation (CV-2) (Kerchner and 
Nicoll 2008). AMPAR responses of approximately 50 pA in amplitude were evoked while 
holding the CA1 neuron at -60 mV. When forskolin was present, the CV-2 was significantly 
lower (p=0.001), suggesting that stimulating fewer axons was sufficient to evoke AMPAR 
responses of the same amplitude. If GluA3-dependent plasticity would be expressed 
presynaptically, we would expect both AMPAR and NMDAR currents to be affected. 
However, when the same stimulation intensity was maintained at +40 mV to measure 
NMDAR responses, the low CV-2 in the presence of forskolin led to proportionally smaller 
NMDAR current amplitudes (p=0.02). Forskolin incubation did not change the relative quantal 
content measured from AMPAR and NMDAR responses (p=0.7), which suggests that the 
activation of GluA3-plasticity did not involve the unsilencing of synapses. (B) Direct 
stimulation of GluA3 does not activate GluA3-plasticity. Conductance (left) and open 
probability (right) of somatic inside-out recordings from GluA1-KO CA1 neurons with S-AMPA 
(100 µM) in the recording pipette, before and after puffing cAMP (100 µM) onto the patch. 
Error bars indicate SEM, * indicates p<0.05. 
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Figure S3. GluA3 plasticity is induced in the majority of CA1 neurons upon the injection of 
epinephrine or 10 min after fear conditioning. (A) Histograms of mEPSC frequencies from 
recordings of figure 5C. (B) Histograms of mEPSC frequencies from recordings of figure 6C 
and 7C respectively. 
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Figure S4. (A) Spine densities were counted on apical dendrites of Thy1-eYFP-expressing 
GluA1-KO CA1 pyramidal neurons (N: n=44(3), 10m: n=29(2)), WT littermate neurons (N: 
n=57(4), 10m: n=38(3)), GluA3-KO neurons (N: n=55 dendrites (5 mice), 10m: n=43(4)) and 
neurons of WT GluA3 littermates (N: n=32(3), 10m: n=43(4)) without or 10 minutes after fear 
conditioning. Scale bars indicate 1 µm. Error bars indicate SEM. 
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Figure S5. GluA3-KO mice (n=4) and wild type littermates (n=4) were trained in a reward 
based two-choice discrimination task. Mice were food restricted (80 ± 5% of their normal 
weight) and daily trained for 60 trials or a maximum of 30 minutes. For every correct trail a 
reward (50µl of strawberry milkshake, Albert Heijn) was provided. Every incorrect trial was 
followed by a correction trial. After a score of 80% correct for three consecutive days the task 
was considered achieved. (A) Both GluA3-KO mice and wild type littermates significantly 
increased their percentage correct trials over the course of 15 days (WT: p=0.023; KO: 
p=0.0007). (B) Also, the number of errors decreased significantly over the course of the 
experiment (WT: p=0.009; KO: p=0.009), which indicates that the mice learned the task. 
However, no differences in performance were found between GluA3-deficient mice and wild 
type littermates after 15 days of training (Correct trials: p>0.99; Correction trials: p>0.99). 
Error bars indicate SEM, * indicates p<0.05. 
 
 
 
 
  



GLUA3-SYNAPTIC PLASTICITY IN THE HIPPOCAMPUS 

	  71 

EXPERIMENTAL PROCEDURES 

Mice 

GluA3-deficient (GluA3-KO) and wild-type littermate colony was established from 

c57bl6x129P2-Gria3tm1Dgen/Mmnc mutant ancestors (MMRRC, Davis, CA), which 

were at least 6 times backcrossed to c57bl6 mice. GluA1-deficient (GluA1-KO) mice 

were a kind gift from Dr. R. Huganir (Kim et al., 2005), and a colony was generated 

by mating heterozygous c57bl6/129 mice. For spine density experiments, mice were 

crossed to Thy1-eYFP transgenic mice (Porrero et al., 2010). GluA1xGluA3 double 

deficient colony was established by crossing homozygote GluA1-deficient males with 

heterozygote GluA3 females. Floxed GluA3 mice were a kind gift from Dr. R. 

Sprengel (Sanchis-Segura et al., 2006) and maintained in a homozygous colony. 

Mice were kept on a 12-hours day-night cycle (light onset 7am) and had ad 

libitum access to food and water. All experiments were conducted in line with the 

European guidelines for the care and use of laboratory animals (Council Directive 

86/6009/EEC). The experimental protocol was approved by the Animal Experiment 

Committee of the Royal Netherlands Academy of Arts and Sciences (KNAW). 

Electrophysiology 

Organotypic hippocampal slices were prepared from P7-8 mice as described 

previously (Stoppini et al., 1991) and used at 7-12 days in vitro. During recordings, 

slices were perfused with artificial CSF (ACSF, in mM: 118 NaCl, 2.5 KCl, 26 

NaHCO3, 1 NaH2PO4, supplemented with 4 MgCl2, 4 CaCl2, 20 glucose). Patch 

recording pipettes were filled with internal solution containing (in mM): 115 

CsMeSO3, 20 CsCl, 10 HEPES, 2.5 MgCl2, 4 Na2-ATP, 0.4 Na-GTP, 10 Na-

Phosphocreatine, 0.6 EGTA. Outside-out recordings were made with 3-5 MΩ  

pipettes and the bath contained the desensitization blockers PEPA (80 µM; Tocris) 

and cyclothiazide (100 µM; Tocris) to exclude variations due to differences in 

desensitization properties. Every 20 seconds a 100 ms puff of 100 µM S-AMPA was 

delivered with a Picospritzer III (Parker, Hollis, USA). Single channel recordings were 

measured under cell-attached configuration with 6-8 MΩ  pipettes filled with internal 

solution to which S-AMPA (100 µM; Tocris) was added. Whole-cell recordings in 

organotypic slice cultures were made with 3-5 MΩ  pipettes (Raccess < 20 MΩ, and 

Rinput > 10xRaccess). During mEPSC recordings, TTX (1 µM; Tocris) and picrotoxin 

(100 µM; Sigma) were added to the bath. Where indicated, the following drugs were 

added to the perfusion solution: forskolin (50 µM; Sigma), IBMX (50 µM; Tocris), 

KT5720 (4 µM; Tocris), PKI (2 µM; Calbiochem), ESI05 (10 µM; Biolog); Salirasib (10 
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µM; Tocris); or inside the recording pipette: cAMP (100 µM; Sigma), N002 (100 µM; 

Biolog), 8-CPT (20 µM; Tocris). Where indicated, slices were infected with Sindbis 

virus expressing GFP or SEP- tagged rat GluA3 (flip) 20-28 hours prior to 

experiments. During evoked recordings, a cut was made between CA1 and CA3, and 

picrotoxin (50 µM) and 2-chloroadenosine (4 µM; Tocris) were added to the bath. 

Two stimulating electrodes, two-contact Pt/Ir cluster electrode (Frederick Haer), were 

placed between 100 and 300 µm down the apical dendrite, 100 µm apart, and 

200 µm laterally in opposite directions. AMPAR-mediated EPSCs were measured as 

the peak inward current at -60 mV. NMDAR-mediated EPSC were measured as the 

mean outward current between 40 and 90 ms after the stimulation at +40 mV, and 

corrected by the current at 0 mV. Rectification was calculated as the ratio of the peak 

AMPAR current at -60 and +40 mV, corrected by the current at 0 mV, in the presence 

of D-APV (100 µM; Tocris) in the bath and Spermine (0.1 mM; Sigma) inside the 

pipette. EPSC amplitudes were obtained from an average of at least 50 sweeps at 

each holding potential.  

Acute hippocampal slices were prepared from 6 to 8 week-old mice when used for 

experiments involving fear conditioning and/or IP injections, or from 3 to 5 week-old 

mice when used for purely in vitro experiments. Dissection was done in ice-cold 

sucrose cutting solution containing (in mM): 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 

glucose, 0.5 CaCl2, 10 MgSO4, bubbled with 95%O2/5%CO2. Brain slices (400 µm) 

were cut using a vibratome (Thermo Scientific) and placed in a holding chamber 

containing ACSF supplemented with (in mM) 1 MgCl2, 2 CaCl2, 20 glucose and 

bubbled with 95%O2/5%CO2. They were allowed to recover at 34°C for 40 min then 

at room temperature for at least 40 min. Whole-cell recordings (3-5 MΩ  pipettes, 

Raccess < 26 MΩ, and Rinput > 10xRaccess) were made in ACSF containing TTX (1 µM) 

and picrotoxin (50 µM) at 28°C. IBMX (50 µM; Tocris) and isoproterenol (10 µM; 

Sigma) were added to the perfusion solution where indicated.  

Data was acquired using a Multiclamp 700B amplifier (Molecular Devices). mEPSC 

recordings were analyzed with MiniAnalysis (Synaptosoft). Individual events were 

manually selected, and an amplitude threshold of 5 pA was used. Evoked recordings 

were analyzed using pClamp 10 software (Molecular Devices). Non-stationary noise 

analysis of outside-out patches traces was carried out following previously described 

methods (Alvarez et al., 2002; Hartveit and Veruki, 2007). Peak aligned AMPA-

evoked currents recorded over 10-15 sweeps per outside out patch, were binned in 

10 equally sized bins of 150 ms each and for each bin, the mean amplitude and 

variance was calculated. The data distribution resulting after plotting amplitude 
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versus variance was fitted with the equation: 𝜎! = 𝑖𝐼 − !!

!
+ 𝜎!!, where the variance 

(σ2) of the amplitude of the current (I) obtained at each time point is explained as a 

function of the single unitary current (i) and the number of functionally conducting 

channels (N) with an offset given by the variance of the baseline noise (σ2
b). From 

the derivative at I=0, the relative number of functional channels was extracted as well 

as the single channel conductance which was calculated by dividing the unitary 

current by the applied voltage with respect to the reversal potential (Vholding-Ereversal, -

60mV and 0mV respectively). The peak open probability (Po), corresponding to the 

fraction of available functional channels open at the time of the peak current (Ipeak), is 

calculated with the equation: 𝑃! = 𝐼!"#$/𝑁!"#, where Nmax represents the theoretical 

maximum of available channels opened at the point where the theoretical maximum 

amplitude reaches the minimum variability (σ2
b) in the given parabola fit. Single 

channel activity was analyzed using ClampFit. Three detection thresholds were used 

to detect O1 (1.5pA), O2 (3pA) and O3 (4.5pA) openings in single channel AMPARs 

in steady baseline recordings (no holding current fluctuations). Events with latency 

shorter than 0.3 ms were ignored to prevent noise from being recognized as 

openings. 

Two-photon Laser Scanning Microscopy  

Organotypic GluA3-deficient slices were sparsely infected with Sindbis virus 

expressing rat GluA3(flip) tagged with SEP, and were allowed to express for 20–28 

hours. Three-dimensional images were collected on a custom-built two-photon 

microscope based on a Fluoview laser-scanning microscope (Femtonics). The light 

source was a mode-locked Ti:sapphire laser (Chameleon, Coherent) tuned at 910 

nm using a 60x objective. Optical sections were captured every 1 µm from infected 

CA1 pyramidal cell bodies or apical dendrites past the point of bifurcation of primary 

to secondary dendrites, approximately 300 µm from the cell body. Fluorescence 

intensity was quantified from projections of stacked sections using ImageJ software 

(NIH).   

Contextual Fear Conditioning Protocol and E-injection 

For fear conditioning experiments, a box (29 cm high, 31.5 cm wide, 23 cm deep) 

with two metal walls, two transparent Plexiglas walls and grid floor with stainless 

steel bars through which the foot shock was delivered was used. The box was placed 

inside a sound-attenuating chamber (Med Associates Inc., Georgia, VT). The box 

was cleaned with 70% ethanol before each trial. During the training session, 6 to 8 

weeks old mice were placed in the box. After 2 min, they were given 3 consecutive 
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shocks (0.80 mA for all experiments except Figure 7E: 0.65 mA, 1 sec duration, 1 

min interval). They remained in the box 2 min after the last shock. For in vitro 

experiments either 10 minutes or 2 hours after the session the mice were 

decapitated and brain slices were obtained. For behavioral experiments mice were 

re-exposed to the fearful context at the specific time of testing. Freezing and motion 

were quantified using Matlab-based custom-made software (Kopec et al., 2007). To 

test generalization of fear memories the mice were put in two different contexts. The 

shock context was the regular fear conditioning box, cleaned with 70% ethanol. The 

neutral context was a modified version of the fear conditioning box. The 

walls consisted of circle-shaped white Plexiglas surrounding the walls, a white 

Plexiglas plate on the floor and the cage was cleaned with citric acid. For E injections 

(±)-Epinephrine hydrochloride (0.5mg/kg, Sigma-Aldrich) was dissolved in saline 

(0.9%, NaCl) and injected intraperitoneally (5ml/kg).  

Stereotactic hippocampal viral injections 

Three to four week-old mice were anesthetized with isofluorane (induction 5%, 

maintenance 2%) and positioned in a stereotaxic apparatus, kept on a heating pad. 

Bilateral hippocampal injections of viral solutions (3 injection sites per side; 400 nl 

per site; AP: -1.5, -1.7, -1.9; L: ±1.5; DV: 1.2 mm) were delivered with a glass 

micropipette through a hole drilled in the skull by pressure application (Nanoject II, 

Auto-Nanoliter Injector, Drummond Scientific). Experiments were performed at least 

3 weeks after viral injections. 

Spine Analysis 

For spine density measurement Thy1-eYFP positive wild-type, GluA1-deficient or 

GluA3-deficient mice were anesthetized with pentobarbital and perfused with 20 ml 

0.1 M PBS followed by 80 ml of fixative (4% paraformaldehyde in 0.1 M PBS, pH 

7.2). Brains were removed, post-fixed for 1 hour in fixative, washed and stored in 

PBS at 4°C. Coronal 50 µm-thick slices were prepared with a vibratome (Leica). 

They were mounted and covered with Vectashield mounting medium (Vector Labs). 

Z-stack images were made using a confocal microscope (Leica SP5) and analyzed 

with ImageJ software. Spine density was manually quantified and spine size (i.e. 

spinehead diameter) was measured from reconstructed dendrites (Neurolucida, MBF 

Bioscience) made by an experimenter blind to experimental conditions and genotype. 

Statistics 

Data sets were Log-transformed and normal distributions were obtained. These were 

analyzed using two-tailed Student t tests to compare 2 conditions or ANOVAs with 
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post-hoc Tukey comparisons for comparing more than 2 conditions. P values below 

0.05 were considered statistically significant. 
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ABSTRACT 

Synaptic plasticity at pyramidal cells in the hippocampus mediated by 

trafficking of GluA1-containing AMPA-receptors contributes to the formation of 

declarative memories. Synaptic plasticity also controls procedural memory 

formation, yet it is unclear to what extent GluA1- and GluA3-containing AMPA-

receptors are critical for this form of learning in the cerebellar cortex. Here we 

show that long-term potentiation (LTP) at the parallel fiber to Purkinje cell 

synapse and adaptation of the vestibulo-ocular reflex do not depend on GluA1, 

but on GluA3-containing AMPA-receptors. In contrast to hippocampal GluA1-

dependent LTP, this form of GluA3-dependent LTP does not require trafficking 

of receptors, but rather changes in open-channel probability mediated by an 

increase of cyclic AMP and activation of the protein directly activated by cAMP 

(Epac). Setting it apart from hippocampal learning, we conclude that vestibulo-

cerebellar motor learning is the first form of memory acquisition shown to 

depend on GluA3-dependent synaptic potentiation through an increase in 

channel conductance. 

 

INTRODUCTION 

Plasticity mediated by synaptic trafficking of α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid - type glutamate receptors (AMPARs) plays an important role 

in the acquisition of declarative memories (Kessels and Malinow, 2009). Ionotropic 

AMPARs drive fast excitatory neuronal activity and can consist of four different 

subunits named GluA1 to GluA4. In mature hippocampal pyramidal cells, most 

AMPARs are hetero-oligomers composed of either GluA1/GluA2 or GluA2/GluA3 

subunits and the subunit composition dictates which role AMPARs play in synaptic 

plasticity (Shi et al., 2001). In the hippocampus, cortex and amygdala, both LTP and 

learning depend on the trafficking of GluA1-containing AMPARs to synapses (Makino 

and Malinow, 2009; Nedelescu et al., 2010; Rumpel et al., 2005; Takahashi et al., 

2003), whereas GluA3-containing AMPARs contribute little to synaptic currents or 

plasticity (Adamczyk et al., 2012, Meng et al., 2003, Humeau et al., 2007). 

Interestingly, emotional states such as fear can transiently activate synaptic GluA3-

plasticity in CA1-neurons of the hippocampus via an increase in intracellular cyclic 

AMP (Chapter 2), yet the role of GluA3-plasticity in adaptive behavior remains to be 

established. 
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Here, we sought to unravel the potential role of GluA1- and/or GluA3-containing 

AMPARs in cerebellar motor learning. Unlike the rich insight in the role of AMPARs in 

declarative memory formation in the hippocampus, relatively little is known about 

their role in procedural memory formation in the cerebellum. AMPAR plasticity is 

involved in parallel fiber to Purkinje cell (PF-PC) synapses reflecting the expression 

of LTP or long-term depression (LTD) (Kakegawa and Yuzaki, 2005; Steinberg et al., 

2006), but the full functional significance of and the precise molecular pathways 

underlying this plasticity remain to be further elucidated (Gao et al., 2012). In 

addition, the roles of GluA1- and/or GluA3-containing AMPARs in plasticity of PCs 

have hardly been studied (Bats et al., 2013; Douyard et al., 2007; Kakegawa and 

Yuzaki, 2005).  

We found that adaptation of compensatory eye movements, which serves to stabilize 

gaze and which is one of the most widely studied forms of cerebellar motor learning (	  

Anzai et al., 2010, Nguyen-Vu et al., 2013; Schonewille et al., 2011), depends on 

GluA3-containing AMPARs. These GluA3-containing AMPARs in PCs are critical for 

the induction and expression of PF-PC LTP, not by trafficking of receptors, but by a 

change in conductance and open probability. This form of plasticity requires 

activation of Epac through an increase of cyclic AMP. Together, these findings do not 

only show that GluA3 is crucial for cerebellar potentiation and learning, but also that 

it evokes its actions of plasticity through a novel mechanism. 

 

RESULTS 

Cerebellar motor learning depends on GluA3, but not on GluA1 

Global deficiency of GluA2 leads to ataxia and causes severe motor performance 

deficits (Gerlai et al., 1998). In contrast, mice that lack either AMPAR subunit GluA1 

or GluA3 (GluA1-KO and GluA3-KO) display intact basic motor behavior, as judged 

by their ability to stabilize their gaze and/or images on their retina with respect to a 

moving visual field (i.e. optokinetic reflex or OKR; Figure S1A), with respect to their 

head movements (i.e. the vestibulo-ocular reflex in the dark or VOR: Figure S1B), or 

with respect to a combination of the two as occurs in daily life (i.e. VOR in the light or 

VORL; Figure S1C). Far more challenging is the test for VOR phase-reversal 

adaptation, which involves cerebellum-dependent motor learning (Gutierrez-

Castellanos et al., 2013). During this paradigm mice learn to shift the phase of their 

VOR following sinusoidal visuovestibular mismatch stimulation, in which the visual 



GLUA3-SYNAPTIC PLASTICITY IN THE CEREBELLUM 

	  81 

stimulus moves in the same direction in-phase with the vestibular stimulus, yet at a 

greater amplitude (Figure 1A). After 5 days of training mature wild-type mice adapt 

their eye movement in the same direction as the body instead of the innate 

contraversive compensation (phase 0⁰); they learned to shift their VOR in the dark by 

159⁰ out of the perfect 180⁰. When we subjected littermate GluA1-deficient mice to 

this phase-reversal adaptation paradigm, they reached final average phase shifts of 

162⁰ (GluA1-KO vs. WT: p=0.13; Figure 1B), indicating that GluA1-containing 

AMPARs are dispensable for VOR adaptation. In contrast, GluA3-deficient mice 

showed striking deficits in shifting the phase of their VOR in the dark; they showed a 

final phase shift of only 35⁰ (GluA3-KO vs. WT: p<0.001; Figure 1B).  If  we  look  not 

Figure 1. GluA3 is required for oculomotor learning.  

