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Thesis introduction
N. R. Reinders

Introduction
Alzheimer’s disease
Alzheimer’s disease (AD) is an irreversible and progressive neurodegenerative
disorder that affects a quarter of the population over 75 years old and burdens
the European economy with 160 billion euros per year (www.alzheimer-europe.org). European research programs spend an annual ~40 million euros on
AD research (0.025% of 160 billion, JPND mapping exercise report 2018). In its
initial stages, AD affects brain regions that store recent memories. In later stages, AD involves many parts of the brain and patients start losing the capability
to retrieve older memories and essential cognitive functions become affected.
Currently, there is no cure for AD and the few available treatments only give
minor and transient symptomatic relief. The lack of a cure is retained by the
limited understanding of the etiology of AD. Considering the cost of AD, additional research on the etiology of AD would likely prove lucrative in reducing
the burden of AD.
Amyloid-beta causes cognitive symptoms in AD
The formation of plaques in the brains of AD patients was observed with the
first description of AD in 1906 (Cipriani et al. 2011). Plaques are large extracellular protein deposits consisting of heavily aggregated amyloid-beta (Aβ)
peptides, which are produced by neurons through cleavage/processing of the
transmembrane Amyloid Precursor Protein (APP) (figure 1). The occurrence of
Aβ plaques and the identification of genetic risk factors for AD that cause Aβ
accumulation, implicate Aβ as a cause for AD. Unfortunately, clearance of Aβ
plaques in AD did not relieve AD symptoms in patients (Penninkilampi et al.
2017, Liu et al. 2012). This can be explained by AD symptoms arising from the
deleterious effects of soluble oligomeric Aβ (oAβ) on synapses. Studies that
succeeded in reducing Aβ plaque load may not have sufficiently reduced encephalic oAβ, which is continuously produced. Numerous studies report that oAβ
causes synapse loss, weakens synaptic strength, induces long term depression
(LTD), blocks long-term potentiation (LTP) and impairs cognitive function (Muller-Schiffmann et al. 2016, Shankar et al. 2008, Lesne et al. 2006, Palop, Mucke
2010, Izco et al. 2014, Mucke, Selkoe 2012, Kamenetz et al. 2003). Synaptic
perturbations in AD patients correlate well with AD symptoms (DeKosky et al.
1996, McLean et al. 1999, Scheff et al. 2006, Scheff et al. 1993, Scheff et al.
2003) and blocking the synaptotoxic effects of oAβ prevents cognitive decline
in AD animal models (Knafo et al. 2016, Kim, T. et al. 2013, Reinders et al. 2016,
Cisse et al. 2011). Compared to relatively inert, localized and immobile Aβ in
plaques, the synaptotoxicity of widespread soluble oAβ seems more detrimen12

tal for brain function (Haass, Selkoe 2007). The evidence that oAβ can cause AD
symptoms by affecting synapses directed research towards understanding the
underlying mechanism behind oAβ induced synapse disfunction. This relatively
new avenue of AD research made great strides towards understanding and preventing the effects of oAβ on cognitive function.
Amyloid-beta and the hyperphosphorylation of tau
The brains of AD patients also accumulate hyperphosphorylated tau protein
(htau), which can aggregate intracellularly into neuro fibrillary tangles (NFT).
The amount of NFTs correlate better with cognitive decline of AD patients than
the formation of Aβ plaques, which occurs earlier (Nelson et al. 2007). In vitro
and vivo studies suggest that oAβ can induce htau formation and that htau is
required for the pathological effects of oAβ [reviewed in (Bloom 2014)]. This offers another explanation as to why clearance of Aβ plaques in AD patients does
not relieve symptoms: In late stage AD, the accumulated htau and NFTs may be
sufficient to maintain cognitive decline. This idea is strengthened by the ‘prion-like’ ability of tau pathology to spread along neuroanatomically connected
brain regions [review (Mudher et al. 2017)]. The end of the section ‘Mechanism
of oAβ synaptotoxicity’ elaborates further on the relation between oAβ and
htau.
APP

Figure 1. Cleavage of the transmembrane protein APP by β-and γ-secreOligomeric tase produces amyloid-β. When accuamyloid-β mulated, amyloid-β aggregates into
oligomeric amyloid-β (oAβ). Abbreviations: secreted Amyloid Precursor Protein β (sAPPβ), 99 amino acid Cytosolic
Oligomerisa�on
Terminal (CT99 or β-CTF), APP Intracellular Domain (AICD). Original image
adopted from (Ward et al. 2017).

