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Chapter 1 
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In order to be successful in life and, even more elementary, in order to survive, we constantly 

need to adapt to and learn from our environment. This can simply mean becoming more alert 

to ‘sharpen the senses’ when a situation is exciting or dangerous, but it also extends to 

learning new things, forming memories and gaining knowledge. In this way, our previous 

experiences can affect how we interpret and handle future experiences, which allows us to 

develop and prevent repeating mistakes. All these adaptations are dependent on changes in 

the brain. The adult human brain contains over 100 billion neurons, and each neuron is 

interconnected with other neurons through thousands of synapses, the contact points where 

a neuron transmits information to another. Experiences can modify existing synapses, 

strengthening some neuronal pathways and weakening others (Hebb, 1949), and even cause 

synapse formation and elimination. This phenomenon called synaptic plasticity underlies the 

profound capacity of behavioral experiences to remodel neural circuitry, allowing for adaptive 

behavior, learning and memory. Our functioning is critically dependent on synaptic plasticity. 

This becomes even more clear when considering that aberrant synaptic plasticity is a major 

contributing factor in many cognitive disorders, such as addiction, autism spectrum disorder, 

schizophrenia, and Alzheimer’s disease (Kauer & Malenka, 2007; Volk et al., 2015; Benarroch, 

2018). 

 

Brain regions 

The brain consists of many different brain regions that are specialized for different functions 

and work together to create full functionality. Thus, different types of memories and 

information processing depend on (a collaboration of) different regions of the brain. In this 

thesis, I will focus on the hippocampus and the primary visual cortex. The hippocampus has a 

central role in the encoding of declarative (explicit) memories. Classically, three major 

pathways of the hippocampus have been described. A major excitatory input to the 

hippocampus arrives from the entorhinal cortex via the perforant path at the granule cells of 

the dentate gyrus (DG). The DG granule cells then project their axons (called mossy fibers) to 

CA3 pyramidal cells (Fig. 1A). These CA3 pyramidal neurons synapse locally onto other CA3 

neurons and also send axon bundles (the so-called Schaffer collaterals) to CA1 pyramidal cells. 

Synaptic plasticity can occur at all three of these major hippocampal pathways. The synapses  
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onto CA1 pyramidal neurons that receive Schaffer collateral input from 

CA3 neurons (Sc-CA1 synapses) are the most studied synapses, not only 

in the hippocampus but in the entire brain. 

The primary sensory cortices are among the brain regions that 

receive and process sensory information, our input from the outside 

world. During development, synaptic plasticity upon spontaneous 

neuronal activity and, later on, upon sensory experiences is essential in 

the formation and fine-tuning of the neural circuitry of the primary 

sensory cortices (Katz & Shatz, 1996; Leighton & Lohmann, 2016). A 

certain level of plasticity is retained in adulthood, for example enabling perceptual learning 

(Karmarkar & Dan, 2006), the improvement in the ability to perceive or discriminate sensory 

stimuli through practice or experience. Since humans are very visually oriented, of all primary 

sensory areas we are most reliant on the primary visual cortex (V1). V1 is built up of six cell 

layers in both mice and humans (Fig. 1B). In short, visual input from the eyes is relayed from 

the lateral geniculate nucleus (LGN) in the thalamus to the V1, mainly targeting layer 4, which 

then sends projections to layer 2/3. Layer 2/3 neurons (besides projecting locally to other layer 

2/3 neurons and sending output to other cortical areas) send axons to layer 5, and layer 5 

neurons then project to layer 6. Pyramidal cells in layer 5 and 6 form the main output of V1 to 

subcortical areas: layer 5 pyramidal neurons send axons to the superior colliculus and the 

pons, while layer 6 pyramidal neurons project back to the LGN. Feedback projections from 

Figure 1: Classic drawings of the hippocampus (A) and human visual cortex 
(B) by Ramón y Cajal (1899, 1909). 
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higher order areas back to V1 tend to arrive in layer 1, targeting the layer 1-located dendritic 

tufts of layer 2/3 pyramidal neurons. 

 

The glutamatergic synapse 

To fully understand synaptic plasticity phenomena it is necessary to first have a basic 

understanding of synaptic transmission and the factors that determine the strength of 

synaptic transmission onto a neuron. 

 The glutamatergic synapse is the most common synapse in the central nervous system. 

The arrival of an action potential at the synapse may cause a glutamate-containing presynaptic 

vesicle to fuse with the presynaptic membrane, thereby releasing glutamate into the synaptic 

cleft, where it binds to receptor proteins on the postsynaptic membrane. Presynaptic vesicle 

release is a stochastic process; an action potential does not always evoke the release of a 

vesicle of neurotransmitter from the presynaptic terminal. Glutamate receptors can be 

ionotropic receptors, which are ion channels that open when glutamate binds, or 

metabotropic receptors, which produce a response by activating a second messenger system 

in the postsynaptic neuron. There are four classes of ionotropic glutamate receptors: the α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs), the N-methyl-D-

aspartate receptors (NMDARs), the kainate receptors and the δ receptors (Traynelis et al., 

2010).  

 

AMPA receptors 

The ion channels of AMPARs, which are permeable to Na+ and K+ and in some cases Ca2+, open 

directly upon glutamate binding and they mediate the majority of fast synaptic transmission. 

AMPARs are tetrameric channels composed of individual subunits, of which there are four 

different isoforms: GluA1, GluA2, GluA3 and GluA4 (Hollmann & Heinemann, 1994), encoded 

for by the Gria1-4 genes. More specifically, the tetramers are formed through the association 

of two dimers, which are most often heterodimers (Herguedas et al., 2016; Greger & Mayer, 

2019). AMPAR subunits are highly homologous, with a conserved ion channel and ligand 

binding domain, but differ in the structure of their extracellular N-terminal domains and 

cytoplasmic C-terminal regions (Greger et al., 2017). GluA1 and GluA4 have long cytoplasmic 

tails, while GluA2 and GluA3 have short cytoplasmic tails. The cytoplasmic tails of AMPAR 
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subunits participate in subunit-specific protein interactions and can be phosphorylated at 

multiple dynamically regulated phosphorylation sites, which influences those protein 

interactions and (thereby) the properties and synaptic targeting of the receptor.  

In adult excitatory neurons the two most commonly expressed AMPAR subtypes are 

composed of two GluA1/GluA2 heterodimers or two GluA2/GluA3 heterodimers, with a 

smaller population of GluA1-homomers (Wenthold et al., 1996; Kessels et al., 2009; Lu et al., 

2009). There is also some evidence for the existence of triheteromeric AMPARs composed of 

a GluA1/GluA2 heterodimer and a GluA2/GluA3 heterodimer in whole brain homogenates 

(Zhao et al., 2019), but it is unclear if these receptors can be found in the hippocampus or V1. 

Other combinations (such as GluA2-homomers, GluA3-homomers and GluA1/GluA3 

heterodimers) are thought to be largely absent, likely because their assembly is energetically 

less favorable (Sommer et al., 1991; Sans et al., 2003; Rossmann et al., 2011). In pyramidal 

neurons of the hippocampus and visual cortex, the expression of GluA4 is largely limited to 

early development (Zhu et al., 2000; Akaneya, 2007). The relative contribution of the GluA3 

subunit to AMPARs is high in the cortex compared to other brain regions, including the 

hippocampus (Gold et al., 1996; Schwenk et al., 2014). 

 The functional properties of AMPARs are, to a large extent, dictated by their subunit 

composition. The different AMPAR subtypes can be subdivided into two groups in two 

different ways: GluA2-containing vs. GluA2-lacking AMPARs or GluA1-containing vs. GluA3-

containing AMPARs. GluA2-containing and GluA2-lacking AMPARs differ in some of their 

biophysical properties due to the nearly 100% efficient RNA editing of the GluA2 subunit, 

during which a glutamine (Q) is converted to arginine (R) in the pore forming M2 region 

(Sommer et al., 1991). Whereas GluA2-containing AMPARs are calcium impermeable, GluA2-

lacking AMPARs have a high calcium permeability and also exhibit a higher single-channel 

conductance (Jonas & Burnashev, 1995; Swanson et al., 1997). Furthermore, GluA2-lacking 

AMPARs, but not GluA2-containing AMPARs, are susceptible to being blocked by intracellular 

polyamines at depolarized membrane potentials and are therefore inwardly rectifying: they 

conduct more easily at negative potentials (Verdoorn et al., 1991). 

 Alternatively, AMPARs can be subdivided into GluA1-containing and GluA3-containing 

AMPARs, because there are several functional differences between GluA1-containing and 

GluA3-containing AMPARs. Unlike GluA2-containing and GluA2-lacking AMPARs, GluA1-

containing and GluA3-containing AMPARs cannot be distinguished from each other on the 
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basis of electrical properties. Furthermore, there are currently no pharmacological drugs 

available that can selectively block only GluA1-containing or only GluA3-containing AMPARs. 

Therefore, genetic approaches are used to unravel the roles of these different AMPAR 

subtypes. A first functional difference between GluA1- and GluA3-containing AMPARs is that 

whereas GluA3-containing AMPARs constitutively traffic into synapses independently of 

activity, the incorporation of GluA1-containing AMPARs into synapses is strictly dependent on 

activity (Shi et al., 2001; Kessels & Malinow, 2009). This distinct synaptic trafficking of GluA1- 

and GluA3-containing AMPARs is thought to be controlled by their respective cytoplasmic tails 

(Shi et al., 2001). GluA1-containing AMPARs play a role in mediating long-term potentiation 

(LTP) of synapses, defined as activity-dependent strengthening of synaptic transmission that 

is persistent, lasting at least one hour; GluA1-containing AMPARs are delivered to synapses 

when LTP is induced (Hayashi et al., 2000; Makino & Malinow, 2009), and this increase in the 

number of synaptic GluA1-containing AMPARs causes synaptic potentiation. GluA1-containing 

AMPARs have also been shown to traffic into synapses upon learning in the hippocampus and 

amygdala (Rumpel et al., 2005; Mitsushima et al., 2011) and upon sensory experience in the 

cortex (Takahashi et al., 2003; Makino & Malinow, 2011). Importantly, this GluA1-trafficking 

is crucial for experience-dependent synaptic potentiation and memory formation in the 

hippocampus, somatosensory cortex, visual cortex and amygdala (Takahashi et al., 2003; 

Rumpel et al., 2005; Frenkel et al., 2006; Mitsushima et al., 2011). These studies suggest that 

GluA1-plasticity is important for experience-driven rearrangement of synaptic circuits. 

In the hippocampus the contribution of GluA1-containing AMPARs to synaptic and 

extrasynaptic AMPAR-mediated currents is substantially larger than the contribution of 

GluA3-containing AMPARs (Lu et al., 2009). Furthermore, when GluA3 is absent, both LTP and 

long-term depression (LTD), activity-dependent weakening of synaptic transmission, can still 

be established in the CA1 region of the hippocampus (Meng et al., 2003). Therefore, in 

contrast to GluA1, the contribution of GluA3 to synapse physiology, as well as to behavioral 

function, long remained elusive. However, it has recently been shown that GluA3-containing 

AMPARs are actually present at synapses in substantial amounts in mouse CA1 neurons of the 

hippocampus, yet they are largely inactive under basal conditions, and thus contribute little 

to synaptic currents (Renner et al., 2017). A rise in intracellular cyclic AMP (cAMP) levels 

increases the open-channel probability and single-channel conductance of GluA3-containing 

AMPARs, leading to synaptic potentiation. GluA3-plasticity appears to have a different 
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function than GluA1-plasticity in the hippocampus: whereas GluA1-plasticity has a clear 

functional role in contextual memory formation, GluA3-plasticity does not contribute to 

memory formation, but is instead most likely involved in memory retrieval (Albers et al., 

unpublished data). In contrast, in Purkinje cells of the cerebellum, GluA3-plasticity was found 

to be crucial for LTP and the formation of motor learning (Gutierrez-Castellanos et al., 2017). 

 Mice that lack GluA3 show intact auditory and contextual fear conditioning (Humeau 

et al., 2007) and spatial memory function (Adamczyk et al., 2012). However, GluA3-deficient 

mice do exhibit several relatively mild behavioral phenotypes such as increased social and 

aggressive behavior (Adamczyk et al., 2012), and enhanced seizure susceptibility (Steenland 

et al., 2008). In humans, Gria3 mutations are associated with mild to profound intellectual 

disability, movement disorders, autistic behavior, perturbed sleep patterns, and epilepsy 

(Chiyonobu et al., 2007; Wu et al., 2007; Davies et al., 2017; Piard et al., 2020). 

  

NMDA receptors 

NMDARs are heterotetramers comprising two GluN1 subunits and two GluN2 or GluN3 

subunits (Paoletti et al., 2013). There are four different isoforms of the GluN2 subunit: 

GluN2A, GluN2B, GluN2C and GluN2D, encoded for by the Grin2a-d genes. As with AMPARs, 

NMDAR tetramers are formed through the association of two dimers, which are always 

heterodimers (Greger & Mayer, 2019). At hippocampal and cortical synapses, common 

NMDAR subtypes are composed of two GluN1/GluN2A heterodimers or two GluN1/GluN2B 

heterodimers (Paoletti et al., 2013). There is also a population of triheteromeric 

GluN1/GluN2A/GluN2Bs, but possibly only in adult mice (Luo et al., 1997; Gray et al., 2011; 

Rauner & Köhr, 2011). During development there is a switch in synaptic NMDAR subunit 

composition: while early in development synapses predominantly contain GluN2B-containing 

NMDARs, they are gradually replaced by GluN2A-containing ones in an activity-dependent 

manner (Barria & Malinow, 2002; Bellone & Nicoll, 2007; Yashiro & Philpot, 2008). In CA1 

pyramidal neurons, significant amounts of GluN1/GluN2Bs seem to be replaced by 

triheteromeric GluN1/GluN2A/GluN2Bs, while in layer 2/3 pyramidal neurons of the 

somatosensory cortex the switch from GluN2B to GluN2A subunits is more complete (Gray et 

al., 2011). Promoting the NMDAR subunit switch by overexpressing GluN2A leads to synaptic 

depression of AMPAR-mediated currents and a reduced capacity for LTP (Barria & Malinow, 
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2005). Reversely, preventing this switch by the genetic deletion of GluN2A results in an 

increase in synapse strength (Gray et al., 2011). The incorporation of GluN2A-containing 

NMDARs is therefore thought to play a role in synapse maturation. As long as a synapse 

contains GluN2B it is prone to undergo LTP, whereas when synaptic activity leads to the 

incorporation of GluN2A-containing NMDARs, further potentiation is curbed (Shipton & 

Paulsen, 2014). 

GluN2A-containing NMDARs and GluN2B-containing NMDARs display a similar single-

channel conductance (Stern et al., 1992) and calcium permeability (Schneggenburger, 1996; 

Siegler Retchless et al., 2012). However, GluN2A-containing NMDARs have a substantially 

higher open-channel probability (Wyllie et al., 2013) and faster kinetics (Vicini et al., 1998) 

than GluN2B-containing NMDARs. GluN1/GluN2A/GluN2Bs are thought to have biophysical 

properties intermediate between those of the two types of diheteromeric receptors (Vicini et 

al., 1998). Finally, whereas GluN2A-containing NMDARs mainly show synaptic localization in 

mature neurons, GluN2B-containing NMDARs are enriched at extrasynaptic regions of the cell 

membrane (Groc et al., 2009). Isolation of NMDAR currents mediated by GluN2A-containing 

receptors can be achieved by using a specific blocker of GluN2B-containing NMDARs: Ro 25-

6981 (Fischer et al., 1997). 

 

Synaptic plasticity 

As can be seen from the examples above, both AMPARs and NMDARs are key players for 

mediating plasticity at glutamatergic synapses. NMDARs are coincidence detectors: their 

channels are only opened when glutamate release and postsynaptic depolarization coincide. 

The activation of NMDARs can induce LTP or LTD of synapses. At Sc-CA1 synapses, not only 

LTP but also LTD is typically expressed by a change in the number of AMPARs at synapses 

(Malinow & Malenka, 2002). However, there are many other mechanisms that can underlie 

synaptic plasticity and for many cases in which synaptic plasticity occurs, the underlying 

mechanism is still unclear. 

The strength of synaptic transmission onto a neuron largely depends on three 

parameters: the number of functional vesicle release sites (N), the presynaptic release 

probability (Pr), and the quantal size (Q), defined as the size of the postsynaptic response to 
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the release of a single vesicle of neurotransmitter (Fig. 2). Q therefore depends on 

postsynaptic strength, which is determined by the number (density), single-channel 

conductance and open-channel probability of postsynaptic receptors such as AMPARs (Korn 

& Faber, 1991; Kerchner & Nicoll, 2008), provided that the amount of neurotransmitter stored 

in a vesicle of neurotransmitter remains constant. The presynaptic release machinery, and 

therefore Pr, is dependent on the Ca2+ concentration in the presynaptic terminal. If the type 

of synapse studied typically contains only a single functional release site at any time, such as 

hippocampal Sc-CA1 synapses (Stevens & Wang, 1995; Schikorski & Stevens, 1997), N can be 

considered equal to the number of synapses. 

A change in synapse strength is caused by a modulation of one or more of the three 

parameters N, Pr and Q.  However, current electrophysiological techniques cannot directly 

distinguish which of the parameters N, Pr, or Q is/are altered when synaptic plasticity is 

Figure 2: The three main parameters, N, Pr and Q, that determine the strength of synaptic 
transmission onto a neuron. Figure created with BioRender.com. 
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observed. One way to get closer to unravelling the mechanism behind a synaptic plasticity 

phenomenon is to examine its effect on the paired pulse ratio (PPR) (McNaughton, 1982), 

which is one of the approaches that can give information on whether that plasticity 

phenomenon is caused by a modulation of Pr. Paired pulse facilitation occurs when a synapse 

is activated twice with a short interval between each stimulus. In this case, the Ca2+ influx at 

the presynaptic bouton has not entirely cleared before the next action potential arrives, 

resulting in a higher peak presynaptic Ca2+ concentration after this second stimulus. This 

increases the presynaptic release probability and results in facilitation of the second response. 

The PPR is dependent on the initial Pr; when the probability of release upon the first 

stimulation is higher, the PPR is often decreased. This can be due to a depletion of the readily 

releasable pool of vesicles after the first stimulation and/or because the initial intraterminal 

Ca2+ concentration is already high so the effect of a further increase in presynaptic Ca2+ 

becomes smaller. If a manipulation changes the PPR, that manipulation modulated Pr. 

However, since effects on the PPR only give information on Pr, this approach is not sufficient. 

 An example of a measure of postsynaptic changes in synaptic strength is the ratio of 

AMPAR currents over NMDAR currents. Presynaptic changes affect AMPAR currents and 

NMDAR currents equally, leaving the AMPA/NMDA ratio stable. Therefore, if the 

AMPA/NMDA ratio changes, a postsynaptic modulation took place. However, when  using only 

the AMPA/NMDA ratio there is no way of telling whether this change occurred in AMPAR or 

in NMDAR currents. 

 

Variance analysis 

Since the work of Del Castillo and Katz (1954), a more complete approach to the investigation 

of mechanisms underlying synaptic plasticity has also been used: quantal analysis. This 

statistical analysis is based on the widely accepted quantal model of synaptic transmission. 

The basic biological principle behind this model is the idea that neurotransmitter is released 

from the presynaptic terminal in an all-or-none manner in discrete ‘quanta’, which are equal 

to the amount of neurotransmitter packed within one presynaptic vesicle (del Castillo & Katz, 

1954). The postsynaptic response is the summation of quantal events originating from 

multiple release sites, and is thus graded by quantal steps (Kerchner & Nicoll, 2008). Due to 

the probabilistic nature of vesicle release, repeated stimulation of presynaptic axon bundles 
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results in the release of a varying number of vesicles, producing a fluctuating postsynaptic 

response roughly following a binomial distribution (Korn & Faber, 1991). Both the mean 

amplitude and the variance of this postsynaptic response are determined by all three synaptic 

parameters and can be described with formulas using binomial statistical models (see Chapter 

2). Because the mean amplitude of the postsynaptic response is dependent on N, Pr, ánd Q, a 

change in the mean amplitude of the postsynaptic response could be caused by a modulation 

of any of those three defining parameters and therefore does not give information on which 

of the three parameters changed. However, more information on the mechanisms behind 

synaptic plasticity can be extracted by formulating new measures which incorporate both the 

mean amplitude and the variance of the postsynaptic response, and then comparing these 

measures before and after a change in synaptic strength. Such a measure is only dependent 

on two of the synaptic parameters instead of three, and therefore has a higher information 

content. An example of this is the conventional quantal measure of the inverse square of the 

coefficient of variation (1/CV2; Malinow & Tsien, 1990), which is the square of the mean 

divided by the variance. The 1/CV2 depends on N and Pr, but is independent of Q. The 1/CV2 

has been widely used to determine whether a change in synaptic strength is predominantly 

caused by a change in Pr and/or N, in which case 1/CV2 values would change, or by a change 

in Q, in which case the 1/CV2 would not be affected following the change in synaptic strength. 

However, the 1/CV2 does not allow discrimination between a change in Pr or N. Therefore, 

new tools to study the mechanisms underlying synaptic plasticity are still required. 

 

Amyloid-β-induced synaptic depression in Alzheimer’s disease 

One of the forms of synaptic plasticity of which the underlying mechanisms are not yet clear 

enough is amyloid-β (Aβ)-induced synaptic depression. This phenomenon is thought to be 

crucially involved in Alzheimer’s disease. 

Alzheimer’s disease (AD) is a devastating progressive neurodegenerative disorder that 

affects over 30 million people worldwide and thereby is the leading form of dementia, 

accounting for 60-70% of all dementia cases (WHO, 2019). One of the first symptoms of AD is 

forgetfulness, which gradually grows into severe memory loss. As the disease progresses, an 

overall decline in cognitive function is seen, which increasingly impairs AD patients in their 

everyday activities. Currently, there is no cure for AD because the etiology of AD is still poorly 
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understood, and patients die on average four to eight years after being diagnosed (Alzheimer’s 

association, 2019). 

 AD is characterized by multiple different neuropathological changes, which can mainly 

be found in cortical and limbic brain regions, including the hippocampus. Firstly, accumulation 

of Aβ is seen inside neurons (LaFerla et al., 2007), and this Aβ deposits into extracellular 

plaques. In addition, post-mortem brain tissue of AD patients contains intracellular 

neurofibrillary tangles (NFTs) composed of aggregates of hyperphosphorylated tau protein. 

Other histopathological changes include gliosis, synapse loss, and as the disease progresses, 

cell loss (Ingelsson et al., 2004). 

 There are multiple theories on which of these neuropathological elements is the 

primary driver in AD pathogenesis. The tau hypothesis proposes that the principle causative 

agent in AD is tau, a microtubule-associated protein. One of the arguments in favor of this 

hypothesis is the finding that the amount of NFTs correlates better with the severity of 

cognitive deficits in AD patients than the amount of plaque deposition (Nelson et al., 2007). 

However, although a mutation in the tau gene leads to neurodegeneration and the formation 

of NFTs, amyloid plaques are not present in patients with this mutation, while mutations that 

affect Aβ processing lead to neurodegeneration with both amyloid plaques and tau-containing 

NFTs (Teich & Arancio, 2012). 

This brings me to another widely supported pathophysiological model for AD: the 

amyloid hypothesis. According to the amyloid hypothesis, the accumulation of Aβ in the brain 

is responsible for the cognitive deficits seen in AD. Aβ is produced through cleavage of the 

transmembrane protein amyloid precursor protein (APP) by β-secretase and γ-secretase. The 

amyloid hypothesis was first proposed when Aβ was found to be the main component of the 

extracellular plaques found in brain tissue of AD patients. However, later it was found that the 

toxic Aβ species was soluble oligomeric Aβ instead of amyloid plaques (Walsh et al., 2002), 

which may also explain why the amount of extracellular plaques does not correlate well with 

cognitive decline of AD patients. 

The amyloid hypothesis is strongly supported by genetic evidence. Many mutations 

that cause familial AD were found in the APP gene and in the genes for γ-secretase subunits 

presenilin 1 and 2 (Weggen & Beher, 2012). These mutations lead to an increased production 

or agglomeration of Aβ. It is important to note that the amyloid and tau hypotheses are not 
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mutually exclusive. In fact, it seems that hyperphosphorylation of tau is part of the Aβ-initiated 

cascade (Jin et al., 2011), and is required for Aβ-induced neurotoxicity (Bloom, 2014).  

One of the experimental models used to study the effects of oligomeric Aβ on synapses 

is the application of medium containing Aβ oligomers to cell cultures, brain slices or brains of 

living animals (Walsh et al., 2002; Shankar et al., 2007). Another approach involves the 

infection of neurons with viral vectors that induce the expression of proteins that lead to 

overproduction of Aβ by those neurons. In several studies, CA1 neurons in organotypic 

hippocampal slices were sparsely infected with Sindbis virus expressing APP or the β-secretase 

product of APP and recorded twenty to thirty hours later (Kamenetz et al., 2003; Hsieh et al., 

2006; Wei et al., 2010; Kessels et al., 2010, 2013; Reinders et al., 2016). The sparse infection 

enables direct comparison between infected APP-expressing neurons that overproduce Aβ 

and their uninfected neighboring neurons. Sindbis infection leads to a rapid onset of 

expression of the protein of interest within twelve hours after viral infection (Gwag et al., 

1998; Osten et al., 2000) and does not in itself affect electrophysiological properties of 

neurons under these experimental conditions (Uyaniker et al., 2019). 

Using these model systems, it was found that Aβ oligomers cause synaptic weakening 

of both AMPAR and NMDAR currents, a reduced ability for synaptic strengthening and a loss 

of synapses (Walsh et al., 2002; Kamenetz et al., 2003; Shankar et al., 2007; Kessels et al., 

2013). Metabotropic activity of GluN2B-containing NMDARs is required for Aβ-induced 

synaptic AMPAR depression (Kessels et al., 2013). However, GluN2A-containing NMDARs have 

also been implicated in Aβ-mediated synaptic perturbations (Tackenberg et al., 2013; Müller 

et al., 2018). Therefore, the precise role of the different NMDAR subtypes in Aβ-induced 

synaptic depression remains to be elucidated. Just as NMDAR activity is required for Aβ-

induced synaptic AMPAR depression, Aβ oligomers fail to trigger a reduction in NMDAR 

currents and spine number when AMPAR endocytosis is blocked (Hsieh et al., 2006; Miyamoto 

et al., 2016). Furthermore, neurons that lack AMPAR subunit GluA3 are protected against all 

Aβ-induced synaptic perturbations, and mice that lack AMPAR subunit GluA3 are protected 

against memory impairment (Reinders et al., 2016). Therefore, AMPARs and NMDARs clearly 

influence each other and interact to execute Aβ-induced synaptic depression of AMPAR and 

NMDAR currents, however how exactly is not yet clear. Furthermore, it is not yet known to 

what extent Aβ-driven depression of AMPAR and NMDAR strength occurs at synapses that are 

not lost and if Aβ-overproduction leads to the generation of silent synapses (synapses that 
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have functional NMDARs but not AMPARs). Understanding the Aβ-driven signaling cascade in 

detail may offer insight into which interventions could be promising in therapies for 

Alzheimer’s disease. 

 

β-adrenergic activation-induced plasticity 

Neuromodulators, such as noradrenaline, can also induce synaptic plasticity. Noradrenaline 

release is increased during wakefulness compared to sleep (Aston-Jones & Bloom, 1981), and 

increases further during stressful or dangerous circumstances. In the brain, noradrenaline 

promotes arousal, attention and alertness (Berridge & Waterhouse, 2003). Noradrenaline is 

predominantly released from the locus coeruleus, which projects to and thereby supplies 

noradrenaline across various brain regions, including the hippocampus and V1 (Moore & Bloom, 

1979; Nomura et al., 2014; Kim et al., 2016). There are three noradrenergic receptor families: 

α1, α2, and β. β-adrenergic receptors are coupled to a stimulatory G-protein called Gs, which 

activates adenylyl cyclase. Therefore, the activation of β-adrenergic receptors induces a rise in 

intracellular cAMP, which can have many different downstream effects on neurons. For 

example, noradrenaline release and β-adrenergic activation can induce the above-described 

GluA3-plasticity in CA1 hippocampal neurons (Renner et al., 2017). Furthermore, β-adrenergic 

activation was previously shown to facilitate glutamate release from presynaptic terminals onto 

layer 5 pyramidal neurons of V1 (Kobayashi et al., 2009), and to enhance postsynaptic AMPAR 

currents in layer 2/3 pyramidal neurons in mouse V1 (Goel et al., 2011). There is evidence that 

GluA1 phosphorylation upon β-adrenergic activation ‘primes’ AMPARs for LTP (Seol et al., 

2007). 

 

Scope and outline of the thesis 

Synaptic plasticity underlies the capacity of experiences to remodel neural circuitry, enabling 

adaptive behavior, learning and memory. However, for many cases in which synaptic plasticity 

occurs, the underlying mechanism is still unclear and new tools to study the synaptic changes 

underlying synaptic plasticity are still required. In this thesis, I develop and validate the 

variance-to-mean ratio (VMR) as a tool to study the mechanisms underlying synaptic plasticity. 