(A) Eye movement phase values during visuo-vestibular mismatch training of adult (3-5 
months of age) wild-type (black), GluA1-KO (red) and GluA3-KO mice (blue), showing a 
similar ability to follow the training signal. (B) Phase values of VOR adaptation catch trials for 
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the same groups of mice show significantly impaired motor learning in GluA3-KO mice 
compared to both GluA1-KO and WT groups during the phase reversal task. (C) Polar plot of 
gain and phase data combined with the data plotted in B shows a common learning trajectory 
and comparable initial gain for WTs (black line), GluA3-KOs (blue), and GluA1-KOs (red). 
Inset: the final VOR reached after 5 days of training is amplified to visualize the magnitude of 
the gain difference between the groups tested. (D) GluA3-KOs (blue line) were unable to 
reverse their VOR phase compared with WT (black) and GluA1-KOs (red). Four 
representative eye velocity traces per group compare the initial VOR before (left) and after 
(right) the mismatch training (left). (E) Both learning extent and consolidation during the 
phase reversal task are significantly smaller in GluA3-KO mice compared to WT and GluA1-
KO mice (T2-test p < 0.05). (F) Gain increase learning also reveals deficits in GluA3-KO, but 
not GluA1-KO and WTs. Error bars indicate SEM, * indicates p < 0.05. 

 

only at the oculomotor phase but at the learning trajectory extent (as explained in 

Figure S2A), we observe that whereas the initial performances of VOR catch learning 

trials were not significantly different for any of the 3 groups tested, the final 

performances of GluA3-KO after 5 days of training were significantly different from 

those of both wild-type littermates (p=0.01, Figure 1C) and GluA1-KO mice (p=0.01). 

Accordingly, the vector of total learning extent per mouse, which equals the distance 

between the initial (1st recording, 1st day, Figure S2) and final VOR performance 

coordinate throughout the 5-day spanning phase-reversal paradigm, was significantly 

smaller for GluA3-KO mice compared to wild-type and GluA1-KO mice (both p 

values<0.01; Figures 1D and 1E). Moreover, the consolidation rate of learning, which 

equals the ratio between the total learning extent and the ideal learning extent with 

no overnight memory loss between training days (Figure S2A), was also significantly 

lower in GluA3-KO compared to both GluA1-KO and wild-type littermates (both p 

values<0.01; Figure 1E). Importantly, all groups of mice performed equally during the 

visually-driven vestibular training trials over the 5 days of training (all p values >0.05; 

Figure 1A), indicating that the learning deficits in GluA3-KO did not directly result 

from a poor response to the visuo-vestibular training signal, but rather an impaired 

ability to maintain this learned vestibular response in the absence of the visual cue 

(Figure 1B). Finally, when we applied an out-of-phase visuovestibular training 

paradigm to increase the gain rather than to reverse the phase, GluA3-KO showed 

yet again severe learning deficits (p<0.01 for final catch trials), whereas GluA1-KO 

and wild-types performed equally well (all p values>0.05; Figure 1F). These 

experiments suggest that GluA3-containing AMPARs contribute to cerebellum-

dependent motor learning. 
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GluA3 is required to induce LTP, but not LTD, at PF-PC synapses  

Purkinje cells are the sole output of the cerebellar cortex. It has been previously 

shown that synaptic plasticity at parallel fiber afferents crucially contribute to motor 

learning (Schonewille et al., 2010). To investigate the contribution of GluA1- and 

GluA3-containing AMPARs to basal transmission, we recorded spontaneous 

miniature excitatory synaptic currents (mEPSCs) of PCs in cerebellar slices from 4-6 

week old GluA1-KO, GluA3-KO and wild-type littermates (Figure 2A). At this age 

GluA3-KO mice have similar motor learning deficits as at mature age (Figure S2D). 

In PCs that lack both GluA1 and GluA3 mEPSC events were virtually absent (Figure 

2B), indicating that PCs mainly express GluA1- and GluA3-containing AMPARs. The 

average amplitude and frequency of mEPSCs in GluA1-deficient PCs were not 

significantly different (p=0.4 and p=0.2 respectively) from those in wild-type PCs 

(Figure 2B). However, in the absence of GluA3 both the average mEPSC amplitude 

(p<0.01) and frequency (p<0.05) were significantly lower than those in wild-type PCs. 

This low basal transmission was neither reflected in structural changes at the level of 

spine densities of proximal or distal PC dendrites (Figure S3) nor was it 

compensated by increased synaptic currents from kainate receptors (Figure S5).  

A reduced basal transmission in GluA3-deficient PC synapses can either be a cause 

or a consequence of impaired synaptic plasticity. We investigated LTD and LTP at 

PF to PC synapses, the two main cellular models for motor learning, using whole-cell 

recordings. LTD was induced in PCs by pairing PF stimulation with a depolarizing 

voltage-clamp step, mimicking climbing fiber input (Linden, 2001; see methods). The 

magnitude of LTD in PCs of both GluA1-KO and GluA3-KO was indistinguishable 

from that in PCs of wild-type littermates (GluA1-KO vs. wild-type: p=0.4; GluA3-KO 

vs. wild-type: p=0.2) (Figure 2C). These data are in line with other studies showing 

that GluA2 is the key subunit for AMPAR internalization and therefore for LTD  

induction  (Steinberg et al., 2006, Schonewille et al., 2011). Next, we induced LTP by 

tetanic stimulation of PF to PC input without depolarizing voltage-clamp steps (Figure 

2D). In line with previous studies reporting that LTP at PF to PC synapses is 

expressed at the postsynaptic site after 1 Hz stimulation of PFs (Lev-Ram et al., 

2002), we did not find significant changes in paired-pulse facilitation (PPF) of the 

evoked EPSCs after LTP induction (p=0.4, compared to baseline). This stimulation 

protocol produced LTP in GluA1-KO PCs reliably and indistinguishably from wild-type 

PCs, but failed to do so in PCs that lack GluA3 (Figure 2D). These experiments 

demonstrate that PF to PC LTP requires GluA3-containing AMPARs.  
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Figure 2. GluA3 is required for PF to PC LTP, but not LTD.  

(A) Scheme of cerebellar cortical circuitry (Left) and representative picture of the in vitro 
preparation (right) showing positions of recording electrode (yellow) at PC soma and stimulus 
electrode (green) at parallel fiber beam. ML, PCL and GrCL indicate molecular layer, Purkinje 
cell layer, and granule cell layer, respectively. (B) The lack of GluA3 reduced basal 
transmission in that mEPSC amplitude (left panel) and frequency (middle panel) of both 
single GluA3-KO PCs (blue bar) and double GluA1/3-KO PCs (purple bar) were significantly 
reduced compared to those in WT PCs (black bar) and single GluA1-KO PCs (red bar). Right 
panel shows corresponding raw traces of mEPSCs. (C) Both GluA1-KOs (red) and GluA3-
KOs (blue) show similar cerebellar synaptic weakening after LTD induction compared to WT 
littermates (black) (top left panel) with unchanged PPR over time (bottom left panel). EPSC 
magnitude was held in a comparable range for all cases to prevent potential bias due to 
differential basal synaptic strength (middle panels). Representative traces of paired EPSCs 
before (solid lines) and after LTD induction (dashed lines) (right panels, matched genotype 
color code). (D) GluA3-KO PCs show severe deficits in PF to PC LTP compared with WTs 
and GluA1-KOs with no changes in PPR or baseline EPSC magnitude. Representative traces 
of paired EPSCs before (solid lines) and after LTP induction (dashed lines) (same 
configuration as in B). Error bars indicate SEM, * indicates p<0.05. 

 

GluA3-dependent synaptic potentiation involves a cAMP-driven change in 
channel conductance 

What is the molecular mechanism underlying GluA3-dependent LTP of PF-PC 

synapses? In Chapter 2 we show that GluA3-containing AMPARs can strengthen 

synapses of CA1-neurons upon an intracellular rise in cyclic AMP (cAMP) (Chapter 

2). To test whether GluA3-dependent synaptic plasticity in PCs also depends on 

cAMP-signaling, we administrated the adenylyl cyclase activator forskolin to PCs of 

GluA3-KO brain slices and compared the effects to those in wild-type slices and 

GluA1-KO slices (Figure 3A). Whereas forskolin produced on average a two-fold 

potentiation in PF-evoked EPSCs in both wild-type and GluA1-KO PCs (230±25% 

and 215±35%, respectively), it failed to induce synaptic potentiation in PCs that lack 

GluA3 (95±10%; p<0.001 GluA3-KO vs. wild-type). Importantly, AMPAR potentiation 

also occurred in wild-type PCs when local stimulation with 1 µM AMPA was used 

while blocking PFs with TTX (189±17%, p<0.001; Figure 3B), highlighting its 

postsynaptic nature (Chen and Regehr, 1997). These data indicate that a rise in the 

cellular level of cAMP can cause potentiation of PF-PC synaptic inputs through 

activation of GluA3-containing AMPARs. 

We next examined whether cAMP-driven synaptic potentiation is a result of synaptic 

trafficking of GluA3-containing AMPARs. To assess whether forskolin increases 

GluA3 levels on the cell surface of spines, we performed time-lapse 2-photon 

imaging of PCs in cultured organotypic cerebellar slices infected with Sindbis virus to 
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acutely express GluA3 subunits fused to Super Ecliptic pHluorin (SEP). SEP is a pH-

sensitive variant of GFP that shows a reduction in fluorescence upon rapid 

application of acidic (pH5) ACSF (Figure 3E). As a consequence, in our case the 

majority of SEP fluorescence at dendritic regions was derived from GluA3 located at 

the cell surface (Makino and Malinow, 2009). To test whether GluA3 trafficking can 

be detected with this method, we first triggered LTD chemically by adding the 

metabotropic mGluR1 receptor agonist DHPG to induce internalization of AMPARs 

(Linden, 2001). Indeed, application of DHPG to wild-type PCs expressing SEP-GluA3 

produced a significant decrease in synaptic strength (p=0.004 for amplitude and 

p=0.04 for frequency; Figure 3C) and in SEP fluorescence at spines (p<0.0001; i.e. 

Figures 3D-F), which is in line with the  endocytosis of AMPARs  that  occurs  during 

the expression of depression at the PF-PC synapse (Wang and Linden, 2000). 

However, although washing-in forskolin significantly increased synaptic currents in 

SEP-GluA3 expressing PCs (p=0.04 for amplitude and p<0.0001 for frequency; 

Figure 3C), it failed to induce any acute change in SEP-fluorescence at PC spines 

(0.03±0.015% change, p=0.4; Figures 3D-F), suggesting that the cAMP-driven 

synaptic potentiation does not require an insertion of GluA3-containing AMPARs at 

the surface of spines. We next assessed whether we could detect the trafficking of 

endogenous AMPARs to the cell surface upon forskolin treatment. Given that the 

available GluA3-antibodies display insufficient specificity, we tested endogenous 

GluA2 surface levels as indicators of GluA2/GluA3 heteromers by immunostaining for 

GluA2 following intracardiac perfusions of wild-type mice with or without forskolin. 

Although forskolin perfusion induced a significant 1.3 fold increase in mEPSC 

amplitude in PCs (p=0.003, Figure S6B), it did not significantly (p=0.5) modify 

surface levels of endogenous GluA2 in the molecular layer of the cerebellum (Figure 

S6A). Together, these data suggest GluA3-plasticity does not involve trafficking of 

GluA3-containing AMPARs to the cell surface or to synapses upon a rise in cAMP. 

Since trafficking of AMPARs into the PC surface membrane did not appear to be the 

dominant mechanism that underlies GluA3-dependent synaptic potentiation at the PF 

to PC synapse, we next considered a change in channel properties. We resolved 

single-channel AMPA mediated currents by clamping a single AMPAR in cell-

attached mode at the cell body of either GluA1-KO or GluA3-KO PCs with the 

recording pipette containing near-saturating concentrations of AMPA (Armstrong et 

al., 2002). GluA1-containing AMPARs at the surface of GluA3-KO PC cell bodies 

stochastically reached open states 1, 2 and 3 indicating binding of 2, 3 and 4 ligands, 

respectively,  and displayed similar conductance levels and open-channel  probability  
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Figure 3. Rising cAMP levels produces GluA3-dependent synaptic potentiation without 
AMPARs trafficking.  

(A) Wash-in of 50 µM forskolin causes synaptic potentiation that depends on GluA3 (blue), 
but not GluA1 (red). Top, middle and bottom panel show example traces, normalized EPSC 
amplitude and paired pulsed ratio (PPR), respectively. (B) Enhancement of currents evoked 
by local puffs of 1 µM AMPA at the molecular layer following forskolin application can also 
occur in the presence of TTX blocking PF input. (C) Forskolin produces a significant increase 
and DHPG a significant decrease of mEPSCs amplitude and frequency in GluA3-SEP 
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transfected PCs in organotypic slices. (D) Despite the synaptic potentiation, the ratio of spine 
fluorescence intensity after over before FSK application (FSK - middle bar) showed no 
significant increase of GuA3-SEP compared to the spines in which the drug was not applied 
(Control – left bar). However, DHPG application significantly reduced GluA3-SEP in PC 
spines in accordance to the observed synaptic depression. (E) Lowering the extracellular pH 
produced a drastic reduction of GluA3-SEP fluorescence intensity corroborating its pH 
sensitivity. (F) Left column: Z-max projection of a stack of pictures showing a representative 
GluA3-SEP transfected PC. Top row: Example picture of a PC dendrite expressing GluA3-
SEP (left), pictures before (middle) and after (right) FSK application were color coded 
according to the fluorescence intensity to improve the visualization of, in this case, the 
absence of changes of surface GluA3-SEP over time. Bottom row: Example picture of a PC 
dendrite expressing GluA3-SEP (left). Color coded pictures before (middle) and after (right) 
DHPG application reveal a significant reduction in synaptic GluA3-SEP over time. Error bars 
indicate SEM, * indicates p<0.05. 

 

in the presence or absence of forskolin application (Figure S7). In contrast, GluA3-

containing AMPARs on cell bodies of GluA1-KO PCs produced the vast majority of 

their openings in the first and lower conductance state (O1) under basal conditions 

(Figure 4A,B), indicating that only two out of the four ligand binding domains (LBDs) 

present in the AMPAR tetramer are activated by AMPA. After application of forskolin 

the behavior of GluA3-containing AMPARs changed strikingly and produced a 

significantly higher amount of openings in state O3 and O4 similar to GluA1-

containing AMPARs (Figures 4A, B and E). The average duration of the openings 

was unchanged (p=0.4, 0.13 and 0.09 for O1, O2 and O3 respectively) (Figure 4C), 

but an increase of the absolute frequency of the openings caused shortening of the 

closed state dwell-time (Figure 6C) and thus a significant net increase of the open 

probability (p<0.0001, Figure 4E). Although forskolin did not change the conductance 

level of any of the open states (p=0.7, 0.14 and 0.15 for O1, O2 and O3 respectively, 

Figure 4D), the higher relative fraction of events in the highly conductive open states 

O3 and O4 caused a significant increase (p<0.0001) in the overall conductance of 

cAMP stimulated GluA3 channels (Figure 4B,D). These experiments suggest that a 

rise in intracellular cAMP produces synaptic potentiation by increasing the open-

channel probability of the GluA3 subunit. Interestingly, this type of GluA3-dependent 

plasticity, which depends on receptor property changes rather than trafficking, was 

also found at hippocampal synapses (Chapter 2), indicating a unified, novel 

mechanistic model for GluA3-dependent synaptic plasticity. 
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Figure 4. GluA3-plasticity occurs through cAMP-dependent changes of single channel 
conductance and open probability. 

(A) Example traces of cell attached single channel recordings of GluA2/3 AMPARs in PCs of 
GluA1-KO mice. It can be observed that whereas under basal conditions (blue) the vast 
majority of their openings occur at the low conductance level (O1), in the presence of 
forskolin the amount of openings in the higher conductance levels (O2-3) notoriously increase 
(black). (B) Count versus amplitude histograms of the events detected in the representative 
recordings showed in A, illustrate the uneven distribution of events across the different 
conductance levels in the absence (blue) or presence (black) of forskolin. (C) The opening 
duration (dwell time) of the same events showed in A and B was unchanged after forskolin 
application. However the duration of the closed state time was reduced suggesting a net 
increase in the total number of openings produced by GluA2/3 channels in the presence of 
forskolin. (D) Overall quantification of GluA2/3 single channel recordings show that the 
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conductance of the 3 different opening states was unchanged in the presence of forskolin, 
however the uneven distribution of events as shown in B produce a significantly increased 
average conductance of GluA2/3 AMPAR currents after cAMP activation. (E) Forskolin 
significantly changed the distribution of GluA2/3 AMPARs events as shown by a significant 
decrease of events in O1 state and a significant increase in events at O2 and O3 states. The 
reduction of the closed state time showed in C was translated in a significant increase of the 
open channel probability. (F) Despite having functional GluA1/2 and GluA2/3 AMPARs, the 
model for GluA1 subunit specific LTP prevailing in the hippocampus, cortex or amygdala is 
not valid in PF to PC synapses. Note that absolute numbers of both subsets of AMPARs are 
unchanged upon LTP induction, whereas the GluA2/3 AMPARs are activated by cAMP 
signaling enhancing their channel conductance and therefore increasing the current 
generated in potentiated synapses. This model describes for the first time a form of GluA3 
dependent LTP. Error bars indicate SEM, * indicates p<0.05. 

 

GluA3-mediated plasticity is induced via cAMP-mediated Epac activation 

To further elucidate the molecular mechanism underlying GluA3-dependent plasticity, 

we aimed to identify the intermediary factor that translates a rise in cAMP into 

synaptic potentiation of GluA3-containing AMPARs. Protein kinase A (PKA) is 

activated by a rise in cAMP and exerts cAMP-dependent synaptic effects (Lev-Ram 

et al., 2002; Sokolova et al., 2006). However, blocking PKA in wild-type PCs with 

KT5720 (5 µM; n=6) or H89 (20 µM; n=6) did not have any significant effect on 

synaptic potentiation induced by forskolin (215±20% with KT5720 and 235±19% with 

H89; p=0.7 and p=0.9, respectively) (Figure 5A). We next assessed the involvement 

of Epac (exchange proteins directly activated by cAMP, a.k.a. Rap guanine-

nucleotide-exchange factor) as an alternative cAMP-dependent pathway that can 

trigger synaptic changes (Gekel and Neher, 2008; Woolfrey et al., 2009). The 

blockade of Epac with its selective antagonist ESI-05 (Tsalkova et al., 2012) did not 

reduce basal transmission at PF-PC synapses (Fig. 6H), but it effectively prevented 

the forskolin-induced synaptic potentiation in wild-type PCs (p=0.89 vs. baseline and 

p<0.0001 vs. without ESI-05; Figure 5A). To assess whether Epac activation is not 

only necessary, but also sufficient to cause GluA3-dependent synaptic potentiation, 

we investigated the impact of the selective Epac activator 8-CPT-2Me-cAMP (8CPT). 

Adding 20 µM 8CPT to the intracellular recording solution produced synaptic 

potentiation by 185±17% compared to baseline in wild-type PCs (n=12, p<0.0001; 

Figure 5B), but not in GluA3-deficient PCs (n=7, 100±5%; p=0.8; Figure 5B). In 

addition, the postsynaptic application of 8CPT increased the amplitude and 

frequency of PC mEPSCs (p<0.001 and p<0.002, respectively; Figure 5C,D) and did 

not change the PPF ratio (104±5%, Figure 5B). These experiments indicate that a 

rise in cAMP triggers synaptic potentiation through Epac-mediated activation of 

postsynaptic GluA3-containing AMPARs. This Epac-driven activation of GluA3-
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containing AMPARs was not limited to those located at synapses. Outside-out 

patches excised from wild-type PC somata produced a peak current of approximately  

Figure 5. GluA3-plasticity requires cAMP-dependent postsynaptic activation of Epac. 

(A) Epac2 antagonist ESI-05 blocks forskolin-driven synaptic potentiation, whereas PKA 
antagonists H89 and KT5720 do not. (B) Intracellular application of membrane-impermeable 
Epac agonist 8CPT caused significant synaptic potentiation in WT PCs (open circles) 
compared with GluA3-KO PCs (blue boxes) or no drug condition (closed circles). (C) 
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Intracellular application of 8CPT caused an increase in both mEPSC amplitude (left) and 
frequency (right). (D) A shift towards higher amplitudes was visualized both in the mEPSCs 
cumulative distribution and in the frequency versus amplitude distribution plots once again 
suggesting postsynaptic effects of EPAC activation. (E) Excised patches from PC somata 
generated significantly larger currents when 8CPT was present in the internal solution 
compared to control patches in the presence of AMPARs desensitization blockers (PEPA and 
CTZ). There were no differences in probability of having a patch presenting AMPA events or 
in event decay time kinetics. (F) Example parabolic distribution of the variance versus 
amplitude relationship obtained from bins of the current decay profile. Non-stationary noise 
analysis (NSNA) was done by fitting a parabolic equation to this distribution in order to 
estimate conductance, open probability and number of active receptors. (G) NSNA performed 
on the PC recordings in E revealed a significantly increased single channel conductance and 
peak open channel probability upon 8CPT application, which in turn led to an increased 
number of functional channels responding to the local AMPA application. Scale bars indicate 
25 µm and 100 µm for cerebellar cortex and hippocampal images, respectively. Error bars 
indicate SEM, * indicates p<0.05. 