sAPPβ
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γ-secretase
CT99
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Why the accumulation of oAβ and htau is not sufficient for AD symptoms.
Despite the strong association of encephalic Aβ plaques and NFTs with AD symptoms, Aβ plaques and NFTs occur in a subgroup of cognitively healthy old-aged
individuals as well (Schmitt 2000, Price 1999). This suggests that the brains of
some individuals can cope with AD-pathology in a way that preserves their cognitive capacity. The ‘cognitive reserve’ (CR) hypothesis proposes that high edu13
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cation, occupational attainment and leisure/social activities in life build up a CR,
which increases tolerance to AD pathology (Stern 2012). This idea stems from
longitudinal studies that report a correlation between high CR and a delayed
(diagnosed) onset of AD-symptoms (Stern et al. 1994, Soldan et al. 2017, Stern
2012, Fratiglioni et al. 2004, Wang et al. 2002, Qiu et al. 2003, Karp et al. 2009).
It is unclear whether a high CR can increase the endurance and/or protection
of the brain against AD pathology. High CR induced endurance would mean
that AD pathology affects the brain equally, but delays AD diagnosis because
of initial high brain capacity and cognitive performance; the brain has to suffer
from AD pathology longer before causing the criteria for mild cognitive impairment (MCI), a precursor of AD (Boyle et al. 2006). Having CR induced protection
means that the brain can deal with some or all the effects of AD pathology that
hamper cognitive functioning by e.g. protection, repair or compensation. These
distinct explanations of how CR can delay AD diagnosis are interesting but challenging to confirm, because endurance and protection against AD pathology
cannot easily be distinguished. A longitudinal study that followed cognitively
healthy participants for ~12 years, reported that healthy high and low CR participants developed MCI equally often, despite their similar AD pathology at the
start of the study (Soldan et al. 2017). This observation seems inconsistent with
a CR induced protection against to AD pathology. However, results from Soldan
et al. also suggest that compared to low CR subjects, high CR subjects that developed MCI suffered a greater rate of cognitive decline after their delayed onset of MCI, but not before. If a high CR would only increase the endurance to
AD pathology, the rate of cognitive decline should be similar before and after
MCI onset. This could indicate a CR associated protection against AD pathology:
In subjects that are protected against AD pathology, cognitive decline would
start at a later timepoint where protection becomes ineffective or depleted. At
this later time point, AD pathology may have progressed further which would
explain the increased rate of cognitive decline after the onset of MCI in high CR
participants (Stern 2012). An estimation of AD-pathology at the onset of MCI is
required to test this idea. Alternatively, the suggestive evidence for a different
rate of cognitive decline in high versus low CR subjects after MCI onset, could
appear because AD-pathology affects cognition in a non-linear fashion. High CR
is associated with higher cognitive performance in general. Cognition tests may
be less sensitive for AD-related cognitive decline in individuals with higher cognitive performance. Thus, the indication for a CR associated protection against
AD pathology could be an artefact of the cognitive assessment.
The question whether a high CR leads to a later AD-diagnosis because of a protection to AD-pathology is still open (Soldan et al. 2017). Yet, there may be
biological mechanisms that could offer protection against AD pathology. Yaakov
14