I will then use this and other tools to investigate the organization of AMPAR and NMDAR 



549633-L-bw-vanHuijstee549633-L-bw-vanHuijstee549633-L-bw-vanHuijstee549633-L-bw-vanHuijstee
Processed on: 13-10-2020Processed on: 13-10-2020Processed on: 13-10-2020Processed on: 13-10-2020 PDF page: 21PDF page: 21PDF page: 21PDF page: 21

1

1. General introduction

21 
 

subtypes at the Sc-CA1 synapse and to investigate multiple types of synaptic plasticity, such 

as Aβ-induced synaptic depression and β-adrenergic activation-induced synaptic potentiation. 

 A change in synaptic strength must be caused by a modulation of one or more of the 

three main parameters, N, Pr and Q, that determine the efficiency of synaptic communication. 

However, current methods cannot always distinguish which of these individual parameters is 

altered. Therefore, in Chapter 2, I extend conventional quantal analysis by combining the use 

of the 1/CV2 with the VMR and I examine the merit of this extended variance analysis to 

predict the mechanisms underlying synaptic plasticity at Sc-CA1 synapses. I conclude that 

calculating both 1/CV2 and VMR values of evoked synaptic currents allows for a fast and 

reliable prediction of whether synaptic plasticity is caused by a change in N, Pr, and/or Q. 

 Throughout the thesis, I use the VMR in an effort to better understand several synaptic 

plasticity phenomena. However, to understand (the implications of) plasticity phenomena it 

is useful to first gain more insight into how the receptors involved in plasticity are regulated 

and organized at the synapse under basal conditions. That is why I investigated the regulation 

and spatial organization of the different AMPAR and NMDAR subtypes at Sc-CA1 synapses in 

Chapter 3. We show that under basal conditions, GluA1-homomers and GluA3-homomers are 

largely excluded from synapses due to basal levels of intracellular calcium. We find that 

GluA1/GluA2s and GluA2/GluA3s have access to the same Sc-CA1 synapses, suggesting that 

they can be colocalized at these synapses. However, we demonstrate that GluN2A- and 

GluN2B-containing NMDARs are segregated at the functional level at Sc-CA1 synapses. 

 In Chapter 4, I use our extended variance analysis to tease out the different 

components contributing to Aβ-induced synaptic depression at Sc-CA1 synapses. We find that 

Aβ-induced synaptic depression consists of the loss of functional synapses and a reduced 

AMPAR strength in the remaining synapses. Furthermore, we find that the loss of functional 

synapses requires both the removal of GluA3-containing AMPARs and a GluN2A-dependent 

process. This GluN2A-dependent process might involve an increase in the number or 

conductance of GluN2A-containing NMDARs. 

 In Chapter 5, I move to the primary visual cortex to study the contribution of GluA3-

containing AMPARs to synapse physiology and β-adrenergic activation-induced plasticity in 

that brain region. In the hippocampus, β-adrenergic activation increases the open-channel 

probability and single-channel conductance of GluA3-containing AMPARs, leading to synaptic 

potentiation. Since the GluA3 subunit is particularly prevalent in the cortex, synaptic 
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transmission through GluA3-containing AMPARs as well as GluA3-plasticity could play a 

prominent role in the functioning of V1. We found that indeed GluA3-containing AMPARs 

contribute to basal synaptic transmission onto layer 2/3 pyramidal neurons in V1 and that β-

adrenergic activation causes GluA3-dependent postsynaptic potentiation at synapses onto 

these neurons, as well as presynaptic plasticity and GluA1-dependent postsynaptic 

potentiation. 

 Finally, in Chapter 6, the main outcomes of this thesis are summarized and linked and 

their implications are discussed in a broader perspective. 
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Abstract 

Background: The strength of synaptic transmission onto a neuron depends on the number of 

functional vesicle release sites (N), the probability of vesicle release (Pr), and the quantal size 

(Q). Statistical tools based on the quantal model of synaptic transmission can be used to 

acquire information on which of these parameters is the source of plasticity. However, quantal 

analysis depends on assumptions that may not be met at central synapses.  

New method: We examined the merit of quantal analysis to extract the mechanisms 

underlying synaptic plasticity by applying binomial statistics on the variance in amplitude of 

postsynaptic currents evoked at Schaffer collateral-CA1 (Sc-CA1) synapses in mouse 

hippocampal slices. We extend this analysis by combining the conventional inverse square of 

the coefficient of variation (1/CV2) with the variance-to-mean ratio (VMR).  

Results: This method can be used to assess the relative, but not absolute, contribution of N, Pr 

and Q to synaptic plasticity. The changes in 1/CV2 and VMR values correctly reflect 

experimental modifications of N, Pr and Q at Sc-CA1 synapses.  

Comparison with existing methods: While the 1/CV2 depends on N and Pr, but is independent 

of Q, the VMR is dependent on Pr and Q, but not on N. Combining both allows for a rapid 

assessment of the mechanism underlying synaptic plasticity without the need for additional 

electrophysiological experiments. 

Conclusion: Combining the 1/CV2 with the VMR allows for a reliable prediction of the relative 

contribution of changes in N, Pr and Q to synaptic plasticity. 

 

Keywords: Electrophysiology, synapses, plasticity, AMPA-receptor, variance analysis  
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1. Introduction 

The ability of synapses to change their strength underlies experience-dependent adaptation 

in behavior (Kessels & Malinow, 2009; Roelfsema & Holtmaat, 2018) and cognitive disorders 

are often a consequence of aberrant synaptic plasticity (Kauer & Malenka, 2007; Volk et al., 

2015; Torres et al., 2017). However, the origin and mechanism underlying synaptic changes 

are difficult to assess for many cases in which synaptic plasticity occurs. 

 The efficiency of synaptic communication is largely determined by three 

parameters: the number of functional vesicle release sites (N), the presynaptic release 

probability (Pr), and the postsynaptic response to the release of a single vesicle of 

neurotransmitter, i.e. the quantal size (Q). Presynaptic vesicle release is a stochastic process; 

when an action potential arrives at a synapse, it does not reliably evoke the release of a vesicle 

of neurotransmitter from that terminal. In the central nervous system, Pr varies greatly 

between synapses, depending on the size of the readily releasable vesicle pool (Dobrunz & 

Stevens, 1997; Kaeser & Regehr, 2017) and the efficiency of the vesicle release machinery (de 

Jong & Verhage, 2009). Pr has been estimated to be on average 0.3 for CA1 hippocampal 

synapses receiving Schaffer collateral (Sc) input (Hessler et al., 1993; Rosenmund et al., 1993; 

Oertner et al., 2002). Sc-CA1 synapses therefore usually do not release more than one vesicle 

per synapse, indicating that N can generally be considered equal to the number of synapses 

(Stevens & Wang, 1995; Schikorski & Stevens, 1997). Q depends on both the amount of 

neurotransmitter stored in a single presynaptic vesicle (McAllister & Stevens, 2000; Goh et al., 

2011) and postsynaptic strength, which is determined by the density, conductance and open-

channel probability of postsynaptic receptors (Korn & Faber, 1991; Kerchner & Nicoll, 2008). 

 A change in synaptic strength must be caused by a modulation of one or more of 

these three defining parameters N, Pr and Q. However, current electrophysiological 

techniques cannot directly distinguish which of these individual parameters are altered. Del 

Castillo and Katz described a statistical approach to investigate the mechanisms underlying 

synaptic plasticity: quantal analysis. This analysis is based on the quantal model of synaptic 

transmission: the biological principle that neurotransmitter is released from the presynaptic 

release site in a probabilistic, all-or-none manner in discrete ‘quanta’, which are equal to the 

amount of neurotransmitter packaged within a single presynaptic vesicle (del Castillo & Katz, 

1954). The postsynaptic response is the summation of multiple quanta and therefore graded 

by quantal steps (Kerchner & Nicoll, 2008). Due to the probabilistic nature of presynaptic 
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vesicle release, repeated stimulation of presynaptic axon bundles produces a fluctuating 

postsynaptic response roughly following a binomial distribution (Korn & Faber, 1991). Both 

the mean amplitude (µ) of this postsynaptic response and its variance (σ2) are determined by 

synaptic parameters N, Pr and Q, and can be described with formulas using binomial statistical 

models:  

 µ =  𝑁𝑁𝑁𝑁 𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟 𝑄𝑄𝑄𝑄 ( 1 ) 

 

 𝜎𝜎𝜎𝜎2  =  𝑁𝑁𝑁𝑁 𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟 (1 −  𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟) 𝑄𝑄𝑄𝑄2 ( 2 ) 

Information about the mechanisms underlying synaptic plasticity can be extracted from these 

equations by making simple indices of the mean amplitude and variance of the evoked 

postsynaptic response and comparing the indices before and after an alteration in synapse 

strength. These indices are only dependent on two synaptic parameters instead of three, and 

therefore have a higher information value. An example of such an index is the quantal 

measure of the inverse square of the coefficient of variation (1/CV2), which depends on N and 

Pr, but is independent of Q (Malinow & Tsien, 1990):  

1
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2

 =
µ2

𝜎𝜎𝜎𝜎2
=  

𝑁𝑁𝑁𝑁 𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟
1 − 𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟

 ( 3 ) 

This 1/CV2 has been widely used to assess whether a change in synapse strength is 

predominantly of presynaptic (i.e. a change in Pr and/or N) or postsynaptic (i.e. a change in Q) 

origin. A second, lesser-known example is the variance-to-mean ratio (VMR), which is 

dependent on Pr and Q, but not on N (Lupica et al., 1992):  

𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 =  
𝜎𝜎𝜎𝜎2

µ
=  (1 − 𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟) 𝑄𝑄𝑄𝑄 ( 4 ) 

VMR values may be used to examine whether altered synaptic transmission is caused by a 

change in the number of active vesicle release sites (N). The VMR has not been systematically 

validated yet, but if proven reliable, combining the use of both 1/CV2 and the VMR would be 

of added value over using 1/CV2 alone. 

 Because the binomial model underlying these quantal formulas depends on a 

number of assumptions that may not be met at central synapses, these formulas may not have 

the precision to accurately quantify absolute levels of N, Pr and Q. However, they should be 

able to detect changes in N, Pr and Q, as has been experimentally validated for the 1/CV2 in 
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the CA1 region of the hippocampus (Manabe et al., 1993). Therefore, we set out to examine 

the merit of this extended variance analysis to predict the relative contribution of changes in 

these three parameters to synaptic plasticity triggered under experimental conditions at Sc-

CA1 synapses. We conclude that calculating both 1/CV2 and VMR values allows for a rapid and 

reliable prediction of whether synaptic plasticity is caused by a change in N, Pr, and/or Q.  

 

2. Materials and Methods 

2.1. Mice 

Male and female C57BL/6 mice were used for this study. The mice were kept on a 12-h day-

night cycle and the dams 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) and all experiments were approved by the experimental 

animal committee (DEC) of the Royal Netherlands Academy of Sciences (KNAW). 

 

2.2. Electrophysiology 

Organotypic hippocampal slices were prepared from P6-8 mice as described previously 

(Stoppini et al., 1991) and were used at 7–12 days in culture. Just before recording, a cut was 

made between CA3 and CA1 to prevent stimulus-induced bursting / recurrent activity. Two 

stimulating electrodes (two-contact Pt/Ir cluster electrodes; FHC), were placed between 100 

and 300 μm down the apical dendrites, 200 μm apart laterally. Whole-cell recordings were 

made using 3 to 5 MΩ pipettes from borosilicate glass (Harvard Apparatus UK; Raccess < 20 MΩ 

and Rinput > 10x Raccess) with an internal solution containing 115 mM CsMeSO3, 20 mM CsCl, 10 

mM HEPES, 2.5 mM MgCl2, 4 mM Na2-ATP, 0.4 mM Na-GTP, 10 mM sodium phosphocreatine, 

and 0.6 mM EGTA, at pH 7.25. During recordings, the slices were perfused with artificial 

cerebrospinal fluid (ACSF) containing 118 mM NaCl, 2.5 mM KCl, 26 mM NaHCO3, and 1mM 

NaH2PO4, gassed with 5% CO2/95% O2 at 29°C, supplemented with 22 mM glucose, 4 mM 

MgCl2, 4 mM CaCl2 (or 1.5mM for the low calcium condition of the Pr experiment), and 100 

μM picrotoxin (Sigma). A wash-in of CNQX (0.6 µM; Hello Bio) was used to manipulate Q and 

5 minutes later another recording was made. EPSCs were evoked with electrical stimulation 

(100 μs duration) at an inter-stimulus interval of 3 s. Stimulation intensity was adjusted to 

evoke postsynaptic currents of approximately half-maximal amplitude. When assessing a 

change in stimulation strength, the high intensity stimulation was set to evoke postsynaptic 
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currents of about 75% of the maximal amplitude and the low intensity stimulation was set at 

an intensity, which evoked a response with an amplitude that was approximately half of the 

amplitude of the response to high intensity stimulation. AMPAR-mediated EPSCs were 

measured following stimulation as the peak inward current at −60 mV. Data were acquired 

using a Multiclamp 700B amplifier (Molecular Devices). Signals were filtered at 3 kHz and 

sampled at 10 kHz. The recordings were analysed using pClamp 10 software (Molecular 

Devices). 

 

2.3. Variance analysis 

Values for the mean amplitude, VMR and 1/CV2 of synaptic transmission were obtained from 

the average and the variance in the responses of 30-50 sweeps. An important consideration 

in the use of the VMR and 1/CV2 is that the variance and mean should be calculated over an 

epoch where synaptic responses are stable, as instability will artificially increase the variance. 

Only recordings were used for which the average synaptic response of the last 5 sweeps was 

<30% different from the average synaptic response of the first 5 sweeps. Our recordings 

showed a good signal-to-noise ratio, with large evoked currents and a low, negligible, baseline 

variance. However, when calculating EPSC variance from recordings in which the difference 

between the baseline variance and signal amplitude is smaller, it might be useful to correct 

for baseline variance, as recommended by Faber & Korn (1991), by subtracting the variance 

due to background noise from the total variance. The experimenter was blind to the 

experimental conditions while analysing. When comparing VMR or 1/CV2 values for two 

periods, the same number of sweeps was used for each period.  

 

2.4. Statistics 

The Shapiro-Wilk normality test was used to test whether (the differences between) groups 

were normally distributed. To detect differences between two paired groups, the paired t-

test or the Wilcoxon matched-pairs signed rank test (if the differences between the two 

groups were not normally distributed) was used. The one sample t-test was used to test 

whether a log2 fold change was significantly different from 0. For all tests, p < 0.05 was 

considered significant. 
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3. Results 

3.1. The influence of invalid assumptions on predictions made by variance analysis 

In electrophysiological recordings of evoked excitatory postsynaptic currents (EPSCs), N 

vesicle release sites are activated by an evoked action potential in presynaptic terminals, each 

releasing a single vesicle of transmitter with probability Pr, producing a postsynaptic response 

with amplitude Q. In the simplified case in which values of Q and Pr are the same for all N 

release sites and invariant over the time of the recording, VMR and 1/CV2 values are affected 

by changes in N, Pr, or Q as predicted by formulas 3 and 4. For instance, if we assume a 

homogeneous group of synapses, a change in N is reflected by a proportional change in 1/CV2 

without a change in VMR (Fig. 1A). An increase in Pr produces a superlinear increase in 1/CV2 

and a decrease in VMR (Fig. 1B). A change in Q is reflected by an unchanged 1/CV2 and linear 

change in VMR (Fig. 1C). The relative changes in 1/CV2 and VMR may therefore be valuable to 

decipher the source of synaptic plasticity. 

However, these formulas stem from a binomial model and are simplifications that rely 

on assumptions that are not necessarily met at synapses in reality. For instance, whereas 

quantal analysis assumes an infinite number of evoked EPSC responses, in experimental 

conditions the variance is influenced by the number of evoked responses sampled (𝑛𝑛𝑛𝑛): 

 𝜎𝜎𝜎𝜎2 =  
𝑛𝑛𝑛𝑛 𝑁𝑁𝑁𝑁 𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟 (1 −  𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟) 𝑄𝑄𝑄𝑄2

𝑛𝑛𝑛𝑛 − 1
 ( 5 ) 

 

The accuracy of VMR and 1/CV2 values thus increases with the number of evoked responses 

sampled and with an 𝑛𝑛𝑛𝑛 of more than 20 traces, the bias is smaller than 5% (Fig. 1D). When 

making a comparison between VMR or 1/CV2 values before and after manipulation, the same 

number of evoked responses should be used, so that the bias is equal and does not affect the 

comparison.  

A primary concern with quantal analysis is that it assumes that Pr and Q are uniform 

across release sites and remain constant during an experiment (Korn & Faber, 1991; 

Oleskevich et al., 2000; Clements, 2003; Humeau et al., 2007). In reality, intra- and intersite 

variabilities in Q and non-uniformity in Pr contribute to the fluctuation in the amplitude of the 

synaptic response (Jack et al., 1981; Walmsley et al., 1988; Bekkers & Stevens, 1989; Biró et 
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al., 2005). Upon inclusion of the coefficient of variation of Pr (CVP), intrasite variability in Q 

(CVQI) and intersite variability in Q (CVQII), the variance is expressed as (Silver et al., 1998): 

 𝜎𝜎𝜎𝜎2  =  𝑁𝑁𝑁𝑁 𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟 𝑄𝑄𝑄𝑄2  �1 − 𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟 �1 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝2�� �1 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄2� + 𝑁𝑁𝑁𝑁 𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟 𝑄𝑄𝑄𝑄2 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄2 ( 6 ) 

The physiological values of the CVQI and CVQII that are typically reported in literature lie 

between 0.2 and 0.4, and the CVP can vary between 0.3 and 0.7 (Isaacson & Hille, 1997; Murthy 

et al., 1997; Silver et al., 1998; Clements & Silver, 2000; Biró et al., 2005; Nusser, 2006). These 

non-uniformities in Q and Pr cause a bias in VMR and 1/CV2 values (Fig. 1E-G), thereby severely 

limiting the use of variance analysis as a means to quantify absolute values of N, Pr and Q. A 

comparison of Q and Pr before and after the synaptic modulation can remain valid as long as 

the values of CVP, CVQI, and CVQII are not different following a synaptic modulation, because 

the relative error in the estimates of Q and Pr remains unchanged. However, in the case that 

the variability in Q or Pr changes upon synaptic plasticity, for example when either strong 

synapses are selectively weakened or predominantly weak synapses are strengthened, this 

complicates the interpretation of the results. In addition, the effect of CVQI and particularly of 

CVP on 1/CV2 and VMR values are dependent on Pr (Fig. 1E, G). Particularly for synapses with 

a high Pr, when Pr changes, the magnitude of 1/CV2 and VMR changes will be an 

overestimation or underestimation of the magnitude of synaptic changes. Taking these 

imperfections of the model into account, we assessed how experimentally obtained Sc-CA1 

synaptic currents fit the theoretical models. 
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Figure 1: Theoretical model of how VMR and 1/CV2 values are affected by changes in N, Pr, Q, sample 

size and variability in Pr and Q.  

(A-C) Theoretical models of VMR (blue line; left axis) and 1/CV2 (orange line; right axis) values for 

increasing N (A), Pr (B), and Q (C), using the following values for the two constant parameters in each 

graph: N = 20, Pr = 0.3 and Q = 10. (D) The bias in the value of the VMR (blue) and 1/CV2 (orange) caused 

by a limited sample size, depicted as the ratio of the value with a limited number of sampled sweeps 

over the value considering an infinite sample size, plotted against the number of sweeps sampled. (E-

G) Theoretical models of the bias in VMR (blue) and 1/CV2 (orange) values caused by intrasite variability 

in Q (E), intersite variability in Q (F) and intersite variability in Pr (G), depicted as the ratio of the value 

with variability over the value without variability, plotted against the release probability. The solid line 

represents the bias caused by the minimal amount of variability (CVQI = 0.2; CVQII = 0.2; CVP = 0.3), the 
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dashed line represents the bias caused by the maximal amount of variability (CVQI = 0.4; CVQII = 0.4; CVP 

= 0.7) as reported in literature. A ratio of 1 indicates no bias. 

 

3.2. Validation of variance analysis upon a change in N 

To experimentally validate that 1/CV2 and VMR values are in practice modified by changes in 

N, Pr, or Q as predicted by formulas 3 and 4, changes in the 1/CV2 and VMR were examined 

following interventions known to affect one of the three parameters. In organotypic 

hippocampal slices, electrical stimulation was applied to the Schaffer collateral inputs onto 

synapses of CA1 pyramidal neurons and the mean amplitude, VMR and 1/CV2 were obtained 

from the resultant EPSCs recorded in whole-cell configuration in pyramidal CA1 neurons 

before and after manipulation. Electric stimulation was performed with a low (0.3 Hz) 

sampling rate to exclude variance in N due to incomplete replenishment of release-ready 

synaptic vesicles, variance in Pr due to fluctuations in intracellular calcium, or variance in Q 

due to desensitization of postsynaptic glutamate receptors (Humeau et al., 2007; von 

Engelhardt et al., 2010). 

We first aimed to verify that the 1/CV2 but not the VMR decreases when the number 

of active vesicle release sites (N) was lowered under experimental conditions. To change N, 

the strength of electrical stimulation was varied, which changes the number of recruited Sc-

fibers (Manabe et al., 1993). Stimulation strength was lowered such that EPSC amplitudes 

were on average 47% reduced (p = 0.008; Fig. 2A-C). Variance analysis revealed that while the 

1/CV2 decreased to the same extent, by on average 44% (p = 0.008; Fig. 2D), the VMR did not 

significantly change upon lowering stimulation strength (5%; p = 0.659; Fig. 2E). An assumption 

within quantal analysis that is relevant for this experiment is that the applied electrical 

stimulation causes reliable axonal activation (Clements, 2003). If lowering stimulation 

strength reduces the chances of evoking an action potential in axons, this could add another 

source of variance, causing the value of Pr to be underestimated (Faber & Korn, 1991). Since 

the VMR, and thus Pr, remained unaltered upon changing stimulation strength, the change in 

stimulation strength did not seem to affect the reliability of evoking action potentials onto Sc-

axons. Thus, in accordance with the model predictions, a decrease in N did not impact the 

VMR and proportionally lowered 1/CV2 (Fig. 2F). 
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Figure 2: 1/CV2 and VMR values predict a decrease in N upon lowering stimulation strength. 

(A) Example traces of individual AMPAR-mediated EPSCs (30 sweeps) evoked by high and low intensity 

electrical stimulation in the same cell. (B) Example plot of an EPSC recording with high and low intensity 

electrical stimulation over the number of sweeps. (C) Line plot of the mean EPSC amplitudes evoked 

by high and low intensity electrical stimulation with individual recordings in grey and the average of all 

cells in black (n = 8). (D) Line plot of 1/CV2 values with high and low intensity electrical stimulation with 

individual recordings in grey and the average of all cells in orange (n = 8). (E) Line plot of VMR values 

with high and low intensity electrical stimulation with individual recordings in grey and the average of 

all cells in blue (n = 8). (F) Fold change (Log2-normalized) in the mean amplitude (black), 1/CV2 (orange) 

and VMR (blue) of AMPAR-mediated EPSCs after lowering stimulation strength. Error bars indicate 

SEM, * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001. 

 



549633-L-bw-vanHuijstee549633-L-bw-vanHuijstee549633-L-bw-vanHuijstee549633-L-bw-vanHuijstee
Processed on: 13-10-2020Processed on: 13-10-2020Processed on: 13-10-2020Processed on: 13-10-2020 PDF page: 44PDF page: 44PDF page: 44PDF page: 44

2. Variance analysis as a tool to predict the mechanism underlying synaptic pla   icityst

44 
 

3.3. Validation of variance analysis upon a change in Pr 

We next investigated the consequences of selectively altering Pr on 1/CV2 and VMR values. An 

important assumption concerning vesicle release is that the release of quanta at any one of 

the release sites must be independent of whether or not release occurs at any other site 

(Clements, 2003). This assumption was shown to be appropriate for several different synaptic 

connections, including synapses in the hippocampus (Redman, 1990; Silver et al., 1998; 

Clements, 2003; Biró et al., 2005).  

The presynaptic release machinery is directly dependent on the levels of calcium ions 

in the presynaptic bouton, and lowering the extracellular Ca2+ concentration decreases Pr 

(Dodge & Rahamimoff, 1967). Notably, changes in extracellular Ca2+ do not affect Q provided 

that the concentration of extracellular magnesium ions is kept high (e.g. 4 mM) (Hardingham 

et al., 2006). To selectively decrease Pr, the extracellular calcium concentration was lowered 

from 4 mM to 1.5 mM, while maintaining Mg2+ levels at 4 mM (Fig. 3A, B), which resulted in 

an on average 59% decrease in EPSC amplitude (p = 0.002; Fig. 3C). This decrease in average 

EPSC amplitude was associated with a 70% decrease in 1/CV2 (p = 0.005; Fig. 3D), whereas the 

VMR was increased by on average 50% (p = 0.039; Fig. 3E). These experimental data fit the 

theoretical model predictions that a change in Pr is associated with a superlinear change in 

1/CV2 and an inverse change in VMR (Fig. 3F). 
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Figure 3: 1/CV2 and VMR values predict a decrease in Pr upon lowering extracellular Ca2+.   

(A) Example traces of individual AMPAR-mediated EPSCs (30 sweeps) recorded from the same cell with 

4 or 1.5 mM extracellular [Ca2+]. (B) Example plot of an EPSC recording with 4 or 1.5 mM extracellular 

[Ca2+] over the number of sweeps. (C) Line plot of the mean EPSC amplitudes at 4 and 1.5 mM [Ca2+] 

with individual recordings in grey and the average of all cells in black (n = 7). (D) Line plot of 1/CV2 

values at 4 and 1.5 mM [Ca2+] with individual recordings in grey and the average of all cells in orange 

(n = 7). (E) Line plot of VMR values at 4 and 1.5 mM [Ca2+] with individual recordings in grey and the 

average of all cells in blue (n = 7). (F) Fold change (Log2-normalized) in the mean amplitude (black), 

1/CV2 (orange) and VMR (blue) of AMPAR-mediated EPSCs after decreasing extracellular calcium 

concentration. Error bars indicate SEM, * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 

0.001. 
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3.4. Validation of variance analysis upon a change in Q 

In quantal analysis, it is generally assumed that quanta summate linearly (Reid & Clements, 

1999; Clements & Silver, 2000; Humeau et al., 2007), such that the peak of an evoked EPSC 

represents the number of released quanta times the mean amplitude of the synaptic response 

evoked by the release of one quantum. Because vesicle release is not perfectly synchronous, 

the contribution of individual quanta to the peak amplitude of the evoked EPSC will be 

somewhat smaller than expected (Isaacson & Walmsley, 1995; Bellingham et al., 1998), 

leading to an underestimate of mean quantal size. Furthermore, dendritic filtering alters the 

amplitude and time course of synaptic responses that originate at a distance from the 

recording site (Bekkers & Stevens, 1990), making the contribution to the evoked EPSC of 

quanta released further from the recording site smaller. Although this means that the exact 

value of Q cannot be precisely determined from the variance, this systematic measurement 

error does not invalidate the use of variance analysis as a tool to investigate the relative 

contribution of a change in Q to synaptic plasticity, because Q will be underestimated by the 

same factor before and after modulation (Reid & Clements, 1999). 

To examine how a selective decrease in Q affects the variance analysis measures, Q 

was manipulated by partially blocking non-NMDA glutamate receptors with a non-saturating 

concentration of CNQX (0.6 µM). CNQX wash-in reduced the EPSC amplitudes by on average 

45% (p = 0.0009; Fig. 4A-C).  This decrease in synaptic currents was not associated with a 

significant change in the value of 1/CV2 (29%; p = 0.390; Fig. 4D), but was accompanied by an 

on average 52% decrease in VMR (p = 0.003; Fig. 4E). Thus, upon a selective reduction in Q, 

the mean EPSC amplitude and VMR decreased to a similar extent, while the 1/CV2 did not 

significantly change (Fig. 4F), which is in line with the model prediction. 
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Figure 4: 1/CV2 and VMR values predict a decrease in Q upon wash-in of AMPA-receptor antagonist 

CNQX. 

(A) Example traces of individual AMPAR-mediated EPSCs (30 sweeps) recorded from the same cell 

before and after wash-in of 0.6 µM CNQX. (B) Example plot of an EPSC recording before and after wash-

in of CNQX over the number of sweeps. (C) Line plot of the mean EPSC amplitudes in absence and 

presence of CNQX with individual recordings in grey and the average of all cells in black (n = 9). (D) Line 

plot of 1/CV2 values in absence and presence of CNQX with individual recordings in grey and the 

average of all cells in orange (n = 9). (E) Line plot of VMR values in absence and presence of CNQX with 

individual recordings in grey and the average of all cells depicted in blue (n = 9). (F) Fold change (Log2-

normalized) in the mean amplitude (black), 1/CV2 (orange) and VMR (blue) of AMPAR-mediated EPSCs 

after wash-in of CNQX. Error bars indicate SEM, * indicates p < 0.05, ** indicates p < 0.01, *** indicates 

p < 0.001. 
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4. Discussion 

We tested whether variance analysis can be applied to predict the source of synaptic plasticity 

at Sc-CA1 synapses in hippocampal slice cultures. First, we experimentally confirmed that 

selectively decreasing the number of synapses (i.e. vesicle release sites; N) lowered 1/CV2 to 

roughly the same extent as it depressed the mean EPSC amplitude, while having no effect on 

the VMR value. Secondly, we showed that decreasing the probability of vesicle release (Pr) 

decreased 1/CV2 superlinearly and increased the VMR, following the predictions of the model. 