 

10 pA in response to puffs of 100 µM AMPA (Figure S6C). When the Epac activator 

8CPT was added to the internal solution of the patch pipette, the peak current 

obtained under the same conditions was increased 2.5-fold in the absence of a 

presynaptic component (25±3 pA, p<0.001 vs. control). This difference in peak 

current was largely maintained in the presence of AMPAR desensitization blockers 

PEPA and cyclothiazide (45±8 pA without vs. 97±10 pA with 8CPT; p<0.001, Figures 

5G-H), indicating that cAMP-driven GluA3-plasticity does not involve a change in 

desensitization properties of AMPAR channels. As expected from our single channel 

results, non-stationary noise analysis of these non-desensitizing AMPAR responses 

showed a significant increase in conductance and open probability (Figures 5F-G). 

This approach revealed how in a mixed pool of GluA1- and GluA3-containing 

AMPARs Epac-dependent GluA3 potentiation was translated in an increase in 

current amplitude without altering the dynamics of the response (Figure 5E), 

highlighting the consistent results on the mEPSCs and eEPSCs. 

 

Epac activation is required for LTP and motor learning 

We next tested whether PF-PC LTP depends on Epac activation. Incubation of slices 

with Epac-inhibitor ESI-05 significantly inhibited synaptic potentiation induced by 

tetanic PF stimulation (102±13% versus 140±8% in control conditions; p<0.0001 after 

15 min; Figure 6A). In addition, LTP was fully occluded when brain slices were pre-

incubated with the membrane-permeable analog of Epac activator (8pCPT) (GluA3-

KO vs. WT: p=0.008; Figure 6B). Together, these data indicate that Epac2 activation 
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is responsible for postsynaptic LTP at the PF to PC synapse through activation of 

GluA3-containing AMPARs. To investigate the involvement of Epac activation in 

cerebellar synaptic plasticity in vivo, we performed phase reversal adaptation in WT 

mice that received daily IP injections with either Epac antagonist ESI-05  (0.2 - 0.3 ml  

 

Figure 6. Pharmacological manipulation of Epac activity impairs LTP in vitro and motor 
learning in vivo without affecting synaptic transmission.  
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(A)	  Epac antagonist ESI-05 prevents PF to PC LTP induced by tetanic PF stimuli. (B) Long 
lasting Epac activation (minimum 30 minutes) produces synaptic potentiation that occludes 
LTP by saturating GluA3 dependent potentiation. (C) Eye movement phase values in wildtype 
mice injected with ESI-05 10 mg/kg (open blue circles) and injected with vehicle only (black 
circles) during visuo-vestibular mismatch training are virtually identical. (D) Phase values of 
VOR adaptation catch trials in mice injected with ESI-05 10 mg/kg show significantly impaired 
motor learning compared with those in their vehicle injected littermates, as observed by the 
significantly delayed reaching of the VOR phase reversal. (E) Polar plot of the gain and phase 
data combined with the data plotted in D shows a common learning trajectory and 
comparable initial gain for both groups. Inset: the final VOR reached after 5 days of training is 
amplified to visualize the magnitude of the gain difference between ESI-05 and vehicle 
injected mice. (F) Four representative eye velocity traces of the VOR before (left) and after 
(right) phase reversal training show that whereas both ESI-05 and vehicle injected mice show 
equal baseline performance and that both are able to flip the phase of the VOR. The 
magnitude of the VOR reached after the training is notoriously different. (G) Both learning 
extent and consolidation during the phase reversal task are significantly smaller in L7-GluA3 
KO mice compared to those in WT littermates (T2-test p < 0.05). (H) Impaired motor learning 
after ESI-05 injections does not correlate with a decreased synaptic transmission. WT mice 
injected with ESI-05 show similar mEPSC amplitude and frequency to that in vehicle injected 
mice. ESI-05 did not modify mEPSC basal synaptic transmission either in non-injected mice 
when applied directly on the perfusion ACSF. 

 

 

at 10 mg/kg) or with vehicle alone 30 minutes prior to the training protocol. Mice 

administrated with ESI-05 were not affected in basal eye reflex behavior, but 

performed significantly worse in the phase reversal task compared to vehicle injected 

animals (Figure 6D). Although both groups eventually reached a reversal of the VOR 

phase (Veh=157±2% and ESI-05=148±15⁰,	   Figure 6D), its magnitude was 

significantly lower in the ESI-05 injected mice compared to vehicle controls (p=0.01; 

Figures 6E and F). This difference reached after training could not be explained by a 

poor basic response to the training stimuli (Figure 6C), but only by a significantly 

reduced learning extent (p=0.01) and consolidation rate (p=0.03). Importantly, 

systemic ESI-05 injections produced learning deficits without a change in basal 

synaptic transmission compared to vehicle-injected mice (p=0.5 and 0.9 for mEPSCs 

amplitude and frequency, respectively) (Figure 6H), suggesting that absence of 

Epac-dependent synaptic potentiation without any change in basal transmission is 

sufficient to impair learning capabilities. 

 

GluA3 expression in Purkinje cells is required for VOR learning  

We showed that VOR learning depends on global expression of GluA3 and that LTP 

at PF-PC synapses requires GluA3-plasticity, but does VOR learning depend on 

GluA3 specifically in PCs? To address this question, we generated and tested a PC-
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specific GluA3-KO mouse (referred to as L7/GluA3-KO, Figure S9) by crossbreeding 

mice expressing Cre-recombinase under the PC-specific promotor L7-pcp2 with mice 

in which the GluA3 gene is flanked by loxP sites (Barski et al., 2000; Sanchis-Segura 

et al., 2006). After establishing the single-unit identity of floccular vertical-axis 

Purkinje cells in adult L7/GluA3-KO mice by demonstrating a climbing fiber pause in 

their simple spike activity as well as a preferred modulation tuning-curve during 

extracellular recordings in vivo (Figure S8A; see also Hoebeek et al., 2005), we 

investigated the baseline action potential generation of their simple spike activity in 

the awake state during spontaneous activity. Both the firing frequency and regularity 

(i.e. coefficient of variation of adjacent intervals of ISIs or CV2) of the simple spike 

activity of the L7/GluA3-KO mice did not differ significantly (both p=0.8) from those of 

wild types (Figure S8C), which is consistent with the I-V relationships recorded in 

vitro for GluA3-lacking PCs (Figure S8A). Next, we provided visual stimulation at the 

frequency that was used for the training paradigm (0.6 Hz). Again the firing frequency 

and regularity (i.e. CV2) of the simple spike activity of the L7/GluA3-KO mice did not 

differ from those of wild types (p=0.7 and p=0.8 respectively) (Figure 7A). Moreover 

and most importantly, the amplitude of the simple spike modulation during visual 

stimulation did not differ (p=0.8; Figure 7A). Finally, the firing frequency and 

modulation amplitude of the complex spikes did not show any significant difference 

either (p=0.7 and p=0.9, respectively; Figure 7A). Together, these data indicate that 

baseline excitability and spike generation of PCs in vivo is intact despite the reduced 

PF to PC synaptic transmission caused by the lack of GluA3 (Figure S8B).   

We then subjected 3 to 5 months old L7/GluA3-KO and control littermates to the 

same behavioral tests as the global GluA3-KO. The baseline OKR and VOR 

performances of these L7/GluA3-KO mice were indistinguishable from those in 

controls (Figure S1). Similarly to global GluA3-KOs, VOR motor learning was 

prominently affected in L7-GluA3-KO mice (Figure 7C-G). The absence of GluA3 in 

PCs showed significant deficits throughout the whole phase-reversal paradigm (all p 

values<0.01 after day 2), including a significantly different learning extent at the end 

of it (p<0.01; Figures 7B, C and D). Moreover, consolidation during the phase-

reversal paradigm as well as that during the gain-increase paradigm was significantly 

lower in L7/GluA3-KO compared to control littermates (both p values<0.01; Figures 

7F and G). These data indicate that the behavioral phenotypes in motor learning 

observed in the global GluA3-KO can be largely attributed to a lack of GluA3-

dependent synaptic plasticity in PCs. 
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Figure 7. Lack of GluA3 in PCs causes motor learning deficits.  

(A) Representative activity of vertical-axis Purkinje cells recorded in the flocculus of wild type 
and L7/GluA3-KO mice during visual stimulation (5°, 0.6 Hz). Bar graphs show that averages 
of frequency, CV2 and modulation amplitude of simple spikes, as well as frequency and 
modulation amplitude of complex spike during OKR stimulation were similar in control (n = 22) 
and L7/GluA3-KO mice (n = 19). The visual stimulus is shown together with histograms of 
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simple spike and complex spike frequencies and corresponding raster plots in the right 
panels. (B) Eye movement phase values in L7/GluA3-KO mice (open square) and WT mice 
(closed circle) during visuo-vestibular mismatch training are comparable. (C) Phase values of 
VOR adaptation catch trials in L7/GluA3-KOs show significantly impaired motor learning 
compared with those in their WT littermates. (D) Polar plot of the gain and phase data 
combined with the data plotted in B shows a common learning trajectory and comparable 
initial gain for both groups. Inset: the final VOR reached after 5 days of training is amplified to 
visualize the magnitude of the gain difference between L7/GluA3 KO and WT mice. (E) 
L7/GluA3-KOs (blue line) show equal baseline performance compared with WTs (black line), 
but are unable to reverse the phase of their VOR. Four representative eye velocity traces of 
the VOR before (left) and after (right) phase reversal training. (F) Both learning extent and 
consolidation during the phase reversal task are significantly smaller in L7-GluA3 KO mice 
compared to those in WT littermates (T2-test p < 0.05). (G) Gain-increase learning reveals 
deficits for L7/GluA3-KO compared to WT mice. Error bars indicate SEM, * indicates p<0.05. 
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DISCUSSION  

It is widely believed that LTP- and LTD-type synaptic plasticity mechanisms act in 

concert to mediate several types of learning in cerebral brain regions (Malinow and 

Malenka, 2002, Makino and Malinow, 2009; Nabavi et al., 2014; Nedelescu et al., 

2010; Rumpel et al., 2005; Takahashi et al., 2003). For cerebellar learning LTD at PF 

to PC synapses has historically been considered the predominant plasticity 

mechanism (Ito, 2002; Linden and Connor, 1995). Although the simple spike 

suppression observed at early stages of some forms of motor learning in vivo may 

suggest LTD occurrence (Yang and Lisberger, 2014; ten Brinke et al., 2015), an 

increasing amount of studies suggest that LTD is not a strict requisite for motor 

learning (Hesslow et al., 2013; Schonewille et al., 2011). We present here the best 

evidence thus far that LTP at PF to PC synapses is a required mechanism for 

cerebellar motor learning. We show that LTP, but not LTD, at the PF to PC synapse 

requires plasticity of GluA3-containing AMPARs and that both the selective removal 

of GluA3 in PCs and the pharmacological blockade of the pathway leading to GluA3 

plasticity in vivo severely impair the ability to adapt vestibulo-ocular reflexes. 

Combined, these findings provide the first correlative link between GluA3-dependent 

LTP and behavioral learning in general.  

The possible role of LTP at the PF to PC synapse in cerebellar motor learning has 

been suggested before by two other cell-specific mouse mutant studies (Andreescu 

et al., 2007; Schonewille et al., 2010). However, these studies tackled central PC 

processes, which involved the nuclear estrogen receptor and cytosolic protein 

phosphatase calcineurin, and as a consequence they suffered from various side-

effects downstream that prevented definitive conclusions (Gao et al., 2012). For 

example, application of estradiol also showed structural changes at the level of PC 

spines, while calcineurin turned out to be directly involved in induction of intrinsic 

plasticity through activation of SK-channels (Belmeguenai et al., 2010). In the current 

study, in which we tackled PF to PC LTP more downstream by targeting GluA3-

containing AMPARs at the level of the synapse itself, we did not find any evidence 

for structural changes or firing differences in PCs of awake behaving mice. We did 

find that the basal transmission was reduced in PCs lacking GluA3 (both in the global 

and the cell specific KO mice), but this deficit was probably not the reason for the 

impairment of LTP and of motor learning, because acutely inhibiting GluA3-plasticity 

through blockade of Epac prevented both LTP and motor learning without affecting 

basal transmission. We therefore propose that the reduced basal transmission in 

GluA3-KO mice is the consequence of a prolonged deficit in LTP. 
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Synaptic potentiation through activation of GluA3-plasticity does not involve 

trafficking but rather an increase in open-channel probability of GluA3-containing 

receptors. This suggests that PF to PC LTP is mechanistically not just the reverse of 

LTD at this synapse (Jorntell and Hansel, 2006). Linden and colleagues have shown 

that PF to PC LTD is largely, but not exclusively, expressed by endocytosis of GluA2-

containing AMPARs (Linden, 2001; Schonewille et al., 2011), thus mainly dependent 

on AMPAR trafficking. Given the current findings on GluA3-mediated LTP, it may be 

worthwhile to find out whether changes in AMPAR unitary conductance or glutamate 

affinity also play a minor role in early LTD expression at the PF to PC synapse, as 

interference with clathrin-mediated endocytosis produced a significant, but not total, 

attenuation of LTD expression (Wang and Linden, 2000). 

The finding that an Epac-mediated change in single channel conductance and open 

probability of GluA2/3-containing AMPARs may underlie LTP at the PF to PC 

synapse raises the question how this change in configuration comes about. 

Interestingly, the distribution of GluA3-containing AMPARs openings does not seem 

to respond to a stochastic probability distribution of four ligand binding domains 

(LBDs) “catching” glutamate with equal probability. Instead it is biased towards the 

lowest conductance state opening, in which only two out of four LBDs bind 

glutamate. Because the formation of GluA3-homomers is energetically unfavorable 

(Sukumaran et al., 2011), most GluA3-containing AMPARs likely consist of two 

GluA3 and two GluA2 subunits. This might suggest that only the GluA2 LBDs 

effectively bind glutamate under basal conditions. Our observation that enhancing 

cAMP levels exerts GluA3-containing receptors to produce higher conductance 

openings (resembling the behavior of GluA1-containing receptors) may suggest that 

Epac activation triggers a conformational change in the two GluA3 subunits present 

in each tetramer, such that they become responsive to glutamate binding at the LBD 

(Figure 6F).  

It is widely accepted that intracellular graded calcium signaling is a key mechanism 

for synaptic plasticity induction in PCs (van Woerden et al., 2009); small increases of 

Ca2+ concentration following PF stimulation can induce LTP, whereas high influxes of 

Ca2+ following climbing fiber activation can trigger LTD. In the present study we show 

that postsynaptic LTP depends on cAMP-dependent activation of GluA3-containing 

receptors. However, how low calcium signals in PCs are transduced into activation of 

adenylyl cyclase to raise cAMP levels remains to be elucidated. Interestingly, it has 

been shown that the tetanic activity of PFs required for LTP induction produces local 

calcium increases dependent on low threshold CaV3.1 T-type calcium channels 
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(Hildebrand et al., 2009) and that global deletion or blockage of these channels 

prevents LTP induction and motor learning (Ly et al., 2013). The calcium/calmodulin-

dependent adenylyl cyclase Adcy1 (Masada et al., 2012) could be an interesting 

candidate to convert local calcium activity in a rise in cAMP.  

We here show that postsynaptic GluA3-dependent synaptic potentiation depends on 

a rise in cAMP. Therefore this study expands the repertoire of forms of PC plasticity 

already known to depend on cAMP, such as presynaptic plasticity (Chen and 

Regehr, 1997; Kaneko and Takahashi, 2004; Lev-Ram et al., 2002), intrinsic 

plasticity (Belmeguenai et al., 2010) or plasticity at inhibitory synapses (Mitoma and 

Konishi, 1996). Epac2 has recently been reported to also have a role in presynaptic 

plasticity in that it may modify glutamate release probability (Gekel and Neher, 2008). 

This raises the interesting possibility that Epac2 and/or cAMP in their pre- and 

postsynaptic domains operate in a synergistic fashion to control synaptic plasticity 

(Gao et al., 2012; (Wang et al., 2014). Likewise, the induction protocol of LTP 

produces an increase in intrinsic excitability in PCs, via cAMP-mediated PKA 

modulation of SK potassium channels (Belmeguenai et al., 2010). Thus, since this 

change in intrinsic excitability occurs at least partly as a secondary process following 

tetanic PF stimulation, LTP at the PF to PC synapse may act as a feed-forward 

amplifier of synaptic inputs to modulate firing rate in PCs via cAMP production. 

Finally, it should be noted that rebound potentiation at the molecular layer 

interneuron to PC synapse, which occurs following PC depolarization, is also 

mediated by cAMP-mediated PKA modulation (Hirano and Kawaguchi, 2012). 

Together, these findings point towards a central role of cAMP following induction of 

PF to PC LTP, regulating multiple forms of plasticity with different identities and 

natures in a synergistic fashion (Gao et al., 2012).  

In the present two manuscripts we highlight the role of GluA3-containing AMPARs in 

hippocampal and cerebellar plasticity. In both regions GluA3-mediated processes 

may operate under analogous rules at the cell biological level in that they both are 

cAMP-mediated and both do not entail activity-dependent synaptic trafficking. Yet, 

when we compare the functions of GluA3-containing AMPARs at the cell 

physiological and behavioral level with those of other AMPARs in the cerebellum and 

hippocampus, some striking differences emerge. First, whereas Renner et al. show 

that GluA3-mediated potentiation of hippocampal CA1-neurons does not directly 

affect contextual fear conditioning, we show here that GluA3-mediated LTP at the PF 

to PC synapse is required for cerebellar motor learning. Second, there is a striking 

difference with respect to the role of not only GluA3-containing AMPARs, but also 
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GluA1-containing AMPARs. Whereas the role of GluA3 in PC plasticity and 

cerebellar motor learning is now evident, that of GluA1 is still largely obscure. The 

presence of GluA1 in PCs was neither essential for the induction of LTD or LTP nor 

were there overt signs of deficits in motor performance or motor learning. Its possible 

role became only indirectly apparent, when we observed that, in contrast to the 

single GluA1-KO, the double GluA1/GluA3-KO virtually completely lacked 

glutamatergic currents in PCs. Possibly GluA1/2 heteromers in PCs serve to 

maintain basal synaptic currents when cAMP levels are low. Instead, the role of 

GluA1 in pyramidal cell function can hardly be overstated. GluA1-deficient mice 

display severe learning deficits not only in tasks that depend on the hippocampus, 

but also in those that rely on the amygdala or cortex (Humeau et al., 2007; Mead and 

Stephens, 2003). Taken together, the picture emerges that the learning rules for 

AMPAR-mediated plasticity in PCs are inverted compared with those in the 

hippocampus: cerebellar LTP and learning do not require GluA1, but depend on 

plasticity of GluA3-containing AMPARs, whereas hippocampal LTP and learning do 

not directly require GluA3, but depend on plasticity of GluA1-containing AMPARs.  
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SUPPLEMENTARY FIGURES 

 
Figure S1. Basic compensatory eye movements are largely unaffected in global KO mice for 
GluA1 or GluA3 as well as in PC-specific KO for GluA3. (A) The optokinetic reflex (OKR), 
which stabilizes gaze with respect to a moving visual field (Stahl et al., 2000), showed a 
normal baseline gain in GluA1-KO and GluA3-KO mice (F(2,29)=2361, p = 0.11; Repeated 
measures ANOVA and Tukey Post-Hoc analysis), whereas phase values in both mutants 
presented a small, but consistent, delay across the entire frequency range tested 
(F(2,29)=14.86, p < 0.01, Tukey’s multiple comparisons test revealed differences for the 95% 
confidence intervals of both mutants with respect to wild-type controls, but not between 
them). In contrast, L7/GluA3-KO mice presented intact gain and phase values compared to 
controls (F(1,26) = 0.21, p = 0.64 and F(1,26) = 1.24, p = 0.27, respectively). (B) During VOR 
compensation GluA1-KO and GluA3-KO showed both a normal gain (F(2,29)=1745, p = 0.17) 
and normal phase (F(2,29)=1382, p = 0.26). In addition, L7/GluA3-KO mice also showed a 
normal basic eye movement performance (F(1,26) = 1.65, p = 0.21 and F(1,26) = 1.53, p = 
0.22, for gain and phase, respectively). (C) Finally, when we combined optokinetic stimulation 
with vestibular stimulation (i.e. VOR in the light or VORL) as occurs in daily life, all mutants 
also showed normal performances for both gain and phase compared to those in wild-type 
littermates (i.e. F(1,26) = 1.51, p = 0.23 for L7/GluA3-KO vs. control gain values). 
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Figure S2. (A) The full range of the 2 variables that explain ocular movements (0 to 1 for the 
gain and 0 to 360 for the phase) determine a circular bi-dimensional Cartesian plane (shown 
as a polar plot) in which every eye movement can be defined. Given that phase-reversal 
learning takes place through a defined common learning trajectory (left polar plot) over 
several days during which phase covariates with gain, we performed statistics on the 
Cartesian coordinates defining gain and phase using the paired Hotteling’s T2-Test. (B) Polar 
plots of gain and phase vectorial representation during phase reversal VOR learning data to 
illustrate the data analysis procedure. The data are composed of 5 individual learning vectors 
(one per day) moving across a constant learning trajectory towards the target set by the 
training paradigm (Phase, 180 degrees; Gain, 1). Based on the raw gain and phase data (A), 
we first calculate the Learning extent for each mouse as the vectorial difference between the 
final performance and the initial performance (recording 6 of day 5 – recording 1 of day 1) and 
subsequently average these values per group. Between days of training there is partial 
retention of motor memories; to calculate the overall consolidation we calculate the ratio 
between the learning extent and the absolute summed extent of the learning vectors as if 
there was no memory loss overnight (100% consolidation). This ratio calculated per mouse is 
then also averaged across the mice composing consolidation values for each group. (C) 
Behavior of 4-6 week old GluA3-KO mice shows phenotype that is virtually identical to that of 
3-5 month old mice. Scatter plots of gain and phase values of 4-6 week old mice during the 
visuo-vestibular training for VOR phase reversal shows no significant differences in the ability 
to follow the training signal (p > 0.05 for last training recording on day 5 comparisons GluA1-
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KO vs GluA3-KO and WT vs GluA3-KO). (D) Scatter plots of gain and phase values of the 
VOR catch trials show that WT and GluA1-KO mice, but not GluA3-KO mice, are able to 
reverse the phase of the VOR after training (p < 0.01 for last catch recording on day 5 
comparisons GluA1-KO vs GluA3-KO and WT vs GluA3-KO). For comparison with data in 3-5 
month old animals see also Figure 1. 
 