Stern (2012) proposed that the upregulation of BDNF in a stimulating environment (Henriette et al. 2000) could provide protection to AD pathology (Alan et
al. 2009, Jiao et al. 2016). A gene expression study reported a cluster of synaptic
activity related genes that were specifically upregulated in cognitively healthy
individuals with AD-pathology. This upregulated synaptic gene cluster may represent a coping mechanism that offers protection to AD pathology (Bossers et
al. 2010). A solid empirically supported biological mechanism for CR associated
protection to AD is desired and could help prove and perhaps utilize a CR induced protection against AD pathology. Regardless, a high CR could explain why
certain individuals with Aβ plaques and NFT can appear cognitively healthy. But
whether CR increases protection or endurance to AD pathology is unclear.
Models of oAβ synaptotoxicity
Research on the effects of Aβ on brain function currently adopts various models
with distinct sources of oAβ (e.g. exogenous or endogenous) and timing of oAβ
exposure (chronic or acute). These models are used to define the effect of Aβ
accumulation on the level of single synapse, neurons, neuron-networks and
behavior. The strength and weaknesses of these approaches complement each
other and together they form a powerful toolset to study how oAβ can lead to
AD-like symptoms. The following section summarizes various AD models and
how each provided key insights about the effects of oAβ on synapses and ADlike symptoms.
Exogenous application of oAβ
Studies using exogenous application of oAβ to cell-cultures shifted AD research
to focus on the effects of oAβ on neurons. Soluble oAβ is neurotoxic, whether it is derived from synthetic Aβ peptide preparations (Lambert et al. 1998,
Kayed et al. 2003), produced by cultured cells (Podlisny et al. 1995, Yankner
et al. 1989, Walsh et al. 2002), or extracted from AD brain tissue (McLean et
al. 1999, Shankar et al. 2008, Jin et al. 2011, Roher et al. 1996). To date, application of exogenous oAβ to cultured neurons, brain slices or brains of animals
is widely used to study its acute effects on synapse function and cognitive performance. The instant rise in oAβ upon exogenous application yields striking
effects on synaptic and cognitive functioning, but does not mirror the gradual
accumulation of oAβ seen in AD. The application of exogenous oAβ lacks the
side products that form during the production of Aβ peptides, such as the APP
Intracellular Domain (AICD) (figure 1), which affects synapse function (Pousinha
et al. 2017). Exogenous oAβ application may lack AD related features such as
15
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the speed of oAβ accumulation and by-products of Aβ peptide production, but
is therefore especially suited to study the effects of oAβ specifically.
Viral induced APP overexpression
Viral vectors can be used to induce neuronal expression of proteins that lead
to oAβ overproduction. Several studies have used expression vectors based on
Sindbis virus. Infection of neurons with Sindbis viral vectors induces rapid translation of its RNA, leading to fast buildup of the target protein within 24 hours.
Because a Sindbis virus can sporadically infect neurons in organotypic slice cultures, this method allows direct comparison between infected neurons that
overproduce oAβ and their uninfected neighboring neurons. Based on morphological and electrophysiological properties, hippocampal neurons transduced
by Sindbis vectors remain viable for at least 48h (Marie et al. 2005, Ehrengruber
et al. 1999, Kessels et al. 2009). Kamenetz et al. were the first to induce oAβ
overproduction in organotypic hippocampal slices using Sindbis vectors (Kamenetz et al. 2003). This led to the finding that full-length APP expression reduced
synaptic transmission and that this depends on the formation of Aβ from APP
(figure 1) (Wei et al. 2010, Kessels et al. 2013, Kamenetz et al. 2003). Expression
of the last 100 amino acids of the carboxyl terminal end (c-tail) of APP (APPCT100)
only requires cleavage by endogenous γ-secretase to induce the production of
Aβ (figure 1). Although APPCT100 expression leads to toxic effects independent of
β-secretase activity, it is more commonly used and its smaller size allows the
co-expression of other proteins within the same viral vector. Compared to the
gradual build-up of oAβ in AD patients, viral vector-mediated overproduction
of oAβ can be considered an acute model for AD. The notable advantage of APP
and APPCT100 expression is that it mimics oAβ production in AD more closely:
APP and APPCT100 expression induces oAβ production via endogenous β and/or
γ-secretase and leads to intra- and extra-cellular accumulation of oAβ. For short
term measurements (<48 hours post-infection), confounding side-effect of
Sindbis virus infection have not been reported, but the cytopathic effects may
warrant consideration before using Sindbis virus (Ehrengruber et al. 1999). This
issue is addressed in chapter 4. For long term and in vivo experiments, recombinant adeno-associated virus (AAV) can be used to induce oAβ over production,
but to a lower degree than Sindbis vectors (Michaela et al. 2018, Drummond
et al. 2013). Unlike with Sindbis vectors, APPCT100 expression with AAV vectors is
suited for long term in vivo experiments, but requires pathogenetic mutations
in APPCT100 to induce significant oAβ synaptopathology (Michaela et al. 2018,
Drummond et al. 2013).