Finally, we verified that reducing postsynaptic strength (Q) lowered the VMR value 

proportionally, but did not significantly affect 1/CV2. These experiments confirm that the 

1/CV2 depends on N and Pr but is independent of Q, while the VMR is dependent on Pr and Q 

but not on N. Therefore, calculating both VMR and 1/CV2 values of evoked synaptic currents 

can be informative for deciphering the mechanisms underlying synaptic plasticity. Our 

experiments demonstrate that variance analysis may be used as a simple tool to predict which 

of the three individual components contributing to synapse strength are changed in a certain 

type of synaptic plasticity. 

 The use of variance analysis to predict the source of synaptic changes requires correct 

definitions for N, Pr and Q.  For example, the notion that N reflects the number of functional 

synapses is only valid as long as synapses release only one vesicle of neurotransmitter upon 

successful activation, which has been confirmed for e.g. different types of CA1 synapses, 

mossy fiber-CA3 interneuron synapses and layer 4-layer 2/3 cortical synapses (Gulyás et al., 

1993; Hanse & Gustafsson, 2001; Lawrence et al., 2003; Silver et al., 2003; Biró et al., 2005). 

Multivesicular release may occur when Pr is elevated (Oertner et al., 2002; Conti & Lisman, 

2003; Christie & Jahr, 2006), in which case N represents the number of active release sites 

instead of the number of synapses. Furthermore, the notion that Q reflects postsynaptic 

strength only holds when the amount of neurotransmitter in a vesicle remains constant during 

the recording. Glutamate release, including at Sc-CA1 synapses, might not always lead to 

saturation of postsynaptic glutamate receptors (Mainen et al., 1999; McAllister & Stevens, 

2000). This means that since Q is defined as the size of the postsynaptic response to the 

release of a single vesicle of neurotransmitter, its value is determined by both the postsynaptic 

strength and the amount of neurotransmitter per vesicle. There is evidence that the amount 

of neurotransmitter stored in synaptic vesicles can exhibit a certain, although small, degree of 

variation (Hanse & Gustafsson, 2001; Wu et al., 2007; Goh et al., 2011; Takamori, 2016). 
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Therefore, a change in VMR may reflect either a change in neurotransmitter concentration 

per vesicle or a postsynaptic change in AMPA-receptor currents. 

It is important to keep in mind that the quantal formulas are simplifications of reality 

and therefore do not allow the determination of the exact values of N, Pr and Q. We here 

consider and discuss several of the assumptions that govern the quantal formulas. Most of 

these assumptions do not influence the determination of the relative change in 1/CV2 and 

VMR, since they equally affect synaptic currents in the ‘before’ and ‘after’ condition. The main 

concern with the use of variance analysis is related to the fact that synapses are not uniform 

in their values for Pr and Q, causing extra variance in synaptic responses (Jack et al., 1981; 

Walmsley et al., 1988; Bekkers & Stevens, 1989; Biró et al., 2005). When this level of non-

uniformity in Pr or Q changes among a group of synapses after manipulation, the magnitude 

of a change in 1/CV2 and VMR will be an over- or underestimation of the change in N, Pr, or Q. 

A similar over-/underestimation will be made when Pr changes after a synaptic manipulation, 

since the influence of non-uniformity and intrasite variability on 1/CV2 and VMR values is 

dependent on Pr. Particularly for synapses with a high Pr the influence of non-uniformity and 

intrasite variability on the variance in synaptic responses will be substantial.  

Although other more complex models, which rely on fewer assumptions but often 

require more elaborate experiments, obviously might fit the data better, the proof-of-

principle experiments have shown that the VMR is a valid tool to detect changes in synaptic 

parameters. Conveniently, since VMR values are independent of the number of stimulated 

axons, they can be directly compared as a relative measure of average synapse strength 

between neuronal preparations from different mice. Although quantal analysis has its 

shortcomings, it allows the determination of relative values of the synaptic parameters N, Pr 

and Q, at least in the CA1 region of the hippocampus, and thereby provides a reliable 

prediction of the synaptic changes underlying plasticity. In conclusion, our experiments 

validate this extended variance analysis as a relatively simple method to generate hypotheses 

on the mechanism behind a synaptic plasticity phenomenon, which can be used to efficiently 

guide further experiments that provide direct experimental confirmation. 
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Abstract 

Two of the key players for mediating synaptic plasticity at Schaffer collateral-CA1 (Sc-CA1) 

synapses are the AMPA-receptors (AMPARs) and the NMDA-receptors (NMDARs). Both these 

types of glutamate receptors can be divided into different subtypes with different properties. 

These different properties of the different receptor subtypes are determined by their subunit 

composition. In CA1 neurons, AMPARs are most commonly composed of GluA1/GluA2 

heterodimers or GluA2/GluA3 heterodimers. NMDARs are composed of GluN1/GluN2A 

heterodimers and/or GluN1/GluN2B heterodimers. Because of the differences between 

receptor subtypes, the regulation and spatial organization of these different receptor 

subtypes at the synapse may have important functional consequences. However, it remains 

unclear how the different subtypes of either AMPARs or NMDARs are distributed at Sc-CA1 

synapses: are they intermixed within synapses, or are they functionally segregated? We here 

show that in organotypic hippocampal slices under basal conditions, GluA2-lacking 

GluA1/GluA1 and GluA3/GluA3 AMPARs are largely kept out of Sc-CA1 synapses by virtue of 

basal levels of intracellular calcium. We demonstrate that GluA1- and GluA3-containing 

AMPARs have access to the same population of Sc-CA1 synapses, suggesting that they can be 

expressed in an intermixed manner at these hippocampal synapses. In contrast, we find that 

GluN2A- and GluN2B-containing NMDARs are functionally segregated at Sc-CA1 synapses. This 

segregation of NMDAR subtypes at Sc-CA1 synapses suggests that synaptic plasticity rules 

might vary between different glutamate release sites.  
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Introduction 

The encoding of declarative memories in the hippocampus depends on synaptic plasticity 

mechanisms. These plasticity processes have been most intensively studied at synapses onto 

CA1 pyramidal neurons that receive Schaffer collateral input from CA3 neurons (Sc-CA1 

synapses). To fully understand the plasticity phenomena it is necessary to first gain more 

insight into how the receptors involved in this plasticity are organized and regulated at the 

synapse under basal conditions. 

Two of the key players for mediating plasticity at Sc-CA1 synapses are the major types 

of ionotropic glutamate receptors: the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid receptors (AMPARs) and the N-methyl-D-aspartate receptors (NMDARs). Upon 

presynaptic glutamate release, AMPARs open their ion channels, mediating fast synaptic 

transmission. NMDARs are coincidence detectors: their channels are only opened when 

glutamate release and postsynaptic depolarization coincide. The activation of NMDARs can 

induce long-term potentiation (LTP) or long-term depression (LTD) of synapse strength. These 

forms of bidirectional plasticity are expressed by a change in the number of AMPARs at 

synapses (Malinow & Malenka, 2002). 

NMDARs are heterotetramers comprising two GluN1 subunits and two GluN2 or GluN3 

subunits (Paoletti et al., 2013). There are four different isoforms of the GluN2 subunit: 

GluN2A, GluN2B, GluN2C and GluN2D. At Sc-CA1 synapses, NMDARs are composed of 

GluN1/GluN2A heterodimers and/or GluN1/GluN2B heterodimers (Paoletti et al., 2013). 

During development there is a switch in synaptic NMDAR subunit composition: while early in 

development synapses predominantly contain GluN2B-containing NMDARs, they are 

gradually replaced by GluN2A-containing ones in an activity-dependent manner (Barria & 

Malinow, 2002; Bellone & Nicoll, 2007; Yashiro & Philpot, 2008). Promoting the NMDAR 

subunit switch by overexpressing GluN2A leads to synaptic weakening and a reduced capacity 

for LTP (Barria & Malinow, 2005). Reversely, preventing this switch by the genetic depletion 

of GluN2A results in an increase in synapse strength (Gray et al., 2011). The incorporation of 

GluN2A-containing NMDARs is therefore thought to play a role in synapse maturation. As long 

as a synapse contains GluN2B it is prone to undergo LTP, whereas when synaptic activity leads 

to the incorporation of GluN2A-containing NMDARs, the capacity for potentiation is 

dampened (Shipton & Paulsen, 2014).  
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AMPARs are also tetramers composed of individual subunits, of which there are four 

different isoforms: GluA1, GluA2, GluA3 and GluA4 (Hollmann & Heinemann, 1994). In 

pyramidal neurons of the hippocampus, the expression of GluA4 is largely limited to early 

development (Zhu et al., 2000). In adult excitatory neurons, AMPARs are composed of 

GluA1/GluA1 homomers, GluA1/GluA2 heterodimers or GluA2/GluA3 heterodimers 

(Wenthold et al., 1996; Kessels et al., 2009; Lu et al., 2009). Other combinations (GluA2-

homomers, GluA3-homomers and GluA1/GluA3 heterodimers) are thought to be largely 

absent, likely because their assembly is energetically less favorable (Sommer et al., 1991; Sans 

et al., 2003; Rossmann et al., 2011). The majority of AMPARs in CA1 hippocampal synapses 

contain subunit GluA2 (Wenthold et al., 1996), which makes their cation channels 

impermeable to calcium. Calcium-permeable GluA1-homomers constitute a minor population 

at CA1 neurons (Wenthold et al., 1996), and it has been suggested that they have restricted 

access to synapses under basal conditions (Kim & Ziff, 2014). In CA1 neurons in organotypic 

slices basal intracellular free Ca2+ levels are sufficiently high to keep the Ca2+-activated 

phosphatase calcineurin in a constitutively active state, thereby decreasing the 

phosphorylation state of the GluA1 subunit and restricting GluA1-containing AMPARs from 

synapses (Tavalin et al., 2002; Nabavi et al., 2013; Babiec et al., 2016). This appears to be 

especially key for the regulation of GluA1-homomers (Purkey & Dell’Acqua, 2020). When the 

activity of cortical neurons in dissociated cultures is blocked and intracellular Ca2+ levels 

gradually drop, the activity of calcineurin is lowered, leading to synaptic potentiation by 

synaptic insertion of calcium-permeable AMPARs (Kim & Ziff, 2014). These observations 

suggest that intracellular Ca2+ concentration is homeostatically regulated through synaptic 

scaling of calcium-permeable GluA1-homomers. 

The trafficking of GluA1- and GluA3-containing AMPARs to synapses is differentially 

regulated. GluA2/GluA3 receptors constitutively traffic into synapses independently of activity 

and without a change in synapse strength, indicating that they replace existing AMPARs at 

synapses (Shi et al., 2001; McCormack et al., 2006). In contrast, the incorporation of GluA1-

containing AMPARs into synapses is strictly activity-dependent (Shi et al., 2001; Kessels et al., 

2009). Upon the induction of LTP, GluA1-containing AMPARs are inserted into synapses, 

leading to synaptic strengthening (Hayashi et al., 2000; Makino & Malinow, 2009). GluA1-

containing AMPARs have also been shown to traffic into synapses upon learning in the 
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hippocampus and amygdala (Rumpel et al., 2005; Mitsushima et al., 2011) or upon sensory 

experience in the cortex (Takahashi et al., 2003; Makino & Malinow, 2011). 

Because of the differences between receptor subtypes, the spatial organization of 

these different receptor subtypes at the synapse may have important functional 

consequences. However, it remains unclear how the different subtypes of either AMPARs or 

NMDARs are distributed at synapses: are they intermixed within synapses, or are they 

functionally segregated? We demonstrate that while a Sc-CA1 synapse can contain different 

types of AMPARs, there is a separation of GluN2A- and GluN2B-containing NMDARs at the 

functional level. 

 

Materials and Methods 

Mice 

Male and female C57BL/6 mice, GluA3-deficient mice (Gria3tm1Dgen/Mmnc; Mutant Mouse 

Regional Resource Center, Davis, CA), and GluA1-deficient mice were used for this study. 

GluA3-deficient mice were backcrossed to C57BL/6 mice at least six times. GluA1-deficient 

mice were in a C57BL6/129 hybrid background and were a kind gift from R. Huganir, Johns 

Hopkins University, Baltimore (Kim et al., 2005). The mice were kept on a 12-h day-night cycle 

and the dams 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) and all experiments were approved by the experimental animal committee 

(DEC) of the Royal Netherlands Academy of Sciences (KNAW) or of the University of California, 

San Diego. 

 

Electrophysiology 

Organotypic hippocampal slices were prepared from P6-8 mice as described previously 

(Stoppini et al., 1991) and were used at 7–12 days in culture. Just before recording, a cut was 

made between CA3 and CA1 to prevent stimulus-induced bursting / recurrent activity. Two 

stimulating electrodes (two-contact Pt/Ir cluster electrodes; FHC), were placed between 100 

and 300 μm down the apical dendrites, 200 μm apart laterally. Whole-cell recordings were 

made using 3–5 MΩ pipettes from borosilicate glass (Harvard Apparatus UK; Raccess <20 MΩ 

and Rinput > 10x Raccess) with an internal solution containing 115 mM CsMeSO3, 20 mM CsCl, 10 
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mM HEPES, 2.5 mM MgCl2, 4 mM Na2-ATP, 0.4 mM Na-GTP, 10 mM sodium phosphocreatine, 

and 0.6 mM EGTA, at pH 7.25. Where BAPTA tetrapotassium salt (15 mM; Santa Cruz 

Biotechnology) was loaded into cells, an equimolar amount of CsMeSO3 was replaced. During 

recordings, the slices were perfused with artificial cerebrospinal fluid (ACSF) containing 118 

mM NaCl, 2.5 mM KCl, 26 mM NaHCO3, and 1 mM NaH2PO4, gassed with 5 % CO2/95 % O2 at 

29 °C, supplemented with 22 mM glucose, 4 mM MgCl2, 4 mM CaCl2, and 100 μM picrotoxin 

(Sigma). EPSCs were evoked with electrical stimulation (100 μs duration) at an inter-stimulus 

interval of 3 s. Stimulation intensity was adjusted to evoke postsynaptic currents of 

approximately half-maximal amplitude. AMPAR-mediated EPSCs were measured following 

stimulation 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, and 

corrected by the current at 0 mV, or as the peak outward current when recorded in the 

presence of NBQX (3 μM; Tocris). Rectification was calculated as the ratio of the peak AMPAR 

current at -60 and +40 mV, both corrected by the current at 0 mV, in the presence of D-APV 

(100 µM; Tocris) and Gabazine (3 μM; Sigma) in the bath and spermine (0.1 mM; Sigma) in the 

intracellular solution. Data were acquired using a Multiclamp 700B amplifier (Molecular 

Devices). Signals were sampled at 10 kHz and filtered at 3 kHz. The recordings were analyzed 

using pClamp 10 software (Molecular Devices). Variance analysis was performed as described 

previously (van Huijstee & Kessels, 2020). 

 

Calcium Imaging 

Organotypic hippocampal slices were prepared as for electrophysiology and were used at 7–

11 days in culture.  A cut was made between CA3 and CA1 to minimize the number of global 

calcium transients. The slices were perfused with artificial cerebrospinal fluid (ACSF) 

containing 118 mM NaCl, 2.5 mM KCl, 26 mM NaHCO3, and 1 mM NaH2PO4, gassed with 5 % 

CO2/95 % O2 at 35 °C, supplemented with 22 mM glucose, 4 mM CaCl2, 100 μM picrotoxin 

(Sigma) and 3 μM NBQX (Tocris). Per slice, three sets of two neighboring CA1 pyramidal 

neurons were loaded with the calcium indicator dye Oregon Green BAPTA-1 (OGB-1) by single-

cell electroporation (250 µM; 20 ms pulse; ~10V) with a glass electrode (~5 MΩ; Winnubst et 

al., 2015) connected to an A360 stimulus isolator (WPI). Cells were left to recover for at least 

30 min before imaging. A glass stimulating electrode (~5 MΩ) was placed within the stratum 

radiatum. Calcium influx was evoked with electrical stimulation (100 μs duration) at an inter-
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stimulus interval of 5 s. To detect these synaptic calcium transients on the dendrite upon 

stimulation, the apical dendrites of electroporated cells were imaged within the stratum 

radiatum (80 – 300 μm from the soma). Images were acquired at 10 Hz using a CCD camera, 

which was controlled by custom-made Labview (National Instruments) software, mounted on 

a SP5 Leica microscope with a 63x water-immersion objective (0.9 NA; Leica). A 488 nm LED 

was used as excitation light source. The imaged area was 146 by 109 μm. Dendrites were 

imaged 3 times for a period of 2 min with 4 min breaks in between. Then, Ro 25-6981 (3 μM; 

Tocris) was washed in and after 10 min, the dendrites were again imaged 3 times for 2 min. 

Finally, D-APV (100 µM; Tocris) was washed in and 10 min later the dendrites were also imaged 

3 times for 2 min, making for 9 recordings in total. 

 Recordings were drift corrected and each recording was aligned to the first recording 

in the series to remove any movements between recording sessions using custom-made 

MATLAB tools (kindly provided by J. Winnubst). An image representing baseline fluorescence 

(F0) was created by averaging the first 200 frames of the first recording. A ΔF/F0 stack was 

generated by subtracting and dividing each frame with the F0 image. Thus, each pixel value in 

the ΔF/F0 stack reflected the relative change in fluorescence. Semi-automated image analysis 

was performed using custom-made MATLAB software (MathWorks) and ImageJ (NIH). We 

manually identified regions of interest (ROIs) on the dendrite where at least one local calcium 

transient could be observed. For all ROIs, fluorescence values (mean of all pixels within the 

ROI) over time were plotted for each recording. Peaks in fluorescence caused by synaptic 

activity within the ROI were manually identified and automatically categorized as a 

stimulation-induced calcium transient if the peak fluorescence value occurred within 5 frames 

(0.5 s) after stimulation. The amplitude of each peak was determined as the maximum ∆F/F0 

value measured for that ROI minus its average ∆F/F0 value of an 8-frame baseline just before 

the peak. Stimulations that caused global calcium transients were excluded. All synapses that 

showed at least one local calcium transient in response to stimulation in each of the three 2-

min baseline recordings were included in the analysis. 

 

Statistics 

The Shapiro-Wilk normality test was used to test whether (the differences between) groups 

were normally distributed. To detect differences between two paired groups, the paired t-test 

or the Wilcoxon matched-pairs signed rank test (if for a variable the differences between the 
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two groups were not normally distributed in all conditions)  was used. To compare the no drug 

condition and the Ro 25-6981 condition in the imaging experiment, the Manny-Whitney test 

was used (since the data were not normally distributed). To detect differences between three 

unpaired groups, the one-way ANOVA or the Kruskal-Wallis test (if a variable was not normally 

distributed in all conditions) with post hoc Dunn’s multiple comparisons test was used. In this 

case, reported p-values are post hoc contrasts, unless the overall ANOVA was not significant. 

For all tests, p < 0.05 was considered significant. Results are reported as mean ± SEM. 

 

Results 

Regulation of synaptic expression of AMPAR subtypes by intracellular calcium levels 

The AMPAR composition at synapses can be influenced by a change in the intracellular calcium 

levels (Liu & Zukin, 2007). Intracellular free Ca2+ levels can be experimentally lowered by 

infusion of neurons with calcium chelator 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-

tetraacetic acid (BAPTA) (Nabavi et al., 2013). To examine how reducing the level of calcium 

in a cell affects AMPARs at synapses, synaptic currents evoked by electrical stimulation of 

Schaffer collateral inputs were measured simultaneously for two neighboring pyramidal CA1 

neurons, for one of which the standard internal solution was supplemented with a high 

concentration (15 mM) of BAPTA. Recordings were started 5 minutes after whole-cell access 

was obtained, to allow complete intracellular infusion of BAPTA. In wild-type CA1 neurons, 

AMPAR-mediated EPSCs were on average 77% potentiated in the cell containing BAPTA (p < 

0.0001; Fig. 1A,B). To predict whether a change in the number of functional vesicle release 

sites (N), in the probability of vesicle release (Pr), or in postsynaptic strength (Q) contributed 

to this synaptic potentiation, we performed variance analysis on the recorded AMPAR 

currents by calculating both the inverse square of the coefficient of variation (1/CV2 = NPr/(1-

Pr)) and variance-to-mean ratio (VMR = (1-Pr)Q; van Huijstee & Kessels, 2020) of these AMPAR 

currents. The increase in synaptic currents was accompanied by a proportional increase in the 

VMR (87%; p = 0.0002; Fig. 1D,O), while there was no significant change in the value of 1/CV2 

(8%; p = 0.073; Fig. 1C,N). This analysis suggests that the BAPTA-mediated synaptic 

potentiation is predominantly a consequence of increased postsynaptic AMPAR strength, and 

not of an increased presynaptic release probability or number of functional synapses. 
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Figure 1: Reducing the level of intracellular calcium causes postsynaptic potentiation that can be 

mediated by both GluA1- and GluA3-containing AMPARs. 

(A-D) Simultaneous recordings of AMPAR-mediated EPSCs from BAPTA-infused and neighboring 

control neurons of wild-type mice. Shown are example traces of individual EPSCs from the same 

recording (A), line plots of the mean EPSC amplitudes (individual recordings in grey, average in black; 
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n = 21) (B), 1/CV2 values (n = 19) (C), and VMR values (n = 19) (D). (E-H) Simultaneous recordings of 

AMPAR-mediated EPSCs from BAPTA-infused and neighboring control neurons of GluA3-KO mice. 

Shown are example traces of individual EPSCs (E), line plots of the mean EPSC amplitudes (individual 

recordings in light blue, average in dark blue; n = 19) (F), 1/CV2 values (n = 17) (G), and VMR values (n 

= 17) (H). (I-L) Simultaneous recordings of AMPAR-mediated EPSCs from BAPTA-infused and 

neighboring control neurons of GluA1-KO mice. Shown are example traces of individual EPSCs (I), line 

plots of the mean EPSC amplitudes (individual recordings in light red, average in dark red; n = 18) (J), 

1/CV2 values (n = 18) (K), and VMR values (n = 18) (L). (M-O) Fold change in the mean amplitude (M), 

1/CV2 (N) and VMR (O) of AMPAR-mediated EPSCs measured in wild-type (black), GluA3-KO (blue) and 

GluA1-KO (red) slices upon BAPTA-infusion. Error bars indicate SEM, * indicates p < 0.05, ** indicates 

p < 0.01, *** indicates p < 0.001. 

 

To test whether this calcium-dependent synaptic potentiation was AMPAR-subunit specific, 

the effect of BAPTA infusion was tested in CA1 neurons of organotypic slices isolated from 

GluA1-KO and GluA3-KO mice. In GluA3-KO neurons, AMPAR-mediated EPSCs were on 

average 96% potentiated in the cell containing BAPTA (p = 0.0008; Fig. 1E,F), with no 

significant change in the value of 1/CV2 (12%; p = 0.712; Fig. 1G,N) and a proportional increase 

in the VMR (103%; p = 0.0008; Fig. 1H,O). In GluA1-KO neurons, a significant potentiation of 

AMPAR-mediated currents of on average 46% was found in BAPTA-infused cells (p = 0.002; 

Fig. 1I,J), with also no significant change in the value of 1/CV2 (26%; p = 0.212; Fig. 1K,N) and 

a proportional increase in the VMR (45%; p = 0.010; Fig. 1L,O). The amount of synaptic 

potentiation did not differ significantly between wild-type, GluA3-KO and GluA1-KO neurons 

(p = 0.268; Fig. 1M). These data indicate that the synaptic scaling caused by a decrease in 

intracellular calcium can be mediated by both GluA1- and GluA3-containing AMPARs.  

Since Ca2+-dependent synaptic scaling appears to recruit both GluA1- and GluA3-

containing AMPARs, we next aimed to test whether GluA2 is involved. The fraction of GluA2-

containing AMPARs at synapses can be assessed by determining the rectification index (I-

60mV/I+40mV); unlike GluA2-containing AMPARs, GluA2-lacking AMPARs are rectifying: they 

conduct more easily at negative potentials. Infusion of BAPTA significantly increased the 

rectification index in wild-type (p = 0.0098; Fig. 2A,B), GluA3-KO (p = 0.043; Fig. 2C) and GluA1-

KO neurons (p = 0.028; Fig. 2D). This increase in rectification of AMPAR-mediated synaptic 

responses indicates synaptic incorporation of GluA2-lacking AMPARs. In fact, the level of 

increase in rectification (Fig. 2E) matched the level of synaptic potentiation, and AMPAR-
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mediated currents measured at +40 mV did not significantly differ between neurons with and 

without BAPTA for all genotypes (WT: 41.0 ± 8.2 vs. 33.9 ± 7.3, p = 0.219; GluA3-KO: 39.0 ± 7.5 

vs. 48.8 ± 6.0, p = 0.219; GluA1-KO: 32.0 ± 4.8 vs. 29.2 ± 5.5, p = 0.322), suggesting that 

reducing the level of calcium in a cell selectively induces an increase in synaptic currents of 

GluA2-lacking AMPARs. Our data imply that under basal conditions the majority of synaptic 

AMPARs contain subunit GluA2 because basal intracellular calcium restricts GluA2-lacking 

AMPARs from synapses. 

 

Figure 2: Reducing the level of intracellular calcium causes postsynaptic potentiation that is 

mediated by GluA2-lacking GluA1/GluA1 and GluA3/GluA3 AMPARs. 

(A-D) Simultaneous recordings of AMPAR-mediated EPSCs from BAPTA-infused and neighboring 

control neurons at -60, +40 and 0 mV. Shown are example traces (A), line plots of rectification indices 

determined in wild-type mice (individual recordings in grey, average in black; n = 7) (B), GluA3-KO mice 

(individual recordings in light blue, average in dark blue; n = 6) (C), and GluA1-KO mice (individual 

recordings in light red, average in dark red; n = 10) (D). (E) Fold change in the rectification index 

determined in wild-type (black), GluA3-KO (blue) and GluA1-KO (red) slices upon BAPTA-infusion. Error 

bars indicate SEM, * indicates p < 0.05, ** indicates p < 0.01. 

 

Spatial organization of AMPARs 

To investigate whether GluA1- and GluA3-containing AMPARs can be functionally colocalized 

at synapses, we need to be able to distinguish between the currents of the two different 

subtypes of AMPARs. Since there are no pharmacological drugs that can block only one of the 

receptor types, we used organotypic slices prepared from GluA1-KO and GluA3-KO mice.  

We recorded AMPA/NMDA ratios from Sc-CA1 synapses in organotypic slices from 

wild-type and littermate GluA1-KO or GluA3-KO mice. In line with previous studies (Lu et al., 
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2009; Renner et al., 2017), the average AMPA/NMDA ratio was 51% decreased in GluA1-KO 

neurons compared to wild-type neurons (p < 0.0001; Fig. 3A,B), whereas it was similar for 

GluA3-KO neurons compared to wild-type neurons (p > 0.9999; Fig. 3A,B). If GluA1- and GluA3-

containing AMPARs have access to the same population of Sc-CA1 synapses, knocking out the 

GluA1 or GluA3 subunit should not decrease the number of AMPAR-containing synapses (and 

therefore the 1/CV2 of AMPAR-mediated EPSCs), since those synapses would still be able to 

express AMPARs containing the other subunit. This means that the ratio of 1/CV2 values for 

AMPAR over NMDAR currents (1/CV2AMPA / 1/CV2NMDA ratio) would stay the same. On the other 

hand, if GluA1- and GluA3-containing AMPARs are segregated between synapses, knocking 

out the GluA1 or GluA3 subunit would cause some synapses to lack AMPARs (but not 

NMDARs), which would be reflected in a decreased 1/CV2
AMPA / 1/CV2

NMDA ratio. The 1/CV2
AMPA 

/ 1/CV2NMDA ratio was similar for wild-type, GluA1-KO, and GluA3-KO neurons (p = 0.612; Fig. 

3C), indicating that the genetic depletion of either GluA1 or GluA3 does not result in the 

generation of silent synapses. These data indicate that both GluA1- and GluA3-containing 

AMPARs have access to the same population of Sc-CA1 synapses. 

As for the AMPA/NMDA ratio, the average ratio of VMR values for AMPAR over NMDAR 

EPSCs (VMRAMPA / VMRNMDA ratio) was similar for wild-type and GluA3-KO neurons (p > 0.9999; 

Fig. 3D), and was 42% lower in GluA1-KO neurons compared to wild-type neurons (p = 0.007; 

Fig. 3D). Because VMR values are independent of the number of stimulated axons, they can 

be used to compare average synapse strength between neurons from separate recordings. As 

expected, postsynaptic AMPAR strength was not significantly decreased in GluA3-KO neurons, 

since the VMR value was not significantly different between wild-type and GluA3-KO neurons 

(p = 0.813; Fig. 3E). In contrast, the average VMR for AMPAR currents was 41% lower for Sc-

CA1 synapses of GluA1-KO mice compared with those of wild-type littermates (p < 0.0001; Fig. 

3E), indicating a decrease in postsynaptic AMPAR strength. Our observation that synaptic 

currents remain unaltered in the absence of GluA3 does not mean that GluA3-containing 

AMPARs are not present at synapses, since in CA1 neurons that lack both GluA1 and GluA3 

virtually all synaptic AMPAR currents are gone (Renner et al., 2017). We propose that AMPAR 

currents are not decreased in GluA3-KO neurons either because GluA2/3s contribute little to 

synaptic currents as the consequence of their low open-channel probability and single-

channel conductance under basal conditions (Renner et al., 2017), or because GluA3-

containing AMPARs normally replace existing AMPARs at synapses (Shi et al., 2001) and 
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therefore GluA3-KO neurons may not express fewer AMPARs at synapses, or a combination 

of the two. We observed similar VMR values for peak NMDAR currents recorded in the 

presence of AMPAR antagonist NBQX for wild-type, GluA1-KO and GluA3-KO neurons (p = 

0.800; Fig. 3F), demonstrating that postsynaptic NMDAR strength is not significantly changed 

in GluA1-KO and GluA3-KO neurons. 