 
Figure S3. PCs lacking GluA1 or GluA3 have comparable spine density that is comparable to 
that in wild type (WT) PCs. Top panels show representative pictures of PC dendrites labeled 
with Golgi silver impregnation used to quantify spine densities of WT, GluA1-KOor GluA3-KO 
PCs. The results show that neither the lack of GluA1 nor that of GluA3 yielded differences in 
spine densities of proximal or distal dendrites of PCs (bottom panel). Densities plotted 
correspond to the average spine density of at least 20 dendritic branches of PCs located in 
lobules V to X per animal used for each genotype. Scale bar = 5 µm. 
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Figure S4. Overview of membrane resistance (Rm) and series resistance (Rs) of every group 
of PCs used to generate the experimental figures of the current study. Data are plotted with 
the same color code as in main figures. All PCs that had a change in resistance bigger than 
20% over a period longer than 2 minutes were discarded for further analysis. 
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Figure S5. Kainate receptors do not compensate for weakening of glutamatergic 
transmission at PF to PC synapses in the absence of GluA3. (A) To assess possible 
compensatory components in the glutamatergic transmission of PCs in GluA3-KO mice we 
investigated the impact of blocking either AMPA-receptors with 30 µM of GYKI-52466	  
(Cossart et al., 2002) or kainate receptors with 5 µM of SYM2081 (Yan et al., 2013) after 
establishing a stable baseline of eEPSCs in WT and GluA3-KO PCs. (B) PF stimulation 
intensity was manually adjusted to obtain comparable EPSC amplitudes between 100-200 pA 
in WT and GluA3-KO PCs (p=0.3, GluA3-KO vs. WT). The average quantal content released 
to produce events of comparable amplitude (estimated as the inverse of the square 
coefficient of variation; (Kerchner and Nicoll, 2008), was significantly higher in the GluA3-KO 
(p < 0.001), indicating post-synaptic weakening. (C) Blocking AMPARs reduced the total 
glutamatergic transmission in GluA3-KO PCs by 89±2%, which was significantly less than 
that in wild-type PCs (94±2%; p = 0.01 for GluA3-KO vs. WT, top panel). However, this 
difference was exacerbated after normalizing the amplitude to the quantal content, revealing 
that in the absence of GluA3, PCs have about half the normal magnitude of AMPA-mediated 
current (p < 0.001, bottom panel). (D) To investigate to what extent kainate receptors can 
compensate for an impairment in GluA3-dependent transmission in PCs (Yan et al., 2013), 
we investigated the impact of a blockage of kainate-receptors in both WT and GluA3-KO PCs. 
The contribution of kainate-receptor mediated events to EPSC amplitude normalized to 
baseline magnitude was significantly higher in PCs of GluA3-KO (21±1.5%) than that in WT 
PCs (16±3%; p = 0.024 for GluA3-KO vs. WT, top panel). However, when normalized to the 
quantal content, the absolute contribution of kainate receptors is comparable among 
genotypes (p=0.19, bottom panel). Together, these data indicate that glutamatergic 
transmission in GluA3-KO mice can be largely explained by GluA1/GluA2-mediated AMPA-
currents and to a lesser extent by kainate-currents, none of which is able to compensate for 
the synaptic weakening caused by the absence of GluA3. 
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Figure S6. (A) Fluorescence intensity quantified in confocal images of the cerebellum after 
surface immunodetection for GluA2 subunits in slices of WT mice perfused with ACSF 
containing 50 µM forskolin (Fsk) and normalized to control immunostaining intensity 
(extracellular domain of Nav1.2/SCN2A) revealed no differences in surface levels of AMPARs 
compared to those obtained from WT mice perfused with ACSF without Fsk (p = 0.44). 
However, in the hippocampus, sections of the same brains processed in the same runs did 
reveal a significant increase after Fsk application (p = 0.035). (B) Both amplitude and 
frequency of mEPSCs were significantly increased following the exact same ACSF + 50 µM 
FSK perfusion used for A. Control data are also obtained as in A. (C) Excised patches from 
PCs somata that received puffs of 100 µm AMPA generated significantly larger currents when 
8-CPT-2Me-cAMP (8-CPT) was present in the internal solution compared to control patches 
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with the same probability of having a patch presenting AMPA events. Fast desensitizing and 
slow decay time kinetics were also unchanged. 

 

Figure S7. GluA1-containing AMPARs single channel properties are unchanged after 
forskolin application. (A) Example multichannel activity recording. The presence of 
“escalated” openings that produced multiple conductance levels before reaching baseline was 
the criterion used to discard recordings with multiple channels. (B) Representative traces of of 
cell attached single channel recordings of GluA2/3 AMPARs in PCs of GluA1-KO mice. 
GluA1-containing AMPAR single channel activity in the presence and absence of forskolin 
show comparable behavior, with a clearly higher conductance level than GluA3 channels on 
basal conditions as shown in main Figure 4. (C) Conductance of the 3 different open levels of 
these channels is unchanged in the presence of forskolin and also comparable to that of 
GluA3 channels. (D) In addition, the relative fraction of openings and overall open probability 
of GluA1 channels was also unchanged after forskolin application and it resembles that of 
cAMP activated GluA3 channels. 
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Figure S8. GluA3 lacking PCs show intact excitability in vitro and in vivo despite their 
reduced synaptic transmission. (A) Short square steps of increasing current injected into PCs 
of both wild-types and GluA3-KOs showed no differences in the I/V relationships between 
genotypes (F(1,21)=2.3, p = 0.14, Repeated Measures ANOVA), showing that despite the 
weaker synaptic transmission in the absence of GluA3, PCs have unchanged excitability in 
vitro. (B) Synaptic transmission is also reduced in the PC specific KO for GluA3 (L7/ GluA3-
KO) tested in vitro. (C) In vivo spontaneous firing of L7/ GluA3-KO PCs show comparable 
firing frequency and regularity of simple spikes as well as comparable amount of complex 
spikes suggesting once more, that despite lower PF to PC synapses, PC excitability is 
unaffected. 
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Figure S9. Cre dependent tdTomato expression under the L7 promotor confirms its Purkinje 
cells specificity. (A) Example view of a L7Cre/floxedGluA3-KO mouse sagittal brain slice in 
bright field. (B) Same brain slice imaged with an epifluorescence microscope reveals how 
tdTomato expression is restricted to cerebellar PCs. (C) PCs in the vestibulocerebellum 
(flocculus and parafloculus) also express the reporter under the L7 promotor. (D) 
Quantification of the population of PCs expressing tdTomato under the L7 promotor (E, H) out 
of the total PC population detected by Calbindin immunohistochemistry (F,I) reveals that 
nearly all PCs are double labeled (G,J) proving that the L7 promotor can effectively be used 
to genetically manipulate virtually the entire population of PCs. 
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EXPERIMENTAL PROCEDURES 
 

Mice 

Inbred breeding colonies were used to obtain the experimental knockout mice. 

GluA1-KO mice, kindly provided by Dr. R. Huganir (Kim et al., 2005), were generated 

by mating heterozygous c57bl6/129 mice; GluA3-KO and wild-type littermates were 

bred from c57bl6x129P2-Gria3tm1Dgen/Mmnc mutant ancestors (MMRRC, Davis, 

CA) at least 6 times backcrossed to c57bl6 mice; and Purkinje cell specific GluA3 

knockout mice were generated by crossing floxed GluA3 mice (Sanchis-Segura et 

al., 2006) with L7-Cre mice (Barski et al., 2000). All experiments were conducted in 

line with the European guidelines for care and use of laboratory animals (Council 

Directive 86/6009/EEC). The experimental protocol was approved by the Animal 

Experiment Committee (DEC) of the Royal Netherlands Academy of Arts and 

Sciences (KNAW). 

Eye movement recordings and oculomotor learning tasks 

Baseline performance of compensatory eye movements and VOR adaptation were 

first tested in three groups of male mice at the age of 4-6 weeks and 3-5 months. 

These included wild-type littermate mice (WT, n = 15 + 14, for both age categories, 

respectively), GluA1 knockout mice (n = 5 + 6) and GluA3 knockout mice (n = 8 + 6). 

Mice were surgically prepared for chronic head restrained experiments (de Jeu and 

De Zeeuw, 2012). During the experiment the mouse was placed head-fixed in a 

holder tube on a vestibular motion platform (R2000 ‘Rotopod’, Parallel Robotic 

Systems Corporation, Hampton, USA). Left eye orientation was measured using 

video pupil tracking with a table-fixed CCD camera (Pulnix TM-6710CL, 120 

frames/s) and IR illumination (850 nm LED, 6.5 cm distance from the eye). 

Pilocarpine (2%) eye drops were applied before the experiment to limit pupil 

dilatation in darkness. Online image analysis was performed to extract the location of 

pupil edges and corneal light reflections using custom built software for Labview 

(National Instruments, Austin, TX, USA). Angular eye velocity was computed offline 

using custom software written for Matlab (The Mathworks Inc., Natick, MA) using the 

algorithm outlined elsewhere (Stahl et al., 2000). Saccadic eye movements and 

quick-phases of the vestibular nystagmus were removed using a 50°/s velocity 

threshold and 200 ms margins at each threshold crossing. Each mouse was 

accustomed to the setup for a period of three training days before the experimental 

data was collected. The horizontal VOR was characterized in both darkness and light 

using sinusoidal rotation about the vertical axis, using frequencies ranging between 
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1/16th to 4 Hz, presented in a sequence of increasing order, holding constant peak 

velocity of 18.8°/s. The number of cycles ranged between 5 at 1/16Hz to 60 at 4 Hz. 

Mice were subjected to a VOR cancellation stimulus on the first day (in-phase 

sinusoidal movement at 0.6 Hz, 5° amplitude of both the table and the visual 

surround) and a VOR reversal stimulus on subsequent days (2-5), where the 

amplitude of the visual surround was increased to 7.5° (day 2) and 10° (days 3, 4, 

and 5). The amplitude of the turntable remained constant at 5° amplitude (18.8°/s 

peak velocity). Training sessions consisted of 6 VOR measurements (30 cycles, 50 

seconds, in darkness) that were alternated with 5 periods of visuo-vestibular 

mismatch training (300 cycles, 500 seconds). Apart from the training sessions, 

animals were kept in total darkness during the consecutive training days. The eye 

movement response was expressed as gain and phase shift relative to head 

movement, which was calculated using multiple linear regression of eye velocity to 

in-phase and quadrature components of the turntable velocity trace. Gain of the eye 

movement response was defined as the ratio between the eye velocity and the table 

velocity magnitudes. Phase shift was expressed in degrees and offset by 180°, so 

that a phase of 0° indicates an eye movement that is in-phase with contraversive 

head movement; positive phase shift indicates phase lead. Consolidation of the 

adapted VOR was assessed by computing the ratio between the long-term change in 

VOR and the cumulative sum of short-term changes in VOR of preceding training 

sessions. The long-term change was defined as the absolute difference between the 

ending VOR on day 5 and the naive VOR on day 1. The short-term change was 

defined as the absolute difference between the VOR at the end of a training session 

and the beginning of a training session. For a period of at least 10 days animals were 

allowed to rest between different VOR adaptation protocols. Bivariate 2-sample 

Hotelling's T2-test was used to compare gain and phase values between groups, and 

One Way ANOVA/ Tukey post-hoc test was used for cumulative consolidation 

values. 

Spine density quantification in Purkinje neurons 

A commercially available kit (FD Rapid GolgiStain, FD Neurotechnologies, Inc., 

Columbia, USA) was used to perform the Golgi silver impregnation that was 

employed to calculate the spine density in PCs of WT (n=6) and KO mice (GluA1 n=5 

and GluA3 n=6). Thick histological sections (100-150 µm) were obtained with a 

freezing microtome (Thermo Fisher Scientific, Walthad, MA, USA), dehydrated, 

permanently mounted with Permount (Thermo Fisher Scientific, Walthad, MA, USA) 

and imaged with a XYZ axis motorized control brightfield microscope (Zeiss Axioskop 



GLUA3-SYNAPTIC PLASTICITY IN THE CEREBELLUM 

	  117 

9811 - Sony XC77 black and white video camera). Stacks of pictures across the Z-

axis (10-30 µm) were made to count total spine number in proximal (max 30 µm 

away from the PC soma) and distal dendrites of PCs. The spine density was 

calculated for each dendrite dividing the dendrite’s spine count by its length; all 

images were processed using ImageJ. All proximal and distal dendrites counted 

were averaged for each mouse and mice of the same genotype were averaged to 

obtain the final spine densities (Figure S5). 

In Vitro Electrophysiology 

Sagittal slices of the cerebellar vermis (250 to 400 µm thick) from 4 to 6 weeks old 

mice were obtained in ice-cold oxygenated “slicing” solution containing (in mM) 2.5 

KCl, 1 CaCl2, 3 MgCl2, 25 NaHCO3, 1.25 NaH2PO4, 240 sucrose, 25 D-glucose 

and 0.01 kyneurenic acid. Slices were transferred to the same slicing solution at 

34°C for 5-10 minutes and then transferred to oxygenated ACSF at 34°C containing 

(in mM) 124 NaCl, 5 KCl, 1.25 Na2HPO4, 1 MgSO4, 2 CaCl2, 26 NaHCO3, 20 D-

glucose. Subsequently, the slices were allowed to recover for at least 30 minutes 

until they were moved to the recording chamber containing the same oxygenated 

ACSF with 100 µM picrotoxin to prevent GABAergic transmission at near 

physiological temperature of 30±2°C. Whole-cell patch-clamp recordings of Purkinje 

cells located in lobules Vl to X were performed using an EPC-10 amplifier (HEKA, 

Lambrecht). 3-5 MΩ resistance patch pipettes were filled with (in mM) K-Gluconate 

122.5 mM, NaATP 4, NaGTP 0.4, HEPES 10, NaCl, KCl 9 and 0.6 mM EGTA 

(Sigma) at pH 7.25 for all the recordings that required current clamp mode (including 

LTP) or with (in mM) 115 mM cesium methanesulfonate, 20 mM CsCl, 10 mM 

Hepes, 2.5 mM MgCl2, 4 mM Na2ATP, 0.4 mM Na3GTP, 10 mM sodium 

phosphocreatine (Sigma), and 0.6 mM EGTA (Sigma), at pH 7.25 for the 

experiments that were exclusively done in voltage clamp mode. For both voltage-

clamp and current-clamp recordings, PC membrane potential was held at -70mV to 

prevent spontaneous firing. Series resistance (5-10 MΩ) was measured before the 

experiment and compensated with standard procedures. During the experiment 

series and membrane resistances were monitored by applying a 100 ms 

hyperpolarizing pulse (-10 mV). Only cells with stable membrane and series 

resistance (change < 20% of the last 5 minutes of recordings compared to the last 5 

minutes of baseline, figure S4) were included in the analysis. Whole-cell recordings 

were digitized at 40 kHz and filtered with a Bessel filter at 4 kHz for voltage clamp 

recordings (8 kHz for current clamp mode). PF to PC LTD was induced by pairing PF 

stimulation at 1Hz for 1 minute with a 100 ms somatic depolarization from 70 mV to 0 
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mV, mimicking climbing fiber input (Linden, 2001;Saab et al., 2012). Instead, PF to 

PC LTP was induced by PF stimulation alone at 1 Hz for 5 min. To monitor EPSC 

amplitude over time, two test responses to a PF pulse (with 50 ms interval) were 

evoked every 20s in voltage-clamp mode. In LTP experiments, cells were switched to 

current-clamp mode for tetanization. Paired-pulse ratio (PPR) was calculated as the 

ratio of the amplitude of the second evoked excitatory postsynaptic current (eEPSC) 

to that of the first. eEPSC amplitudes and PPR were averaged per minute and 

normalized for final representation. For the experiments on intrinsic excitability 

recordings were performed in current-clamp mode, again using an EPC-10 amplifier 

(HEKA Electronics). Intrinsic excitability was monitored through injection of brief 

steps (550 ms) of increasing depolarizing current (20 steps from 50 to 1000pA). The 

spike count was taken as a measure of excitability. Input resistance (Ri) was 

measured by injection of hyperpolarizing test currents (200 pA; 100 ms) and was 

calculated from the voltage transient toward the end of current injection. Recordings 

were excluded if the input resistance varied by > 20%.  

Single channel activity was measured in cell-attached configuration with pipettes 

between 6-8 MΩ of resistance, containing the same intracellular solution used for 

whole cell recordings but containing 100 µM of S-AMPA (Tocris). After reaching a 

patch resistance above 2 GΩ, the patch voltage clamp was decreased from close to 

resting potential (-60 mV approx.) to twice as negative (-120 mV approx.). In this 

configuration the ionic driving force across the channel was reversed and therefore 

the openings produced depolarizing events in the patch pipette. To determine the 

actual driving force across the AMPAR we broke into whole cell mode after the single 

channel recording was acquired and measured the cell resting potential. The driving 

potential resulted from the subtraction of the cell resting potential to the clamped 

voltage, and this value was used to later on calculate the receptor conductance. To 

further corroborate that the openings observed were caused by AMPARs, a subset of 

channels were also recorded at close to resting potential voltages (-60mV) and at 

0mV. When clamped at close to cell resting potential, the driving force across the 

channel is minimal and the openings are no longer visible. When clamped at 0mV 

the driving force is reversed and the events detected by the pipette are of similar size 

but hyperpolarizing (not shown), being fully consistent with AMPARs behavior.  

For the outside-out patches AMPA responses, pipettes with 4-6 MΩ resistance were 

approached to PC soma until establishing a Gigaseal (1 GΩ resistance). After 

compensating the capacitance artifact, we let the seal rest until it reached 

resistances above 2 GΩ. After breaking into whole cell mode, the pipette was slowly 
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retracted until both the cell and the outside-out patch were re-sealed again. Every 20 

seconds a 100ms puff of 100 µM AMPA was delivered with a Picospritzer III (Parker, 

Hollis, USA) to generate an AMPA dependent response. In each sweep, a 100ms 

depolarizing test pulse (-10 mV) was applied in order to test series resistance and 

membrane capacitance. Only patches with a constant resistance over 1 GΩ were 

considered for analysis. Membrane capacitance used to control for outside out patch 

size assuming a specific membrane capacitance of 0.01 pF per 1µm2 (Schmidt-

Hieber and Bischofberger, 2010). Our patches presented comparable estimated 

areas of 12.1±0.9 and 11.8±0.8 µm2 in control and 8-CPT containing patches 

respectively (p=0.42). 