16

AD mouse models
Several mouse lines are genetically modified to accumulate Aβ in the brain (Onos
et al. 2016, Sasaguri et al. 2017). The genetic modifications of these mouse
lines are based on familial AD cases where rare variants of APP, PSEN1 and/
or PSEN2 genes cause AD (~1% of AD cases) [review (Di Resta, Ferrari 2019)]
and can therefore be considered models for ‘familial AD’ (Sasaguri et al. 2017).
These AD mouse models exhibit phenotypes that closely resemble the clinical manifestations of AD. In the brains of AD mouse models, oAβ accumulates,
forms plaques and tau hyperphosphorylation is increased. The mice suffer from
altered brain activity, regional spine loss and impaired synaptic plasticity and
cognitive performance (Sasaguri et al. 2017, Esquerda-Canals et al. 2017). AD
animal models have been instrumental in linking oAβ induced synapse disfunction to AD-like symptoms. Several studies have demonstrated strategies that
protect synapses against the effects of oAβ, and confirmed that this prevented
AD like symptoms in AD mouse models (Cisse et al. 2011, Kim, T. et al. 2013,
Knafo et al. 2016, Reinders et al. 2016). Although the accumulation of Aβ in AD
mouse models is much more rapid than in AD patients, it is currently the prime
way of studying the effects of oAβ in vivo and the only way that allows measurement of cognitive performance.
Synaptic transmission
Understanding how oAβ affects synapses, requires a basic understanding of
synapse functioning which is summarized in the following section.
AMPA receptors
Excitatory synapses contain α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPAR) and N-methyl-D-aspartate receptor (NMDAR) ionotropic glutamate receptors (Takumi et al. 1999). Synaptic transmission is largely mediated by synaptic tetrameric AMPARs, which can contain 2-4 different subunits
(GluA1, 2, 3 and/or 4). Ligand binding to the extracellular domains of at least
two subunits of an AMPAR causes a conformational change that can open a K+/
Na+ or Ca2+ permeable ion channel. GluA2 undergoes post-transcriptional Q/R
editing which exchanges glutamine (Q) 607 with an arginine (R) and imparts
Ca2+ permeability of GluA2 containing AMPARs (GluA2-AMPARs) (Hume et al.
1991, Burnashev et al. 1992). Although Q/R unedited GluA2 is rare under basal
physiological conditions (Jonas, Burnashev 1995, Geiger et al. 1995), synaptic
activity can transiently decrease GluA2 Q/R editing to alter synaptic plasticity
17
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and behavior (Rozov et al. 2018, Schmidt et al. 2015, Balik et al. 2013).
Shortly after early development of the rodent brain, GluA1, GluA2 and GluA4
are stably expressed but GluA3 increases with age (Schwenk et al. 2014, Cantanelli et al. 2014, Blair et al. 2013). How the expression of AMPARs relates to
ageing in humans in unknown. In whole rat brain homogenate, most AMPARs
are dimers of two heteromeric GluA1/2 or GluA2/3 dimers, but a substantial
portion of AMPARs contain both a GluA1/2 and GluA2/3 dimer (Zhao et al.
2019). The absence of GluA2 lacking AMPARs in Zhao et al. 2019 is striking
since it is assumed that Ca2+ permeable AMPARs are mostly GluA2 lacking. This
assumption stem from the correlation of low GluA2-mRNA in cells with Ca2+
permeable AMPARs (e.g. GABAergic interneurons) together with the estimated
100% of GluA2 Q/R editing in the adult rat brain (Jonas, Burnashev 1995, Geiger et al. 1995). However, the presence of synaptic Ca2+ permeable GluA2 containing AMPARs was never directly studied and could still explain the absence
of GluA2-lacking AMPARs in Zhao et al.
GluA1 and 4 have similar long c-tails and GluA2 and 3 have similar short c-tails,
which are thought to govern channel gating, stabilization and trafficking of AMPARs in and out of synapses (Anggono et al. 2012, Malinow et al. 2002, Zhou et
al. 2018). For example, in CA1 neurons in the hippocampus, the c-tail of GluA1
prevents AMPARs from entering synapses under basal conditions (Shi et al.
2001). And GluA1-AMPARs in the hippocampus and amygdala enter synapses
during LTP induction and learning, which are blocked by the expression of a
dominant negative GluA1 c-tail (Mitsushima et al. 2011, Rumpel et al. 2005).
The variation in AMPAR subunit expression and functionality as described
above has many more examples (Greger et al. 2017, Zampini et al. 2016) and
likely even more unknowns. The morphological, topographical, functional and
dynamic heterogeneity of AMPARs promises a wealth of unexplored knowledge
about how AMPARs facilitate brain function.
Hippocampal AMPA receptors
The most frequently studied AMPARs are those of the pyramidal cells in the CA1
region of the hippocampus. The CA1 region of the hippocampus is the model
of choice in this thesis for several reasons. Firstly, there is more known about
these AMPARs compared to other AMPARs. Secondly, the hippocampus is involved in memory which is compromised in AD. And thirdly, the hippocampus
is among the first regions to be affected in early AD, where oAβ is accumulated
but Aβ plaques are scarce [review (Albert 1996)]. In excitatory neurons in the
hippocampus, most AMPARs are heteromeric and contain GluA1/2 or GluA2/3
(Wenthold et al. 1996). After a short postnatal period, GluA4 is restricted from
18