 

 
Figure 3: GluA1- and GluA3-containing AMPARs have access to the same population of Sc-CA1 

synapses. 

Recordings of AMPAR- and NMDAR-mediated EPSCs from neurons of wild-type (black), GluA1-KO (red) 

and GluA3-KO mice (blue). Shown are example traces of individual EPSCs (A), AMPA/NMDA ratios of 

WT (individual recordings in grey, average in black; n = 35), GluA1-KO (individual recordings in black, 

average in red; n = 28), and GluA3-KO neurons (individual recordings in black, average in blue; n = 26) 

(B), (1/CV2)AMPA/(1/CV2)NMDA ratios of WT (individual recordings in grey, average in black; n = 28), GluA1-

KO (individual recordings in black, average in red; n = 18), and GluA3-KO neurons (individual recordings 

in black, average in blue; n = 19) (C), VMRAMPA/VMRNMDA ratios of WT (individual recordings in grey, 
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average in black; n = 28), GluA1-KO (individual recordings in black, average in red; n = 18), and GluA3-

KO neurons (individual recordings in black, average in blue; n = 19) (D), VMR values for AMPAR currents 

of WT (individual recordings in grey, average in black; n = 49), GluA1-KO (individual recordings in black, 

average in red; n = 43), and GluA3-KO neurons (individual recordings in black, average in blue; n = 40) 

(E), and VMR values for NMDAR currents recorded in the presence of NBQX of WT (individual 

recordings in grey, average in black; n = 24), GluA1-KO (individual recordings in black, average in red; 

n = 14), and GluA3-KO neurons (individual recordings in black, average in blue; n = 15) (F). Error bars 

indicate SEM, ** indicates p < 0.01, *** indicates p < 0.001. 

 

Spatial organization of NMDARs 

Next, we investigated the subunit-specific distribution of NMDARs at the Sc-CA1 synapse. To 

this end, we recorded baseline peak NMDAR currents in wild-type neurons in the presence of 

NBQX and subsequently washed in Ro 25-6981 (3 µM), a specific blocker of GluN2B-containing 

NMDARs. As a consequence, NMDAR-mediated EPSC amplitudes were on average 56% 

reduced (p < 0.0001; Fig. 4A,B). If GluN2A- and GluN2B-containing NMDARs would be 

colocalized at the synapse, blocking GluN2B-containing NMDARs should not decrease the 

number of functional release sites, since the postsynaptic membrane would still express 

GluN2A-containing NMDARs. Instead, the postsynaptic NMDAR strength should be decreased, 

because over half of the NMDARs opposing the release sites would be blocked. This would be 

reflected in a significant decrease in the VMR for NMDAR currents. However, the 1/CV2 

decreased significantly upon wash-in of Ro 25-6981 (p = 0.008; Fig. 4C), while the VMR did not 

significantly change (p = 0.293; Fig. 4D). These findings suggest that the number of functional 

release sites was in fact reduced. This implies that GluN2A- and GluN2B-containing NMDARs 

are functionally segregated.  

Repeating this experiment in GluA3-KO and GluA1-KO slices yielded similar results. In 

GluA3-KO neurons, washing in Ro 25-6981 reduced NMDAR-mediated EPSC amplitudes by on 

average 59% (p < 0.0001; Fig. 4E,F). Variance analysis again revealed that while the 1/CV2 

decreased significantly (p = 0.0004; Fig. 4G), the VMR did not change significantly upon Ro 25-

6981 wash-in (p = 0.360; Fig. 4H). Similarly, in GluA1-KO neurons, washing in Ro 25-6981 

reduced NMDAR-mediated EPSC amplitudes by on average 69% (p < 0.0001; Fig. 4I,J), while 

the 1/CV2 decreased significantly (p = 0.0002; Fig. 4K), and the VMR showed no significant 

change (p = 0.179; Fig. 4L). These data demonstrate that the proportion and functional 
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segregation of GluN2A- and GluN2B-containing NMDARs at Sc-CA1 synapses is independent 

of AMPAR subunit composition. 

 

 
Figure 4: Variance analysis suggests that GluN2A- and GluN2B-containing NMDARs are functionally 

segregated at Sc-CA1 synapses, independent of AMPAR subunit composition. 

(A-D) Recordings of NMDAR-mediated EPSCs in the presence of NBQX from neurons of wild-type mice 

before and after wash-in of Ro 25-6981. Shown are example traces of individual EPSCs (A), line plots 

of the mean EPSC amplitudes (individual recordings in grey, average in black; n = 15) (B), 1/CV2 values  

(C), and VMR values (D). (E-H) Recordings of NMDAR-mediated EPSCs in the presence of NBQX from 
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neurons of GluA3-KO mice before and after wash-in of Ro 25-6981. Shown are example traces of 

individual EPSCs (E), line plots of the mean EPSC amplitudes (individual recordings in light blue, average 

in dark blue; n = 14) (F), 1/CV2 values (G), and VMR values (H). (I-L) Recordings of NMDAR-mediated 

EPSCs in the presence of NBQX from neurons of GluA1-KO mice before and after wash-in of Ro 25-

6981. Shown are example traces of individual EPSCs (I), line plots of the mean EPSC amplitudes 

(individual recordings in light red, average in dark red; n = 13) (J), 1/CV2 values (K), and VMR values (L). 

Error bars indicate SEM, ** indicates p < 0.01, *** indicates p < 0.001. 

 

To validate the results obtained by variance analysis, individual CA1 pyramidal neurons were 

labeled with the fluorescent calcium indicator OGB-1 using single-cell electroporation and 

their apical dendrites in the stratum radiatum were imaged. We evoked synaptic calcium influx 

through NMDARs by electrical stimulation of Schaffer collateral inputs (Fig. 5A) in the presence 

of NBQX to block AMPARs and in the absence of Mg2+ ions to prevent the magnesium block. 

The resulting calcium transients were imaged before and after wash-in of Ro 25-6981, or no 

drug in the control condition, which allowed us to see the effect of the wash-in of Ro 25-6981 

per synapse (Fig. 5B). To verify that NMDARs were the only source of the imaged calcium 

influx, we washed in NMDAR antagonist D-APV, which eliminated calcium transients (Fig. 

5C,D), demonstrating that indeed calcium influx only occurred trough NMDARs. The amplitude 

of the synaptic calcium transients decreased significantly over time in control slices in which 

no drug was washed in (p = 0.035; Fig. 5C), suggesting that some run-down of the calcium 

signal occurred over time, possibly caused by bleaching. Calcium transient amplitude 

decreased as well in slices in which Ro 25-6981 was washed in (p < 0.0001; Fig. 5D). However, 

wash-in of Ro 25-6981 did not decrease the amplitude of synaptic calcium transients 

significantly more than not washing in a drug (p = 0.178; Fig. 5E). Blocking GluN2B-containing 

NMDARs with Ro 25-6981 had no effect on 18 out of 21 imaged synapses, suggesting they did 

not contain GluN2B-containing NMDARs, while 3 synapses became completely silent after 

wash-in of Ro 25-6981, implying they only contained GluN2B-containing NMDARs (Fig. 5E). 

Synapses in which GluN2A- and GluN2B-containing NMDARs are colocalized would be 

expected to show a larger decrease in calcium transient amplitude than control synapses, but 

not a complete loss of calcium transients after wash-in of Ro 25-6981. We did not find this 

type of response to Ro 25-6981 wash-in. Instead, there was a clear segregation between the 
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two populations of imaged synapses (Fig. 5E). Altogether, this verifies the model suggested by 

variance analysis of a functional segregation of GluN2A- and GluN2B-containing NMDARs. 

 

 
Figure 5: Dendritic calcium imaging confirms that GluN2A- and GluN2B-containing NMDARs are 

functionally segregated at Sc-CA1 synapses. 

(A) Synaptic calcium transients on the apical dendrite of a CA1 pyramidal neuron filled with OGB-1 by 

single-cell electroporation upon electrical stimulation of Schaffer collateral inputs. (B) Example traces 

show the relative fluorescence changes (ΔF/F0) at two different synapses over time. Ro 25-6981 wash-

in has no effect on synapse 1 and completely silences synapse 2. (C-D) Amplitudes of stimulation-
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induced synaptic calcium transients. Shown are the mean amplitudes of stimulation-induced synaptic 

calcium transients (individual synapses in grey, average in black) in the control condition before and 

after wash-in of no drug and D-APV (n = 15) (C), and before and after wash-in of Ro 25-6981 and D-

APV (n = 19) (D). (E) Amplitudes of stimulation-induced synaptic calcium transients normalized to the 

baseline after wash-in of no drug (n = 19) or Ro 25-6981 (n = 21). Error bars indicate SEM, * indicates 

p < 0.05, *** indicates p < 0.001. 

 

Discussion 

We investigated the regulation and spatial organization of AMPAR and NMDAR subtypes at 

Sc-CA1 synapses. We found that reducing the level of intracellular free calcium selectively 

induces the trafficking of inwardly rectifying AMPARs into synapses, which fits with results 

from previous studies (Sanderson et al., 2012; Kim & Ziff, 2014). In CA1 pyramidal neurons, 

these inwardly rectifying AMPARs are assumed to mainly consist of GluA1-homomers, since 

there are reportedly only few GluA1/GluA3 heteromers or GluA3-homomers expressed in CA1 

neurons (Wenthold et al., 1996). In line with this, we find that lowering intracellular calcium 

in GluA3-KO neurons, which only express GluA1/GluA2s and GluA1/GluA1s (Renner et al., 

2017), leads to an increase in synaptic currents of inwardly rectifying AMPARs.  

However, reducing the level of intracellular free calcium also caused a GluA2-lacking 

AMPAR-mediated potentiation in GluA1-KO neurons, suggesting that GluA3-homomers, the 

only GluA2-lacking AMPAR present in these neurons (Renner et al., 2017), are incorporated in 

synapses. These data reveal that although the assembly of GluA3-homomers may be 

energetically unfavorable (Rossmann et al., 2011), they do exist in GluA1-KO neurons and may 

be inserted into synapses upon lowering intracellular calcium levels. Similarly, cerebellar 

granule cell-stellate cell synapses can show robust synaptic expression of GluA2-lacking 

AMPARs despite containing little GluA1 (Liu & Cull-Candy, 2000; Gardner et al., 2005). Synaptic 

expression of GluA2-containing AMPARs is regulated by AMPAR-receptor interacting proteins 

NSF and PICK1 (Gardner et al., 2005). NSF binds only GluA2 and stabilizes AMPAR expression 

at the plasma membrane (Braithwaite et al., 2002), while PICK1 can interact with both GluA2 

and GluA3 and promotes AMPAR endocytosis (Terashima et al., 2004). Therefore, GluA3-

homomers may be kept largely out of the surface and synapses under basal conditions 

because they can bind PICK1 but not NSF. In line with this hypothesis, incorporation of GluA2-

containing AMPARs into synapses is prevented when GluA2 is mutated at the site that 



549633-L-bw-vanHuijstee549633-L-bw-vanHuijstee549633-L-bw-vanHuijstee549633-L-bw-vanHuijstee
Processed on: 13-10-2020Processed on: 13-10-2020Processed on: 13-10-2020Processed on: 13-10-2020 PDF page: 73PDF page: 73PDF page: 73PDF page: 73

3

3. NMDAR subtypes but not AMPAR subtypes are functionally segregated at CA1 synapses

73 
 

interacts with NSF (Shi et al., 2001). Upon lowering intracellular calcium levels, GluA3-

homomers may be released onto the surface and into synapses, possibly through a change in 

the phosphorylation state of their cytoplasmic tail that leads to the release of PICK1 binding 

(Gardner et al., 2005). 

It is important to note that besides by synaptic insertion of GluA2-lacking receptors, 

the BAPTA-mediated postsynaptic potentiation could also be caused by an increase in the 

single-channel conductance or open probability of selectively GluA2-lacking AMPARs. Similar 

selective effects have been shown before. For example, phosphorylation of GluA1 at Ser831 

enhanced the single-channel conductance of GluA1-homomers, but did not change the 

conductance of GluA1/GluA2 heteromers (Oh & Derkach, 2005). 

We also investigated the spatial organization of AMPAR and NMDAR subtypes at the 

Sc-CA1 synapse. There is not much information on how the different subtypes of AMPARs are 

distributed with respect to each other in hippocampal synapses. For example, it is not known 

if GluA1-containing and GluA3-containing AMPARs are intermixed within synapses or 

segregated. One study found that although both AMPAR subtypes occur at all lateral positions 

along the synapse, on average GluA1 concentrates more towards the periphery of the 

postsynaptic density, whereas GluA3 is uniformly distributed within the synapse (Jacob & 

Weinberg, 2015). Since this study did not include material that was double-stained for both 

GluA1 and GluA3, it remained unclear if the expression of the different types of AMPARs 

overlaps. GluA3-containing AMPARs are able to replace GluA1-containing AMPARs at 

synapses (Shi et al., 2001; Renner et al., 2017). Therefore, the same synaptic location can 

support the expression of both GluA1- and GluA3-containing AMPARs. Based on our variance 

analysis we suggest that these two different AMPAR subtypes indeed have access to the same 

population of Sc-CA1 synapses and can therefore both be expressed in an intermixed manner 

at these hippocampal synapses. 

More is known about how the different subtypes of NMDARs are distributed at 

hippocampal synapses. Sobczyk et al. (2005) suggested that large spines may lack GluN2B-

containing NMDARs, implying that different types of NMDARs are at least partly segregated 

between different synapses. However, this might not always be the case, as synapses 

containing both GluN2A- and GluN2B-containing NMDARs have also been reported 

(Kellermayer et al., 2018). A synapse can contain multiple distinct postsynaptic nanodomains 

containing a high density of glutamatergic receptors, which lie directly opposite presynaptic 
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release sites (MacGillavry et al., 2013; Tang et al., 2016). In synapses expressing both GluN2A- 

and GluN2B-containing NMDARs, the different subtypes of NMDARs seem to be expressed in 

different, mostly non-overlapping nanodomains (Kellermayer et al., 2018). However, in this 

case it is not known whether a released vesicle of glutamate reaches both types of receptors 

or if the different types of NMDARs are also functionally segregated, with a release event 

delivering glutamate to only one type of NMDAR. Using variance analysis on 

electrophysiological recordings in combination with dendritic calcium imaging we show that 

there is indeed a clear separation of GluN2A- and GluN2B-containing NMDARs at the 

functional level. This functional segregation of GluN2A- and GluN2B-containing NMDARs 

might be attained by a segregation between synapses and/or by a segregation between 

nanodomains within the same synapses. 

Interestingly, the results from the imaging experiment showed that Ro 25-6981 wash-

in either had no effect on a synapse or completely silenced the synapse. A straightforward 

explanation for these findings is that the imaged synapses either only contain one 

nanodomain or multiple nanodomains with exclusively the same NMDAR subtype. It is 

possible that the amplitude of calcium transients at non-silenced synapses is not changed 

upon Ro 25-6981 wash-in even if they contain both nanodomains expressing GluN2A-

containing NMDARs and nanodomains expressing GluN2B-containing NMDARs, if electrical 

stimulation in some cases only causes a vesicle to be released at one (type of) nanodomain 

and in other cases only upon the other, with no multivesicular release, and the nanodomains 

produce a response of similar size. In this case, the success rate of stimulation at these 

synapses would be decreased upon wash-in of Ro 25-6981 rather than the amplitude of the 

synaptic calcium transients. However, the success rate of stimulation at these synapses was 

not decreased significantly more upon wash-in of Ro 25-6981 than after not washing in a drug 

(p = 0.142), excluding this possibility. We can however not exclude the possibility that an 

imaged synapse contains multiple nanodomains of which some expressed GluN2A-containing 

NMDARs and others GluN2B-containing NMDARs, but that only the release site(s) opposing 

one (type of) nanodomain was active upon electrical stimulation for the duration of the 

experiment. 

There was a discrepancy between our electrophysiology and imaging experiments in 

the magnitude of the effect of Ro 25-6981 wash-in. Whereas our variance analysis implies that 

over half of the synapses are sensitive to Ro 25-6981, only a small proportion of synapses (3 
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out of 21) became inactive in the imaging experiment. Synapse selection in the imaging 

experiment might be biased towards synapses that do not contain GluN2B, because GluN2B 

subunits are enriched at smaller synapses (Sobczyk et al., 2005; Shinohara & Hirase, 2009). 

Small synapses with only one or a few NMDARs might not produce sufficient calcium influx to 

induce a detectable change in fluorescence level. Furthermore, since we only included 

synapses that showed at least one calcium transient per recording, synapses with a very low 

release probability would most likely be excluded from analysis. Finally, we only imaged Sc-

CA1 synapses 80 – 300 μm from the soma in the stratum radiatum, and it has been shown that 

there are differences in the proportion of synapses with GluN2B-containing NMDARs between 

afferent inputs and/or locations (Kawakami et al., 2003; Arrigoni & Greene, 2004). It would be 

interesting to see if the majority of the synapses would become inactive when a specific 

blocker of GluN2A-containing NMDARs is washed in during the same imaging protocol. 

There might also be a population of triheteromeric GluN1/GluN2A/GluN2Bs in our 

organotypic slices, as seems to be the case at hippocampal synapses in acute slices of older 

mice (Gray et al., 2011; Rauner & Köhr, 2011). If so, it remains unclear how these 

triheteromeric receptors are distributed within the Sc-CA1 synapse, because it is not precisely 

known to what extent 3 µM Ro 25-6981 blocks currents mediated by GluN1/GluN2A/GluN2Bs. 

GluN2A and GluN2B subunits confer distinct biophysical properties on NMDARs, 

including open-channel probability and channel kinetics (Cull-Candy et al., 2001; Wyllie et al., 

2013). Furthermore, as mentioned above, the NMDAR subtype composition of a synapse 

influences the likelihood of plasticity induction at that synapse. Therefore, the segregation of 

NMDAR subtypes at Sc-CA1 synapses implies that synaptic plasticity rules might vary greatly 

between synapses, or, for those synapses containing multiple nanodomains, even between 

different release sites within the same synapse.  
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Abstract 

The accumulation of the amyloid-β (Aβ) peptide in the brain, as seen in Alzheimer’s disease 

pathology, is known to perturb synapses. Aβ-oligomers cause weakening of both synaptic 

AMPA-receptor (AMPAR) and NMDA-receptor (NMDAR) currents. To gain insight into the 

mechanisms underlying Aβ-induced synaptic depression, we performed variance analysis on 

AMPAR and NMDAR currents recorded from CA1 neurons that overproduce Aβ oligomers. We 

find that Aβ-induced AMPAR depression is caused by both a loss of functional synapses and a 

reduced AMPAR strength in the remaining synapses. Aβ-mediated NMDAR depression is 

mainly a consequence of the loss of functional synapses, while NMDAR currents in the residual 

synapses remain largely unaffected. GluA3-deficient neurons are protected against both the 

Aβ-mediated reduction in AMPAR strength and synapse loss. However, GluA3-deficient 

neurons are not completely insensitive to Aβ, since the average number or conductance of 

GluN2A-containing NMDARs per GluN2A-containing synapse is increased in GluA3-deficient 

neurons that overproduce Aβ. In GluN2A-deficient neurons, the Aβ-driven reduction in 

postsynaptic AMPAR strength still takes place, but GluN2A-deficient neurons are protected 

against Aβ-induced NMDAR depression and synapse loss. Based on these findings, we 

conclude that both AMPAR subunit GluA3 and NMDAR subunit GluN2A play a key role in the 

effects of Aβ on synapses. We propose a model in which Aβ triggers both the removal of 

GluA3-containing AMPARs and a change in GluN2A-containing NMDARs at synapses, and 

when both occur this leads to the loss of synapses. Understanding the Aβ-driven signaling 

cascade may offer insight into which interventions could be promising in therapies for 

Alzheimer’s disease.  
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Introduction 

The accumulation of the amyloid-β (Aβ) peptide in the brain, as seen in Alzheimer’s disease 

pathology, is known to perturb synapses (Mucke & Selkoe, 2012). Once aggregated into small 

soluble oligomeric clusters, Aβ-oligomers cause synaptic weakening of both AMPA-receptor 

(AMPAR) and NMDA-receptor (NMDAR) currents, a reduced ability for synaptic strengthening 

and a loss of synapses (Walsh et al., 2002; Kamenetz et al., 2003; Shankar et al., 2007; Kessels 

et al., 2013). These phenomena are thought to be crucially involved in the cognitive decline 

seen in the early stage of Alzheimer’s disease. The detailed mechanism of Aβ-induced synaptic 

depression of AMPAR and NMDAR currents is however not clear.  

Several studies have shown that blocking NMDAR activation can attenuate the effects 

of Aβ on synapses (Kamenetz et al., 2003; Shankar et al., 2007; Wei et al., 2010; Kessels et al., 

2013), demonstrating that NMDAR activity plays an important role in Aβ-induced synapse 

dysfunction. NMDARs are tetramers consisting of two GluN1 subunits and two GluN2 or GluN3 

subunits (Paoletti et al., 2013). At hippocampal synapses, the most commonly postsynaptically 

expressed NMDARs are composed of GluN1/GluN2A heterodimers and/or GluN1/GluN2B 

heterodimers. The NMDAR subunit composition at synapses changes during development: 

immature neurons predominantly express GluN2B-containing NMDARs at synapses, which 

during maturation are largely replaced by GluN2A-containing ones (Barria & Malinow, 2002; 

Bellone & Nicoll, 2007; Yashiro & Philpot, 2008). GluN2B-containing NMDARs have been found 

to play an important role in the Aβ-induced synapse dysfunction in hippocampal neurons. 

Pharmacological inhibition of GluN2B-containing NMDARs prevents the Aβ-driven block in LTP 

(Hu et al., 2009; Rönicke et al., 2011) and Aβ-induced synaptic depression (Kessels et al., 

2013). In addition, exposure to elevated Aβ levels leads to endocytosis of GluN2B-containing 

NMDARs (Snyder et al., 2005), resulting in a selective reduction of synaptic currents mediated 

by GluN2B-containing NMDARs (Kessels et al., 2013; Reinders et al., 2016). How GluN2A-

containing NMDARs contribute to Aβ-induced toxicity remains controversial. Aβ oligomers 

were shown to be capable of activating GluN2A-containing NMDARs (Texidó et al., 2011) and 

the genetic deletion of GluN2A protects hippocampal neurons from Aβ-induced dendritic 

spine loss (Tackenberg et al., 2013) and synaptic depression (Müller et al., 2018). However, 

the pharmacological inhibition of GluN2A-containing NMDARs does not prevent Aβ-driven 

effects on synapses (Kessels et al., 2013), suggesting Aβ might not mediate synaptotoxic 
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effects via GluN2A-containing NMDARs by activating them, but through another mechanism. 

This is supported by the fact that activation of GluN2A-containing NMDARs has been 

implicated in neuroprotective pathways (Liu et al., 2007) and improves cognitive functions in 

a mouse model of Alzheimer’s disease (Hanson et al., 2020). 

Aβ triggers an NMDAR-driven signaling pathway leading to depression of AMPAR 

currents (Kamenetz et al., 2003). AMPARs are also tetramers built out of two dimers. 

Pyramidal neurons in the hippocampus predominantly contain two types of AMPARs: those 

consisting of GluA1/GluA2 heterodimers and those consisting of GluA2/GluA3 heterodimers, 

with a smaller population of GluA1-homomers (Wenthold et al., 1996). The GluA2 subunit 

plays a central role in Aβ-induced synaptic changes (Zhao et al., 2010). Aβ drives the 

endocytosis of surface GluA2-containing AMPARs, and when this endocytosis is blocked, Aβ-

oligomers fail to trigger a reduction in both spine number and NMDAR currents (Hsieh et al., 

2006; Miyamoto et al., 2016). The loss of surface GluA2 is substantially larger than that of 

GluA1, suggesting that mostly GluA2/GluA3s are targeted by Aβ (Alfonso et al., 2014). Indeed, 

neurons that lack GluA3 are fully protected against Aβ-induced synaptic perturbations 

(Reinders et al., 2016), including Aβ-driven AMPAR depression, but also NMDAR depression 

and spine loss. Therefore, the question arises how AMPAR and NMDAR signaling interact in 

Aβ-driven synaptic depression. 

Here we use variance analysis to assess the mechanisms underlying changes at 

Schaffer collateral-CA1 (Sc-CA1) synapses in organotypic slices that overproduce Aβ. We 

hypothesize how these different Aβ-driven synaptic changes are related: do they occur 

independently, does the same signaling pathway cause all synaptic changes, or does one 

synaptic change cause the next? 

 

Materials and Methods 

Mice 

Male and female C57BL/6 mice, GluA3-deficient mice (Gria3tm1Dgen/Mmnc; Mutant Mouse 

Regional Resource Center, Davis, CA), and GluN2A-deficient mice were used in this study. 

GluA3-deficient mice were backcrossed to C57BL/6 mice at least six times. GluN2A-deficient 

mice were in a C57BL/6 background and were a kind gift from the Hospital for Sick Children, 

Toronto. The mice were kept on a twelve hour day-night cycle and the dams had ad libitum 
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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) and all 

experiments were approved by the experimental animal committee (DEC) of the Royal 

Netherlands Academy of Sciences (KNAW) or of the University of California, San Diego. 

 

Electrophysiology 

Organotypic hippocampal slices were prepared from P6-8 mice as described previously 

(Stoppini et al., 1991) and were used at 7-12 days in culture. A construct of APPCT100+tdTomato 

was cloned into a pSinRep5 shuttle vector, and infective Sindbis pseudo viruses were produced 

according to the manufacturer’s protocol (Invitrogen BV). Viral vector injection into the CA1 

of the hippocampal slices was performed using glass pipettes attached to a Picospritzer 

(General Valve, Fairfield, NJ, United States). Before recording, a cut was made between CA3 

and CA1 to prevent stimulus-induced bursting / recurrent activity. Two stimulating electrodes 

(two-contact Pt/Ir cluster electrodes; FHC) were placed between 100 and 300 μm down the 

apical dendrites, 200 μm apart laterally. Whole-cell recordings were made using 3–5 MΩ 

pipettes from borosilicate glass (Harvard Apparatus UK; Raccess <20 MΩ and Rinput > 10x Raccess) 

with an internal solution containing 115 mM CsMeSO3, 20 mM CsCl, 10 mM HEPES, 2.5 mM 

MgCl2, 4 mM Na2-ATP, 0.4 mM Na-GTP, 10 mM sodium phosphocreatine, and 0.6 mM EGTA, 

at pH 7.25. During recordings, the slices were perfused with artificial cerebrospinal fluid (ACSF) 

containing 118 mM NaCl, 2.5 mM KCl, 26 mM NaHCO3, and 1 mM NaH2PO4, gassed with 5 % 

CO2/95 % O2 at 29 °C, supplemented with 22 mM glucose, 4 mM MgCl2, 4 mM CaCl2, and 100 

μM picrotoxin (Sigma). EPSCs were evoked with electrical stimulation (100 μs duration) at an 

inter-stimulus interval of 3 s. AMPAR-mediated EPSCs following stimulation 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 electrical stimulation at +40 mV, and corrected 

by the current at 0 mV for the AMPA/NMDA ratio, or as the peak outward current when 

recorded in the presence of NBQX (3 μM; Tocris). EPSCs mediated specifically by GluN2A-

containing NMDARs were recorded after washing in Ro 25-6981 (3 μM; Tocris). Data were 

acquired using a Multiclamp 700B amplifier (Molecular Devices). Signals were sampled at 10 

kHz and filtered at 3 kHz. The recordings were analyzed using pClamp 10 software (Molecular 

Devices) or custom software written in Igor Pro (WaveMetrics). Variance analysis was 

performed as described previously (van Huijstee & Kessels, 2020). 
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Statistics 

The Shapiro-Wilk normality test was used to test whether (the differences between) groups 

were normally distributed. To detect differences between two paired groups, the paired t-test 

or the Wilcoxon matched-pairs signed rank test (if for a variable the differences between the 

two groups were not normally distributed in all conditions) was used. To detect differences 

between two unpaired groups, the unpaired t-test (with Welch’s correction, since the 

homogeneity of variance assumption was broken) was used. The one sample t-test was used 

to test whether a log2 fold change was significantly different from 0. For all tests, p < 0.05 was 

considered significant. 