Drugs and pharmacology 

For mEPSC recordings, tetrodotoxin (TTX, 1 µM, Sigma) was added to the bath 

solution to block network activity in order to only measure excitatory spontaneous 

release. In order to isolate the specific contribution of AMPA and kainate receptors to 

glutamatergic transmission in WT and KO mice, the AMPA specific blocker 

GYKI52466 (30 µM, Sigma) or the kainate specific blocker SYM2081 (5 µM, Sigma) 

were added to the extracellular bath solution. For the pharmacological investigation 

of the cAMP-GluA3 dependent pathway the following membrane permeable drugs 

were added to the bath of ACSF: 50 µM Forskolin (adenylyl cyclase activator, 

Sigma), 20 µM H89 (PKA antagonist, Tocris), 5 µM KT5720 (PKA antagonist, 

Sigma), and 10 µM ESI-05 (EPAC antagonist, BioLog). In addition, we applied the 

membrane non-permeable agonist for EPAC, 8-CPT-2Me-cAMP (20 µM, Tocris 

Bioscience) to the intracellular whole cell recording solution to investigate the 

postsynaptic impact of EPAC. In order to obtain a monophasic time decay of the 

AMPA-evoked responses in outside-out patches we added a final mixture of 80 µM 

PEPA (AMPAR flop splice variant desensitization blocker, Tocris bioscience) and 

100 µM cyclothiazide (CTZ, AMPAR flip splice variant desensitization blocker, Tocris 

bioscience) to the bath solution. 

Electrophysiology data analysis 

Spontaneous mEPSC and evoked EPSC recordings were analyzed with 

MiniAnalysis software (Synaptosoft) and ClampFit (Molecular Devices), respectively. 

To calculate τfast (fast desensitizing component) and τslow (slow non-desensitizing 

component) of AMPA evoked currents in outside-out patches a double exponential 

function was fitted using ClamPFit with DC offset set at 0. The decay of the averaged 

current was fitted to the following equation: 𝐼 = 𝐴!𝑒!!/!! + 𝐴!𝑒!!/!!. In this equation 

τ1 represents τfast. The percentage of the decay represented by the slow component 
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(% slow) was calculated by the function A1/(A1+A2), as described elsewhere 

(Christian et al., 2013). The weighted decay time constant for AMPA evoked currents 

in outside-out patches in the presence of desensitization blockers was calculated by 

dividing the total charge transfer (in fC) by the peak amplitude (in pA). Non-stationary 

fluctuation analysis of outside-out patches traces was carried out following previously 

described methods (Alvarez et al., 2002;Benke et al., 2001;Hartveit and Veruki, 

2007). In short, peak aligned AMPA evoked currents recorded over 10-15 sweeps 

per outside-out patch were binned in 10 equally sized bins of 150 ms each and for 

each bin the mean amplitude and variance were calculated. The data distribution 

resulting after plotting amplitude versus variance was fitted with the following 

equation: 𝜎! = 𝑖𝐼 − !!

!
+ 𝜎!!, where the variance (σ2) of the amplitude of the current (I) 

obtained at each time point is explained as a function of the single unitary current (i) 

and the number of functional conducting channels (N) with an offset given by the 

variance of the baseline noise (σ2
b). The number of funtional channels was extracted 

from the derivative at I = 0, and the single channel conductance was calculated by 

dividing the unitary current by the applied voltage with respect to the reversal 

potential (Vholding-Ereversal, -70 mV and 0 mV, respectively). The peak open probability 

(Po), which corresponds to the fraction of available functional channels open at the 

time of the peak current (Ipeak), was calculated from the following equation: 𝑃! =

𝐼!"#$/𝑁!"#. In this equation Nmax represents the theoretical maximum of available 

channels opened at the point where the theoretical maximum amplitude reaches the 

minimum variability (σ2
b) in the given parabola fit. 

Single channel activity was analyzed using ClampFit (Molecular Devices). Three 

detection thresholds were used to detect O1 (1.5pA), O2 (3pA) and O3 (4.5pA) 

openings in single channel AMPA receptors in steady baseline recordings (no 

holding current fluctuations).  Events with latency shorter than 0.3 ms were ignored 

to prevent noise to be recognized as openings. 

In vitro 2-photon imaging  

Organotypic cerebellar slices were made from P7-9 mice using a protocol adapted 

from previous studies (Hurtado de et al., 2011;Stoppini et al., 1991) and kept in 

culture 4-7 days prior to the experiments. Slices were then transfected with sindbis 

virus expressing rat flip GluA3 AMPAR fused to the pH sensitive version of GFP 

Super Eccliptic pHluorophor (GluA3-SEP) for a period of 24-48 hours prior to the 

imaging session.  
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For imaging, slices were transferred from the incubation solution to the recording 

chamber containing ACSF (same composition as mentioned before but with 4 µM 

calcium and 4 µM magnesium). Three-dimensional images were collected on a 

custom-built two-photon microscope based on a Fluoview laser-scanning microscope 

(Olympus). The light source was a mode-locked Ti:sapphire laser (Chameleon, 

Coherent) tuned at 850 nm using a 60x objective. Optical sections were captured 

every 1 µm from transfected PC dendrites. Fluorescence intensity was quantified 

from projections of stacked sections using ImageJ software (NIH). 

Immunohistochemistry  

Seven wild-type littermate mice received an overdose of sodium pentobarbital via IP 

injection and were perfused intracardially with 50 ml of oxygenated ice cold slicing 

solution with (n=3) or without (n=4) 50 µM forskolin, followed by 60 ml of fixative (4% 

paraformaldehyde in 0.1 M PB, pH7.6) at a rate of 5.5 ml/min. Brains were carefully 

removed from the skull and post-fixed for a maximum of 2 hours in the same fixative 

solution at 4°C. Then, they were immersed in 30% sucrose in PB at 4°C until they 

sank, and 40µm thick frontal sections obtained with a freezing microtome were 

collected into four matching series. For surface GluA2 detection, the slices were 

previously incubated in blocking solution containing 10% horse serum in PB 0.1 M to 

minimize non-specific binding of the antibodies. After 1 hour, blocking solution was 

replaced by the primary antibody solution containing 5% horse serum in 0.1M PB, 

mouse anti-GluA2 antibody (Chemicon, Millipore) at a concentration of 1:200 and 

rabbit anti-SCN2B (Abcam Ltd) at a concentration of 1:1000 as internal control for 48 

hours at 4°C. After several rinses with 0.1 M PB slices were incubated overnight in a 

solution containing 5% horse serum in 0.1 M PB and horse anti-mouse combined 

with Alexa 594 and horse anti-rabbit combined with Alexa 488 secondary antibodies, 

both at a concentration of 1:200. After several rinses, slices were mounted and 

covered with Dako mounting medium (Dako), and imaged under a confocal 

microscope (Leica SP5). All images were acquired with the same settings and the 

analysis was performed with ImageJ. For analysis, the fluorescence intensity of 

equally sized ROIs of the molecular layer of the cerebellum or hippocampus was 

extracted and normalized to the intensity of a neutral control staining that was not 

altered by cAMP-dependent pathways. 

In Vivo electrophysiology 

Mice (males, 4-6 month old) were prepared for chronic experiments as described 

previously (Wulff et al., 2009). In short, under general anesthesia a pedestal with a 
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magnet was placed on the frontal and parietal bones of the animal, and a recording 

chamber was constructed around a small craniotomy in the left occipital bone. After 2 

days of recovery, animals were habituated in the setup for 20 min for two days. 

During the experiments, the animals were alert and immobilized in a custom 

restrainer. Extracellular activities were recorded with glass micropipettes filled with 

2M NaCl solution and advanced into the cerebellar cortex from the surface of Crus I 

and II. Electrode signals were filtered, amplified and stored for off-line analyses 

(Spike2, CED, and Cambridge, UK). PCs were identified by the occurrence of both 

simple spikes and complex spikes, and single-unit activity was confirmed by a brief 

pause in simple-spike firing following each complex spike (i.e. climbing fiber pause; 

see De Zeeuw et al., 2011).  The whole field visual stimulation was presented by 

rotating a cylindrical screen (diameter 63 cm) with a random-dotted pattern (each 

element 2°) at 0.6 HZ with amplitude of 5°. Offline analysis was conducted in Matlab 

(Mathworks, Natick, MA, USA). CV2 of simple spikes was calculated as the mean 

value of (2 × (ISIn+1 - ISIn))/ (ISIn+1 + ISIn) (Wulff et al., 2009). Modulation of simple 

spikes and complex spikes was calculated as the amplitude of the sine wave fitted to 

the histogram of spike rate. Statistical analysis was done using Student’s t-test with 

SPSS (IBM Corporation, Armonk, NY, USA). 
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ABSTRACT 

Amyloid-β (Aβ) is a prime suspect to cause cognitive deficits during the early 

phases of Alzheimer’s disease (AD). Experiments in AD-mouse models have 

shown that soluble oligomeric clusters of Aβ corrupt synapses and impair 

memory formation. We show that all Aβ-driven effects depend on AMPA-

receptor subunit GluA3. Hippocampal neurons that lack GluA3 were resistant 

against Aβ-mediated synaptic depression and spine loss. In addition, Aβ 

oligomers were only capable of blocking long-term synaptic potentiation in 

neurons that expressed GluA3. Furthermore, whereas Aβ-overproducing mice 

showed significant memory impairment, memories in GluA3-deficient 

congenics remained unaffected. These experiments suggest that the removal 

of GluA3-containing AMPA-receptors is a critical primary step in the 

expression of Aβ-mediated synaptic and cognitive deficits.  
 

INTRODUCTION 

At the early stages of Alzheimer's disease (AD), synaptic perturbations are strongly 

linked to cognitive decline and memory impairment in AD patients (Brown et al., 

1998; Scheff et al., 2006). The accumulation of soluble oligomeric clusters of 

amyloid-β (Aβ), a secreted proteolytic derivative of the amyloid precursor protein 

(APP), may be important for the early synaptic failure that is seen in AD 

pathogenesis (Lambert et al., 1998; Lesne et al., 2006; McLean et al., 1999; Shankar 

et al., 2008). Neurons that overexpress APP or are exposed to Aβ-oligomers show 

synaptic depression, a loss of dendritic spines and a reduced capacity for synaptic 

plasticity (Kamenetz et al,. 2003; Lacor et al., 2007; Walsh et al., 2002; Mucke and 

Selkoe, 2012). For all these effects to occur NMDA-receptor (NMDAR) activity is 

required (Kamenetz et al., 2003; Kessels et al., 2013; Shankar et al., 2007; Wei et 

al., 2010). Aβ-oligomers trigger an NMDAR-dependent signaling pathway that leads 

to synaptic depression through the removal of AMPA-receptors (AMPARs) and 

NMDARs from synapses (Kamenetz et al., 2003; Kessels et al., 2013; Snyder et al., 

2005). Interestingly, a blockade of AMPAR endocytosis prevents the depletion of 

NMDARs and a loss of spines (Hsieh et al., 2006; Miyamoto et al., 2016), suggesting 

that the removal of AMPARs from synapses is critical for this pathway to induce 

synaptic failure. 

Excitatory neurons of the mature hippocampus predominantly contain two types of 

AMPARs: those consisting of subunits GluA1 and GluA2 (GluA1/2s), and those 
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consisting of GluA2 and GluA3 (GluA2/3s) (Wenthold et al., 1996). GluA1-containing 

AMPARs are inserted into synapses upon the induction of long-term potentiation 

(LTP) in brain slices (Hayashi et al., 2000) or upon learning in vivo (Mitsushima et al., 

2011; Rumpel et al., 2005). Whereas GluA1/2 AMPARs have been intensively 

studied, the function of GluA2/3 AMPARs has remained largely unclear. In GluA3-

deficient neurons LTP and long-term depression (LTD) are intact, and mice that lack 

GluA3 create memories normally (Meng et al., 2003; Adamczyk et al., 2012; Humeau 

et al., 2007). GluA2/3s have been implicated to participate in homeostatic scaling of 

synapse strength (Makino and Malinow, 2011; Rial Verde et al., 2006). However, 

since GluA3 mRNA levels are 10-fold lower compared with those of GluA1 and 

GluA2 (Tsuzuki et al., 2001) and synaptic currents are only modestly reduced in 

GluA3-deficient neurons (Lu et al., 2009), GluA3s are considered to play a minor role 

in synapse physiology. We here demonstrate that the AMPAR subunit GluA3 plays a 

major role in AD pathology by showing that mice that lack GluA3s are protected 

against Aβ-driven synaptic deficits, spine loss and memory impairment.  
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RESULTS 

GluA3-deficient neurons are resistant to Aβ-mediated synaptic depression  

We assessed whether the removal of AMPARs from synapses by Aβ depends on 

AMPAR subunit composition in CA1 neurons from organotypic slice cultures, which 

we previously estimated to express GluA1/2s and GluA2/3s in approximately 

equivalent amounts (Kessels et al., 2009). Organotypic hippocampal slice cultures 

were prepared from GluA1-deficient or GluA3-deficient mice and their wild-type 

littermates, and CA1 neurons were sparsely (<10%) infected with Sindbis virus 

expressing APPCT100, the β-secretase product of APP and precursor to Aβ (Kessels 

et al., 2013; Alfonso et al., 2014; Shi et al., 2001). Sindbis-driven APPCT100 expression 

allowed for a rapid increase in the neuronal production of Aβ without affecting the 

neuron’s whole-cell electrophysiological properties (Figure S1a). To identify virally 

infected neurons, the viruses also expressed tdTomato under control of a second 

subgenomic promoter (Figure S1b). 20-30 hours after viral infection, synaptic 

currents evoked by electrical stimulation of Schaffer collateral inputs were measured 

on tdTomato-expressing and neighboring uninfected pyramidal CA1 neurons 

simultaneously. Wild-type neurons that expressed APPCT100 showed decreased 

AMPAR currents (p<0.01; Figure 1a) and reduced AMPA/NMDA ratios (p=0.03; 

Figure 1c,d), which we previously showed is caused by increased neuronal 

production of Aβ (Kamenetz et al., 2003; Kessels et al., 2013). In CA1 neurons that 

lack GluA3 APPCT100 expression failed to decrease synaptic AMPAR currents (p=0.6; 

Figure 1a,b) or AMPA/NMDA ratios (p=0.6; Figure 1c,d). The AMPA/NMDA ratios in 

GluA3-deficient CA1 neurons were on average 35% reduced compared with wild-

type neurons CA1 neurons. However, GluA1-deficient neurons had a more reduced 

AMPA/NMDA ratio (55%; Figure 1c), yet still show APPCT100-induced synaptic 

AMPAR depression (p=0.01; Figure 1a) that was similar in size as in wild-type 

neurons (p=0.2; Figure 1b). These data indicate that the presence of GluA3-

containing AMPARs, but not of those containing GluA1, is crucial for Aβ to trigger 

synaptic AMPAR depression.  
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Figure 1: GluA3-deficient neurons are resistant against Aβ-mediated synaptic AMPAR 
depression.  
(a-d) Dual whole-cell recordings of APPCT100 infected and neighboring uninfected CA1 
neurons from organotypic slices from wt mice (black), GluA3-KO littermate mice (blue), or 
GluA1-KO littermate mice (red). (a) Example traces (top) and dot plots (bottom) of paired 
EPSC recordings (open dots) with averages denoted as filled dots (wt: n=27; GluA3-KO: 
n=27; GluA1-KO: n=31). Scale bars: 50 ms and 30pA. (b) Fold change in AMPAR EPSCs 
upon APPCT100 expression. (c) AMPA/NMDA ratios of uninfected and APPCT100 infected 
neurons (wt: n=18; GluA3-KO: n=18; GluA1-KO: n=20) and (d) fold change in AMPA/NMDA 
ratios upon APPCT100 expression. Data are mean ±SEM. * indicates p<0.05, determined with 
2-tailed paired (a) or unpaired (b-d) t test. 

 

GluA3-deficient neurons are resistant to Aβ-mediated loss of NMDAR currents 

To assess the effect of Aβ on NMDARs, we compared synaptic NMDAR currents 

between pairs of APPCT100 infected and nearby uninfected neurons (Figure 2).  
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Figure 2: GluA3-deficient neurons are resistant against Aβ-mediated synaptic NMDAR 
depression.  
(a-e) Dual whole-cell recordings of APPCT100 infected and neighboring uninfected CA1 
neurons from organotypic slices of wt mice (black), GluA3-KO littermate mice (blue), or 
GluA1-KO littermate mice (red). (a) Example traces (top) and dot plots (bottom) of paired 
NMDAR EPSC recordings (open dots) with average denoted as filled dot (wt: n=17; GluA3-
KO: n=16; GluA1-KO: n=17). Scale bars: 50 ms and 50pA. (b) Example traces (top) and 
average EPSC currents normalized to uninfected (bottom) before and after Ro 25-6981 wash-
in to reveal GluN2A and GluN2B contributing NMDAR currents. Scale bars: 50 ms and 50pA. 
(c) Fold change in NMDAR EPSCs, (d) GluN2A EPSCs and (e) GluN2B EPSCs upon 
APPCT100 expression. Data are mean ±SEM. * indicates p<0.05, determined with 2-tailed 
paired (a,b) or unpaired (c-e) t test. 
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APPCT100 expression led to a significant decrease in synaptic NMDAR currents in 

wild-type CA1 neurons (p<0.01; Figure 2a) and in GluA1-deficient CA1 neurons 

(p=0.02), but not in those lacking GluA3 (p>0.9; Figure 2a,c). These data indicate 

that neurons are only susceptible to Aβ-mediated NMDAR depression when they 

express AMPAR subunit GluA3. Digital subtraction of currents before and after wash-

in of the specific GluN2B blocker Ro 25-6981 permitted measurement of the relative 

contribution of GluN2A and GluN2B to the NMDAR currents. The relative contribution 

of GluN2A and GluN2B to total NMDAR currents was not altered by the absence of 

GluA1 or GluA3 (Figure 2b). As previously shown (Kessels et al., 2013), APPCT100 

expression in wild-type neurons selectively affected NMDAR currents mediated by 

GluN2B (p=0.01; Figure 2b,e) and not those mediated by GluN2A (p=0.4; Figure 

2b,d). APPCT100 expression in GluA3-deficient neurons failed to reduce NMDAR 

currents independently of whether they contained GluN2A (p=0.6; Figure 2b,d) or 

GluN2B (p=0.3; Figure 2b,e). In GluA1-deficient neurons both GluN2A (p=0.02) and 

GluN2B (p=0.03) NMDAR currents were significantly reduced upon APPCT100-

expression (Figure 2b-e), suggesting that the presence of GluA1 protects neurons 

against an Aβ-mediated reduction in synaptic GluN2A currents. A proportional 

decrease in AMPAR (Figure 1b) and NMDAR (Figure 2c) currents in APPCT100-

expressing GluA1-deficient neurons corresponds with their unchanged AMPA/NMDA 

ratio (Figure 1d). 

 

Aβ-mediated synapse loss depends on the presence of GluA3  

The number of AMPARs at a synapse correlates well with the synapse size and the 

spine size (Matsuzaki et al., 2001). To examine whether Aβ selectively targets a 

specific subtype of synapses harboring GluA3-containing AMPARs, we analyzed 

spine densities, spine size and miniature EPSC (mEPSC) events in Aβ-

overproducing neurons. We assessed Aβ-induced spine loss by expressing APPCT100 

together with the cytosolic marker tdTomato in CA1 neurons of organotypic slices. As 

a control we expressed APPCT84, the α-secretase product of APP, which does not 

affect synapse strength (Kessels et al., 2013) or spine density (Figure S2). The spine 

density at apical dendrites was significantly lower in APPCT100-expressing wild-type 

CA1 neurons compared to APPCT84 infected ones (p=0.01; Figure 3a). The loss of 

spines in APPCT100-expressing CA1 neurons occurred without a change in the 

average spine head diameter (p=0.6; Figure 3a) or in the distribution of spine head 

sizes (Figure 3b). These data suggest that Aβ eradicates spines from CA1 neurons 
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in organotypic slices without inflicting morphological changes in the remaining 

population of spines. Correspondingly, CA1 neurons expressing APPCT100 showed a 

decrease in mEPSC frequency (p<0.01; Figure 3c) but not in average mEPSC 

amplitude (p=0.9; Figure 3c). A minor change in the distribution of mEPSC 

amplitudes (p=0.02, Figure 3d) indicates that APPCT100-expressing neurons have a 

slightly smaller proportion of synapses with large AMPAR current amplitudes.  

GluA3-deficient CA1 neurons showed a significantly lower mEPSC frequency than 

wild-type neurons (p<0.01; Figure 3c). Despite these reduced synaptic AMPAR 

currents, GluA3-deficient neurons have a similar spine density as wild-type neurons 

(p=0.6) with on average even slightly larger spine heads (p=0.02; Figure 3a; Figure 

S6a). APPCT100 expression in GluA3-deficient neurons did not lead to a reduced spine 

density (p>0.9; Figure 3a), head size (p>0.9; Figure 3a), mEPSC frequency (p=0.6; 

Figure  3c), or an altered  mEPSC  amplitude  distribution  (p=0.6; Figure 3d).  These  

 

Figure 3: GluA3-deficient neurons are resistant to Aβ-mediated spine loss.  