the hippocampus (Julius Zhu et al. 2000). GluA3 is absent in hippocampal interneurons (Leranth et al. 1996) with the exception of a subpopulation of parvalbumin‐containing interneurons (Moga et al. 2003). In dendrites of pyramidal
CA1 neurons GluA3, GluA2 and GluA1 are present in a 1:2:1 ratio respectively,
suggesting a 1:1 ratio of GluA1/2 and GluA2/3 AMPARs (Kessels et al. 2009).
Whereas incorporation of recombinant GluA1- AMPARs into synapses requires
synaptic LTP-like activity, GluA2/3 AMPARs constitutively cycle into synapses to
replace GluA1/2 AMPARs independent of synaptic activity (McCormack et al.
2006, Shi et al. 2001). Synaptic currents and synaptic plasticity are drastically
lower in the absence of GluA1, but are surprisingly unaffected in the absence of
GluA3 (Meng et al. 2003, Lu et al. 2009, Andrásfalvy et al. 2003). While GluA1
and GluA2 have been extensively studied over the past decades, GluA3 has been
largely ignored. Studies were often ‘forgetting’ GluA3, because most investigators believed GluA3 was irrelevant. This beliefs stems from the observations
that GluA3-AMPARs barely contribute to synaptic and extra synaptic AMPA currents (Lu et al. 2009, Andrásfalvy et al. 2003), in GluA3 deficient hippocampal
neurons LTP is intact (Meng et al. 2003, Humeau et al. 2007), GluA3 mRNA
levels are 10-fold lower than GluA1 (Tsuzuki et al. 2001) and GluA3 deficient
mice have relatively mild phenotypes compared with GluA1- and GluA2-deficient mice (Adamczyk et al. 2012, Steenland et al. 2008).
Synaptic plasticity: long-term potentiation and long-term depression
The number and conductance of synaptic AMPARs determines the strength
of a synapse. When a synapse is potentiated, more GluA1/2 AMPARs are incorporated into the synapse, and when AMPARs are removed, the synapse is
‘depressed’. Post-synaptic plasticity regulates synaptic currents by varying the
number or conductance of post-synaptic ion channels that open upon pre-synaptic glutamate release. Persistent increases or decreases in the amount of
functional synaptic AMPARs represent long-term potentiation (LTP) or longterm depression (LTD) respectively. LTP is shown to facilitate memory formation
(Bast et al. 2005, Nabavi, S. et al. 2014), but the role of LTD in memory is more
ambiguous (Collingridge et al. 2010). Possibly LTD helps maintaining the ability
for LTP through homeostatic scaling of synaptic strength (Whitt et al. 2014).
NMDA receptors mediate LTP and LTD
N-methyl-D-aspartate receptors (NMDARs) contains four subunits of GluN1,
GluN2 or GluN3s. NMDARs are heterotetramers of two GluN1 and two GluN2
and/or GluN3 subunits. The extracellular domains of GluN2s have a glutamate
19
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and GluN1 and GluN3s have a glycine/D-serine ligand binding domain. For
NMDAR to open, the preceding synaptic activity has to be timed such that both
ligands bind to an NMDAR while postsynaptic depolarization removes Mg2+ ion
from the channel pore (Bliss, Gardner-Medwin 1973). NMDAR channel opening
facilitates LTP by allowing Ca2+ influx to triggering molecular pathways that lead
to the incorporation of GluA1/2 containing AMPARs into the synapse.
When ligand binding to an NMDAR occurs while channel opening is prevented,
LTD is triggered (Nabavi, Sadegh et al. 2013). It was previously thought that
this type of LTD is accompanied and facilitated by an NMDAR mediated small
influx of Ca2+, which activates biochemical pathways distinct from those activated by a large Ca2+ influx (Babiec et al. 2014, Cummings et al. 1996). However,
a conformational change of NMDARs upon ligand binding without opening the
channel, is sufficient to induce LTD independent of Ca2+ influx (Nabavi, Sadegh
et al. 2013, Stein et al. 2015, Aow et al. 2015).
Synaptotoxicity of oAβ
Synapse function is impaired by oAβ
In the presence of elevated oAβ levels, synapses undergo changes that can have
dramatic effects on a synaptic, neuronal and network level. Synapse loss is reported in post-mortem brains of AD patients (DeKosky et al. 1996, McLean et al.
1999, Scheff, Price 2003) and in AD animal models that overproduce Aβ (Alonso-Nanclares et al. 2013, Kirkwood et al. 2013, Bittner et al. 2012, Perez-Cruz
et al. 2011, Oddo et al. 2003). Elevated levels of oAβ lead to reduced glutamatergic synaptic transmission by inducing spine loss and by removing glutamate
receptors from the surface of neurons and synapses (Hsia et al. 1999, Kamenetz
et al. 2003, Snyder et al. 2005, Almeida et al. 2005, Roselli et al. 2005, Hsieh et
al. 2006). The effect of oAβ on synapses closely resemble LTD. The oAβ induced
spine loss and reduction of glutamate receptors on the surface of synapses and
dendrites of excitatory neurons, requires second messenger pathways implicated in LTD (see next section). The oAβ induced synaptotoxicity most likely
impairs learning and memory because they hamper the induction of LTP (Walsh
et al. 2002, Rammes et al. 2011, Shankar et al. 2008, James et al. 2004, Freir et
al. 2001), which is crucial for learning and memory (Bast et al. 2005, Nabavi, S.
et al. 2014).
Mechanism of oAβ synaptotoxicity
The following section, summarized in figure 2, describes a hypothetical cascade
20