 

Results 

Variance analysis on amyloid-β-induced synaptic depression 

We used an experimental model system to study the effects of Aβ on synapses (Kamenetz et 

al., 2003; Hsieh et al., 2006; Kessels et al., 2010; Wei et al., 2010; Kessels et al., 2013; Reinders 

et al., 2016), in which CA1 neurons in organotypic hippocampal slices were sparsely (<10%) 

infected with Sindbis virus expressing APPCT100, the β-secretase product of the amyloid 

precursor protein (APP) and precursor to Aβ, together with tdTomato fluorescent protein 

under the control of a second subgenomic promoter (Reinders et al., 2016). Twenty to thirty 

hours after viral infection, synaptic currents evoked by electrical stimulation of Sc-inputs were 

measured simultaneously from tdTomato-expressing and neighboring uninfected pyramidal 

CA1 neurons, allowing us to make paired comparisons of Sc-CA1 synaptic currents between 

two CA1 neurons that receive the same Sc-axonal input. We note that under these 

experimental conditions, Sindbis infection does not affect electrophysiological properties of 

neurons (Uyaniker et al., 2019) and that synaptic changes in APPCT100-expressing neurons are 

caused by the production of oligomeric Aβ (Kessels et al., 2013). As described previously 

(Reinders et al., 2016), the average AMPAR current amplitude of neurons that expressed 

APPCT100 was 35% decreased (p = 0.0003; Fig. 1A,B). To make a prediction on which synaptic 

parameters were affected in APPCT100-expressing CA1 neurons, we performed variance 

analysis, calculating both the 1/CV2 and variance-to-mean ratio (VMR) of AMPAR and NMDAR 

currents (van Huijstee & Kessels, 2020). The 1/CV2 depends on the number of functional 

vesicle release sites (i.e. functional synapses) and the probability of vesicle release, but not on 
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postsynaptic strength. The average 1/CV2 of AMPAR-mediated EPSCs was significantly 

reduced by 21% in APPCT100-expressing CA1 neurons (p = 0.0498; Fig. 1C), suggesting a reduced 

release probability and/or a lower number of AMPAR-containing synapses. The VMR is 

dependent on postsynaptic strength and inversely related to the probability of vesicle release, 

but is independent of the number of functional synapses. The average VMR of the AMPAR 

currents was decreased by 25% upon APPCT100-expression (p = 0.007; Fig. 1D), which excludes 

a notable reduction of release probability and suggests a reduction in postsynaptic AMPAR 

strength. Combined, this variance analysis predicts that Aβ-mediated synaptic AMPAR 

depression is predominantly a result of a reduction in postsynaptic AMPAR strength, 

combined with a reduced number of AMPAR-containing synapses. Whether this is caused by 

the silencing of synapses or by a physical loss of synapses can be determined by including 

NMDAR currents in the analysis. 

To assess the effect of Aβ on NMDARs at synapses, we also compared NMDAR currents 

between the same APPCT100-expressing and neighboring uninfected CA1 neurons. NMDAR-

mediated EPSCs were recorded at +40 mV to remove the Mg2+ block and quantified as the 

mean outward current between 40 and 90 ms after stimulation to avoid contamination with 

AMPAR currents (Fig. 1E). Although the average NMDAR current amplitude of APPCT100-

expressing neurons was decreased nonsignificantly with 18% (p = 0.111; Fig. 1F), variance 

analysis revealed a significant decrease in the 1/CV2 of NMDAR-mediated EPSCs (-39%; p = 

0.041; Fig. 1G). The VMR of the NMDAR currents did not change significantly (+9%; p = 0.353; 

Fig. 1H). These data suggest that Aβ-driven depression of NMDAR currents is predominantly a 

consequence of a loss of NMDAR-containing synapses, while NMDAR currents in the 

remaining synapses are largely unchanged. 

To directly compare between AMPAR and NMDAR currents in Aβ-overproducing CA1 

neurons, we analyzed the AMPA/NMDA ratios derived from the above simultaneous 

recordings from APPCT100-expressing and neighboring uninfected CA1 neurons (Fig. 1I). The 

average AMPA/NMDA ratio was 22% reduced in APPCT100-expressing neurons (p = 0.012; Fig. 

1J), indicating a larger effect on AMPAR currents than on NMDAR currents. To assess whether 

the AMPAR depression leads to the generation of silent synapses, we calculated the 1/CV2AMPA 

/ 1/CV2NMDA ratio. This ratio remained unchanged in APPCT100-expressing neurons at a value 

close to one (-0.4%; p = 0.412; Fig. 1K), indicating that Aβ-overproduction does not lead to the 

silencing of synapses. The average VMRAMPA / VMRNMDA ratio was reduced by 37% in APPCT100-
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expressing neurons (p = 0.020; Fig. 1L), indicating that indeed the quantal size of postsynaptic 

AMPAR currents is more affected than that of NMDAR currents at the remaining Sc-CA1 

synapses onto Aβ-overproducing neurons. 

 

 
Figure 1: Aβ-induced synaptic depression is caused by the loss of synapses and a reduced 

postsynaptic AMPAR strength in the remaining synapses. 

(A-D) Simultaneous recordings of AMPAR-mediated EPSCs from APPCT100-infected and neighboring 

uninfected neurons of wild-type mice. Shown are example traces of individual EPSCs (A), line plots of 



549633-L-bw-vanHuijstee549633-L-bw-vanHuijstee549633-L-bw-vanHuijstee549633-L-bw-vanHuijstee
Processed on: 13-10-2020Processed on: 13-10-2020Processed on: 13-10-2020Processed on: 13-10-2020 PDF page: 89PDF page: 89PDF page: 89PDF page: 89

4

4. Amyloid-β-induced synapse loss requires the presence of GluA3 and GluN2A

89 
 

the mean EPSC amplitudes (individual recordings in grey, average in black; n = 32) (B), 1/CV2 values (C), 

and VMR values (D). (E-H) Simultaneous recordings of NMDAR-mediated EPSCs from the same 

APPCT100-infected and neighboring uninfected neurons. Shown are example traces of individual EPSCs 

(E), line plots of the mean EPSC amplitudes (individual recordings in grey, average in black; n = 26) (F), 

1/CV2 values (G), and VMR values (H). (I-L) AMPA/NMDA ratios from the same APPCT100-infected and 

neighboring uninfected neurons. Shown are example traces of individual EPSCs (I), line plots of 

AMPA/NMDA ratios (individual recordings in grey, average in black; n = 28) (J), (1/CV2)AMPA/(1/CV2)NMDA 

ratios (K), and VMRAMPA/VMRNMDA ratios (L). Error bars indicate SEM, * indicates p < 0.05, ** indicates 

p < 0.01, *** indicates p < 0.001. 

 

To get a more precise measurement of NMDAR currents, we compared NMDAR peak currents 

between APPCT100-expressing and neighboring uninfected CA1 neurons, which were 

simultaneously recorded at +40 mV and in the presence of AMPAR antagonist NBQX (Fig. 2A). 

The average NMDAR current amplitude was 15% decreased in APPCT100-expressing neurons (p 

= 0.005; Fig. 2B). Whereas the average 1/CV2 of NMDAR-mediated EPSCs was significantly 

reduced by 17% (p = 0.0095; Fig. 2C), the VMR remained on average unchanged (+1%; p = 

0.966; Fig. 2D). This finding confirms that Aβ-driven depression of NMDAR currents 

corresponds with a loss of functional synapses. 

To assess whether the loss of NMDAR-containing synapses is dependent on subunit 

composition, NMDAR current recordings after wash-in of the GluN2B specific blocker Ro 25-

6981 were also analyzed, permitting examination of NMDAR currents mediated by GluN2A-

containing receptors (Fig. 2E). As shown before (Kessels et al., 2013; Reinders et al., 2016), 

after Ro 25-6981 wash-in, NMDAR currents were similar whether or not the neuron expressed 

APPCT100 (-4%; p = 0.190; Fig. 2F), indicating that Aβ did not significantly alter NMDAR currents 

mediated by GluN2A-containing receptors. As for all NMDAR currents combined, the VMR of 

EPSCs mediated by GluN2A-containing NMDARs did not change significantly in APPCT100-

expressing neurons (+9%; p = 0.284; Fig. 2H). However, unlike before the wash-in of Ro 25-

6981, the 1/CV2 of EPSCs mediated by GluN2A-containing NMDARs also did not change 

significantly (on average +7%; p = 0.413; Fig. 2G). The possibility that Ro 25-6981 is capable of 

rapidly neutralizing Aβ-mediated effects on synapses can be omitted, since acute Ro 25-6981 

wash-in does not affect synaptic AMPAR transmission in APPCT100-expressing neurons (Kessels 
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et al., 2013). These results demonstrate that Aβ selectively depletes synapses that contain 

NMDAR subunit GluN2B. 

 

 
Figure 2: GluN2B-expressing synapses are lost in Aβ-induced synaptic depression. 

(A-D) Simultaneous recordings of NMDAR-mediated EPSCs from APPCT100-infected and neighboring 

uninfected neurons of wild-type mice in the presence of NBQX. Shown are example traces of individual 

EPSCs (A), line plots of the mean EPSC amplitudes (individual recordings in grey, average in black; n = 

24) (B), 1/CV2 values (C), and VMR values (D). (E-H) Simultaneous recordings of NMDAR currents 

mediated by GluN2A-containing receptors from the same APPCT100-infected and neighboring 

uninfected neurons in the presence of NBQX after wash-in of Ro 25-6981. Shown are example traces 

of individual EPSCs (E), line plots of the mean EPSC amplitudes (individual recordings in grey, average 

in black; n = 17) (F), 1/CV2 values (G), and VMR values (H). Error bars indicate SEM, ** indicates p < 

0.01. 

 

All in all, variance analysis suggests that Aβ-oligomers affect NMDARs differently than 

AMPARs. An equivalent decrease in 1/CV2 of AMPAR- and NMDAR-mediated EPSCs upon 

APPCT100-expression, combined with a decrease in the VMR of AMPAR- but not NMDAR-
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mediated EPSCs (Fig. 3) predicts that proportional amounts of both AMPAR and NMDAR 

currents disappear together with synapse loss, while the remaining synapses contain reduced 

AMPAR currents but normal NMDAR currents. 

 

 
Figure 3: Aβ-oligomers affect NMDARs differently than AMPARs: while NMDAR currents disappear 

together with synapse loss, the remaining synapses contain reduced AMPAR currents but normal 

NMDAR currents. 

Log2 fold change in the mean amplitude, 1/CV2 and VMR of AMPAR-mediated EPSCs (black) and 

NMDAR-mediated EPSCs recorded in the presence of NBQX (grey) upon APPCT100 expression (left) and 

relative change in VMR and 1/CV2 values of AMPAR currents (black arrow) and NMDAR currents (grey 

arrow) as a consequence of APPCT100-expression (right). Error bars indicate SEM, * indicates p < 0.05, 

** indicates p < 0.01, *** indicates p < 0.001. 

 

Variance analysis on the effect of amyloid-β in GluA3-deficient mice 

Neurons that lack AMPAR subunit GluA3 are protected against Aβ-induced synaptic 

depression (Reinders et al., 2016); AMPAR current amplitude was unaffected by APPCT100 

expression in pyramidal CA1 neurons of GluA3-deficient mice (p = 0.924; Fig. 4A,B), with no 

change in both 1/CV2 (p = 0.404; Fig. 4C) and the VMR (p = 0.927; Fig. 4D) of the AMPAR-

mediated EPSCs. The amplitude of the NMDAR-mediated EPSCs measured in the same GluA3-

deficient cells (Fig. 4E) was also not significantly different between APPCT100-expressing and 

neighboring uninfected neurons (p = 0.839; Fig. 4F). However, whereas the 1/CV2 of the 

NMDAR-mediated EPSCs remained unaltered in APPCT100-expressing neurons (p = 0.455; Fig. 

4G), there was a trend toward an increase in the VMR (p = 0.057; Fig. 4H), indicating a potential 

increase in postsynaptic NMDAR strength in APPCT100-expressing neurons. Similarly, the 

AMPA/NMDA ratio (p = 0.787; Fig. 4I,J) and the 1/CV2AMPA / 1/CV2NMDA ratio (p = 0.376; Fig. 4K) 
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remained unchanged in APPCT100-expressing neurons, with a nonsignificant decrease in the 

VMRAMPA / VMRNMDA ratio (p = 0.147; Fig. 4L). 

 

 
Figure 4: GluA3-deficient mice are protected from both components of Aβ-induced synaptic 

depression. 

(A-D) Simultaneous recordings of AMPAR-mediated EPSCs from APPCT100-infected and neighboring 

uninfected neurons of GluA3-deficient mice. Shown are example traces of individual EPSCs (A), line 

plots of the mean EPSC amplitudes (individual recordings in light blue, average in dark blue; n = 17) (B), 

1/CV2 values (C), and VMR values (D). (E-H) Simultaneous recordings of NMDAR-mediated EPSCs from 
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the same APPCT100-infected and neighboring uninfected neurons. Shown are example traces of 

individual EPSCs (E), line plots of the mean EPSC amplitudes (individual recordings in light blue, average 

in dark blue; n = 13) (F), 1/CV2 values (G), and VMR values (H). (I-L) AMPA/NMDA ratios from the same 

APPCT100-infected and neighboring uninfected neurons. Shown are example traces of individual EPSCs 

(I), line plots of AMPA/NMDA ratios (individual recordings in light blue, average in dark blue; n = 13) 

(J), (1/CV2)AMPA/(1/CV2)NMDA ratios (K), and VMRAMPA/VMRNMDA ratios (L). Error bars indicate SEM. 

 

To more precisely examine NMDAR currents in Aβ-overproducing GluA3-deficient CA1 

neurons, we compared NMDAR peak currents between APPCT100-expressing and neighboring 

uninfected CA1 neurons recorded at +40 mV in the presence of NBQX (Fig. 5A). Whereas the 

amplitude (p = 0.216; Fig. 5B) and 1/CV2 (p = 0.215; Fig. 5C) of the NMDAR-mediated EPSCs 

were not significantly different between APPCT100-expressing and neighboring uninfected 

neurons, the VMR of the NMDAR-mediated EPSCs was significantly increased by on average 

22% (p = 0.018; Fig. 5D). After washing in Ro 25-6981 to isolate EPSCs mediated by GluN2A-

containing NMDARs (Fig. 5E), the amplitude (p = 0.135; Fig. 5F) and 1/CV2 (p = 0.054; Fig. 5G) 

of the NMDAR-mediated EPSCs were again not significantly different between APPCT100-

expressing and neighboring uninfected neurons. However, the VMR was significantly 

increased by on average 37% (p = 0.013; Fig. 5H), suggesting that Aβ specifically increases 

postsynaptic strength through GluN2A-containing NMDARs. Thus, by virtue of using variance 

analysis we predict that synapses of GluA3-deficient neurons are not completely inert to Aβ: 

besides their protection against the Aβ-mediated reduction in postsynaptic AMPAR strength 

and synapse loss, the number or conductance of GluN2A-containing NMDARs is increased in 

GluA3-deficient neurons overproducing Aβ. However, revisiting the observations that the 

amplitude of the NMDAR currents mediated by GluN2A-containing receptors did not increase, 

and the 1/CV2 was almost significantly decreased by on average 12%, it seems that the effects 

of Aβ on GluN2A-containing NMDARs might be more complex. A potential scenario would be 

that there are also synapses that lose their GluN2A-containing NMDARs, possibly selectively 

those synapses with few GluN2A-containing NMDARs, which would further boost the increase 

in the VMR. 
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Figure 5: Aβ increases the average number or conductance of GluN2A-containing NMDARs per 

GluN2A-containing synapse in GluA3-deficient mice. (A-D) Simultaneous recordings of NMDAR-

mediated EPSCs from APPCT100-infected and neighboring uninfected neurons of GluA3-deficient mice 

in the presence of NBQX. Shown are example traces of individual EPSCs (A), line plots of the mean EPSC 

amplitudes (individual recordings in light blue, average in dark blue; n = 15) (B), 1/CV2 values (C), and 

VMR values (D). (E-H) Simultaneous recordings of NMDAR currents mediated by GluN2A-containing 

receptors from the same APPCT100-infected and neighboring uninfected neurons in the presence of 

NBQX after wash-in of Ro 25-6981. Shown are example traces of individual EPSCs (E), line plots of the 

mean EPSC amplitudes (individual recordings in light blue, average in dark blue; n = 15) (F), 1/CV2 values 

(G), and VMR values (H). Error bars indicate SEM, * indicates p < 0.05. 
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Aβ-induced synaptic depression in GluN2A-deficient mice 

We next investigated the involvement of the NMDAR subunit GluN2A in Aβ-induced synaptic 

depression by testing if exposure to elevated Aβ levels leads to a depression in synaptic 

currents in mice that lack GluN2A and performing variance analysis on the recorded synaptic 

currents. In GluN2A-deficient APPCT100-expressing neurons, the average AMPAR current 

amplitude was 23% decreased (p = 0.024; Fig. 6A,B). Unlike in wild-type neurons, this decrease 

in synaptic currents was not associated with a significant change in the value of 1/CV2 (p = 

0.768; Fig. 6C). However, similarly to wild-type neurons, APPCT100 expression did result in a 

33% decrease in the average VMR (p = 0.045; Fig. 6D). This suggests that in GluN2A-deficient 

neurons Aβ still causes a reduction in postsynaptic AMPAR strength, but no longer a loss of 

synapses. This notion was confirmed by comparing NMDAR currents between the same 

APPCT100-expressing and neighboring uninfected CA1 neurons (Fig. 6E). NMDAR current 

amplitudes were not significantly different in APPCT100-expressing cells (p = 0.229; Fig. 6F). 

Similarly, the 1/CV2 (p = 0.720; Fig. 6G) and VMR (p = 0.330; Fig. 6H) for the NMDAR currents 

did not significantly change upon APPCT100 expression. To directly compare between AMPAR 

and NMDAR currents in Aβ-overproducing CA1 neurons, we looked at AMPA/NMDA ratios 

derived from the above recordings for APPCT100-expressing and neighboring uninfected CA1 

neurons (Fig. 6I). In line with a selective reduction of AMPAR currents, the average 

AMPA/NMDA ratio was 22% reduced in APPCT100-expressing neurons (p = 0.018; Fig. 6J). The 

1/CV2AMPA / 1/CV2NMDA ratio remained unchanged (p = 0.489; Fig. 6K), which fits with the 

finding that Aβ-overproduction does not lead to a change in 1/CV2 for both AMPAR and 

NMDAR currents in GluN2A-deficient neurons. Although the VMRAMPA / VMRNMDA ratio was 

also not significantly different in APPCT100-expressing neurons (p = 0.277; Fig. 6L), the average 

VMRAMPA / VMRNMDA ratio was decreased by 27%, reflecting the overall emerging picture that 

the quantal size of postsynaptic AMPAR currents was affected in Sc-CA1 synapses onto Aβ-

overproducing neurons while that of NMDAR currents was not. 
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Figure 6: GluN2A-deficient mice are protected from Aβ-induced synapse loss. 

(A-D) Simultaneous recordings of AMPAR-mediated EPSCs from APPCT100-infected and neighboring 

uninfected neurons of GluN2A-deficient mice. Shown are example traces of individual EPSCs (A), line 

plots of the mean EPSC amplitudes (individual recordings in light green, average in dark green; n = 19) 

(B), 1/CV2 values (C), and VMR values (D). (E-H) Simultaneous recordings of NMDAR-mediated EPSCs 

from the same APPCT100-infected and neighboring uninfected neurons. Shown are example traces of 

individual EPSCs (E), line plots of the mean EPSC amplitudes (individual recordings in light green, 

average in dark green; n = 15) (F), 1/CV2 values (G), and VMR values (H). (I-L) AMPA/NMDA ratios from 

the same APPCT100-infected and neighboring uninfected neurons. Shown are example traces of 
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individual EPSCs (I), line plots of AMPA/NMDA ratios (individual recordings in light green, average in 

dark green; n = 15) (J), (1/CV2)AMPA/(1/CV2)NMDA ratios (K), and VMRAMPA/VMRNMDA ratios (L). Error bars 

indicate SEM, * indicates p < 0.05. 

 

To ensure that NMDARs were truly unaffected by Aβ expression in GluN2A-deficient mice, we 

compared NMDAR peak currents between APPCT100-expressing and neighboring uninfected 

CA1 neurons, which were recorded at +40 mV in the presence of NBQX (Fig. 7A). Again, 

NMDAR current amplitudes (p = 0.308; Fig. 7B), 1/CV2 (p = 0.420; Fig. 7C) and VMR (p = 0.938; 

Fig. 7D) values for NMDAR currents were not significantly different in APPCT100-expressing cells. 

This confirms that GluN2A-deficient mice are protected from NMDAR depression and Aβ-

induced synapse loss. 

 

 
Figure 7: GluN2A-deficient mice are protected from Aβ-induced NMDAR depression. (A-D) 

Simultaneous recordings of NMDAR-mediated EPSCs from APPCT100-infected and neighboring 

uninfected neurons of GluN2A-deficient mice in the presence of NBQX. Shown are example traces of 

individual EPSCs (A), line plots of the mean EPSC amplitudes (individual recordings in light green, 

average in dark green; n = 7) (B), 1/CV2 values (C), and VMR values (D). Error bars indicate SEM. 

 

Discussion 

We used variance analysis to gain more insight into the underlying mechanisms of Aβ-induced 

synaptic depression. We have previously shown that although variance analysis cannot be 

used to quantify the absolute values of presynaptic release probability, postsynaptic strength 

and the number of functional synapses, it can provide a reliable prediction of the contribution 

of changes in these parameters to synaptic modulation at Sc-CA1 synapses (van Huijstee & 
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Kessels, 2020). Our analysis revealed that Aβ-mediated synaptic depression consists of two 

components: the loss of functional synapses and a reduced AMPAR strength in the remaining 

synapses. Aβ-mediated synaptic depression is therefore different for AMPARs and NMDARs: 

the reduction in NMDAR currents corresponds to the loss of synapses while the reduction in 

AMPAR currents also leads to the weakening of the remaining synapses. The loss of functional 

synapses was predicted to lie between 17 and 39%, which correlates well with the observed 

20-30% spine loss in the same model system (Kessels et al., 2010; Reinders et al., 2016).  

Our variance analysis demonstrated that presynaptic changes do not make a significant 

contribution to the Aβ-driven synaptic depression in our experiments, which is in line with the 

absence of a significant change in PPR in this model system (Kamenetz et al., 2003). In our 

model, Aβ is only being produced at the postsynaptic site of CA1 neurons, since APPCT100 is 

expressed by only a fraction of CA1 neurons in an organotypic hippocampal slice, which 

release Aβ-oligomers that only affect spines from nearby uninfected neurons up to 

approximately 10 μm distance (Wei et al., 2010). However, the enzymatic machinery required 

for production of Aβ peptides is operative both in presynaptic and postsynaptic compartments 

(Wei et al., 2010; DeBoer et al., 2014) and in other models in which neurons are exposed to 

high levels of Aβ-oligomers for more than 24 hours, both depression of postsynaptic currents 

and a decrease in presynaptic release probability were observed (Ting et al., 2007; He et al., 

2019). This suggests that either Aβ needs to be produced at presynaptic compartments to 

cause a substantial decrease in presynaptic release probability or that neurons must be 

exposed to Aβ for more than 24 hours. 

AMPAR endocytosis upon APPCT100 expression is dependent on metabotropic signaling 

of GluN2B-containing NMDARs (Kessels et al., 2013). Furthermore, the AMPARs that are 

removed are most likely GluA2/3s (Alfonso et al., 2014). Aβ-mediated AMPAR removal has 

been shown to be necessary for synapse loss and NMDAR depression to occur. When AMPAR 

endocytosis is blocked, Aβ-oligomers fail to trigger a reduction in both spine number and 

NMDAR currents (Hsieh et al., 2006; Miyamoto et al., 2016). In addition, neurons that lack 

AMPAR subunit GluA3 are not only fully resistant to Aβ-driven AMPAR depression, but also to 

NMDAR depression and spine loss. However, we here show that AMPAR endocytosis is not 

sufficient for synapse and NMDAR loss, since GluN2A-deficient neurons show intact AMPAR 

endocytosis upon APPCT100 expression but no loss of NMDAR currents and synapses. Therefore, 

the loss of synapses and NMDAR currents also requires a second, GluN2A-dependent process. 
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Our study therefore provides supporting evidence for previous studies (Tackenberg et al., 

2013; Müller et al., 2018) that GluN2A-containing NMDARs play a critical role in Aβ-mediated 

synaptic depression. 

Using variance analysis we demonstrate that GluA3-deficient mice are not completely 

inert to Aβ. Exposure to elevated Aβ levels increased the average number or conductance of 

GluN2A-containing NMDARs per GluN2A-containing synapse. It is unclear whether this also 

occurs in wild-type animals. It is possible that the effects of Aβ on GluN2A-containing NMDARs 

as seen in GluA3-deficient mice are some of the first steps in the signaling cascade initiated by 

Aβ. In such a scenario, these steps become visible in GluA3-deficient mice because the lack of 

GluA3 prevents the occurrence of the rest of the Aβ-mediated synaptic changes, while in wild-

type animals the increase in the average number or conductance of GluN2A-containing 

NMDARs per GluN2A-containing synapse is undone at some point during the following 

signaling cascade. Alternatively, this increase could be unique to GluA3-deficient neurons. 

One explanation for the fact that Aβ-mediated synaptic depression consists of multiple 

components is that Aβ oligomers have a broad range of binding partners, including NMDARs 

(Lacor et al., 2004; Verdier et al., 2004). Another explanation for the diversity in effects is that 

the Aβ signaling cascade involves kinases, which have multiple targets themselves. For 

example, it was shown that protein kinase Cα (PKCα) is required for Aβ to produce synaptic 

depression (Alfonso et al., 2016). The phosphorylation of the GluA2 or GluA3 C-terminal by 

PKCα permits PICK1 binding, which leads to AMPAR endocytosis (Terashima et al., 2008; 

Alfonso et al., 2014). Furthermore, PKC increases the NMDAR channel opening rate and 

plasma membrane insertion of GluN2A-containing NMDARs (Lan et al., 2001). This might be 

in line with our observation that exposure to elevated Aβ levels increases the VMR of EPSCs 

mediated by GluN2A-containing NMDARs in GluA3-deficient mice. It is possible that this 

increase only occurs in GluA3-deficient neurons given that PKC in wild-type animals also 

phosphorylates GluA2/3s. Therefore, the chance of PKC phosphorylating GluN2A-containing 

NMDARs could be increased in the absence of GluA2/3s to bind, leading to a bigger effect on 

currents of GluN2A-containing NMDARs. 

NMDAR depression and synapse loss go hand in hand in Aβ-induced synaptic 

depression. However, it is not clear if GluN2B-containing NMDARs are lost because synapses 

disappear or if upon the removal of GluN2B-containing NMDARs, the synapse is lost (possibly 

including the disintegration of the spine). Spine structures appear indeed dependent on the 
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presence of NMDARs. The genetic depletion or reduced synaptic expression of NMDARs, 

specifically those containing subunit GluN2B, leads to destabilization of spine structures 

(Gambrill & Barria, 2011; Gray et al., 2011). Interestingly, Aβ-oligomers selectively remove 

synapses that express GluN2B-containing NMDARs. These studies used model systems with 

relatively young neurons in which the contribution of GluN2B to synaptic NMDAR currents is 

considerable (Lohmann & Kessels, 2014). Mature neurons rely more on GluN2A compared 

with immature neurons, and GluN2B-containing NMDARs are thought to be predominantly 

located at extrasynaptic regions of the cell membrane (Köhr, 2006). This could explain why in 

mature neurons NMDARs were not responsible for the Aβ-mediated spine loss (Müller et al., 

2018). 

Other than synapse loss, there are two alternative scenarios that could cause the 

decreased 1/CV2 in APPCT100-expressing neurons. Some synapses may contain multiple distinct 

postsynaptic nanodomains containing glutamatergic receptors, which lie directly opposite 

presynaptic release sites (MacGillavry et al., 2013; Tang et al., 2016). In this case, what we 

perceive as synapse loss may be the loss of a nanodomain within a synapse that could still 

have other functional nanodomains. This scenario could hold true for some synapses while 

other synapses are lost completely. Alternatively, it is possible that the lower number of 

functional synapses in APPCT100-expressing neurons in young organotypic slices is not caused 

by the depletion of synapses but rather by a block in maturation in the APPCT100-expressing 

neurons, while the uninfected neurons continue to develop new GluN2B-containing synapses. 

Both AMPARs and NMDARs play an important role in Aβ-induced synaptic depression 

and influence each other. While activation of GluN2B-containing NMDARs is necessary for 

AMPAR endocytosis to occur, this AMPAR endocytosis in turn is required for the loss of 

GluN2B-expressing synapses, which in addition requires a GluN2A-dependent process. This 

might involve an increase in the number of GluN2A-containing NMDARs. How this intricate 

interplay of all these different factors functions exactly remains to be further elucidated in 

future studies. Understanding the Aβ-driven signaling cascade in detail may offer insight into 

which interventions could be promising in therapies for Alzheimer’s disease. 
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Abstract 

During states of arousal, visual responsiveness can be enhanced through the release of 

noradrenaline in the primary visual cortex (V1). The activation of β-adrenergic receptors 

promotes synaptic plasticity in V1 neurons by increasing postsynaptic currents mediated by 

AMPA-type glutamate receptors (AMPARs). The majority of AMPARs expressed in cortical 

neurons consist of either GluA1/GluA2 or GluA2/GluA3 heterodimers. However, it is not 

known to what extent GluA3-containing AMPARs contribute to synaptic currents in V1 

neurons. We found that both GluA1- and GluA3-containing AMPARs mediate synaptic 

transmission onto layer 2/3 pyramidal neurons in V1 under basal conditions, and that GluA3-

containing AMPARs even seem to play a bigger role than GluA1-containing AMPARs. 