(a-d) Spine and mEPSC analysis of CA1 neurons in organotypic slices from wild-type (black) 
or GluA3-KO mice (blue). (a top) Example images of wt and GluA3-KO dendrites expressing 
APPCT84 or APPCT100. (a bottom) APPCT100 expression reduced spine density in wild-type but 
not GluA3-KO neurons without changing the average spine head diameter. (wt, APPCT84: 
n=20 and APPCT100: n=13; GluA3-KO, APPCT84: n=26; APPCT100: n=19). Scale bar: 5 µm. (b) 
Distribution of spine head diameters in APPCT100 versus APPCT84 expressing wt or GluA3-KO 
neurons. (c top) Example mEPSC traces of wt and GluA3-KO dendrites with or without 
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APPCT100-expression. (c bottom) APPCT100 expression reduced mEPSC frequency in wild-type 
but not GluA3-KO neurons without changing average mEPSC amplitude. (wt, APPCT100: n=24 
and uninf: n=25; GluA3-KO, APPCT100: n=21 and uninf: n=22). Scale bar: 3 sec, 10 pA. (d) 
APPCT100 changed the distribution of mEPSC amplitudes of wt but not of GluA3-KO neurons. 
Data are mean ±SEM. * indicates p < 0.05 determined by 2-tailed unpaired t test (a,b) or K-S 
test (c,d). 

findings indicate that GluA3-deficient neurons are resistant to the Aβ-mediated spine 

loss. To assess whether the acute introduction of GluA3 in GluA3-deficient neurons 

can reinstate their sensitivity for Aβ, we co-expressed GFP-tagged GluA3 with or 

without APPCT100 in GluA3-deficient CA1 neurons using the Sindbis virus expression 

system. To allow sufficient amounts of GFP-GluA3 to be produced, constructs were 

expressed for 48 hours. APPCT100 expression for 48 hours in GluA3-deficient CA1 

neurons still did not affect spine density (p=0.06; Figure 4a), average mEPSC 

frequency (p>0.9; Figure 4b), or mEPSC amplitude (Figure S3). The reintroduction of 

GFP-GluA3 in GluA3-deficient neurons did not change synaptic transmission (p=0.7; 

Figure 4b) or spine density (p=0.4; Figure 4a). However, GFP-GluA3 expression did 

render GluA3-deficient neurons sensitive to APPCT100-induced spine loss (p=0.03; 

Figure 4a) and mEPSC frequency decrease (APPCT100 vs. GFP-GluA3+APPCT100: 

p<0.01; GFP-GluA3 vs. GFP-GluA3+APPCT100: p=0.04; Figure 4b). These data 

indicate that the resistance of GluA3-deficient neurons to Aβ-driven spine loss is 

directly dependent on the presence of AMPAR subunit GluA3.  

 

Figure 4: GluA3-expression in GluA3-deficient neurons reinstates their sensitivity to 
Aβ. 
(a,b) Spine density and mEPSC analysis of CA1 neurons in organotypic slices from GluA3-
KO mice. (a) Example images of CA1 dendrites (left) and average spine densities (right) 
expressing GFP (dark blue; n=10), GFP+APPCT100 (light blue; n=15), GFP-GluA3 (dark blue 
striped; n=24) or GFP-GluA3+APPCT100 (light blue striped; n=28). Scale bar: 5 µm (b) Example 
mEPSC recording traces (left) and average mEPSC frequencies (right) of CA1 neurons 48 
hrs after infection with GFP+APPCT100 (light blue; n=28) and uninfected neighbors (dark blue; 
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n=29), with GFP-GluA3 (dark blue striped; n=39) and uninfected neighbors (dark blue; n=38), 
and with GFP-GluA3+APPCT100 (light blue striped; n=36) and uninfected neighbors (dark blue; 
n=35). Scale bar: 3 sec and 10 pA. Data are mean ±SEM. * indicates p < 0.05, determined 
with 2-tailed unpaired t test. 

 

GluA3-deficient neurons are insensitive to the Aβ-mediated blockade of LTP 

Aβ-oligomers are capable of blocking NMDAR-dependent LTP (Walsh et al., 2002). 

To assess whether GluA3-deficient neurons are susceptible to the Aβ-mediated 

blockade of LTP, we performed extracellular local field potential recordings in brain 

slices acutely isolated from wild-type mice and GluA3-deficient littermates. In line 

with previous studies that showed LTP is unaffected in the absence of GluA3 (Meng 

et al., 2003; Humeau et al., 2007), a theta-burst stimulation onto CA3-CA1 synapses 

produced stable, pathway-specific LTP of similar magnitude in wild-type and GluA3-

deficient slices (Figure S4). This experiment was repeated in slices incubated with 

cell  culture  medium  from  a  cell  line that  produces  Aβ in  oligomeric form, or  with  

 

Figure 5: GluA3-deficient neurons are resistant against the Aβ-mediated block in LTP. 
 (a,b) Example traces (top) and (a-d) average peak field potential responses recorded at the 
CA1 stratum radiatum before and after theta burst stimulation (TBS). (a) LTP was inhibited in 
wild-type neurons by Aβ-containing medium (gray: n=11) compared with control medium 
(black; n=6). Scale bar: 10 ms, 0.2 mV. Scale bar: 10 ms, 0.2 mV. (b) In GluA3-KO slices LTP 



CHAPTER 4 

 136 

was not inhibited by Aβ-medium (light blue; n=8) in comparison to control medium (dark blue; 
n=8). Scale bar: 10 ms, 0.2 mV. (c) In control conditions LTP was similar in wt (black) versus 
GluA3-KO (dark blue) slices. (d) In Aβ-medium LTP was reduced in wt slices (gray) compared 
with GluA3-KO (light blue) slices. Data are mean ±SEM. * indicates p < 0.05, determined with 
2-tailed unpaired t test over the last 10 minutes of the recording. 
 

control medium (Podlisny et al., 1995). The incubation of slices with 1 nM of 

oligomeric Aβ blocked LTP in wild-type slices (p=0.03; Figure 5a), but failed to block 

LTP in GluA3-deficient slices (p=0.8; Figure 5b). Whereas GluA3-deficient and wild-

type slices showed LTP with a similar magnitude in control conditions (p=0.7; Figure 

5c), in the presence of Aβ-oligomers LTP was significantly smaller in wild-type 

neurons (p=0.01; Figure 5d). These experiments indicate that GluA3-expression is 

critical for Aβ-oligomers to block LTP. 

 

GluA3-deficient APP/PS1 transgenic mice do not display spine loss  

Mice that express human APP (APPswe) and mutant presenilin 1 (PS1dE9) 

transgenes produce high levels of Aβ42 and are used as a mouse model for familial 

AD (Savonenko et al., 2005). An immunostaining for Aβ shows that APP/PS1-

transgenic mice started to develop plaques in the CA1 region of the hippocampus at 

the age of 6 months, with more plaques situated in the stratum lacunosum-

moleculare (SLM) than in the stratum radiatum (SR) (Figure 6a; Figure S5a). To 

assess whether these local difference in Aβ-load correspond with location-specific 

patterns of spine loss (Siskova et al., 2014), spine analysis was performed on 

oblique CA1 dendrites in both SR and SLM. Indeed, whereas the spine density 

remained unaffected in the SR (p=0.6; Figure 6c,d), we did observe a reduced spine 

density in the SLM (p<0.01; Figure 6e,f). Although in 12-month old mice the plaque 

load had approximately quadrupled in both the SR and the SLM (Figure 6b), the 

spine loss in the CA1 had not aggravated (Figure 6d,f). The observed spine loss in 

the SLM of APP/PS1-transgenic mice was not accompanied by a change in the 

average diameter of spine heads (Figure 6g,h) or the distribution of spine head sizes 

(Figure 6i,j).  

We next examined whether spine loss in APP/PS1 mice is maintained in the absence 

of GluA3 expression. In APP/PS1 mice that were GluA3-deficient the development of 

plaque formation was similar compared to GluA3-expressing APP/PS1 littermates 

(p>0.9; Figure 6a,b), suggesting that the level of Aβ accumulation was unaffected in 

the absence of GluA3. As we observed in organotypic slice cultures,  GluA3-deficient 
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Figure 6: APP/PS1 mice that lack GluA3 develop Aβ plaques but do not show spine 
loss. 

(a,b) Examples of 6E10 staining (left) and average mean plaque load of 6 month (a) and 12 
month (b) APP/PS1 mice (n=4 mice for all groups) demonstrate that more Aβ plaques were 
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formed in the stratum lacunosum-moleculare (SLM) than in the stratum radiatum (SR). PCL, 
pyramidal cell layer; MO, molecular layer of the dentate gyrus. (c,d) Example images (left) 
and average spine density (right) of CA1 dendrites in the SR was similar in dendrites of 6 
month (c, wt=18; APP/PS1=24; GluA3-KO=18; APP/PS1/GluA3-KO=18) and 12 month old 
APP/PS1 mice (d, wt=24; APP/PS1=24; GluA3-KO=12; APP/PS1/GluA3-KO=18) Scale bar: 2 
µm. (e,f) Example images (left) and average spine density (right) was lower in APP/PS1-
expressing SLM dendrites provided that they expressed GluA3 for both 6 month (e, wt=18; 
APP/PS1=24; GluA3-KO=18; APP/PS1/GluA3-KO=18) and 12 month (f, wt=24; APP/PS1=24; 
GluA3-KO=12; APP/PS1/GluA3-KO=18) old mice. Scale bar: 2 µm. (g,h) Mean spine head 
diameter was unaffected in 6 month (g) and 12 month (h) old APP/PS1 mice. (i,j) Spine head 
size distribution was unaffected in 6 month (i) and 12 month (j) old APP/PS1 mice. Data are 
mean ±SEM. Statistics: * indicates p < 0.05 determined by two-way ANOVA (a,b), one-way 
ANOVA with post-hoc Tukey test and unpaired t test for comparison of fold effect of APP/PS1 
transgenes between wt and GluA3-KO (c-h), or K-S test (i,j). 

 

CA1 neurons have on average a similar spine density (Figure 6c-f) and larger spine 

heads (Figure 6g,h; Figure S6) compared with age-matched wild-type littermates. 

Notably, in GluA3-deficient mice the APP/PS1 transgenes did not cause a reduced 

spine density or size in the SLM at both 6 and 12 months of age (Figure 6e,f), 

indicating that mice are only susceptible to Aβ-mediated spine loss when they 

express AMPAR subunit GluA3.  

 

GluA3-deficient APP/PS1 transgenic mice do not exhibit memory impairment 

Besides Aβ plaque and spine pathology, APP/PS1 mice show cognitive deficits and 

premature mortality. In our colony the survival rate of APP/PS1 mice was reduced 

compared with wild-type littermates (p<0.01). APP/PS1 mice did not show premature 

mortality when they were GluA3-deficient (p=0.2, Figure 7a). We tested the ability to 

form hippocampus- and amygdala-dependent memories by submitting either 6 or 12-

month old mice to a contextual fear-conditioning paradigm. Upon exposure to the 

shock cage, the mice with different genotypes displayed a similar locomotor activity 

in a novel environment and a similar startle response to a mild foot shock (Figure 

7b,c). When re-exposed to the shock cage 24 hours after conditioning, APP/PS1 

mice showed impaired fear memories as expressed by a lower level of freezing 

behavior compared with wild-type littermates (Figure 7d,e). For GluA3-deficient mice 

the freezing response to the fearful context were equal irrespectively of having 

APP/PS1 transgenes (Figure 7d,e). Similar results were obtained when another 

group of 6-month old mice was tested 7 days after conditioning (Figure 7f,g), 

indicating that also the long-term stability of contextual fear memories remained 
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unaffected by APP/PS1 transgenes in the absence of GluA3. These findings suggest 

that GluA3 renders mice susceptible to Aβ-mediated memory impairment.  

 

Figure 7: APP/PS1 mice do not show increased mortality or memory deficits when they 
lack GluA3.  

(a) Kaplan Meier curves demonstrating that APP/PS1 but not APP/PS1/GluA3-KO mice have 
increased mortality rates (n=780 at 1 month, n=127 at 12 months). (b,c) Locomotion is similar 
before and during (startle response) the foot-shock in the conditioning trial, in both 6 month 
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old (b) and 12 month old (c) animals. Automated quantification of motion as the number of 
Significant Motion Pixels (SMP) as described previously45. (d,e) Freezing levels during fear-
memory retrieval 24 hrs after conditioning in 6-month old littermates (d, wt n=13; APP/PS1 
n=13; GluA3-KO n=11; APP/PS1/GluA3-KO n=15) and 12-month old littermates (e, wt n=13; 
APP/PS1 n=20; GluA3-KO n=12; APP/PS1/GluA3-KO n=19). (f) Freezing responses to the 
fear context at 24 hrs (same as in d) and a different group of mice tested 7 days after 
conditioning (wt n=14; APP/PS1 n=13; GluA3-KO n=16; APP/PS1/GluA3-KO n=19) showed 
that long-term stability of contextual fear memories is unaffected in APP/PS1/GluA3-KO mice. 
Data are mean ±SEM. * indicates p<0.05 determined by Mantel-Cox test with Bonferroni 
correction (a), one-way ANOVA with post-hoc Tukey test, and unpaired t test when 
comparing fold effect of APP/PS1 between wt and GluA3-KO (d-g).  

  



RELATION BETWEEN GLUA3 AND AMYLOID Β 

	  141 

DISCUSSION 

We studied the influence of AMPAR subunit composition on Aβ-mediated synapto-

toxicity in three different model systems. Firstly we showed that synaptic depression 

and spine loss in APPCT100-overexpressing CA1 neurons of organotypic slices require 

GluA3 expression. Secondly, exogenously added Aβ-oligomers block LTP in acutely 

isolated brain slices of wild-type mice, but not of GluA3-deficient mice. Finally, 

increased mortality, contextual fear memory deficits and spine loss in APP/PS1-

transgenic mice are absent when they lack GluA3. Our data therefore show that 

GluA3-containing AMPARs play a central role in Aβ-mediated synaptotoxicity.  

How Aβ-oligomers initiate synaptic deficits remains largely unclear. Aβ-oligomers 

have a broad range of binding partners at the surface of neurons (Rahman et al., 

2015), and a number of these partners have been proposed to be necessary for 

inducing pathological effects (Mucke and Selkoe, 2012; Benilova et al., 2012). 

Although GluA3 may be another candidate Aβ receptor, we consider the possibility 

that GluA3 is not so much responsible for the induction, but rather for the expression 

of Aβ-driven synaptic deficits. For instance, oligomeric Aβ may ignite a signaling 

pathway that ultimately leads to selective removal of GluA2/3 AMPARs from 

synapses. A factor that potentially mediates the depletion of GluA2/3 AMPAR from 

synapses is PICK1. PICK1 is an adaptor protein that selectively interacts with GluA2 

and GluA3 and is involved in AMPAR endocytosis (Kim et al., 2001; Terashima et al., 

2008). Notably, PICK1-deficient neurons were shown to be insensitive to Aβ-

mediated synaptic depression (Alfonso et al., 2014). We propose a model where Aβ-

oligomers bind one (or a combination) of surface receptors, thereby hijacking or 

facilitating an endogenous NMDAR-dependent LTD-like signaling cascade that 

involves the recruitment of PICK1 (Kim et al., 2001; Terashima et al., 2008), 

ultimately leading to the selective removal of GluA3-containing AMPARs from 

synapses. The removal of GluA3-containing receptors by Aβ as a mechanism of 

action is further supported by the finding that mice lacking GluA3 mimic many of the 

effects of Aβ. For instance, the AMPA/NMDA ratio and mEPSC frequency are 

similarly reduced in wild-type neurons expressing APPCT100 as in uninfected neurons 

from mice lacking GluA3 (Figure 1c and 3b). A similar partial overlapping effect of Aβ 

and loss of GluA3 is seen in spine loss and memory impairment of APP/PS1 mice 

(Figure 6c,d and 7d,e). In some cases the effect of Aβ may be more pronounced 

than genetic loss of GluA3 since the latter is chronic and could allow compensatory 

mechanisms to ameliorate some of the deficits. 
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GluA3-containing AMPARs have been proposed to be involved in the homeostatic 

scaling of synapse strength (Makino and Malinow, 2011; Rial Verde et al., 2006). In 

such a scenario, neurons that are deprived of synaptic input increase their synaptic 

GluA2/3 levels, and vice versa neurons that are hyperactive counteract by lowering 

the number of GluA2/3s at synapses. It has recently been suggested that AD-related 

synaptic and memory deficits may arise from defects in homeostatic plasticity (Megill 

et al., 2015; Jand and Chung, 2016). Possibly Aβ-oligomers mediate a persistent 

synaptic downscaling by reducing the levels of GluA2/3s at synapses irrespective of 

the history of neuronal activity. Alternatively, Aβ-oligomers may trigger an increased 

neuronal network activity (Verret et al., 2012) to which neurons respond by lowering 

synaptic GluA2/3 levels. However, the consequences of an excess deposition of Aβ 

are not limited to the loss of synaptic AMPARs, but also include synaptic NMDAR 

depression, a loss of spines, a block in LTP, memory impairment and premature 

mortality. Importantly, our observation that all these Aβ-driven effects are not 

observed in GluA3-deficient mice are consistent with the notion that the removal of 

AMPARs from synapses is one of the first critical steps in Aβ pathogenesis (Hsieh et 

al., 2006; Miyamoto et al., 2016), followed or accompanied by the removal of 

GluN2B-containing NMDARs and disintegration of the synapse. We therefore 

propose that an intervention in the signaling pathway that is used by Aβ to remove 

GluA2/3s from synapses may be an attractive approach to prevent all Aβ-driven 

synaptic and memory deficits. 

Lowering the neuronal or synaptic levels of GluA3-containing AMPARs may reduce 

the vulnerability of neurons for the detrimental effects of oligomeric Aβ. Interestingly, 

a recent study that screened for gene expression profiles associated with mild 

cognitive impairment (MCI), a clinical transition stage between aging and AD 

dementia (Boyle et al., 2006), found that among the genes that showed a strong 

negative correlation with cognitive performance were genes encoding glutamate 

receptors GluA3 and GluN2B (Berchtold et al., 2014). It is tempting to speculate that 

people with relatively low levels of GluA3 and GluN2B expression are less likely to 

develop MCI despite the presence of Aβ-oligomers. Along these lines, a mentally 

active brain would theoretically provide a reduced susceptibility for MCI, since 

learning behavior and sensory experiences trigger the delivery of GluA1-containing 

AMPARs to synapses (Mitsushima et al., 2011; Rumpel et al., 2005) and the 

subsequent homeostatic removal of synaptic GluA2/3s (Makino and Malinow, 2011; 

Rial Verde et al., 2006). Future experiments may reveal under which physiological 
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conditions the levels of GluA3 change in neurons, and whether differences in the 

expression levels of GluA3 determine the severity of AD-symptoms.  
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SUPPLEMENTARY FIGURES 

 

Figure S1: Sindbis virus expression does not affect membrane resistance of neurons 
and allows for dual APPCT100/tdTomato expression. (a) Average membrane (Rm) and 
series (Rs) resistance of whole-cell patch clamped CA1 neurons expressing 
tdTomato+APPCT100 (gray; n=24) and uninfected (black; n=24) wild-type neurons 24 hrs after 
infection, GFP+APPCT100 expressing (light blue; n=13) and uninfected (dark blue; n=15) 
GluA3-KO neurons 24 hrs after infection, and GFP+APPCT100 expressing  (light blue; n=25) 
and uninfected (dark blue; n=11) neurons 48 hrs after infection. Mean Rm indicates that 
Sindbis-driven APPCT100 expression did not compromise neuronal health. Data are mean 
±SEM. Statistics: 2-tailed unpaired t test. (b) Example images of an individual neuron (left 
panel; scale bar: 20µm) and a population of CA1 neurons in an organotypic slice (right panel; 
scale bar: 100µm) infected with Sindbis virus expressing APPCT100/tdTomato and 
immunostained for Aβ (6E10 antibody). The majority of tdTomato-expressing CA1 neurons 
(total: n=144) showed positive staining for Aβ. 
 