of events that lead to the effects oAβ on synapse function. These are events
are crucial for the effects of oAβ because blocking them prevents AD-like symptoms in AD mouse models (Knafo et al. 2016, Cisse et al. 2011, Kim, T. et al.
2013, Reinders et al. 2016).
1- Firstly, Aβ monomers need to accumulate to form oAβ through overproduction, lack of clearance or hyper-aggregation of Aβ monomers (Murphy, Levine
2010). During the production of Aβ, the rate-limiting cleavage of APP to produce CT99 (or β-CTF, figure 1) is dependent on synaptic activity (Cirrito et al.
2005, Kamenetz et al. 2003), implying that oAβ induced synaptic depression
could act as a negative feedback loop. High synaptic activity would increase the
production of oAβ which then helps depress synaptic activity. How oAβ induces
synaptic depression is widely debated. The interaction of oAβ with EphB2 (Cisse
et al. 2011), PirB (Kim, T. et al. 2013) or PrP (Lauren et al. 2009) may be relevant.
However, oAβ is a promiscuous interactor (Benilova, De 2013) which makes the
causal relevance of oAβ binding to a protein ambiguous.
2- Whichever interactions are important for the effects of oAβ, we know that
the activation of NMDARs is required (Shankar et al. 2008, Kamenetz et al.
2003, Shankar et al. 2007, Rammes et al. 2011). More specifically, the metabotropic activation of NMDARs (mNMDAR) is a required step for the effects of oAβ
(Kessels et al. 2013). Interestingly, mNMDAR activity is associated with LTD-like
phenomena such as reduced synaptic transmission and spine shrinkage (Nabavi, Sadegh et al. 2013, Lee et al. 2005, Stein et al. 2015). mNMDAR activation
(without ion flow) occurs when glutamate binds the NMDAR while Mg2+, or the
lack of glycine binding, prevents ion flow (Nabavi, Sadegh et al. 2013, Dore et
al. 2015). Possibly, oAβ enhances mNMDAR activation by reducing glutamate
clearance, thereby prolonging glutamate binding while Mg2+ prevents channel
opening (Li et al. 2009).
3- Following the activation of NMDARs is the recruitment of phosphatase and
tensin homolog (PTEN) to the synapse, which normally facilitates NMDAR dependent LTD (Jurado et al. 2010). When PTEN is absent, its activity blocked or
its synaptic recruitment prevented, oAβ is not toxic to synapses and does not
induce memory deficits in AD mouse models (Knafo et al. 2016). The role of
PTEN in NMDAR mediated LTD is to prevent synaptic accumulation of phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which otherwise would facilitate
LTP (Jurado et al. 2010, Arendt et al. 2014). Arendt et al. 2014 proposed that
‘LTP and LTD signaling converge towards PIP3 upregulation, but PTEN acts as an
LTD-selective switch that determines the outcome of PIP3 accumulation’. How
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NMDAR activation leads to PTEN recruitment, or whether mNMDAR activation
is sufficient to recruit PTEN to the synapse is unknown.
4- A probable subsequent event is the removal of AMPARs from the synapse.
PICK1 and glutamate receptor interacting protein (GRIP) competitively bind the
c-tail domain of GluA2 and GluA3. Phosphorylation of the c-tail by protein kinase C alpha (PKCα) causes GRIP to release, allowing PICK1 to interact with the
c-tail instead (Daw et al. 2000, Chung et al. 2000, Lin et al. 2007). GRIP facilitates the insertion and retainment of AMPARs in synapses (Setou et al. 2002,
Osten et al. 2000) and ‘protein interacting with C kinase’ (PICK1) meditates the
removal of synaptic AMPARs (Terashima et al. 2008, Lu, Ziff 2005). oAβ reduces
the surface levels of GluA2-AMPARs (GluA2-AMPAR) to induce synaptic depression and spine loss (Hsieh et al. 2006). The removal of GluA2-AMPARs and synaptic depression by oAβ can be blocked by preventing PICK1-GluA2 interaction
(Alfonso, S. et al. 2014). Phosphorylation of the GluA2 c-tail by protein kinase
C alpha (PKCα) mediates PICK1-GluA2 interaction by causing GRIP to release,
allowing PICK1 to bind the GluA2 c-tail instead (Daw et al. 2000, Chung et al.
2000, Lin et al. 2007). This process is involved in NMDAR induced synaptic depression (Xia et al. 2000, Terashima et al. 2008, Seidenman et al. 2003, Kim, C.
H. et al. 2001). Interestingly, PKCα activity is important for the effects of oAβ
and mutations in humans that promote PKCα activity greatly increases the risk
to develop AD (Alfonso, S. I. et al. 2016).
The cascade of events discussed above and illustrated in figure 2 may, but are
not required to, be causally related in a linear fashion. Filling the gaps between
the event requires further study and could reveal valuable therapeutical targets
that prevent oAβ synaptotoxicity. It is unclear why oAβ affects these events
or their outcome. Perhaps these events are part of endogenous pathways, involved in regulating synapse strength through NMDAR mediated LTD, which are
over-activated to a toxic degree by accumulated oAβ. Alternatively, oAβ could
change the end result of the events from synapse weakening to removal. Or
perhaps oAβ directly induces mNMDAR activation by binding NMDARs (Texido
et al. 2011).
5- Another noteworthy requirement for oAβ toxicity is the hyper-phosphorylation of the protein tau (htau), which leads to neuro-fibrillary tangles (NFT) in several neuro-degenerative diseases (Gao et al. 2018). Increased htau in patients
occurs after the accumulation Aβ and correlates better with AD symptoms than
the formation of Aβ plaques (Nelson et al. 2007). In AD mouse models htau
is increased but does not form htau tangles unless tau-related genes are spe22

PTEN

Glu

4

PICK1

3
GSK3β

+P

Kinases

+P

5
htau

oAβ

I

-P
GRIP

-P

A2/
3

GluA2/3
3

PIP

1

GluA2/3

DA
R

?