Furthermore, β-adrenergic activation triggered GluA3-dependent postsynaptic potentiation 

at these synapses, as well as presynaptic plasticity and GluA1-dependent postsynaptic 

potentiation. The β-adrenergic activation-induced GluA3-plasticity could be blocked by 

inhibiting both the protein kinase A (PKA) and Ras-MAPK/ERK kinase (MEK) signaling 

pathways. Our experiments reveal that GluA3 is a prominent player in synaptic 

communication in V1. It will be interesting to investigate under which environmental 

conditions and in which behavioral states plasticity of GluA3-containing AMPARs affects visual 

processing.  
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Introduction 

The primary sensory cortices are among the brain regions that receive sensory information, our 

input from the outside world, and neurons in these sensory areas exhibit experience-dependent 

plasticity (Karmarkar & Dan, 2006). Since humans are very visually oriented, of all primary 

sensory areas we are most reliant on the primary visual cortex (V1). V1 receives feedforward 

inputs from the eyes through the lateral geniculate nucleus (LGN) in the thalamus. LGN neurons 

mainly target layer 4 neurons in V1, which then send projections to layer 2/3, but the LGN also 

directly targets layer 2/3 (Antonini et al., 1999). Besides these vertical inputs from the LGN and 

layer 4 neurons, layer 2/3 pyramidal neurons in V1 also receive horizontal connections from 

other layer 2/3 pyramidal neurons. Furthermore, they receive associative feedback 

connections, both from higher order visual areas and from the thalamic lateral posterior 

nucleus (Cruikshank et al., 2012). These feedback inputs target the dendritic tufts of the layer 

2/3 pyramidal neurons in layer 1 and are thought to provide contextual information about the 

visual input (van Versendaal & Levelt, 2016). 

During a state of arousal, visual perception is increased through the release of 

noradrenaline (Markovic et al., 2014; McBurney-Lin et al., 2019). The locus coeruleus sends 

noradrenergic projections to V1 (Nomura et al., 2014; Kim et al., 2016), where noradrenaline 

modulates the processing of visual inputs (Jacob & Nienborg, 2018), for example enhancing 

visual responses (Waterhouse et al., 1990). There are three noradrenergic receptor families: 

α1, α2, and β. Of these receptors, the β-adrenergic receptors (β-ARs) appear to be more broadly 

distributed across the different cortical layers (Berridge & Waterhouse, 2003). Signaling of β-

ARs leads (via adenylyl cyclase activation through trimeric Gs proteins) to an increase in 

intracellular cyclic AMP (cAMP), which can have several downstream effects on neurons. In 

pyramidal neurons in rodent V1, β-adrenergic activation can cause presynaptic enhancement 

of excitatory synaptic transmission (Kobayashi et al., 2009), as well as enhanced postsynaptic 

currents mediated by AMPA-type glutamate receptors (AMPARs) (Goel et al., 2011).  

AMPARs mediate the majority of fast excitatory synaptic transmission. AMPARs are 

tetramers built out of four AMPAR subunits: GluA1, GluA2, GluA3 and GluA4. While all four 

subunits are expressed in the cortex (Schwenk et al., 2014), the majority of AMPARs consist of 

either GluA1/GluA2 or GluA2/GluA3 heterodimers (Wenthold et al., 1996; Reimers et al., 2011). 

The subunit composition of AMPARs determines their functional properties. In brain slice 
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preparations, GluA1/GluA2s are incorporated into synapses when long-term potentiation (LTP) 

is induced (Hayashi et al., 2000; Makino & Malinow, 2009). In vivo, GluA1-containing AMPARs 

have been shown to traffic into cortical synapses upon sensory experience (Takahashi et al., 

2003; Makino & Malinow, 2011). When GluA1-trafficking is blocked in visual cortex, experience-

dependent synaptic potentiation is impaired (Frenkel et al., 2006). Activation of β-ARs facilitates 

synaptic trafficking of GluA1 in cortical neurons, by increasing its phosphorylation at Ser845 by 

the cAMP-dependent protein kinase A (PKA) (Man et al., 2007; Seol et al., 2007; Diering et al., 

2014). Interestingly, this phosphorylation of GluA1 by PKA is sufficient to produce synaptic 

potentiation in the visual cortex, whereas in other brain regions it merely promotes GluA1 cell 

surface trafficking, but does not increase synaptic function (He et al., 2011). 

In contrast to GluA1/2s, GluA2/3s traffic into synapses onto layer 2/3 neurons in the 

absence of sensory experience and are thought to mediate a form of homeostatic synaptic 

scaling (Takahashi et al., 2003; Makino & Malinow, 2011). Besides a difference in trafficking, 

GluA2/3s also display a unique feature in the regulation of their ion channel: in mouse CA1 

neurons of the hippocampus and in Purkinje cells of the cerebellum, GluA2/3 ion channels are 

largely inactive under basal conditions but become functional upon a rise in intracellular cAMP 

levels, leading to synaptic potentiation (Renner et al., 2017; Gutierrez-Castellanos et al., 2017). 

The signaling pathway that mediates this cAMP-dependent activation of GluA3-plasticity differs 

between brain regions. In the hippocampus, this cascade requires the activation of both PKA 

and the GTPase Ras (Renner et al., 2017). In contrast, in Purkinje cells of the cerebellum, GluA3-

plasticity is induced via the activation of the exchange protein directly activated by cAMP (Epac) 

(Gutierrez-Castellanos et al., 2017). 

Although the relative contribution of the GluA3 subunit to AMPARs is high in the cortex 

compared to other brain regions (Gold et al., 1996; Schwenk et al., 2014), it is not known to 

what extent GluA3-containing AMPARs contribute to basal synaptic communication at cortical 

synapses and whether β-adrenergic activation causes GluA3-plasticity in V1. Therefore, we here 

examine the role of GluA3-containing AMPARs in synaptic transmission onto layer 2/3 

pyramidal neurons in V1 before and after β-adrenergic activation. In addition, we identify the 

cAMP-dependent intermediary factors required to translate β-adrenergic activation into GluA3-

plasticity at these V1 synapses. 
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Materials and Methods 

Mice 

Male and female GluA3-deficient mice (Gria3tm1Dgen/Mmnc; Mutant Mouse Regional 

Resource Center, Davis, CA) and their wild-type littermates, GluA1-deficient mice and their 

wild-type littermates, and GluA1/GluA3 double deficient mice were used for this study. GluA3-

deficient mice were backcrossed to C57BL/6 mice at least six times. GluA1-deficient mice were 

in a C57BL6/129 hybrid background and were a kind gift from R. Huganir, Johns Hopkins 

University, Baltimore (Kim et al., 2005). GluA1/GluA3 double deficient mice were obtained by 

crossing a homozygote GluA1-deficient male with a homozygote GluA1-deficient and 

heterozygote GluA3-deficient female. The mice were kept on a 12-h 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) and all 

experiments were approved by the experimental animal committee (DEC) of the Royal 

Netherlands Academy of Sciences (KNAW) and of the University of Amsterdam. 

 

Electrophysiology 

Acute slices of V1 were prepared from 4-week-old (P28-32) mice. Dissection and slicing was 

done in ice-cold choline chloride-based cutting solution containing (in mM): 139 choline 

chloride, 3.5 KCl, 0.5 CaCl2, 6 MgSO4, 1.25 NaH2PO4, 10 D-glucose, 25 NaHCO3, bubbled with 5 % 

CO2/95 % O2. Coronal brain slices (350 μm) were cut using a vibratome (Thermo Scientific) and 

placed in a holding chamber filled with artificial cerebrospinal fluid (ACSF) containing 118 mM 

NaCl, 2.5 mM KCl, 26 mM NaHCO3, and 1 mM NaH2PO4, supplemented with 22 mM glucose, 

1 mM MgCl2, 2 mM CaCl2, and bubbled with 5 % CO2/95 % O2. The slices were allowed to 

recover at 37°C for 20 min and then at room temperature for at least 60 min. Whole-cell 

recordings from layer 2/3 pyramidal neurons were made using 3–5 MΩ pipettes from 

borosilicate glass (Harvard Apparatus UK; Raccess <30 MΩ and Rinput > 9x Raccess) with an internal 

solution containing 115 mM CsMeSO3, 20 mM CsCl, 10 mM HEPES, 2.5 mM MgCl2, 4 mM Na2-

ATP, 0.4 mM Na-GTP, 10 mM sodium phosphocreatine, and 0.6 mM EGTA, at pH 7.25. During 

recordings, the slices were perfused with ACSF gassed with 5 % CO2/95 % O2 at 29 °C, 

supplemented with 22 mM glucose, 1 mM MgCl2, 2 mM CaCl2, and 100 μM picrotoxin (Tocris). 

mEPSCs were recorded at −60 mV with 1 μM TTX (Tocris) added to the bath. Where indicated, 

the following drugs were added to the perfusion solution: isoproterenol (10 μM; Sigma), IBMX 
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(50 μM; Tocris), PKI (2 μM; Tocris), ESI-05 (10 μM; Biolog), U0126 (20 μM; Tocris). When 

isoproterenol and IBMX were added to the perfusion, they were allowed to wash in for 5 min 

before the next recording was started. mEPSC data were based on at least 100 events or 10 

min of recording. During evoked recordings, the intracellular solution was supplemented with 

QX-314 (5 mM, Alomone labs) to prevent bursting. One stimulating electrode (two-contact 

Pt/Ir cluster electrodes; FHC) was placed in layer 4 and one 1–2 MΩ glass stimulating electrode 

was placed either in layer 1 (100 to 200 μm from the soma of the recorded neuron) or in layer 

2/3 (200 μm from the soma of the recorded neuron). EPSCs were evoked with electrical 

stimulation (100 μs duration) at an inter-stimulus interval of 5 s. Stimulation intensity was 

adjusted to evoke postsynaptic currents of approximately half-maximal amplitude. AMPAR-

mediated EPSCs were measured following stimulation as the peak inward current at −60 mV. 

Paired pulse ratios were determined with an inter pulse interval of 50 ms and calculated as 

the amplitude of the second peak to the first. NMDAR-mediated EPSCs were measured as the 

mean outward current between 40 and 90 ms after stimulation at +40 mV, and corrected by 

the current at 0 mV. Data were acquired using a Multiclamp 700B amplifier (Molecular 

Devices). Signals were sampled at 10 kHz and filtered at 3 kHz. Evoked recordings were 

analyzed using pClamp 10 software (Molecular Devices). Variance analysis on AMPAR currents 

was performed as described previously (van Huijstee & Kessels, 2020). mEPSC data were 

analyzed with MiniAnalysis (Synaptosoft). Individual mEPSC events above a 5 pA threshold 

were manually selected. 

 

Statistics 

The Shapiro-Wilk normality test was used to test whether groups were normally distributed. 

To detect differences between two unpaired groups, the unpaired t-test or the Manny-

Whitney test (if a variable was not normally distributed in all conditions) was used. To detect 

differences between more than two unpaired groups, the Kruskal-Wallis test (if the data were 

not normally distributed) or the one-way ANOVA with post hoc Tukey’s multiple comparisons 

test was used. In this case, reported p-values are post hoc contrasts, unless the overall ANOVA 

was not significant. For all tests, p < 0.05 was considered significant. 
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Results 

The contribution of GluA3-containing AMPARs to basal synaptic transmission in layer 2/3 

pyramidal neurons in V1 

We investigated the involvement of GluA3-containing AMPARs in basal synaptic transmission 

onto layer 2/3 pyramidal neurons in V1 by comparing synaptic currents recorded in brain slices 

acutely isolated from 4-week-old mice between GluA3-deficient mice and their wild-type 

littermates and GluA1-deficient mice and their wild-type littermates under basal conditions. 

Miniature excitatory postsynaptic current (mEPSC) events (Fig. 1A) were significantly decreased 

in GluA3-KO layer 2/3 pyramidal neurons compared to wild-type neurons under basal 

conditions in both frequency (p = 0.0008; Fig. 1B) and amplitude (p = 0.002; Fig. 1C), indicating 

that GluA3-containing receptors contribute to basal synaptic transmission in V1.  

There is evidence that within the same neuron, different synapses can use different 

types of AMPARs (Paz et al., 2011; Ahrens et al., 2015). To investigate whether the contribution 

of GluA3 to synaptic currents differs between synapses onto layer 2/3 pyramidal neurons that 

have a different source of input, we compared AMPA/NMDA ratios evoked by electrically 

stimulating either horizontal inputs or vertical feedforward inputs onto synapses of layer 2/3 

neurons between GluA3-KO and wild-type neurons (Fig. 1D). Both the AMPA/NMDA ratio 

evoked by stimulating the horizontal pathway (p = 0.007; Fig. 1E) and the AMPA/NMDA ratio 

evoked by stimulating the vertical pathway (p = 0.026; Fig. 1F) were significantly decreased in 

GluA3-KO neurons compared to wild-type neurons. These data indicate that GluA3-containing 

AMPARs contribute to basal synaptic transmission at both types of synapses onto layer 2/3 

pyramidal neurons in V1. 

GluA1-KO layer 2/3 pyramidal neurons in V1 showed a decrease in basal mEPSC 

amplitude (p = 0.018; Fig. 1I) but not in basal mEPSC frequency (p = 0.745; Fig. 1G,H) in 

comparison to wild-type neurons. Both the AMPA/NMDA ratio evoked by stimulating layer 2/3 

(p = 0.931; Fig. 1J,K) and the AMPA/NMDA ratio evoked by stimulating layer 4 (p = 0.189; Fig. 

1L) were not significantly different compared to wild-type neurons. V1 neurons that were 

deficient in both GluA1 and GluA3 virtually lacked mEPSC events (Figure 2K). These data indicate 

that fast excitatory transmission onto layer 2/3 pyramidal neurons in V1 primarily depends on 

both GluA3- and GluA1-containing AMPARs. 
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Figure 1: GluA3- and GluA1-containing 

AMPARs contribute to basal synaptic 

transmission onto layer 2/3 pyramidal 

neurons in V1. 

(A-C) mEPSC recordings from wild-type and 

GluA3-KO layer 2/3 pyramidal neurons in V1 

under basal conditions. Shown are example 

traces (A) and mEPSC frequency (B) and 

amplitude (C) of GluA3-WT (black; n = 15) and 

GluA3-KO (blue; n = 15) neurons. (D-F) 

AMPA/NMDA ratios of wild-type and GluA3-

KO layer 2/3 pyramidal neurons in V1 under 

basal conditions. Shown are example traces 

(D), AMPA/NMDA ratios evoked by 

stimulating layer 2/3 from GluA3-WT (n = 8) 

and GluA3-KO (n = 11) neurons (E), and by 

stimulating layer 4 from GluA3-WT (n = 13) 

and GluA3-KO (n = 10) neurons (F). (G-I) 

mEPSC recordings from wild-type and GluA1-

KO layer 2/3 pyramidal neurons in V1 under 

basal conditions. Shown are example traces 

(G) and mEPSC frequency (H) and amplitude 

(I) of GluA1-WT (black; n = 15) and GluA1-KO 

neurons (red; n = 17). (J-L) AMPA/NMDA 

ratios of wild-type and GluA1-KO layer 2/3 

pyramidal neurons in V1 under basal 

conditions. Shown are example traces (J), 

AMPA/NMDA ratios evoked by stimulating 

layer 2/3 from GluA1-WT (n = 5) and GluA1-KO neurons (n = 6) (K), and by stimulating layer 4 from 

GluA1-WT (n = 7) and GluA1-KO neurons (n = 8) (L). Error bars indicate SEM, * indicates p < 0.05, ** 

indicates p < 0.01, *** indicates p < 0.001. 
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β-adrenergic activation-induced plasticity in layer 2/3 pyramidal neurons in V1 

β-adrenergic activation has previously been found to cause GluA3-dependent synaptic 

potentiation in CA1 neurons of the hippocampus (Renner et al., 2017). Since we demonstrated 

that GluA3-containing AMPARs are present at synapses onto layer 2/3 pyramidal neurons of V1, 

this type of plasticity might also occur at these synapses. β-ARs were activated using the 

selective agonist isoproterenol while activity of phosphodiesterases (PDEs) was inhibited with 

IBMX to block cAMP degradation and generate an optimal increase in intracellular cAMP. This 

significantly increased both mEPSC frequency (p < 0.0001; Fig. 2B) and mEPSC amplitude (p = 

0.020; Fig. 2C) in wild-type layer 2/3 pyramidal neurons in V1 (Fig. 2A). The increase in mEPSC 

amplitude indicates a postsynaptic locus of plasticity. The increase in mEPSC frequency could 

be caused by an increase in presynaptic release probability, but could also be due to the 

postsynaptic potentiation of AMPAR currents leading to mEPSCs rising above the 5 pA detection 

limit, as previously observed (Rumbaugh et al., 2006; Lu et al., 2009; Lee et al., 2014; Renner et 

al., 2017; Watson et al., 2017). 

To investigate whether the discovered β-adrenergic activation-driven postsynaptic 

potentiation depends on GluA1 or on GluA3, we exposed slices isolated from GluA1- and GluA3-

KO mice to isoproterenol with IBMX. We observed a significant increase in mEPSC frequency (p 

= 0.001; Fig. 2E) and amplitude (p = 0.019; Fig. 2F) upon β-adrenergic activation in GluA3-KO 

neurons (Fig. 2D), suggesting that β-adrenergic activation can cause postsynaptic potentiation 

through GluA1-containing AMPARs. Similarly, mEPSC frequency (p = 0.002; Fig. 2H) and 

amplitude (p = 0.026; Fig. 2I) were significantly increased upon β-adrenergic activation in GluA1-

KO neurons (Fig. 2G), suggesting that β-adrenergic activation is also able to induce postsynaptic 

potentiation through GluA3-containing AMPARs. These results suggest that β-adrenergic 

activation-induced plasticity in layer 2/3 pyramidal neurons in V1 consists of both GluA1-

dependent and GluA3-dependent potentiation. Although GluA1/GluA3 double deficient 

neurons showed very few mEPSC events (Fig. 2J), β-adrenergic activation still significantly 

increased mEPSC frequency (p < 0.0001; Fig. 2K), while mEPSC amplitude did not change (p = 

0.685; Fig. 2L). This synaptic potentiation may support the idea that β-adrenergic activation also 

produces presynaptic plasticity at synapses onto layer 2/3 pyramidal neurons in V1, although it 

could also represent a minor contribution of cAMP-dependent synaptic trafficking of GluA4-

containing AMPARs (Esteban et al., 2003). 
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Figure 2: β-adrenergic activation induces synaptic potentiation in layer 2/3 pyramidal neurons in V1. 

(A-C) mEPSC recordings from wild-type layer 2/3 pyramidal neurons in V1 with or without 

isoproterenol with IBMX. Shown are example traces (A) and mEPSC frequency (B) and amplitude (C) 

without (black; n = 30) and with (grey; n = 29) isoproterenol + IBMX. (D-F) mEPSC recordings from 

GluA3-KO layer 2/3 pyramidal neurons in V1 with or without isoproterenol + IBMX. Shown are example 

traces (D) and mEPSC frequency (E) and amplitude (F) without (dark blue; n = 15) and with (light blue; 

n = 12) isoproterenol + IBMX. (G-I) mEPSC recordings from GluA1-KO layer 2/3 pyramidal neurons in 

V1 with or without isoproterenol + IBMX. Shown are example traces (G) and mEPSC frequency (H) and 

amplitude (I) without (dark red; n = 17) and with (light red; n = 17) isoproterenol + IBMX. (J-L) mEPSC 

recordings from GluA1/GluA3 double deficient layer 2/3 pyramidal neurons in V1 with or without 

isoproterenol + IBMX. Shown are example traces (J) and mEPSC frequency (K) and amplitude (L) 

without (dark purple; n = 14) and with (light purple; n = 13) isoproterenol + IBMX. Error bars indicate 

SEM, * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001. 

 

To further characterize β-adrenergic activation-induced plasticity in layer 2/3 pyramidal 

neurons in V1 and to assess if this plasticity differs between synapses with a different source of 

input, we recorded EPSCs evoked by electrically stimulating the three major incoming pathways 

onto layer 2/3 pyramidal neurons: higher order feedback inputs, local cortical inputs, and 

feedforward inputs. Although our mEPSC recordings showed that isoproterenol/IBMX triggered 
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a significant synaptic potentiation (Fig. 2A,B,C), AMPA/NMDA ratios evoked by stimulating layer 

1, layer 2/3 or layer 4 were not significantly affected upon exposure to these drugs in wild-type 

slices (Layer 1: p = 0.639; Layer 2/3: p = 0.927; Layer 4: p = 0.397; Fig. 3A,B,C,D). These results 

may indicate that the effect of β-adrenergic activation is predominantly of presynaptic origin, 

but could also mean that both AMPAR and NMDAR currents were equally potentiated. To 

further examine how postsynaptic strength and presynaptic glutamate release were affected 

upon β-adrenergic activation, we calculated the variance-to-mean ratio (VMR) of AMPAR 

currents (van Huijstee & Kessels, 2020). The VMR is dependent on postsynaptic strength and 

inversely related to the probability of vesicle release, but is independent of the number of 

stimulated synapses, allowing comparison between neurons from different recordings. If β-

adrenergic activation predominantly results in an increase in postsynaptic AMPAR strength 

without a significant effect on release probability, we would observe an increase in VMR. 

Reversely, if the dominant effect was an increase in release probability, the VMR would become 

lower upon β-AR activation. However, the VMR of AMPAR currents did not change significantly 

upon application of isoproterenol with IBMX (Layer 1: p = 0.887; Layer 2/3: p = 0.106; Layer 4: 

p = 0.138; Fig. 3E,F,G,H). Possibly, besides postsynaptic potentiation of AMPAR currents, there 

was indeed an increase in the probability of vesicle release, bringing the net effect of β-

adrenergic activation on VMR values back to zero. This presynaptic potentiation did however 

not involve a change in intraterminal calcium concentrations, since we did not observe a 

significant decrease in paired pulse ratio (PPR) upon β-adrenergic activation (Layer 1: p = 0.261; 

Layer 2/3: p = 0.300; Layer 4: p = 0.493; Fig. 3I,J,K,L). Thus, these recordings of AMPA/NMDA 

ratios and PPRs cannot be used to assess whether β-AR activation triggers synaptic potentiation 

at V1 neurons in a pathway-specific manner. We note that layer 2/3 pyramidal neurons showed 

similar resting membrane potentials before and after wash-in of isoproterenol with IBMX (p = 

0.700; Fig. 3M), indicating β-adrenergic activation did not alter the basal membrane properties. 
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Figure 3: AMPA/NMDA 

ratios, VMRs of AMPAR 

currents, paired pulse 

ratios and resting 

membrane potential of 

wild-type layer 2/3 

pyramidal neurons in 

V1 are not affected 

upon β-adrenergic 

activation. 

(A-D) AMPA/NMDA 

ratios of wild-type layer 

2/3 pyramidal neurons 

in V1 with or without 

isoproterenol with 

IBMX. Shown are 

example traces (A), 

AMPA/NMDA ratios 

evoked by stimulating 

layer 1 without (black; n 

= 7) and with (grey; n = 

5) isoproterenol + IBMX 

(B), by stimulating layer 

2/3 without (n = 13) and 

with (n = 10) 

isoproterenol + IBMX 

(C), and by stimulating 

layer 4 without (n = 20) 

and with (n = 10) 

isoproterenol + IBMX 

(D). (E-H) VMR values for AMPAR currents of wild-type layer 2/3 pyramidal neurons in V1 with or 

without isoproterenol + IBMX. Shown are example traces of individual EPSCs (E), VMR values for 

AMPAR currents evoked by stimulating layer 1 without (n = 10) and with (n = 7) isoproterenol + IBMX 

(F), by stimulating layer 2/3 without (n = 15) and with (n = 15) isoproterenol + IBMX (G), and by 
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stimulating layer 4 without (n = 21) and with (n = 16) isoproterenol + IBMX (H). (I-L) Paired pulse ratios 

of wild-type layer 2/3 pyramidal neurons in V1 with or without isoproterenol + IBMX. Shown are 

example traces (I), paired pulse ratios for EPSCs evoked by stimulating layer 1 without (n = 11) and with 

(n = 9) isoproterenol + IBMX (J), by stimulating layer 2/3 without (n = 15) and with (n = 16) isoproterenol 

+ IBMX (K), and by stimulating layer 4 without (n = 22) and with (n = 20) isoproterenol + IBMX (L). (M) 

Resting membrane potential of wild-type layer 2/3 pyramidal neurons in V1 with (n = 24) or without 

(n = 26) isoproterenol + IBMX. Error bars indicate SEM. 

 

Figure 4: AMPA/NMDA ratios, VMRs of AMPAR currents, and resting membrane potential of GluA3-

KO layer 2/3 pyramidal neurons in V1 are not affected upon β-adrenergic activation. 

(A-C) AMPA/NMDA ratios of GluA3-KO layer 2/3 pyramidal neurons in V1 with or without isoproterenol 

with IBMX. Shown are example traces (A), AMPA/NMDA ratios evoked by stimulating layer 2/3 without 

(dark blue; n = 12) and with (light blue; n = 4) isoproterenol + IBMX (B), and by stimulating layer 4 

without (n = 10) and with (n = 5) isoproterenol + IBMX (C). (D-F) VMR values for AMPAR currents of 

GluA3-KO layer 2/3 pyramidal neurons in V1 with or without isoproterenol + IBMX. Shown are example 

traces of individual EPSCs (D), VMR values for AMPAR currents evoked by stimulating layer 2/3 without 

(n = 14) and with (n = 6) isoproterenol + IBMX (E), and by stimulating layer 4 without (n = 15) and with 

(n = 12) isoproterenol + IBMX (F). (G-I) Paired pulse ratios of GluA3-KO layer 2/3 pyramidal neurons in 

V1 with or without isoproterenol + IBMX. Shown are example traces (G), paired pulse ratios for EPSCs 



549633-L-bw-vanHuijstee549633-L-bw-vanHuijstee549633-L-bw-vanHuijstee549633-L-bw-vanHuijstee
Processed on: 13-10-2020Processed on: 13-10-2020Processed on: 13-10-2020Processed on: 13-10-2020 PDF page: 120PDF page: 120PDF page: 120PDF page: 120

5. β-adrenergic activation triggers GluA3-pla   icity in the visual cortex st

120 
 

evoked by stimulating layer 2/3 without (n = 15) and with (n = 10) isoproterenol + IBMX (H), and by 

stimulating layer 4 without (n = 17) and with (n = 14) isoproterenol + IBMX (I). (J) Resting membrane 

potential of GluA3-KO layer 2/3 pyramidal neurons in V1 with (n = 21) or without (n = 23) isoproterenol 

+ IBMX. Error bars indicate SEM, * indicates p < 0.05. 

 

Similar results were obtained when selectively studying the β-adrenergic activation-driven 

GluA1- or GluA3-dependent potentiation using GluA3-KO and GluA1-KO slices. In GluA3-KO 

neurons, both the AMPA/NMDA ratio evoked by stimulating layer 2/3 (p = 0.599; Fig. 4A,B) and 

the AMPA/NMDA ratio evoked by stimulating layer 4 (p = 0.075; Fig. 4C) were not significantly 

different after exposure to isoproterenol and IBMX. Furthermore, the VMR of the AMPAR 

currents did not change significantly in GluA3-KO neurons upon β-adrenergic activation (Layer 

2/3: p = 0.779; Layer 4: p = 0.516; Fig. 4D,E,F). Although the PPR for EPSCs evoked by stimulating 

layer 2/3 did not decrease significantly (p = 0.285; Fig. 4G,H), the PPR for EPSCs evoked by 

stimulating layer 4 was significantly decreased in GluA3-KO neurons after wash-in of 

isoproterenol with IBMX (p = 0.036; Fig. 4I), indicating β-adrenergic activation-driven 

presynaptic plasticity as a consequence of increased presynaptic calcium concentration at these 

synapses in the absence of GluA3. GluA3-KO neurons showed similar resting membrane 

potentials with or without isoproterenol with IBMX (p = 0.267; Fig. 4J). In GluA1-KO neurons, 

both the AMPA/NMDA ratio evoked by stimulating layer 2/3 (p = 0.132; Fig. 5A,B) and the 

AMPA/NMDA ratio evoked by stimulating layer 4 (p = 0.613; Fig. 5C) were not significantly 

different after wash-in of isoproterenol with IBMX. The VMR of the AMPAR currents also did 

not change significantly in GluA1-KO neurons upon β-adrenergic activation (Layer 2/3: p = 

0.599; Layer 4: p = 0.340; Fig. 5D,E,F). Presynaptic potentiation was again not reflected in the 

PPR, since as in wild-type neurons the PPR was not significantly different upon β-adrenergic 

activation (Layer 2/3: p = 0.824; Layer 4: p = 0.659; Fig. 5G,H,I). GluA1-KO neurons showed 

similar resting membrane potentials independent of exposure to isoproterenol with IBMX (p = 

0.545; Fig. 5J). 
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Figure 5: AMPA/NMDA ratios, VMRs of AMPAR currents, paired pulse ratios and resting membrane 

potential of GluA1-KO layer 2/3 pyramidal neurons in V1 are not affected upon β-adrenergic 

activation. 