 
Figure S2:  Expression of APPct84 does not affect spine density. (left) Example of 2-
photon images of apical CA1 dendrites infected with tdTomato or tdTomato+APPct84. Scale 
bar: 3µm. (right) The average spine density was not different between tdTomato (n=11) and 
tdTomato+APPct84 (n=11) expressing CA1 pyramidal neurons. Data are mean ±SEM. 
Statistics: 2-tailed unpaired t test. 
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Figure S3: GFP-GluA3 or APPCT100 expression in GluA3-deficient neurons does not 
affect mEPSC amplitudes. The mean mEPSC amplitudes of the neurons in Fig. 4b 
demonstrate that 48 hours of Sindbis induced expression of GFP+APPCT100 (light blue; n=28), 
GFP-GluA3 (dark blue striped; n=39) or GFP-GluA3+APPCT100 (light blue striped; n=28) does 
not change mEPSC amplitudes. Statistics: 2-tailed unpaired t test. Data are mean ±SEM.  
 

 
 

Figure S4:  GluA3-KO slices show normal pathway-specific LTP. (a) LFP example traces 
(top left; scale bar: 10 ms, 0.2 mV) and peak LFP responses (bottom left and right) show LTP 
with similar magnitude in wt (n=11) and GluA3-KO (n=6) slices in the stimulation pathway that 
was used to induce a TBS (left) but not in the control pathway (right; wt n=6, GluA3-KO n=6). 
(b,c) Control pathways of LTP experiments in main Fig. 3 (wt control n=3, Aβ n=5; GluA3-KO 
control n=3, Aβ n=8) remained stable over time. Data are mean ±SEM. Statistics: 2-tailed 
unpaired t test on the last 10 minutes of the recording (i.e. 70-80 min). 
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Figure S5: Control experiments for plaque load analysis and spine size analysis in the 
CA1 of aged mice. (a) 6E10 staining in 6 and 12 month old wt and GluA3-KO mice without 
the APP/PS1 transgenes confirmed an absence of plaque formation. (b) Confocal image of a 
hippocampal slice of a Thy1-eYFP mouse, depicting the regions where spine density was 
quantified. SR, stratum radiatum; SLM, stratum lacunosum-moleculare. (c) Comparison of 
two different spine size analyses showed that the average spine head diameter was less 
sensitive to variation in fluorescence intensity than spine volume reflected as the spine 
brightness (background-subtracted and corrected for fluorescence levels in dendritic shaft). 
Left: Confocal images of a CA1 dendrite obtained with different levels of laser intensity. 
Triangles indicate the spines analyzed. Scale bar: 2µm. Right: Spine head diameter en spine 
fluorescence (after background fluorescence subtraction) normalized to value at 6% laser 
intensity plotted against laser intensity (n=5 spines). Data are mean ±SEM. 
 
 



CHAPTER 4 

 150 

 
 

Figure S6: GluA3–deficient CA1 neurons have increased spine head size. (a-c) Average 
spine head diameter (top) and the distribution of spine head sizes (bottom) of CA1 pyramidal 
neurons at wt (black) and GluA3-KO (blue) littermate mice. (a) SR dendrites in organotypic 
hippocampal slices as in Fig. 3a, (b) SLM dendrites in 6-month old mice as in Fig. 6g, and (c) 
12-month old mice as in Fig. 6h. Data are mean ±SEM. * indicates p < 0.05 determined by 2-
tailed unpaired t tests for spine diameter and K-S test on spine size distributions. 
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EXPERIMENTAL PROCEDURES 
 

Mice 

GluA3-deficient (Gria3tm1Dgen/Mmnc; MMRRC, Davis, CA), APPswe/PS1dE9 mice 

(Savonenko et al., 2005) (kindly provided by Dr. Elly Hol), and Thy1-eYFP mice 

(B6.Cg-Tg(Thy1-YFP)HJrs/J; Jackson, Bar Harbor, USA) were at least 6 times 

backcrossed to c57bl6 mice. GluA1-deficient mice were in a c57bl6/129 hybrid 

background and were a kind gift from Dr. R. Huganir (Kim et al., 2005). Both male 

and female mice were used as a source for organotypic slices, for all other 

experiments only male mice were used. The mice were group-housed (2-5) and kept 

on a 12-hours day-night cycle and had ad libitum access to food and water. All 

experiments were conducted in line with the European guidelines for the care and 

use of laboratory animals (Council Directive 86/6009/EEC). All experimental 

protocols were approved by the Institutional Animal Care and Use Committee of the 

Royal Netherlands Academy of Arts and Sciences (KNAW) or the University of San 

Diego, California. 

Sindbis virus expression in organotypic hippocampal slices 

Organotypic hippocampal slices were prepared from P7-8 mice as described 

previously (Stoppini et al., 1991) and used after 7-12 days in culture for 

electrophysiology or after 13-15 days in culture for spine analysis. Constructs of 

APP-CT100+tdTomato, APP-CT84+tdTomato, GFP-GluA3(o) and GFP-

GluA3(o)+APP-CT100 were cloned into a pSinRep5 shuttle vector and infective 

Sindbis pseudo viruses were produced according to the manufacturer’s protocol 

(Invitrogen BV, Leek, Netherlands) and used to induce expression in CA1 neurons. 

Whole-cell electrophysiology recordings  

Organotypic hippocampal slices were perfused with artificial CSF (ACSF, in mM: 118 

NaCl, 2.5 KCl, 26 NaHCO3, 1 NaH2PO4, 4 MgCl2, 4 CaCl2, 20 glucose) gassed with 

95%O2/5%CO2). Whole-cell recordings were made with 3 - 5 MΩ pipettes, (Raccess < 

20 MΩ, and Rinput > 10 x Raccess) filled with internal solution containing (in mM): 115 

CsMeSO3, 20 CsCl, 10 HEPES, 2.5 MgCl2, 4 Na2-ATP, 0.4 Na-GTP, 10 Na-

Phosphocreatine, 0.6 EGTA. Miniature EPSCs were recorded at -60 mV with TTX (1 

µM) and picrotoxin (50 µM) added to the bath. For evoked recordings, a cut was 

made between CA1 and CA3, and picrotoxin (50 µM) and 2-chloroadenosine (4 µM; 

Tocris) were added to the bath. Two stimulating electrodes, two-contact Pt/Ir cluster 

electrode (Frederick Haer, Bowdoin, USA), were placed between 100 and 300 µm 

down the apical dendrite, 100 µm apart, and 200 µm laterally in opposite directions. 
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AMPAR-mediated EPSCs were measured as the peak inward current at -60 mV. 

NMDAR-mediated EPSCs were measured as the mean outward current between 40 

and 90 ms after the stimulation at +40 mV, corrected by the current at 0 mV. EPSC 

amplitudes were obtained from an average of at least 40 sweeps at each holding 

potential. Data was acquired using a Multiclamp 700B amplifier (Molecular Devices, 

Sunnyvale, USA). Evoked recording were analyzed using custom software written in 

Igor Pro (Wavemetrics, Tigard, USA). Miniature EPSC recordings were analyzed with 

MiniAnalysis (Synaptosoft, Decatur, USA) with an amplitude threshold of 5 pA. 

Experiments were conducted blind to experimental conditions. 

Dendritic spine analysis in organotypic hippocampal slices 

Three-dimensional images were collected by two-photon laser scanning microscopy 

(Femtonics Ltd. Hungary). The light source was a mode-locked Ti:sapphire laser 

(Chameleon, Coherent, Santa Clara, USA) tuned at 910 nm using a 20x objective. 

Optical sections were captured every 0.75 µm (z-resolution) of apical dendrites from 

infected CA1 pyramidal neurons, approximately 180 µm from the cell body (pixel size 

0.05 micron). The density and diameter of spines protruding in the horizontal (x/y) 

plane were manually quantified from projections of stacked 3D images by an 

experimenter blind to experimental conditions and genotype using ImageJ software 

(http://fiji.sc).  

Preparation of Aβ oligomers  

Chinese hamster ovary (CHO) cells stably transfected with APP751(V717F) 

mutation, referred to as 7PA2 cells (Podlisny et al., 1995), were a gift from Dr. 

Edward Koo. 7PA2 cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) containing 10% bovine fetal calf serum as described. Cells are grown to 

near confluence and then cultured in plain DMEM for 16 hr. The Aβ medium is 

collected, centrifuged at 200 g for 10 min and concentrated 10 fold using an Amicon 

Ultra 3k filtration device at 4000 x g for 30 min at 4°C. CHO cells were also cultured 

in plain DMEM and concentrated to use as a control medium for electrophysiology. 

Levels of Aβ40 and Aβ42 oligomers were measured by enzyme-linked immunosorbent 

assay (ELISA) in the laboratory of Dr. Edward Koo. 7PA2 conditioned medium was 

diluted to 1 nM total Abeta, and CHO conditioned medium from the same batch was 

diluted similarly. Western Blots were used to confirm the presence of Aβ oligomers. 

Local field potential electrophysiology recordings 

Acute hippocampal slices were prepared from 3- to 4-week-old mice. Slices were cut 

coronally in cold sucrose cutting buffer (72 mM sucrose, 22 mM glucose, 2.6 mM 
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NaHCO3, 83 mM NaCl, 2.5 mM KCl, 3.3 mM MgSO4, and 0.5 mM CaCl2) at a 

thickness of 350 µm and transferred to a recovery chamber containing oxygenated 

artificial cerebrospinal fluid (ACSF) containing 11 mM glucose, 1 mM MgCl2, and 2 

mM CaCl2. Slices were maintained at 34°C for 45 min and then at room temperature 

for 45 min. During field potential recordings, a slice was transferred to a recording 

chamber, where it was submerged and received a continuous flow of ACSF 

supplemented with 11 mM glucose, 1 mM MgCl2, 2 mM CaCl2, and 100 µM of 

picrotoxin (pH 7.4). Extracellular field potential was recorded in the SR with glass 

electrodes (1.5-2.5 MΩ) containing the perfusion solution. Field excitatory 

postsynaptic potentials (fEPSPs) were evoked by stimulating independent afferents 

by placing bipolar stimulation electrodes 150 µm down the apical dendrites, and 150-

200 µm laterally in opposite directions. Aβ or control medium was added to the 

perfusion for 20 minutes during the acquisition of a stable baseline prior to LTP 

induction. LTP was induced by applying 4 trains electrical stimulation at 100 Hz, 

lasting 100 ms each, every 20 s. After LTP induction, fEPSPs were recorded for an 

additional 60 min. Averaged normalized fEPSP for the last 10 minutes (50-60 

minutes after LTP induction) of each recording was used to quantify the potentiation 

value. Experiments were conducted blind to experimental conditions. 

Aβ plaque load analysis in APP/PS1 mice 

Mice were anesthetized with pentobarbital and perfused with 20 ml 0.1 M PBS 

followed by 80 ml of fixative (4% paraformaldehyde in 0.1 M PBS pH 7.2). Brains 

were removed, post-fixed for 1 hour in fixative, washed in PBS for 2-3 hours followed 

by 20% sucrose overnight and snap-frozen in dry ice to be stored at -80oC. The 

brains were sliced into sections of 10 µm on a Leica CM3050S cryostat and thaw-

mounted onto microscope slides. The sections were allowed to dry for 1.5 hours and 

stored at -20 °C. Before the staining the slides were brought to room temperature 

and put in 4% PFA-PBS solution for 10 minutes and washed twice in PBS for 10 

minutes. Epitope retrieval was achieved by incubating the slides in a sodium citrate 

buffer (10mM sodium citrate, 0.05% Tween-20, pH 6.0) at 95°C and then at room 

temperature for 20 minutes. The sections were washed in PBS for 10 minutes and 

incubated in blocking solution (10% normal donkey serum (NDS), 0.4% Triton X-100 

in PBS) for 1 hour and subsequently incubated with primary antibody against Aβ 

(6E10, 1:15000 dilution, in 3% NDS, 0.4% Triton X-100 in PBS; SIG-39320, 

Covance, Princeton, NJ, USA) overnight at room temperature. The next day, the 

sections were washed for 10 minutes in PBS four times and incubated with Cy3-

conjugated donkey anti-mouse IgG (1:1400, in PBS; Jackson ImmunoResearch, 
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West Grove, PA, USA) for 2 hours at room temperature. Sections were subsequently 

washed for 10 minutes in PBS four times and covered with VectaShield mounting 

medium with DAPI (Vector Labs, Burlingame, CA, USA) and sealed with a cover 

glass. Images of the CA1 (10x magnified, 1392x1040, pixel size 0.65µm2) were 

obtained using a Leica DM-RE fluorescence microscope (Leica Microsystems, 

Wetzlar, Germany) equipped with a Leica DFC360 FX CCD camera and Leica 

Application Suite Advanced Fluorescence (LAS AF) software. Eight images per 

animals were acquired blind to experimental conditions. Pictures were analyzed with 

Image-Pro Plus software script (Media Cybernetics, Rockville, MD, USA). The level 

of plaque area was expressed as the percentage of positive pixels. Slices from wt 

and GluA3-KO mice were included as negative controls (Figure S4a). 

Dendritic spine analysis in APP/PS1 mice  

Thy1-eYFP mice were perfused with 4% PFA similarly as for Aβ plaque load 

analysis. Brains were removed and post-fixed for 1 hour in fixative, washed and 

stored in PBS at 4°C. Coronal 50 µm-thick slices were prepared with a vibratome 

(Leica, Rijswijk, Netherlands), mounted and covered with Vectashield mounting 

medium (Vector Labs, Peterborough UK). Image acquisition was performed with a 

Leica SP5 II confocal microscope using a ×63 oil immersion objective and LAS-AF 

software. Z-stack images (512 x 512 pixels, pixel size: 68.78 nm x 68.78 nm x 0.13 

µm) of oblique apical dendrites in the stratum lacunosum-moleculare (SLM) and 

stratum radiatum (SR) (Figure S5b) were obtained. Laser power was adjusted to 

achieve similar fluorescence levels across images. Spine density and spine size 

were manually quantified by an experimenter blind to experimental conditions and 

genotype using ImageJ software (‘http://fiji.sc’). Spine size was determined by 

measuring spine head diameters, since diameter measurements were largely 

independent on fluorescence intensity levels (Figure S5c).  

Contextual Fear Conditioning Behavioral Essay 

For fear conditioning experiments, a box (29 cm high, 31.5 cm wide, 23 cm deep; 

Med Associates Inc., Georgia, VT) was used with two metal walls, two transparent 

Plexiglas walls and grid floor with stainless steel bars through which the foot shock 

was delivered. The box was placed inside a sound-attenuating chamber with a 

camera (PCTV, Luxembourg city, Luxembourg) mounted on the ceiling of the cage. 

Each trial took place between 1:00 and 4:00 p.m. during the light cycle. The box was 

cleaned with 70% ethanol before each trial. During the conditioning session, male 

mice were placed in the box for 4 min, in which they received 1 shock (0.45 mA, 2 s) 

after 2 min. 24 hours or 7 days after training the mice were re-introduced to the box. 
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Freezing behavior and locomotion were quantified using custom-made Matlab script 

(Kopec et al., 2007).  Absence of movement for at least 1 second was considered as 

freezing. Experiments were conducted blind to the genotype of the mice. 

Statistics 

Significance was determined using two-tailed Student t tests to compare 2 groups or 

ANOVAs followed by post-hoc Tukey comparisons for comparing more than 2 

groups. The Kolmogorov-Smirnov test (K-S) was used to test whether data sets were 

normally distributed. The F-test was used to test equal variance. Where necessary, 

data was log- or square root-transformed to obtain normal distributions and 

homogeneity of variance. To compare cumulative distributions, the (K-S) test was 

performed on data normalized to the mean. Mantel-Cox test with Bonferroni 

correction was used to compare mortality rates. P values below 0.05 were 

considered statistically significant.  
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Most excitatory neurons in our brain express three different types of AMPAR 

subunits: GluA1, GluA2 and GluA3. Whereas GluA1 and GluA2 have been 

extensively studied in the past 25 years, GluA3 has been largely ignored, and at the 

start of my PhD virtually nothing was known about this forgotten subunit.  

In this thesis I present "The discovery of GluA3-dependent synaptic plasticity".  

I found that an emotional event leads to a massive synaptic potentiation in the 

hippocampus through the activation of GluA3. In addition, GluA3 in the cerebellum is 

crucial for motor learning. And finally, without GluA3 a mouse is resistant to 

Alzheimer-related symptoms. 

5.0) Summary 

In Chapter 1, I review the basis of synaptic plasticity and its relation with learning 

and memory. I give a brief description of the brain structures under study in this 

thesis, namely the hippocampus and cerebellum. Furthermore, I introduce glutamate 

receptors, and specifically AMPA receptors. Finally, I describe the basic 

characteristics of Alzheimer's disease and the known effects of amyloid β on 

glutamate receptors. 

In Chapter 2 we aim to acknowledge the historically neglected GluA3 subunit. In 

CA1 pyramidal neurons of the hippocampus, two types of AMPARs predominate: 

those that are composed of heteromers of GluA1 and GluA2, and those containing 

heteromers of GluA3 and GluA2. Years of extensive study have revealed that GluA1-

containing AMPARs play a main role in LTP and memory formation. In contrast, 

GluA3-containing AMPARs have been largely overlooked, likely because, in the 

absence of GluA3, basal synaptic transmission, LTP and memory formation remain 

largely unchanged. In this chapter, we reveal that GluA3-containing AMPARs are 

inactive and contribute little to synaptic currents under basal conditions. However, we 

find that upon a fearful experience GluA3 channel function is restored through a rise 

in intracellular cAMP levels driven by norepinephrine release. This restoration of 

GluA3 function leads to a massive and transient potentiation that does not require 

trafficking of receptors, but rather changes in single channel conductance.  

Chapter 3 explores the role of GluA1- and GluA3-containing AMPARs in LTP and 

procedural memory in the cerebellum. In this chapter we show that LTP at the 

parallel fiber to Purkinje cell synapse do not depend on GluA1-, but do depend on 

GluA3-containing AMPARs. This form of LTP involves changes in single channel 
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conductance mediated by an increase in cAMP and subsequent activation of Epac2. 

Furthermore, GluA3 is required for the adaptation of the vestibulo-ocular reflex, 

suggesting that GluA3-plasticity in Purkinje cells is crucial for motor learning.  

 

 GluA1-containing AMPAR GluA3-containing AMPAR 

C-tail Long Short 

State under basal 
conditions 

Open / Active Closed / Inactive / Dormant 

Necessary for LTP Yes No 

Trafficking Activity-dependent Activity-independent / 
constitutive 

Plasticity 
mechanism 

Insertion into the synapse Opening / activation 

Model scheme upon 
synaptic plasticity 

 
 

Involved in memory 
formation 

Yes No 

 

Table 1: Overview of differences between GluA1- and GluA3-containing AMPARs in the 
hippocampus. GluA1 subunit in red, GluA2 subunit in grey, GluA3 subunit in blue.  

+

+ + + +
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In Chapter 4 we return to the hippocampus to study how the GluA3 subunit is 

implicated in Alzheimer's disease. Experiments in AD mouse models have shown 

that soluble oligomeric clusters of Aβ trigger synaptic weakening, a loss of synapses 

and a reduction in synaptic plasticity. We find that neurons lacking GluA3 are 

resistant to Aβ-mediated synaptic transmission of AMPAR and NMDAR currents, and 

Aβ oligomers are only capable of blocking LTP in neurons expressing GluA3. In 

addition, APP/PS1 mice, a mouse model for familial Alzheimer’s, do not show spine 

loss, do not have memory impairment, and do not show premature mortality when 

they lack GluA3. Altogether these results suggest that the expression of synaptic and 

cognitive deficits mediated by Aβ require the presence of GluA3. 

 

5.1) The role of GluA3-plasticity in the hippocampus 

In Chapter 2, we have uncovered a new type of synaptic plasticity in the 

hippocampus that depends on GluA3. However, we found no evidence showing that 

the newly discovered GluA3-dependent plasticity contributes to memory formation, at 

least in the paradigms we tested. Thus, memory formation appears to depend on 

GluA1-plasticity, and not on GluA3-plasticity. Previously, the role of GluA3 hasn't 

been a focus in research, but in light of the information presented in this thesis the 

topic becomes much more relevant, even more since the absence of GluA3 protects 

against the synaptotoxic effects of Aβ. It is intriguing to speculate: what could be the 

role of GluA3-containing AMPARs in the hippocampus? 

 5.1.1) Synaptic replacement 

There is indirect evidence showing that AMPARs composed of heterodimers of 

GluA2 and GluA3 may replace GluA1/2-AMPARs in an activity-independent manner 

in slice cultures in the hippocampus (Shi et al., 2001). In this paper, a mutated form 

of GluA2 was used, GluA2(R586Q)-GFP, that is inwardly rectifying. GluA2(R586Q)-

GFP homomers are continuously delivered to the synapse replacing existing 

AMPARs, which was observed by an increase in rectification while leaving synapse 

strength unaltered. When co-expressing GluA2(R586Q)-GFP and GluA3 they 

observed again inward rectification, suggesting that GluA2/3-AMPARs behave as 

GluA2/2-AMPARs. They expressed GluA3-GFP in neurons and found that they went 

into spines, without rectification and resulting in depressed synaptic transmission. At 

that time, it was unclear how to interpret this result. However, in light of the recent 
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results presented in Chapter 2, a simple explanation can be proposed. When GluA3-

GFP is expressed, GluA3/3 homomers cannot be formed (Coleman et al., 2016), but 

instead GluA3-GFP forms heteromers with GluA2. These GluA2/3-AMPARs go into 

spines and synapses replacing AMPARs, and cause synaptic depression since they 

are in an inactive state. The inward rectification observed upon co-expression of 

GluA2(R586Q)-GFP and GluA3 can be derived from recombinant GluA2 homomers 

trafficking, since GluA2/3-AMPARs would be in an inactive state. 