K1
PIC

NM

+P

PIP2

PKCα

2

GRIP

Glutamate

PICK

1

Impaired
synapse function
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of PTEN to the synapse, converting PIP3 into PIP2. 4- PICK1 mediated GluA2- and GluA3-AMPAR
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cifically modified [review (Esquerda-Canals et al. 2017)]. Accumulation of oAβ
increases hTau, which facilitates oAβ synaptotoxicity (Jin et al. 2011, Kamenetz
et al. 2003, Mairet-Coello et al. 2013, Takashima et al. 1993), explaining why Aβ
accumulation precedes htau and cognitive symptoms (Bloom 2014). Interestingly, like most requirements for the effects of oAβ, postsynaptic htau plays a
role in NMDAR dependent LTD (Regan et al. 2015, Mondragón-Rodríguez et al.
2012, Kimura et al. 2014). The importance of htau for the synaptotoxic effects
of oAβ is clear, but the position of htau in the above described signaling cascade
(figure 2) is more equivocal. NMDAR activation leads to phosphorylation of tau
in synaptic regions (Mondragón-Rodríguez et al. 2012). Recruitment of PTEN
to synapses increases local levels of GSK3β, a prominent tau kinase (Medina
et al. 2011). However, many kinases such as GSK3α, AMPK, CDK5, MAPK, JNK,
and p38 are involved in phosphorylating tau (Hooper et al. 2008, Martin et
al. 2013) and could be regulated by other oAβ associated signaling cascades
(Mairet-Coello et al. 2013). Hyperphosphorylation of tau is required for the effects of oAβ on synapse function and memory, but can be triggered by multiple
signaling pathways, which are beyond the scope of this introduction.
Thesis scope
The cognitive symptoms of AD most likely arise due to impaired synapse function, which can be caused by accumulated encephalic oAβ (section ‘Amyloid-be23
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ta causes cognitive symptoms in AD’). Several molecular events have to occur
before oAβ impairs synapse function. Evidence suggests that one such event
is the removal of AMPA receptors from the dendritic surface of neurons. It is
unclear which type of AMPA receptor is involved and what its role is in triggering the effects of oAβ on synapses. To further disentangle the events that are
required for the effects of oAβ, as described in the section ‘Mechanism of oAβ
synaptotoxicity‘, this thesis addresses the following research questions:
1. Which AMPAR subunit is involved in the effects of oAβ on synapse and
memory function? Chapter one demonstrates that GluA3-AMPARs are required for the effects of oAβ on synaptic function and memory.
2. Why do GluA2/3 AMPARs hardly contribute to synaptic currents while they
occur abundantly in CA1 neurons of the hippocampus? Chapter two presents data showing that under basal conditions, GluA2/3 AMPARs are inactive and unresponsive to glutamate but can be activated by a norepinephrine induced rise in cAMP.
3. Why are GluA3-AMPARs required for the effects of oAβ on synaptic function and memory? Chapter three demonstrates that oAβ induced removal
of synaptic GluA3-AMPARs is required for the effects of oAβ on synapses.
Substituting GluA3 lysine 887 with an alanine, prevented GluA3 removal
and oAβ synaptotoxicity, indicating that oAβ causes synaptic depression via
phosphorylation and removal of AMPA-receptor subunit GluA3.
4. The expression of exogenous protein with Sindbis viral vectors to study the
physiology of organotypic hippocampal neurons is used across all thesis
chapters. However, cytopathic effects in Sindbis infected organotypic hippocampal neurons of the CA1 have been reported and may confound experimental results (Ehrengruber et al. 1999). The fourth chapter validates
the utilization of Sindbis virus as a protein expression system for studying
neuron physiology.
References
See section ‘Thesis introduction and discussion references’ on page 153.
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Chapter 1
Abstract
Amyloid-β (Aβ) is a prime suspect to cause cognitive deficits during the early phases of Alzheimer’s disease (AD). Experiments in AD-mouse models have
shown that soluble oligomeric clusters of Aβ degrade synapses and impair memory formation. We show that all Aβ-driven effects measured in these mice depend on AMPA-receptor subunit GluA3. Hippocampal neurons that lack GluA3
were resistant against Aβ-mediated synaptic depression and spine loss. In addition, Aβ oligomers only blocked long-term synaptic potentiation in neurons that
expressed GluA3. Furthermore, whereas Aβ-overproducing mice showed significant memory impairment, memories in GluA3-deficient congenics remained
unaffected. These experiments indicate that the presence of GluA3-containing