(A-C) AMPA/NMDA ratios of GluA1-KO layer 2/3 pyramidal neurons in V1 with or without isoproterenol 

with IBMX. Shown are example traces (A), AMPA/NMDA ratios evoked by stimulating layer 2/3 without 

(dark red; n = 6) and with (light red; n = 6) isoproterenol + IBMX (B), and by stimulating layer 4 without 

(n = 8) and with (n = 7) isoproterenol + IBMX (C). (D-F) VMR values for AMPAR currents of GluA1-KO 

layer 2/3 pyramidal neurons in V1 with or without isoproterenol + IBMX. Shown are example traces of 

individual EPSCs (D), VMR values for AMPAR currents evoked by stimulating layer 2/3 without (n = 12) 

and with (n = 4) isoproterenol + IBMX (E), and by stimulating layer 4 without (n = 9) and with (n = 9) 

isoproterenol + IBMX (F). (G-I) Paired pulse ratios of GluA1-KO layer 2/3 pyramidal neurons in V1 with 

or without isoproterenol + IBMX. Shown are example traces (G), paired pulse ratios for EPSCs evoked 

by stimulating layer 2/3 without (n = 11) and with (n = 9) isoproterenol + IBMX (H), and by stimulating 

layer 4 without (n = 11) and with (n = 7) isoproterenol + IBMX (I). (J) Resting membrane potential of 

GluA1-KO layer 2/3 pyramidal neurons in V1 with (n = 8) or without (n = 8) isoproterenol + IBMX. Error 

bars indicate SEM. 
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Molecular mechanisms underlying β-adrenergic activation-induced plasticity in layer 2/3 

pyramidal neurons in V1 

To elucidate the molecular mechanisms underlying β-AR activation-induced synaptic plasticity 

in layer 2/3 pyramidal neurons in V1, we aimed to identify the cAMP-dependent intermediary 

factors required to translate β-adrenergic activation into synaptic changes. In cortical neurons, 

both GluA1-plasticity and presynaptic potentiation after a rise in cAMP have been attributed to 

PKA activity (Man et al., 2007; Kobayashi et al., 2009). However, incubation of wild-type slices 

with PKA-inhibitor PKI failed to prevent the increase in mEPSC frequency and amplitude induced 

by washing in isoproterenol with IBMX in layer 2/3 pyramidal neurons in V1 (Frequency: p = 

0.001; Amplitude: p = 0.021; Fig. 6A,B,C). These data indicate that PKA activation is not 

necessary for β-adrenergic activation to induce presynaptic potentiation and at least one type 

of postsynaptic AMPAR potentiation. To test if PKA activity is required for GluA1-dependent 

postsynaptic potentiation upon β-adrenergic activation, GluA3-KO slices were incubated with 

PKI. Again, inhibiting PKA did not block the effect of β-adrenergic activation on mEPSC 

frequency in layer 2/3 pyramidal neurons in V1 (p = 0.023; Fig. 6D,E). Although the increase in 

mEPSC amplitude upon β-adrenergic activation did not reach significance in GluA3-KO neurons 

(p = 0.061; Fig. 6F), the fold change in mEPSC amplitude upon β-adrenergic activation did not 

differ significantly between GluA3-KO slices that were and were not incubated with PKI (p = 

0.777), suggesting PKA activation is not necessary for β-adrenergic activation-induced GluA1-

plasticity. Similarly, incubation of GluA1-KO slices with PKI failed to prevent the increase in 

mEPSC frequency and amplitude induced by washing in isoproterenol with IBMX (Frequency: p 

= 0.0004; Amplitude: p = 0.009; Fig. 6G,H,I). Therefore, a blockade of PKA is not sufficient to 

prevent β-adrenergic activation-driven GluA3-plasticity in layer 2/3 pyramidal neurons in V1. 
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Figure 6: Inhibiting PKA, which is active under basal conditions, is not sufficient to prevent β-

adrenergic activation-driven synaptic potentiation in layer 2/3 pyramidal neurons in V1. 

(A-C) mEPSC recordings from wild-type layer 2/3 pyramidal neurons with or without isoproterenol with 

IBMX in V1 slices incubated with PKI. Shown are example traces (A) and mEPSC frequency (B) and 

amplitude (C) without (black; n = 13) and with (grey; n = 9) isoproterenol + IBMX. (D-F) mEPSC 

recordings from GluA3-KO layer 2/3 pyramidal neurons with or without isoproterenol + IBMX in V1 

slices incubated with PKI. Shown are example traces (D) and mEPSC frequency (E) and amplitude (F) 

without (dark blue; n = 15) and with (light blue; n = 15) isoproterenol + IBMX. (G-I) mEPSC recordings 

from GluA1-KO layer 2/3 pyramidal neurons with or without isoproterenol + IBMX in V1 slices 

incubated with PKI. Shown are example traces (G) and mEPSC frequency (H) and amplitude (I) without 

(dark red; n = 14) and with (light red; n = 15) isoproterenol + IBMX. (J-L) mEPSC recordings from wild-
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type layer 2/3 pyramidal neurons in V1 with or without PKI. Shown are example traces (J) and mEPSC 

frequency (K) and amplitude (L) without (black; n = 15) and with (grey; n = 15) PKI. (M-O) mEPSC 

recordings from wild-type layer 2/3 pyramidal neurons in V1 with or without isoproterenol. Shown are 

example traces (M) and mEPSC frequency (N) and amplitude (O) without (n = 11) and with (n = 13) 

isoproterenol. Error bars indicate SEM, * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 

0.001. 

 

PKA has previously been shown to already be in an activated state under basal conditions in 

cortical neurons (Ma et al., 2018). To directly assess whether PKA-inhibition affects basal 

AMPAR transmission, we compared mEPSCs recorded from layer 2/3 pyramidal neurons from 

the same mice in the presence or absence of PKI. We found that while PKI did not significantly 

change mEPSC frequency in V1 neurons (p = 0.134; Fig. 6J,K), mEPSC amplitude was significantly 

decreased (p = 0.041; Fig. 6L), indicating that, in contrast to in CA1 neurons of the hippocampus 

(Renner et al., 2017), PKA is active under basal conditions in layer 2/3 pyramidal neurons in V1. 

This finding implies that basal intracellular cAMP levels may be higher in cortical neurons 

compared with hippocampal neurons, possibly due to lower PDE activity. In line with this 

rationale, whereas washing in isoproterenol in the absence of IBMX is not sufficient to induce 

synaptic potentiation in hippocampal CA1 neurons (Renner et al., 2017), application of 

isoproterenol without IBMX was sufficient to significantly increase mEPSC frequency (p = 0.007; 

Fig. 6N) and mEPSC amplitude (p = 0.018; Fig. 6O) in layer 2/3 pyramidal neurons in V1 (Fig. 

6M). 

To identify the cAMP-dependent intermediary factors required to translate β-adrenergic 

activation into GluA3-plasticity in V1 neurons, we continued our experiments in GluA1-KO 

neurons to isolate effects on GluA3-containing AMPARs. In Purkinje cells of the cerebellum, 

GluA3-plasticity was induced via cAMP-mediated Epac activation (Gutierrez-Castellanos et al., 

2017). Therefore, we next assessed the involvement of Epac in GluA3-plasticity in layer 2/3 

pyramidal neurons in V1 by incubating GluA1-KO slices with selective Epac antagonist ESI-05. 

Inhibition of Epac was unable to block the increase in mEPSC frequency and amplitude induced 

by washing in isoproterenol with IBMX (Frequency: p = 0.0003; Amplitude: p = 0.014; Fig. 

7A,B,C), demonstrating that Epac activation is not required for β-adrenergic activation-induced 

GluA3-plasticity in layer 2/3 pyramidal neurons in V1. 
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Figure 7: Inhibiting both PKA and MEK blocks β-adrenergic activation-induced GluA3-plasticity in 

layer 2/3 pyramidal neurons in V1. 

(A-C) mEPSC recordings from GluA1-KO layer 2/3 pyramidal neurons with or without isoproterenol 

with IBMX in V1 slices incubated with ESI-05. Shown are example traces (A) and mEPSC frequency (B) 

and amplitude (C) without (dark red; n = 14) and with (light red; n = 14) isoproterenol + IBMX. (D-F) 

mEPSC recordings from GluA1-KO layer 2/3 pyramidal neurons with or without isoproterenol + IBMX 

in V1 slices incubated with PKI and U0126. Shown are example traces (D) and mEPSC frequency (E) and 

amplitude (F) without (n = 14) and with (n = 15) isoproterenol + IBMX. (G-H) Fold change in mEPSC 

frequency (G) and amplitude (H) of GluA1-KO layer 2/3 pyramidal neurons upon β-adrenergic 

activation in V1 slices incubated with no drugs (n = 17), PKI (n = 15), ESI-05 (n = 14) and PKI+U0126 (n 

= 15). Error bars indicate SEM, * indicates p < 0.05, *** indicates p < 0.001. 

 

PKA is known to interact with the Ras-MAPK/ERK kinase (MEK) pathway and modulate its 

activity (Ambrosini et al., 2000; Qiu et al., 2000). Furthermore, In CA1 neurons of the 

hippocampus GluA3-plasticity requires the activation of both PKA and Ras (Renner et al., 2017), 

and co-application of PKI and an inhibitor of the MEK signaling pathway abolished the effects 

of cAMP on excitatory synaptic transmission in the medial prefrontal cortex (Huang & Hsu, 

2006). Therefore, we tested whether inhibiting PKA (with PKI) and MEK (with U0126) was 
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sufficient to block β-adrenergic activation-induced GluA3-plasticity using GluA1-KO slices. The 

mEPSC frequency was still significantly increased upon wash-in of isoproterenol with IBMX in 

GluA1-KO slices incubated with PKI and U0126 (p = 0.018; Fig. 7D,E), to the same extent as in 

the other experiments in GluA1-KO slices (p = 0.597; Fig. 7G). However, mEPSC amplitude did 

not increase in layer 2/3 pyramidal neurons in V1 after washing in isoproterenol with IBMX (p 

= 0.780; Fig. 7F), and there was a significant difference in the effect of β-adrenergic activation 

on mEPSC amplitude between GluA1-KO slices that were not incubated with any drugs and 

GluA1-KO slices incubated with PKI and U0126 (p = 0.014; Fig. 7H). Our observation that upon 

blockade of PKA and MEK β-adrenergic activation still significantly increased mEPSC frequency 

while the increase in mEPSC amplitude was fully blocked demonstrates that β-adrenergic 

activation produces both presynaptic and postsynaptic plasticity at synapses onto layer 2/3 

pyramidal neurons in V1. We conclude that β-adrenergic activation triggers postsynaptic GluA3-

plasticity in layer 2/3 pyramidal neurons in V1 via the Ras-MEK pathway. 

 

Discussion 

We investigated the subunit composition of synaptic AMPARs at layer 2/3 pyramidal neurons 

in V1. We found that synapses onto these layer 2/3 neurons primarily use GluA1-containing and 

GluA3-containing AMPARs. GluA3-containing AMPARs even seem to play a bigger role than 

GluA1-containing AMPARs in synaptic transmission onto layer 2/3 pyramidal neurons in V1, 

both at synapses that receive horizontal input and at synapses receiving vertical inputs. The 

conductance of GluA3-containing AMPARs strongly depends on the intracellular levels of cAMP 

(Gutierrez-Castellanos et al., 2017; Renner et al., 2017). The fact that in layer 2/3 pyramidal 

neurons in V1, GluA3-containing AMPARs already contribute to synaptic transmission under 

basal conditions suggests that GluA3 is (partly) in an active state, possibly due to higher basal 

intracellular cAMP levels in V1 neurons than in for example CA1 hippocampal neurons. This 

notion is supported by our finding that, unlike in the hippocampus, a basal level of PKA activity 

exists in layer 2/3 pyramidal neurons in V1. Basal PKA activity has also been shown in cortical 

neurons of awake mice using a PKA sensor (Ma et al., 2018). The higher cAMP levels could 

possibly be due to lower PDE activity. Indeed, intracellular cAMP concentrations are mainly 

regulated by PDEs and PDE expression differs between brain regions (Argyrousi et al., 2020). In 

line with this, and as previously observed (Goel et al., 2011), we found that activating β-ARs is 
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sufficient to potentiate synapses onto layer 2/3 pyramidal neurons in V1 without the need to 

block PDE activity. 

 Results from previous studies suggest that β-adrenergic activation can cause presynaptic 

plasticity and GluA1-dependent postsynaptic potentiation in layer 2/3 pyramidal neurons in V1. 

Our experiments revealed that in addition to these two types of synaptic plasticity a third form 

of synaptic potentiation is activated upon β-AR stimulation: GluA3-dependent postsynaptic 

potentiation. It will be interesting to investigate whether β-adrenergic activation-induced 

GluA3-plasticity in layer 2/3 pyramidal neurons in V1 involves synaptic trafficking of GluA3-

containing AMPARs or rather, as is seen in the hippocampus and cerebellum (Gutierrez-

Castellanos et al., 2017; Renner et al., 2017), changes in the channel properties of GluA3-

containing AMPARs, such as the open-channel probability and single-channel conductance. 

Similarly as observed in hippocampal neurons (Renner et al., 2017), β-adrenergic activation-

induced GluA3-plasticity could be blocked by inhibiting both the PKA and Ras-MEK signaling 

pathways, which are the best-characterized signaling pathways that are regulated by cAMP. Ras 

activation through the cAMP pathway has previously been described in cortical neurons, and 

this effect was shown to be at least partly mediated by PKA (Ambrosini et al., 2000). We did not 

test if incubation with only the MEK inhibitor was sufficient to block β-adrenergic activation-

induced GluA3-plasticity. However, we deem this unlikely since blocking the Ras-MEK pathway 

alone did not prevent cAMP-dependent synaptic potentiation in CA1 neurons of the 

hippocampus and layer 5 pyramidal neurons of the medial prefrontal cortex (Huang & Hsu, 

2006; Renner et al., 2017).  

Whereas β-adrenergic activation triggered a significant postsynaptic potentiation as 

witnessed by an increase in average mEPSC amplitude, we did not observe a change in 

AMPA/NMDA ratios evoked by stimulating layer 1, layer 2/3 or layer 4. There are three possible 

explanations for these seemingly contradictory results. Firstly, besides AMPAR currents also 

NMDAR currents could have been potentiated upon β-adrenergic activation in layer 2/3 

pyramidal neurons in V1. This is plausible, since β-adrenergic activation is known to cause 

enhancement of NMDAR responses in the hippocampus and amygdala (Gean et al., 1992; 

Raman et al., 1996). Secondly, but highly unlikely, potentiation may not have taken place at the 

synapses that were stimulated in this study. We performed stimulation in layer 1, layer 2/3, and 

layer 4 and thereby targeted the main inputs onto layer 2/3 pyramidal neurons. However, in 

theory it is possible that β-adrenergic activation-induced plasticity only occurs at another 
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untested incoming pathway onto layer 2/3 pyramidal neurons. Finally, there is evidence that 

spontaneous and action potential-evoked vesicle release cover different synaptic zones within 

synapses (Kavalali, 2015), and it may be possible that β-adrenergic activation selectively affects 

spontaneous release, explaining the discrepancy between mEPSC and evoked recordings. 

Although presynaptic potentiation and GluA1-dependent postsynaptic potentiation 

upon a rise in cAMP have typically been attributed to PKA activity (Man et al., 2007; Kobayashi 

et al., 2009), our experiments indicate that β-adrenergic activation can still generate both these 

synaptic effects without PKA activity. We found that PKA is already active under basal conditions 

and that further activation is not necessary for β-adrenergic activation to induce presynaptic 

potentiation and GluA1-plasticity in layer 2/3 pyramidal neurons in V1. PKA-independent 

mechanisms have also been implicated in cAMP-dependent presynaptic potentiation 

(Beaumont & Zucker, 2000). Furthermore, presynaptic potentiation upon β-adrenergic 

activation in layer 2/3 pyramidal neurons might not involve a change in intraterminal calcium 

concentrations since the decrease in paired pulse ratio did not reach significance in the majority 

of our experiments. How GluA1-dependent potentiation would occur in a manner that does not 

require PKA activity remains unclear, but it would be interesting to assess whether the Ras-MEK 

pathway is also responsible for mediating this effect. Besides its influence on synapses, 

noradrenergic input into V1 can also lead to the tonic depolarization of the membrane potential 

of V1 cortical neurons, which enhances the gain and the signal-to-noise ratio of these neurons 

(Polack et al., 2013). We did not observe a change in resting membrane potential upon 

stimulating β-ARs, suggesting that this effect is likely mediated by α1- or α2-noradrenergic 

receptors. 

 It is interesting to speculate on the role of β-adrenergic activation-induced plasticity in 

visual processing, behavior and learning, and specifically the role of GluA3-containing AMPARs 

in these processes. We hypothesize that GluA3-plasticity may enhance information transfer 

during wakefulness and arousal. Intracellular compartmentalization of cAMP signaling 

(reviewed in Argyrousi et al., 2020) could possibly ensure that β-adrenergic activation-induced 

plasticity only occurs at a subset of synapses, selectively enhancing transfer of task-related 

information and thereby improving behaviorally relevant processing of visual inputs. Other 

neuromodulators that affect intracellular cAMP levels, such as acetylcholine, dopamine or 

serotonin, may also be able to influence GluA3-plasticity in layer 2/3 pyramidal neurons in V1. 
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Therefore, it will be interesting to investigate under which environmental conditions and in 

which behavioral states currents through GluA3-containing AMPARs are potentiated in V1. 
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Synaptic plasticity underlies the ability of experiences to reshape neural circuitry, enabling an 

organism to change its behavior when circumstances call for it, and to form and store 

memories. However, for many cases in which synaptic plasticity occurs, the locus of expression 

of the plasticity is still unknown and new tools to study synaptic plasticity are still required. 

The aim of this thesis is to contribute to the research field of synaptic plasticity. Not only by 

investigating the mechanisms involved in multiple types of synaptic plasticity, such as amyloid-

β (Aβ)-induced synaptic depression and β-adrenergic activation-induced synaptic 

potentiation, but also by validating an extended version of variance analysis which includes 

the variance-to-mean ratio (VMR), to provide an extra tool to study the mechanisms 

underlying synaptic plasticity, and by investigating the spatial organization of AMPA-receptor 

(AMPAR) and NMDA-receptor (NMDAR) subtypes at Schaffer collateral-CA1 (Sc-CA1) 

synapses, which helps understand the possibilities for, and effects of, synaptic plasticity at 

these synapses in more detail. 

 

In Chapter 2, we demonstrated that calculating both 1/CV2 and VMR values of evoked 

postsynaptic currents, rather than the conventional 1/CV2 alone, allows for a fast and reliable 

prediction of whether synaptic plasticity at Sc-CA1 synapses is caused by a change in the 

number of functional vesicle release sites (N), the probability of vesicle release (Pr), and/or 

quantal size (Q) upon experimental modification of one of those three parameters. An added 

bonus of the VMR is the fact that VMR values are independent of the number of stimulated 

synapses, and can therefore be directly compared between neurons from different recordings 

or even different mice. When using variance analysis, one should however still consider how 

much weight to give to conclusions reached solely by the use of variance analysis, since 

variance analysis relies on a number of assumptions that are not necessarily met at synapses 

in reality and may therefore not be reliable in every scenario or neuronal preparation. So far, 

both in this thesis and in our unpublished datasets, we have not encountered results of our 

extended variance analysis that were in conflict with what was already known, and the 

findings obtained by variance analysis in our hands always matched our findings obtained 

using alternative methods. However, it remains prudent to validate results obtained by 

variance analysis using a different technique. I believe our extended variance analysis is a 

valuable contribution to the field of synaptic plasticity, as it is a relatively simple and time-

saving tool to predict the mechanism underlying a synaptic plasticity phenomenon. This 
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prediction can then be used to set up targeted experiments that provide direct experimental 

confirmation. 

When synaptic changes are not straightforward, such as when more than one of the 

synaptic parameters change, it can sometimes be difficult to interpret the results found using 

variance analysis. For example, in Chapter 4, variance analysis demonstrated that Aβ affects 

synaptic GluN2A-containing NMDARs in GluA3-deficient neurons. However, the exact nature 

of these effects remained somewhat unclear, since the increase in the VMR of the synaptic 

currents mediated by GluN2A-containing receptors, which suggested that the number or 

conductance of GluN2A-containing NMDARs is increased in GluA3-deficient neurons 

overproducing Aβ, was not accompanied by a change in the amplitude of the synaptic currents 

mediated by GluN2A-containing receptors, as would be expected if this was the only effect of 

Aβ. In this case, using other techniques to further study the effect of Aβ on GluN2A-containing 

NMDARs would be very interesting. For example, to examine whether Aβ indeed increases 

the number of synaptic GluN2A-containing NMDARs in GluA3-deficient neurons, 

synaptosomes could be purified from control GluA3-KO slices (infected with control virus) and 

from GluA3-KO slices massively infected (~80%) with Sindbis virus expressing APPCT100 and the 

amount of synaptic GluN2A could be quantified by Western blot and compared. 

We used the VMR in Chapter 5 to examine how postsynaptic strength and presynaptic 

release probability were affected upon β-adrenergic activation at synapses onto layer 2/3 

pyramidal neurons in the primary visual cortex (V1). It needs to be noted that we did not 

validate the use of the VMR in V1 as we did for the Sc-CA1 synapse in Chapter 2. However, 

based on the following observations we have some confidence that the use of the VMR in V1 

is valid. For one, transmission at synapses onto cortical layer 2/3 pyramidal neurons has been 

demonstrated to be quantal (Torii et al., 1997; Silver et al., 2003), with only one release site 

per synapse and univesicular neurotransmitter release, and the intersite variabilities in Pr and 

Q are similar to those at hippocampal synapses (Silver et al., 2003). Furthermore, as at the Sc-

CA1 synapse (See Figure 3 of Chapter 3), the effects of AMPAR subunit knockout on VMR 

values and on AMPA/NMDA ratios matched for synapses onto layer 2/3 pyramidal neurons in 

V1. Like the AMPA/NMDA ratios, the VMR of AMPAR currents evoked by stimulating the 

horizontal pathway and the VMR of AMPAR currents evoked by stimulating the vertical 

pathway were significantly decreased in GluA3-KO neurons compared to wild-type neurons, 

while they were not significantly different in GluA1-KO neurons compared to wild-type 
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neurons. Finally, just as in the hippocampus the 1/CV2, which is dependent on the same 

assumptions, has been accepted and used extensively in the study of cortical plasticity 

(Hardingham et al., 2007; Sjöström et al., 2007; Frey et al., 2009; Jiang et al., 2010). 

 

In Chapter 3, we investigated the regulation and spatial organization of the different AMPAR 

subtypes at the Sc-CA1 synapse. In the absence of a specific blocker for GluA1- or GluA3-

containing AMPARs, organotypic slices prepared from GluA1-KO and GluA3-KO mice were 

used. We found that upon lowering intracellular calcium levels, GluA1-homomers (in GluA3-

KO neurons) and GluA3-homomers (in GluA1-KO neurons) contribute more to synaptic 

currents. We also demonstrated that GluA1-containing and GluA3-containing AMPARs can be 

incorporated in the same population of Sc-CA1 synapses, suggesting they can be expressed in 

an intermixed manner at these hippocampal synapses (Fig. 1). The major limitation of using 

knockout mice however is that we can only be certain that these scenarios are possible, but 

not that they actually do occur in the wild-type situation. It is for example possible that in 

practice in wild-type animals less preferred AMPAR variants such as GluA3-homomers are not 

inserted into synapses upon lowering intracellular calcium levels. After all, surface expression 

of GluA3-homomers is thought to be very limited in wild-type neurons due to their 

energetically unfavorable assembly and aggregation (Rossmann et al., 2011; Coleman et al., 

2016). Therefore, the discovery of a selective blocker of AMPARs containing a particular 

subunit is still of interest for the field. 

Figure 1: Model of the spatial organization of AMPAR and NMDAR subtypes at Sc-CA1 synapses. We propose 
that GluA1- and GluA3-containing AMPARs can be expressed in an intermixed manner at Sc-CA1 synapses, 
whereas GluN2A- and GluN2B-containing NMDARs are segregated between different synapses, or possibly in the 
case of very big synapses between different nanodomains within the same synapse. Figure created with 
BioRender.com. 
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An important finding from the study discussed in Chapter 3 is that GluN2A-containing 

NMDARs and GluN2B-containing NMDARs are functionally segregated at Sc-CA1 synapses in 

organotypic hippocampal slices (Fig. 1). Although segregation of the two receptor subtypes 

between different nanodomains within the same synapse could be possible, our imaging 

experiment, in which wash-in of a specific blocker of GluN2B-containing NMDARs (Ro 25-

6981) either had no effect on a synapse or completely silenced the synapse, suggests that a 

segregation between different synapses is more likely, at least for the population of synapses 

that were imaged. The fact that the VMR for NMDAR currents did not significantly change 

upon wash-in of Ro 25-6981 furthermore suggests that GluN2A-containing synapses and 

GluN2B-containing synapses have similar postsynaptic NMDAR strength. This is supported by 

the fact that postsynaptic NMDAR strength is not significantly different in GluN2A-KO neurons 

compared to wild-type neurons, since the VMR for NMDAR currents is not significantly 

different between wild-type and GluN2A-KO neurons (p = 0.473). Because GluN2B-containing 

NMDARs have a lower open-channel probability than GluN2A-containing NMDARs (Wyllie et 

al., 2013) but a similar single-channel conductance (Stern et al., 1992), a vesicle of 

neurotransmitter would have to reach more GluN2B-containing NMDARs to generate an 

equally strong postsynaptic response. This suggests that GluN2B-containing synapses have a 

higher density of NMDARs opposite the release site than GluN2A-containing synapses, which 

fits with previous findings that smaller spines, which are enriched for GluN2B, have higher 

densities of functional NMDARs (Nimchinsky et al., 2004; Sobczyk et al., 2005). 

We do not know how triheteromeric GluN1/GluN2A/GluN2Bs fit into this model – that 

is, how they are distributed at Sc-CA1 synapses. Gray et al. (2011) suggested that the GluN2A-

containing NMDARs present in early development may initially be diheteromeric 

GluN1/GluN2As, and that a significant number of GluN1/GluN2A/GluN2Bs is only formed after 

P9. Since we used slices prepared from P6-8 mice, it is perhaps possible that the synapses we 

studied did not contain a significant number of triheteromeric receptors, although 

development does continue to a certain extent in culture. Therefore, it would also be 

interesting to investigate the spatial organization of different NMDAR subtypes at Sc-CA1 

synapses in slices prepared from older mice. If triheteromeric NMDARs were present at Sc-

CA1 synapses in our experiment after all, their expression would most likely be limited to one 

of the two types of synapses, as we would otherwise expect to see a significant decrease in 

the VMR for NMDAR currents after Ro 25-6981 wash-in. However, since it is not known 
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whether 3 µM Ro 25-6981 blocks GluN1/GluN2A/GluN2Bs (they are not blocked using 1 µM 

Ro 25-6981, and blocked using 10 µM Ro 25-6981; France et al., 2017), we would not be able 

to tell if the triheteromeric NMDARs are expressed in the so-called ‘GluN2A-containing’ 

synapses or in the ‘GluN2B-containing’ synapses. 

The NMDAR subtype composition of a synapse influences the likelihood of plasticity 

induction at that synapse. Therefore, the segregation of NMDAR subtypes at Sc-CA1 synapses 

implies that synaptic plasticity rules might vary greatly between synapses. In this context, it 

would be interesting to know how the segregation of GluN2A-containing NMDARs and 

GluN2B-containing NMDARs is organized. Whether a synapse contains GluN2A-containing 

NMDARs or GluN2B-containing NMDARs could simply be dependent on its history. After all, 

replacement of GluN2B-containing NMDARs by GluN2A-containing NMDARs is thought to 

occur upon activity. This could be a mechanism that makes synapses that have undergone 

long-term potentiation (LTP) less sensitive to further plasticity; as long as a synapse contains 

GluN2B it is prone to undergo LTP and can still grow, whereas when synaptic activity leads to 

the incorporation of GluN2A-containing NMDARs, further potentiation is curbed (Shipton & 

Paulsen, 2014). Alternatively, although not mutually exclusive, different types of NMDARs 

could be (more likely to be) expressed at synapses that have a different source of input 

(Arrigoni & Greene, 2004), which could be useful for separating learning strategies between 

different input streams. 

 

The physical segregation of GluN2A-containing NMDARs and GluN2B-containing NMDARs has 

implications for our understanding of Aβ-induced synaptic depression. In Chapter 4, we found 

that a GluN2A-dependent process is necessary for the Aβ-induced loss of GluN2B-expressing 

synapses or nanodomains. We believe Aβ most likely induces a loss of synapses rather than 

nanodomains, since the 17-39% decrease in the 1/CV2 of AMPAR- and NMDAR-mediated 

EPSCs in APPCT100-expressing neurons matches well with the 20-30% spine loss that was 

observed in the same model system (Kessels et al., 2010; Reinders et al., 2016). Either way, 

the segregation of GluN2A- and GluN2B-containing NMDARs suggests that a signal originating 

from GluN2A-containing NMDARs must travel to reach and affect GluN2B-containing regions 

of the neuron. This information might help to pinpoint the exact nature of this signal. We 

predict GluN2A-containing synapses most likely influence neighboring GluN2B-containing 
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synapses, since plasticity-related interactions between neighboring synapses have been 

shown before (Harvey & Svoboda, 2007; Winnubst et al., 2015; Kruijssen & Wierenga, 2019). 