Activity-independent synaptic AMPAR exchange occurs in vivo with a rate time 

constant of around 20 hours (McCormack et al., 2006; Takahashi et al., 2003). It was 

hypothesized that this constitutive process could contribute to the stabilization of 

memories, as a molecular mechanism for consolidation of encoded memories 

(Kessels and Malinow, 2009). If this were the case, GluA3-containing AMPARs 

would be necessary for the stabilization of memories. Therefore, we would expect 

GluA3-deficient mice to have less stable memories. However, in Chapter 2 we did 

not find evidence supporting this hypothesis: our results show that long-term fear 

memories are present in GluA3-deficient mice (at least up to one month after fear 

conditioning), and freezing levels are even slightly higher in these mice compared 

with wild-type littermates. These results seem conflicting with a model in which 

GluA3 is important for the consolidation of contextual fear memories.  

AMPAR replacement is still a possible feature of GluA3-containing AMPARs, but 

about its function I can only speculate. The constitutive replacement occurs without a 

change in synaptic strength, which in light of our findings would entail a replacement 

of constitutively active GluA1-containing AMPARs by GluA3-containing AMPARs in 

an open state. However, when GluA3-containing AMPARs become inactive, then 

synaptic strength would be reduced upon this process, and the memory potentially 

weakened. In this scenario, GluA3-plasticity may function to sharpen a memory 

during arousal when norepinephrine levels are high. 

 5.1.2) Information flow enhancement 

GluA3-plasticity is likely a selective feature of excitatory neurons, since most 

inhibitory neurons in the hippocampus lack GluA2/3-AMPARs (Leranth et al., 1996), 

although it has been reported that GluA3 is expressed in particular in parvalbumin 

interneurons in the visual cortex of monkeys (Kooijmans et al., 2014) and in a subset 

of PV neurons in the hippocampus of rats (Moga et al., 2003). However, the 

hippocampal PV neurons do not express GluA2, and since GluA3 obligatory exist in 
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an AMPAR configuration of GluA2/3 heteromers (Coleman et al., 2016), it remains to 

be established what the role of GluA3 in these interneurons may be.  

GluA3-plasticity does not appear to be specific of a subset of neurons upon for 

instance fear conditioning, i.e. it occurs in a vast population of excitatory neurons (as 

we found that all the recorded CA1 neurons under high cAMP level conditions 

showed increased synaptic strength). A function of this plasticity that occurs 

massively and in excitatory neurons could thus be to enhance information flow during 

an emotional experience. This hypothesis may be in line with previous observations 

that GluA3-deficient mice display an increased aggressive behavior, since it points to 

a correlation between the presence of GluA3 and the control of emotional behavior 

(Adamczyk et al., 2012). GluA3-deficient mice also show a decreased delta and theta 

power during sleep compared with wild types (Steenland et al., 2008). Furthermore, 

preliminary results from our laboratory obtained by local field potential recordings in 

the hippocampus suggest that the activation of GluA3-plasticity is expressed by a 

desynchronization in slow wave theta-oscillations.  

 5.1.3) Adaptive behavior 

It is also possible that GluA3 has a role in adaptive behavior, where the animal has to 

learn to respond to a change of rules. It would be interesting for example to evaluate 

whether extinction of a conditioned fear memory is affected in GluA3-deficient mice. 

Behavioral flexibility is the ability to change behavior patterns in response to a 

changing environment. Cognitive flexibility requiring set-shifting involves the medial 

prefrontal cortex, and it has been proposed that the trigger for abrupt changes in the 

network dynamics of this brain region, which occur when the animal has to respond 

to a change of rules, could be norepinephrine (Karlsson et al., 2012). This is 

especially interesting considering the effects of norepinephrine on GluA3-plasticity 

presented in this thesis. It is tempting to speculate that processes like behavioral 

flexibility and memory reconsolidation (Karlsson et al., 2012; Morice et al., 2007), 

which depend on norepinephrine or dopamine (neurotransmitters that lead to an 

increase in cAMP), may involve GluA3-dependent plasticity. Both processes require 

and "uncertainty phase" during which an old strategy or memory can be modified. 

 5.1.4) Functions mediated by other triggers 

As we have found in Chapter 2 of this thesis, norepinephrine through β-adrenergic 

receptor activation triggers GluA3-plasticity in the hippocampus, but it is not 
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necessarily the only trigger. Other neurotransmitters that produce a change in cAMP 

levels like dopamine or serotonin might also cause GluA3-plasticity. If this were the 

case, it would be intriguing to evaluate whether GluA3-plasticity is involved in 

cognitive or emotional processes mediated by these other neurotransmitters. 

Likewise, a future direction of research related with GluA3-plasticity could be to 

examine whether it is present in other brain structures. 

Whereas we have not yet found a role for GluA3-containing AMPARs in 

hippocampus-related learning, we have discovered that in the cerebellum this 

AMPAR subunit plays a principal role in vestibulo-cerebellar motor learning. Further 

characteristics differentiating GluA3-plasticity between the hippocampus and 

cerebellum are discussed below (see section 4.3). 

 

5.2) Susceptibility of GluA3-containing synapses to amyloid β 

We do not know yet what the physiological/behavioral function of GluA3-containing 

AMPARs in the hippocampus is, but one of the remarkable findings contributing to 

the significance of GluA3 is that it makes synapses susceptible to amyloid-β (Aβ). In 

Chapter 4 we have found that GluA3-containing AMPARs play a central role in Aβ-

induced synaptotoxicity. It is possible that GluA3 is a direct target of Aβ, but we 

consider the possibility that Aβ hijacks an endogenous signaling pathway that 

eventually leads to the selective removal of GluA3-containing AMPARs from 

synapses. We propose a model where Aβ oligomers bind one or more surface 

receptors, thereby facilitating an endogenous NMDAR-dependent LTD-like signaling 

cascade that involves the recruitment of PICK1 (Kim et al., 2001; Terashima et al., 

2008), ultimately leading to the selective removal of GluA3-containing AMPARs from 

synapses. PICK1 is an adaptor protein that selectively interacts with GluA2 and 

GluA3, and is involved in AMPAR endocytosis (Kim et al., 2001; Terashima et al., 

2008). PICK1-deficient neurons were shown to be insensitive to Aβ-mediated 

synaptic depression (Alfonso et al., 2014). In this scenario, the removal of GluA3-

containing AMPARs is a crucial step in the expression of Alzheimer's disease (AD) -

related cognitive symptoms.  

Something that has not been explored in this thesis is the relationship between the 

effects of Aβ on synapses and GluA3-plasticity. We have established in Chapter 2 

that GluA3-containing AMPARs can be in an open/active and closed/inactive state. 
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AD-symptoms may be more prevalent upon GluA3 activation. It also remains to be 

studied whether Aβ affects GluA3s equally in all its states or if one state of GluA3 

renders it more sensible.  

 

5.3) Distinct characteristics of GluA3-plasticity in the hippocampus and 

cerebellum 

In Chapter 2 and Chapter 3 we have found and described for the first time GluA3-

dependent synaptic plasticity in the hippocampus and cerebellum respectively. This 

process shares important properties in the two brain structures under study. In both 

cases, increased levels of cAMP lead to the activation of GluA3-plasticity. In 

response to a rise in cAMP, a large increase in the open-channel probability of 

GluA3-containing AMPARs is measured in both CA1 neurons and Purkinje cells. 

Thus, the properties of the membrane channels are modified, without evidence of 

trafficking of receptors to the surface. It is interesting to note, however, that some 

properties of GluA3-dependent plasticity are different in the hippocampus and 

cerebellum.  

Although an increase in cAMP is the signal that triggers GluA3-plasticity, the trigger 

for cAMP itself has not been proven to be the same in both structures. In the 

hippocampus we have established that β-adrenergic receptor activation linked to 

adenylyl cyclases is a trigger for cAMP increase and GluA3-plasticity. In our case of 

study β-adrenergic receptor activation is caused by exposure of mice to a fearful 

experience or by a systemic epinephrine increase that in turn elevates 

norepinephrine levels. We predict that other signaling pathways that lead to an 

increase in cAMP levels, like dopamine or serotonin, could also trigger GluA3-

plasticity. On the other hand, in the cerebellum the signal causing the rise in cAMP 

remains to be elucidated. It is known that small increases in Ca2+ concentration 

following parallel fiber stimulation can induce LTP. It would be interesting to study 

how these Ca2+ signals in Purkinje cells are transduced into adenylyl cyclase 

activation to increase the levels of cAMP. A possible candidate is the 

calcium/calmodulin-dependent adenylyl cyclase Adcy1 (Masada et al., 2012). Other 

candidates include orexin receptors, pituitary adenylyl cyclase-activating polypeptide 

receptors and norepinephrine. Although it is tempting to speculate that the latter is 

causing the cAMP increase as it happens in the hippocampus, it is questionable that 

an emotionally aroused state induced by norepinephrine would be consistently 
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needed for motor memory formation.  

 

 Hippocampus Cerebellum 

cAMP dependent Yes Yes 

PKA dependent No No 

Epac dependent No Yes 

Involves trafficking No No 

Increased open-
channel probability Yes Yes 

Necessary for LTP No Yes 

Trigger for cAMP 
increase 

β-adrenergic receptor 
activation 

To be determined 

Effect on memory 
formation No effect Large effect 

 

Table 1: Comparative overview of GluA3-dependent synaptic plasticity in the hippocampus 
and cerebellum (cAMP: cyclic adenosine monophosphate; PKA: protein kinase A; Epac: 
exchange factor directly activated by cAMP; LTP: long term potentiation). 

 

The mechanism of action of cAMP also differs between hippocampus and 

cerebellum. In the cerebellum, we have found that cAMP promotes the activation of 

GluA3 plasticity through Epac, the cAMP-regulated GEF for Rap1. On the contrary, 

we found that Epac is not the target of the cAMP increase in the hippocampus. 

furthermore it has been shown that strong, long lasting pharmacological activation of 

Epac leads to destabilization and loss of spines in the hippocampus, causing 

synaptic depression (Woolfrey et al., 2009). In line with this, Rap1 also causes 

synaptic depression, not potentiation (Huang et al., 2004; Zhu et al., 2002). 

Moreover, cAMP is not causing GluA3-plasticity through PKA or HCN channels, 

which are common effectors, and cAMP does not act directly on GluA3. We did find 

however that a farnesyl transferase inhibitor that blocks the activity of Ras-like 

proteins reduces GluA3-plasticity in this brain structure. Ras is a member of the 

superfamily that includes as well Rap1. Ras has been implicated in a variety of 
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cellular processes, including synaptic plasticity and AMPAR trafficking (Qin et al., 

2005; Zhu et al., 2002). In this context, it is interesting to note that a novel interplay 

between cAMP and Ras has recently been reported: in rat sensory neurons Epac 

acts through activation of Ras rather than Rap1 (Shariati et al., 2016). It remains to 

be further studied whether GluA3-plasticity in the hippocampus could be mediated by 

a cAMP-regulated GEF for a member of the Ras family. 

Another striking difference between the two brain structures under scrutiny relates to 

the state of GluA3-containing AMPARs under basal conditions. Whereas we saw that 

the absence of the GluA3 subunit has no effect on basal synaptic transmission in the 

hippocampus, it reduced transmission to 50% in Purkinje cells of the cerebellum. 

This may be because in Purkinje cells GluA3 are already partly active under basal 

conditions. However, it may be more likely that a change in basal transmission is the 

result of a lack of LTP. In Purkinje cells GluA1 does participate in synaptic currents, 

but in its absence basal transmission and LTP are not affected. Similarly, in the 

hippocampus, GluA1 is essential for normal basal transmission as well as LTP, 

whereas GluA3-containing AMPARs are not crucial for LTP and their absence does 

not affect basal transmission.  

 

5.4) Future directions 

The present thesis has described for the first time a major type of synaptic plasticity 

that depends on AMPAR subunit GluA3. This plasticity requires an increase in cAMP 

levels and it occurs through a change in open channel probability without trafficking 

of the receptor to the surface. As with any novel and exciting discovery, a new field of 

research presents itself with many questions and possibilities to explore.  

As mentioned earlier, it remains to be established what is the role of GluA3-plasticity 

in the hippocampus, where it is triggered upon a fearful experience. Furthermore, is 

GluA3-plasticity present in other brain regions besides the hippocampus and 

cerebellum? This may be very likely, since GluA3 is expressed in most brain regions. 

If so, what role does this plasticity play in these structures? Can other 

neurotransmitters, besides norepinephrine, be triggers for the rise in cAMP that 

generates GluA3-plasticity? What is the target of cAMP in the hippocampus? Does 

Aβ differentially GluA3 in its active and inactive form? 

We have found that GluA3-plasticity involves opening of the receptors upon an 
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increase in cAMP levels. But how is this process regulated? How long does the 

receptor stay active? Is there a mechanism for closure of the receptors, or are they 

recycled and replaced by receptors in an inactive state? In Chapter 2 acute slices 

are prepared after the mouse has been through a fearful experience and cAMP 

levels increase in vivo; mEPSCs are recorded from these slices for hours, and until 

the end of the day recordings show increased mEPSC frequencies. Therefore, we 

hypothesize that there has to be an active regulatory mechanism to return the 

receptors to an inactive state, which does not occur once the brain is isolated and the 

slices are prepared. An unlikely alternative is that cAMP levels remain high in the 

slices throughout the day. It will be interesting thus to study through which process 

GluA3-containing AMPAR transmission returns to basal levels. For example, 

activation of cholinergic muscarinic receptors leads to a decrease in cAMP through 

Gi class GPCR, and receptors type m1, m2 and m4 are present in the hippocampus 

(Buckley et al., 1988; Levey et al., 1991). 

It would be interesting as well to decipher which parts of GluA3 are critical for 

plasticity. For example, using point mutations in the sequence of the protein could 

allow us to resolve which amino acids are interacting with the cAMP effector 

molecule triggering the putative conformational change that generates the change in 

single channel conductance of GluA3. In fact, GluA3 has unique structural features 

compared with other AMPAR subunits. In particular, its N-terminal domain is 

exceptionally large and motile (Sukumaran et al., 2011), a feature that may underlie 

the observed changes in open probability, or it could be the target of allosteric 

modulators. Moreover, it has recently been shown with x-ray crystallography and 

cryogenic electron microscopy that GluA2/3 heteromeric AMPARs can access 

multiple conformations. The structure of GluA2/3-AMPARs in particular deviates from 

the classical structure of AMPARs and resembles more that of NMDARs (Herguedas 

et al., 2016).  

With this thesis, GluA3 may have finally reached the spotlight is deserves. I consider 

the work presented in this thesis as the first steps into a novel field of research 

related to AMPA receptors, their plasticity and function. There are many new 

questions about GluA3, surely more than there were before starting this work. Their 

answer in the future will shed more light into the functioning of the brain and 

hopefully help in the treatment of diseases as Alzheimer's disease.   
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De meeste excitatoire neuronen in ons brein produceren drie verschillende 

onderdelen van een AMPA-receptor: GluA1, GluA2 en GluA3. Terwijl GluA1 en 

GluA2 uitgebreid bestudeerd zijn in de afgelopen 25 jaar, bleef GluA3 vooral 

onderbelicht, en bij de start van mijn promotie was er bijzonder weinig bekend over 

GluA3. 

In dit proefschrift beschrijf ik “de ontdekking van GluA3-afhankelijke synaptische 

plasticiteit”. 

Ik heb gevonden dat een emotionele gebeurtenis leidt tot een massale versterking 

van synapsen in de hippocampus door de activatie van GluA3. Bovendien is GluA3 

in het cerebellum zelfs cruciaal voor het leren van motorische bewegingen. En, 

tenslotte, beschrijf ik hoe een muis zonder GluA3 resistent is tegen Alzheimer-

gerelateerde symptomen. 

In Hoofdstuk 1 geef ik een overzicht van de basis van synaptische plasticiteit en hoe 

deze zich verhoudt tot leren en geheugen. Ik geef een korte beschrijving van de 

hersengebieden die in dit proefschrift bestudeerd worden, te weten, de hippocampus 

en het cerebellum. Ik besluit dit hoofdstuk met een beschrijving van de neurologische 

symptomen van de ziekte van Alzheimer en de bekende effecten van amyloïde β op 

glutamaat receptoren.  

In Hoofdstuk 2 trachten we het historisch onderbelichte onderdeel van de AMPA 

receptor, GluA3, bekendheid te geven. Piramidaal cellen in CA1 van de 

hippocampus hebben voornamelijk twee typen AMPA receptoren: heteromeren die 

bestaan uit GluA1 en GluA2, en heteromeren die zijn opgebouwd uit GluA3 en 

GluA2. Daar waar jaren uitgebreid onderzoek de voornaamste rol van receptoren 

met GluA1 heeft aangetoond in LTP en geheugenvorming, zijn de receptoren met 

GluA3 grotendeels over het hoofd gezien, met alle waarschijnlijkheid omdat deze 

processen in afwezigheid van GluA3 onveranderd bleken. In dit hoofdstuk laten we 

zien dat receptoren met GluA3 onder normale omstandigheden niet actief zijn en 

weinig bijdragen aan synaptische activiteit. Echter, wij vinden dat na een 

beangstigende ervaring de functionaliteit van GluA3 wordt hersteld doordat de 

hoeveelheid cAMP binnenin de cel stijgt, onder andere als gevolg van het vrijkomen 

van adrenaline. Dit functieherstel van GluA3 lijdt tot een massale, tijdelijke 
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versterking van synapsen, waarvoor geen verplaatsing van receptoren nodig is, maar 

louter veranderingen in de geleidingseigenschappen van deze kanalen. 

Hoofdstuk 3 verkent wat de rol is van receptoren met GluA1 en receptoren met 

GluA3 in LTP en procedureel geheugen in het cerebellum. In dit hoofdstuk laten we 

zien dat bij de verbindingen van parallelle vezels naar synapsen van Purkinje cellen, 

LTP niet afhankelijk is van GluA1, maar van receptoren die GluA3 bevatten. Bij deze 

vorm van LTP worden veranderingen in de geleidingseigenschappen van kanalen 

gemedieerd door een stijging van cAMP en een daaropvolgende activatie van 

Epac2. Daarnaast is GluA3 noodzakelijk om de vestibulo-oculaire reflex aan te 

passen, wat suggereert dat GluA3-plasticiteit in Purkinje cellen essentieel is voor 

motorisch leren. 

In Hoofdstuk 4 keren we terug naar de hippocampus om te bestuderen wat de 

implicaties zijn van het AMPA receptor onderdeel GluA3 in de ziekte van Alzheimer. 

Experimenten in muismodellen van AD hebben laten zien dat oplosbare oligomeren 

van Aβ synapsen verzwakken, synapsen doen verdwijnen en de plasticiteit van 

synapsen verminderen. Wij vinden dat neuronen zonder GluA3 beschermd zijn tegen 

de effecten van Aβ op synaptische signaaloverdracht door AMPA en NMDA 

receptoren; oligomeren van Aβ kunnen LTP alleen blokkeren in neuronen die GluA3 

tot expressie brengen. Bovendien laten muizen van een muismodel voor erfelijke 

Alzheimer, APP/PS1 muizen, geen verlies van synapsen, geen verminderd 

geheugen en geen voortijdig overlijden zien als ze geen GluA3 hebben. Al deze 

resultaten samen suggereren dat voor de, door Aβ gemedieerde, synaptische en 

cognitieve mankementen de aanwezigheid van GluA3 cruciaal is. 

Ten slotte geef ik, in Hoofdstuk 5, een samenvatting en discussie van de 

bevindingen die door dit proefschrift heen beschreven zijn. Ten eerste speculeer ik, 

gebaseerd op eerdere bevindingen, over de rol van GluA3-plasticiteit in de 

hippocampus. Vervolgens bespreek ik de de mogelijke link tussen GluA3 en 

amyloïde β. Daarnaast vergelijk ik de kenmerken van GluA3-plasticiteit in de 

hippocampus met die in het cerebellum en zet ik deze tegen elkaar af. Ten slotte, 

bediscussieer ik de mogelijke toekomst van deze onderzoeksrichting.  
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