 Besides the presence of GluN2A, Aβ-induced synapse loss also requires the presence 

of GluA3. In fact, GluA3-deficient neurons are fully protected against Aβ-induced synaptic 

depression: not only against Aβ-induced synapse loss, but also against the Aβ-mediated 

reduction in AMPAR strength. In line with this, having low synaptic levels of GluA3 might make 

neurons less vulnerable to Aβ. This might extend to low synaptic levels of GluA3 making 

individuals less sensitive to developing Alzheimer’s disease (AD). Indeed, this seems possible, 

since the same pathology of amyloid plaques and neurofibrillary tangles does not lead to 

cognitive impairment in all individuals (Schmitt et al., 2000), and a negative correlation 

between GluA3 mRNA expression and cognitive performance was shown in post-mortem 

tissue from elderly subjects with mild cognitive impairment, a transitional stage between 

aging and AD (Berchtold et al., 2014). Therefore, it is interesting to consider which 

physiological conditions would lower synaptic GluA3 levels. GluA1-containing AMPARs traffic 

into synapses upon learning and sensory experience (Takahashi et al., 2003; Rumpel et al., 

2005; Makino & Malinow, 2011; Mitsushima et al., 2011), whereas strong synaptic activation 

causes the removal of synaptic GluA3-containing AMPARs through Arc/Arg3.1 expression (Rial 

Verde et al., 2006). Conversely, GluA2/GluA3s gradually replace GluA1-containing AMPARs 

and are enriched at synapses after deprivation of sensory input (Makino & Malinow, 2011). 

Therefore, participation in cognitively and sensory stimulating activities might increase the 

level of GluA1-containing AMPARs and decrease the level of GluA3-containing AMPARs in the 

synapse, which might make individuals less susceptible to developing AD. Promoting 

participation in cognitively and sensory stimulating activities may therefore be a low-cost and 

non-invasive way to delay the onset of AD or decrease the severity of AD symptoms. Indeed, 

several studies have shown that a high level of education and engagement in cognitively 

stimulating activities, especially later in life, may protect against AD (Stern et al., 1994; 

Fratiglioni et al., 2004; Wirth et al., 2014). Furthermore, in mouse models of AD, 

environmental enrichment mitigates cognitive impairments (Jankowsky et al., 2005; Costa et 

al., 2007; Valero et al., 2011). Another interesting point to consider is that if low synaptic levels 

of GluA3 are beneficial and high levels put individuals at risk of developing AD, synaptic GluA3 

levels may be a good early predictor of who has a high risk of developing AD, which would be 

useful for early intervention. 
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 Our variance analysis in Chapter 4 revealed that Aβ-mediated synaptic depression 

consists of two components: the loss of functional synapses and a reduced AMPAR strength 

in the remaining synapses. Other work from our lab has shown that this involves the synaptic 

removal of GluA3-containing AMPARs after phosphorylation of the GluA3 subunit by protein 

kinase Cα (PKCα) (Reinders et al., unpublished data). PKCα phosphorylation of a GluA3-

containing AMPAR permits PICK1 binding, which leads to AMPAR endocytosis (Terashima et 

al., 2008; Alfonso et al., 2014). This signaling pathway leading to AMPAR endocytosis is 

thought to be driven by the activation of GluN2B-containing NMDARs. As shown in Chapter 4, 

the AMPAR endocytosis in turn is required for the loss of GluN2B-expressing synapses, which 

in addition requires a GluN2A-dependent process. How all these different factors contributing 

to Aβ-mediated synaptic depression are linked to each other exactly remains to be further 

elucidated in future studies. However, we can speculate on some of the missing intermediate 

links, starting at the beginning. Aβ might exert its toxic effects by aberrant activation of 

GluN2B-containing NMDARs, by enhancing the activity of GluN2B-containing NMDARs or by 

amplifying their downstream signaling pathway. A hypothesis implying a role of the synaptic 

missorting of tau suggests the second option (enhancement of activity), as it proposes that 

the missorting of tau into dendrites (Zempel et al., 2010) enhances the postsynaptic targeting 

of the Src kinase Fyn, resulting in phosphorylation and stabilization of GluN2B-containing 

NMDARs at the synapse, enhancing their activity (Salter & Kalia, 2004; Ittner et al., 2010). 

There are multiple ways the activation of GluN2B-containing NMDARs could lead to PKCα 

phosphorylation of GluA3. One of the possible signaling pathways involves PTEN, which is 

recruited to the postsynaptic density upon NMDAR activation (Jurado et al., 2010). 

Recruitment of PTEN into the postsynaptic terminal is required for Aβ-induced synaptic 

toxicity (Knafo et al., 2016) and PTEN inhibition prevents Aβ-mediated endocytosis of GluA3-

containing AMPARs (Reinders et al., unpublished data). PTEN dephosphorylates PIP3, 

converting it into PIP2. The hydrolysis of PIP2 in turn produces molecules (IP3 and DAG) 

important for the activation of PKCα.  

The next step, of how GluA3 removal contributes to synapse loss, has also not been 

clarified yet. However, the fact that Aβ-induced synapse loss might be preceded by reduced 

levels of synaptic scaffold proteins (Pham et al., 2010; Shao et al., 2011) may provide a clue, 

although this could also be an epiphenomenon rather than a cause of the degeneration of 

synapses. Results from Chapter 4 suggest that the second, GluN2A-dependent, process 
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required for synapse loss might involve an increase in the number of GluN2A-containing 

NMDARs. It is clear that a lot more research is necessary to be able to connect all the missing 

pieces. However, understanding the Aβ-driven signaling cascade in detail is worth the effort 

as it may offer insight into which interventions could be promising in therapies for Alzheimer’s 

disease. 

 

In Chapter 5, we investigated if GluA3-containing AMPARs contribute to basal synaptic 

transmission onto layer 2/3 pyramidal neurons in V1 and if activation of β-adrenergic receptors 

causes synaptic plasticity involving GluA3-containing AMPARs in these cells as it does in CA1 

neurons of the hippocampus. β-adrenergic activation was indeed found to cause GluA3-

dependent postsynaptic potentiation at synapses onto layer 2/3 pyramidal neurons in V1, as 

well as presynaptic plasticity and GluA1-dependent postsynaptic potentiation. Whereas in the 

hippocampus GluA3-containing AMPARs are thought to contribute little to synaptic currents 

under basal conditions because they are largely inactive (Renner et al., 2017), we found that 

GluA3-containing AMPARs are involved in basal synaptic transmission onto layer 2/3 pyramidal 

neurons in V1, and that they even seem to play a bigger role than GluA1-containing AMPARs. 

Furthermore, unlike in the hippocampus (Renner et al., 2017), β-adrenergic activation alone, 

without inhibition of phosphodiesterase (PDE) activity to block cyclic AMP (cAMP) degradation, 

was sufficient to induce synaptic potentiation in layer 2/3 pyramidal neurons in V1. In Purkinje 

cells of the cerebellum, GluA3-plasticity was induced via cAMP-mediated Epac activation 

(Gutierrez-Castellanos et al., 2017), whereas Epac activation is not required for GluA3-plasticity 

in CA1 neurons of the hippocampus and in layer 2/3 pyramidal neurons in V1. Because of these 

and other differences between the hippocampus, cerebellum and V1 in the contribution of 

GluA3-containing AMPARs to basal synaptic transmission and in the mechanisms and function 

of GluA3-plastictity, it would be interesting to study the role of synaptic transmission through 

GluA3-containing AMPARs and GluA3-plasticity in even more brain regions. An interesting 

candidate brain region to start with would be the striatum, since the amount of GluA3 is also 

relatively high in the striatum (Schwenk et al., 2014). 

We do not yet know if β-adrenergic activation-induced GluA3-plasticity in layer 2/3 

pyramidal neurons in V1 involves trafficking of GluA3-containing AMPARs to the cell surface or 

rather changes in the channel properties of GluA3-containing AMPARs, such as the open-

channel probability and single-channel conductance, as seen in the hippocampus and 
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cerebellum (Gutierrez-Castellanos et al., 2017; Renner et al., 2017). To investigate whether 

cortical GluA3-plasticity involves a change in the channel function of GluA3-containing AMPARs, 

single-channel recordings with AMPA in the recording pipette could be performed under cell-

attached configuration from the soma of GluA1-deficient layer 2/3 pyramidal neurons in V1 in 

the presence and absence of β-adrenergic activation. Furthermore, to assess whether cortical 

GluA3-plasticity involves trafficking of GluA3-containing AMPARs to the cell surface, GluA3-

deficient organotypic cortical slices could be infected with Sindbis virus to express recombinant 

GluA3 tagged with super ecliptic phluorin (SEP), a green fluorescent protein variant that displays 

strong pH-dependent fluorescence and can therefore be used to selectively visualize surface 

receptors (Kopec et al., 2006; Makino & Malinow, 2009; Renner et al., 2017). Then, time-lapse 

two-photon imaging of layer 2/3 pyramidal neurons could be performed to test if β-adrenergic 

activation causes a change in SEP-GluA3 fluorescence at the surface area of dendrites. An 

increase in SEP-GluA3 fluorescence would indicate trafficking of GluA3-containing AMPARs 

from endocytic compartments to the cell surface. If GluA3-plasticity does not require trafficking 

of GluA3-containing AMPARs, as in the hippocampus and cerebellum, its initiation could be fast 

compared to synaptic plasticity mechanisms that require synaptic insertion of receptors. This 

could be important to enable a quick rise in alertness upon an increase in noradrenaline levels, 

for example when a situation becomes dangerous. 

Some other questions regarding the regulation of GluA3-plasticity have also not been 

investigated yet. For example: how long does the β-adrenergic activation-driven GluA3-

dependent postsynaptic potentiation typically last? To get a feel for this, it might be 

interesting to test how long after noradrenaline levels drop the synaptic potentiation remains 

in V1 slices, although this could be very different from the dynamics in vivo. Along the same 

lines, it would be interesting to know if postsynaptic strength normalizes automatically over 

time as cAMP levels return to baseline, or if the return to basal synaptic strength requires an 

additional ‘inactivation’ mechanism. In Chapter 5, we found evidence that β-adrenergic 

activation triggers GluA3-plasticity in layer 2/3 pyramidal neurons in V1 via ERK activation. ERK 

activation by cAMP can be transient or sustained depending on the signaling proteins involved 

in its activation (Li et al., 2016); whereas Epac/Rap1 activation mediated sustained activation 

of ERK in Hek293 cells, Ras activation contributed to transient ERK activation. We speculate 

that in the cortex ERK activation, and thereby GluA3-plasticity, is most likely transient, since 
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Epac activation was not required for β-adrenergic activation-induced GluA3-plasticity in layer 

2/3 pyramidal neurons in V1. 

It would be good to know more precisely under which circumstances GluA3-containing 

AMPARs contribute to synaptic transmission onto layer 2/3 pyramidal neurons in V1. In 

Chapter 5, we found that GluA3-containing AMPARs already contribute to synaptic 

transmission under basal conditions and we hypothesized that this is due to the fact that basal 

intracellular cAMP levels in V1 are high enough to support this. However, cAMP levels in layer 

2/3 pyramidal neurons in V1 might be lower when animals are asleep, for example because 

noradrenaline release is decreased during sleep compared to wakefulness (Aston-Jones & 

Bloom, 1981). Therefore, GluA3-containing AMPARs might not contribute to synaptic currents 

during sleep, temporarily depressing synaptic transmission. This could be an important 

mechanism to facilitate a sleep state, especially considering that Gria3 mutations can cause 

perturbed sleep patterns in both mice and humans (Steenland et al., 2008; Davies et al., 2017). 

Similarly, it is possible that when there has been no visual input for some time (for example in 

the dark), cAMP levels in neurons in V1 are lower and therefore GluA3-containing AMPARs do 

not contribute to synaptic currents in V1.  

Noradrenaline release increases during stressful or dangerous circumstances. 

Therefore, we believe these are physiological conditions that can induce (additional) GluA3-

plasticity. We can speculate on the role of β-adrenergic activation-induced GluA3-plasticity in 

V1 in visual processing. Whereas it is known that virtually all excitatory neurons express GluA3, 

it is thought that the majority of interneurons express low levels of GluA3, and that only a 

small proportion of interneurons, predominantly somatostatin (SST)-expressing interneurons 

and possibly a subpopulation of parvalbumin (PV)-expressing interneurons, show notable 

GluA3 expression (Cauli et al., 2000; Moga et al., 2002; Kooijmans et al., 2014; Tasic et al., 

2016). GluA3-plasticity is therefore expected to mainly be a feature of excitatory neurons and 

SST-expressing interneurons, which form most of their inhibitory synapses on the layer 1-

located dendritic tufts of layer 2/3 pyramidal neurons and are thus perfectly situated to gate 

feedback inputs (Kawaguchi & Kubota, 1998), leading me to hypothesize that the arousal-

driven initiation of GluA3-plasticity enhances feedforward information flow.  

Intracellular compartmentalization of cAMP signaling (reviewed in Argyrousi et al., 

2020), for example through localized PDE activity (Houslay & Adams, 2003), could possibly 

ensure that β-adrenergic activation-induced plasticity only occurs in a subset of synapses, 
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selectively enhancing transfer of task-related information and thereby providing selective 

attention and improving behaviorally relevant processing of visual inputs.  

All in all, we propose that there is a gradient of how much GluA3-containing AMPARs 

contribute to synaptic currents in layer 2/3 pyramidal neurons in V1, and it will be interesting 

to investigate under which environmental conditions and in which behavioral states currents 

through GluA3-containing AMPARs are present and further potentiated in V1, and how this 

affects visual processing, behavior and learning. 

 

Fundamental research into plasticity mechanisms remains critical to get to know all the ways 

our brain can adapt to the environment and form memories, and to understand how these 

processes go wrong in cognitive disorders. I hope that the VMR, which was extensively 

characterized and validated in this thesis, will be a useful tool for many synaptic plasticity 

researchers to extract more information from their electrophysiological recordings. 
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Summary 

µ, σ and β in synaptic plasticity: A study of synapse organization and plasticity based on 

variance in synaptic responses 

We constantly need to adapt to and learn from our environment in order for us to function 

properly. These adaptations are dependent on changes in the brain. The adult human brain 

contains over 100 billion neurons, and each neuron is interconnected with other neurons by 

thousands of contact points called synapses. The strength of these synapses can change, and 

it is this phenomenon, called synaptic plasticity, that underlies learning, memory and adaptive 

behavior. However, for many cases in which synaptic plasticity occurs, the underlying cellular 

mechanism is still unclear and new tools to study the synaptic changes underlying synaptic 

plasticity are still required. 

 The strength of synaptic transmission onto a neuron largely depends on three 

parameters: the number of functional neurotransmitter release sites (N), the probability of 

presynaptic vesicle release (Pr), and the quantal size (Q), which is the size of the postsynaptic 

response to the release of a single vesicle of neurotransmitter. Q therefore depends on the 

density, conductance and open-channel probability of postsynaptic receptors. A change in 

synaptic strength is caused by a modulation of one or more of the three parameters N, Pr and 

Q. However, current methods cannot always distinguish which of these parameters is altered. 

Therefore, in Chapter 2, we developed the variance-to-mean ratio (VMR) as a tool to study 

the mechanisms underlying synaptic plasticity and validated its use at the synapses that are 

most commonly studied in synaptic plasticity research: synapses onto hippocampal CA1 

pyramidal neurons that receive Schaffer collateral input from CA3 neurons (Sc-CA1 synapses). 

The VMR is a statistical tool based on the quantal model of synaptic transmission, and can be 

used in combination with the conventional quantal measure of the inverse square of the 

coefficient of variation (1/CV2). While the VMR is dependent on Q and inversely related to Pr, 

but is independent of N, the 1/CV2 depends on N and Pr, but not on Q. We found that 

calculating both 1/CV2 and VMR values of evoked synaptic currents before and after an 

alteration in synaptic strength allows for a fast and reliable prediction of whether the synaptic 

plasticity is caused by a change in N, Pr, and/or Q. 

 In the rest of the thesis, I used this variance analysis in combination with other 

experimental tools in an effort to better understand several synaptic plasticity phenomena. 
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To understand the possibilities for, and effects of, synaptic plasticity it is useful to first gain 

more insight into how the receptors involved in plasticity are regulated and organized at the 

synapse under basal conditions. Two of the key players for mediating plasticity are the major 

types of ionotropic glutamate receptors: the α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptors (AMPARs) and the N-methyl-D-aspartate receptors 

(NMDARs). Both these types of glutamate receptors can be divided into different subtypes, 

which have different properties. In Chapter 3 I investigated the regulation and spatial 

organization of the different AMPAR and NMDAR subtypes at Sc-CA1 synapses. The different 

properties of the different receptor subtypes are determined by their subunit composition. In 

adult excitatory neurons, the two most commonly expressed AMPAR subtypes are composed 

of GluA1/GluA2 heterodimers or GluA2/GluA3 heterodimers. Common NMDAR subtypes are 

composed of GluN1/GluN2A heterodimers or GluN1/GluN2B heterodimers. We showed that 

under basal conditions, GluA1-homomers and GluA3-homomers are largely excluded from 

synapses due to basal levels of intracellular calcium. We also found results suggesting that 

GluA1- and GluA3-containing AMPARs can be colocalized at the same Sc-CA1 synapses. 

However, we demonstrated that GluN2A- and GluN2B-containing NMDARs are segregated at 

Sc-CA1 synapses. Because of the differences between GluN2A- and GluN2B-containing 

NMDARs, the segregation of NMDAR subtypes at Sc-CA1 synapses suggests that synaptic 

plasticity rules might vary between different glutamate release sites. 

 Synaptic AMPAR and NMDAR currents are weakened by oligomers of the amyloid-β 

(Aβ) peptide, which accumulates in the brain in Alzheimer’s disease. This aberrant synaptic 

plasticity is thought to be crucially involved in the cognitive decline seen in the early stage of 

Alzheimer’s disease. In Chapter 4, I used our extended variance analysis to tease out the 

different components contributing to Aβ-induced synaptic depression (= weakening) at Sc-

CA1 synapses. We found that Aβ-induced synaptic depression consists of the loss of functional 

synapses and a reduced AMPAR strength in the remaining synapses. Furthermore, we found 

that the loss of functional synapses requires both the removal of GluA3-containing AMPARs 

and a GluN2A-dependent process. This GluN2A-dependent process might involve an increase 

in the number or conductance of GluN2A-containing NMDARs. How all these different factors 

contributing to Aβ-mediated synaptic depression are linked to each other exactly remains to 

be further elucidated in future studies. Understanding the Aβ-driven signaling cascade in 
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detail may offer insight into which interventions could be promising in therapies for 

Alzheimer’s disease. 

 In Chapter 5, we moved to the primary visual cortex (V1) to study the contribution of 

GluA3-containing AMPARs to synaptic transmission and β-adrenergic activation-induced 

plasticity in that brain region. β-adrenergic receptors are activated by the neurotransmitter 

noradrenaline, the release of which is increased during wakefulness compared to sleep, and 

increases further during a state of arousal. In the hippocampus, β-adrenergic activation 

increases the open-channel probability and single-channel conductance of GluA3-containing 

AMPARs, leading to synaptic potentiation (= strengthening). Since the GluA3 subunit is 

particularly prevalent in the cortex, synaptic transmission through GluA3-containing AMPARs 

as well as GluA3-plasticity could play a prominent role in the functioning of V1. We found that 

indeed, unlike in the hippocampus, GluA3-containing AMPARs contribute to basal synaptic 

transmission onto layer 2/3 pyramidal neurons in V1 and that β-adrenergic activation causes 

GluA3-dependent postsynaptic potentiation at synapses onto these neurons, as well as 

presynaptic plasticity and GluA1-dependent postsynaptic potentiation. Our experiments 

reveal that GluA3 is a prominent player in synaptic communication in V1. 

 This thesis demonstrates that the VMR is a useful tool to extract more information 

from electrophysiological recordings. We furthermore uncovered several unknown facts 

about the organization of synapses, synaptic transmission and plasticity, emphasizing once 

more that fundamental research into plasticity mechanisms remains critical to get to know all 

the ways our brain can adapt to the environment and form memories, and to understand how 

these processes go wrong in cognitive disorders. 
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Nederlandse samenvatting 

µ, σ en β in synaptische plasticiteit: Een studie naar synaptische organisatie en plasticiteit 

op basis van variantie in synaptische responsen 

Om goed te kunnen functioneren moeten we leren van onze ervaringen en ons constant 

aanpassen aan onze omgeving. Deze vaardigheden zijn afhankelijk van veranderingen in het 

brein. Het volwassen menselijk brein bevat meer dan 100 miljard neuronen, en elk neuron is 

verbonden met andere neuronen via duizenden contactpunten die synapsen heten. Synapsen 

kunnen van sterkte veranderen, en het is dit vermogen genaamd synaptische plasticiteit dat 

ten grondslag ligt aan leren, geheugen en adaptief gedrag. Voor veel gevallen waarin 

synaptische plasticiteit plaatsvindt is het onderliggende cellulaire mechanisme echter nog 

onduidelijk, en nieuwe hulpmiddelen om de synaptische veranderingen achter synaptische 

plasticiteit te onderzoeken zijn nog steeds nodig. 

De sterkte van synaptische transmissie op een neuron wordt grotendeels bepaald door 

drie parameters: het aantal functionele synapsen (N), de kans dat een blaasje met 

neurotransmitter wordt vrijgelaten door het presynaptische neuron wanneer een 

zenuwimpuls bij de synaps aankomt (Pr), en de grootte van de postsynaptische respons op het 

vrijlaten van een enkel blaasje met neurotransmitter (Q). Q is daarmee afhankelijk van de 

dichtheid en de geleiding van postsynaptische receptoren en de kans dat deze opengaan. Een 

verandering in synaptische sterkte wordt veroorzaakt door de modificatie van een of meer 

van de drie parameters N, Pr en Q. Echter, huidige methoden kunnen niet altijd onderscheiden 

welk van deze parameters is veranderd. Daarom ontwikkelden wij in Hoofdstuk 2 de variantie-

gemiddelde ratio (VMR) als hulpmiddel om de onderliggende mechanismen achter 

synaptische plasticiteit te onderzoeken en we valideerden het gebruik van de VMR voor de 

synapsen die het meest bestudeerd worden in onderzoek naar synaptische plasticiteit: 

synapsen op CA1 piramidaalcellen die input ontvangen van CA3 neuronen via de Schaffer-

collateralen (Sc-CA1 synapsen). De VMR is een statistisch instrument gebaseerd op het 

quantale model van synaptische transmissie en kan worden gebruikt in combinatie met een 

conventionele quantale maat: de inverse van de gekwadrateerde variatiecoëfficiënt (1/CV2). 

De VMR is afhankelijk van Q en negatief gecorreleerd met Pr, maar is onafhankelijk van N, 

terwijl de 1/CV2 afhankelijk is van N en Pr, maar niet van Q. Wij constateerden dat het 

uitrekenen van zowel 1/CV2 als VMR waarden van opgewekte synaptische stromen vóór en na 
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een verandering in synaptische sterkte een snelle en betrouwbare voorspelling mogelijk 

maakt over of de synaptische plasticiteit wordt veroorzaakt door een verandering in N, Pr, 

en/of Q. 

 In de rest van het proefschrift gebruik ik deze variantieanalyse in combinatie met 

andere experimentele methoden met het doel verscheidene synaptische 

plasticiteitsfenomenen beter te begrijpen. Om de mogelijkheden voor, en de effecten van, 

synaptische plasticiteit te kunnen begrijpen, is het nuttig om eerst meer inzicht te verkrijgen 

in hoe de receptoren die betrokken zijn bij plasticiteit gereguleerd en georganiseerd zijn in de 

synaps onder basale omstandigheden. Twee van de hoofdrolspelers in het bewerkstelligen 

van plasticiteit zijn de voornaamste soorten ionotrope glutamaatreceptoren: de α-amino-3-

hydroxy-5-methyl-4-isoxazoolpropionzuur receptoren (AMPARen) en de N-methyl-D-

aspartaat receptoren (NMDARen). Allebei deze soorten glutamaatreceptoren kunnen 

onderverdeeld worden in verschillende subtypes die verschillende eigenschappen hebben. In 

Hoofdstuk 3 onderzocht ik de regulatie en ruimtelijke organisatie van de verschillende AMPAR 

en NMDAR subtypes in Sc-CA1 synapsen. De verschillende eigenschappen van de 

verschillende receptor subtypes worden bepaald door hun subeenheidsamenstelling. In 

volwassen excitatoire neuronen zijn de twee meest voorkomende AMPAR subtypes 

opgebouwd uit GluA1/GluA2 heterodimeren of GluA2/GluA3 heterodimeren. 

Veelvoorkomende NMDAR subtypes zijn opgebouwd uit GluN1/GluN2A heterodimeren of 

GluN1/GluN2B heterodimeren. Wij hebben aangetoond dat onder basale omstandigheden 

GluA1-homomeren en GluA3-homomeren grotendeels worden buitengesloten uit synapsen 

door het basale niveau van intracellulair calcium. Verder vonden we resultaten die suggereren 

dat GluA1- en GluA3-bevattende AMPARen gecolokaliseerd kunnen zijn in Sc-CA1 synapsen. 

Daarentegen hebben we aangetoond dat GluN2A- en GluN2B-bevattende NMDARen 

gescheiden zijn. Vanwege de verschillen tussen GluN2A- en GluN2B-bevattende NMDARen 

suggereert de scheiding van NMDAR subtypes bij Sc-CA1 synapsen dat de regels voor 

synaptische plasticiteit kunnen verschillen tussen verschillende glutamaatafgifteplaatsen. 

 Synaptische AMPAR en NMDAR stromen worden verzwakt door oligomeren van het 

eiwit amyloïd-β (Aβ), dat zich ophoopt in het brein bij de ziekte van Alzheimer. Er wordt 

gedacht dat deze afwijkende synaptische plasticiteit betrokken is bij de cognitieve 

achteruitgang die waargenomen wordt in de vroege fase van de ziekte van Alzheimer. In 

Hoofdstuk 4 gebruikte ik onze uitgebreide variantieanalyse om de verschillende componenten 
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die bijdragen aan door Aβ geïnduceerde synaptische depressie (= verzwakking) te ontrafelen 

voor de Sc-CA1 synaps. We vonden dat Aβ-geïnduceerde synaptische depressie bestaat uit het 

verlies van functionele synapsen en een verlaagde AMPAR sterkte in de resterende synapsen. 

Verder vonden we dat het verlies van functionele synapsen zowel de verwijdering van GluA3-

bevattende AMPARen als een GluN2A-afhankelijk proces vereist. Bij dit GluN2A-afhankelijke 

proces zou een verhoging in het aantal of de geleiding van GluN2A-bevattende NMDARen 

betrokken kunnen zijn. Hoe al deze verschillende factoren die bijdragen aan Aβ-geïnduceerde 

synaptische depressie precies met elkaar verbonden zijn zal duidelijk moeten worden uit 

toekomstige onderzoeken. Het in detail begrijpen van de door Aβ aangedreven 

signaaltransductieketen zou inzicht kunnen leveren in welke interventies veelbelovend 

zouden kunnen zijn in behandelingen tegen de ziekte van Alzheimer. 

 In Hoofdstuk 5 verschoven we onze aandacht naar de primaire visuele cortex (V1) om 

de bijdrage van GluA3-bevattende AMPARen aan synaptische transmissie en β-adrenerge 

activatie-geïnduceerde plasticiteit in dat hersengebied te bestuderen. β-adrenerge 

receptoren worden geactiveerd door de neurotransmitter noradrenaline, waarvan de afgifte 

verhoogd is tijdens het wakker zijn in vergelijking met tijdens slaap, en nog verder verhoogd 

bij stress. In de hippocampus verhoogt β-adrenerge activatie de kans dat een GluA3-

bevattende AMPAR opengaat en diens geleiding, wat tot synaptische potentiëring (= 

versterking) leidt. Aangezien de GluA3 subeenheid bijzonder veelvoorkomend is in de cortex 

zouden synaptische transmissie door GluA3-bevattende AMPARen en GluA3-plasticiteit een 

grote rol kunnen spelen in het functioneren van V1. Wij ontdekten dat, anders dan in de 

hippocampus, GluA3-bevattende AMPARen inderdaad bijdragen aan basale synaptische 

transmissie op laag 2/3 piramidaalcellen in V1 en dat β-adrenerge activatie GluA3-afhankelijke 

postsynaptische potentiëring veroorzaakt in synapsen op deze neuronen, alsmede 

presynaptische plasticiteit en GluA1-afhankelijke postsynaptische potentiëring. Onze 

experimenten onthullen dat GluA3 een prominente speler is in synaptische communicatie in 

V1. 

 Dit proefschrift toont aan dat de VMR een nuttig instrument is om meer informatie te 

verkrijgen uit elektrofysiologische metingen. Daarnaast brachten wij verscheidene nog niet 

bekende feiten aan het licht over de organisatie van synapsen, synaptische transmissie en 

plasticiteit, wat wederom benadrukt dat fundamenteel onderzoek naar 

plasticiteitsmechanismen cruciaal blijft om alle manieren waarop ons brein zich kan 



549633-L-bw-vanHuijstee549633-L-bw-vanHuijstee549633-L-bw-vanHuijstee549633-L-bw-vanHuijstee
Processed on: 13-10-2020Processed on: 13-10-2020Processed on: 13-10-2020Processed on: 13-10-2020 PDF page: 158PDF page: 158PDF page: 158PDF page: 158

158 
 

aanpassen aan de omgeving en herinneringen kan vormen te leren kennen, en om te begrijpen 

hoe deze processen foutgaan in cognitieve stoornissen. 
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En ook jullie weten hoe belangrijk jullie voor me zijn en wat jullie hebben betekend, dus ik 

houd het kort: bedankt dat jullie altijd het volste vertrouwen in mij hebben gehad en 

regelmatig een luisterend oor en de nodige afleiding boden. And in English: dear friends, there 

would not have been a thesis without you. Thanks for believing in me at all times, for listening 

to my stories, and for providing me with some much needed fun along the way. 

 