AMPA-receptors is critical for Aβ-mediated synaptic and cognitive deficits.
Significance
In Alzheimer’s disease, soluble clusters of amyloid-β (Aβ) are believed to degrade synapses and impair memory formation. The removal of AMPA-receptors
from synapses was previously shown to be a critical step in Aβ-driven synapse
loss. In this report, we establish that AMPA-receptors that contain subunit GluA3
play a central role in Aβ-driven synaptic and memory deficits. Neurons that lack
GluA3 are resistant to synaptic weakening and inhibition of synaptic plasticity,
and mice that lack GluA3 were resistant to memory impairment and premature
mortality. Our experiments suggest that Aβ initiates synaptic and memory deficits by removing GluA3-containing AMPA-receptors from synapses.
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Introduction
At the early stages of Alzheimers disease (AD), synaptic perturbations are
strongly linked to cognitive decline and memory impairment in AD patients
(1, 2). The accumulation of soluble oligomeric clusters of amyloid-β (Aβ), a secreted proteolytic derivative of the amyloid precursor protein (APP), may be
important for the early synaptic failure that is seen in AD pathogenesis (3, 4,
5, 6). Neurons that overexpress APP or are exposed to Aβ-oligomers show synaptic depression, a loss of dendritic spines and a reduced capacity for synaptic
plasticity (7, 8, 9, 10). For all these effects to occur NMDA-receptor (NMDAR)
activity is required (7, 11, 12, 13). Aβ-oligomers trigger an NMDAR-dependent
signaling pathway that leads to synaptic depression through the removal of
AMPA-receptors (AMPARs) and NMDARs from synapses (7, 11, 14). Interestingly, a blockade of AMPAR endocytosis prevents the depletion of NMDARs and a
loss of spines (15, 16), suggesting that the removal of AMPARs from synapses is
critical for this pathway to induce synaptic failure.
Excitatory neurons of the mature hippocampus predominantly contain two
types of AMPARs in approximately equivalent amounts (17): those consisting
of subunits GluA1 and GluA2 (GluA1/2s), and those consisting of GluA2 and
GluA3 (GluA2/3s) (18). GluA1-containing AMPARs are inserted into synapses
upon the induction of long-term potentiation (LTP) in brain slices (19) and play
a prominent role in memory formation (20, 21). In contrast, GluA2/3s contribute relatively little to synaptic currents, LTP or memory formation (22, 23, 24,
25) and have been implicated to participate in homeostatic scaling of synapse
strength (26, 27). We here demonstrate that the AMPAR subunit GluA3 plays a
major role in AD pathology by showing that mice lacking GluA3 are protected
against Aβ-driven synaptic deficits, spine loss and memory impairment.
Results
GluA3-deficient neurons are resistant against Aβ-mediated synaptic depression.
To assess whether the removal of AMPARs from synapses by Aβ depends on
AMPAR subunit composition, organotypic hippocampal slice cultures were prepared from GluA1-deficient or GluA3-deficient mice and their wild-type littermates. CA1 neurons were sparsely (<10%) infected with Sindbis virus expressing
APPCT100, the β-secretase product of APP and precursor to Aβ, together with
tdTomato under control of a second subgenomic promoter. 20-30 hrs after viral
infection, synaptic currents evoked by electrical stimulation of Schaffer collateral inputs were measured on tdTomato-expressing and neighboring uninfected
27
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pyramidal CA1 neurons simultaneously. We ascertained that the majority of tdTomato expressing neurons produced APPCT100 without affecting their membrane resistance (Fig. S1), supporting previous demonstrations that in these
conditions the health of the neurons is not affected by Sindbis infection (28, 7,
11). Wild-type neurons that expressed APPCT100 showed decreased AMPAR
currents (p<0.01; Fig. 1A) and reduced AMPA/NMDA ratios (p=0.03; Fig. 1C),
which has been shown to be caused by increased neuronal production of Aβ
(11, 7). In CA1 neurons of GluA3-deficient organotypic slices the AMPA/NMDA
ratios were on average 35% reduced compared with wild-type neurons CA1
neurons (p=0.05; Fig. 1C) and APPCT100 expression failed to decrease synaptic
AMPAR currents (p=0.6; Fig. 1A and B) or AMPA/NMDA ratios (p=0.6; Fig. 1C
and D). However, GluA1-deficient neurons had a more reduced AMPA/NMDA
ratio (55%; Fig. 1C), yet still show APPCT100-induced synaptic AMPAR depression (p=0.01; Fig. 1A) that was a similar depression as in wild-type neurons
(p=0.2; Fig. 1B). These data indicate that the presence of GluA3-containing AMPARs, but not of those containing GluA1, is crucial for Aβ to trigger synaptic
AMPAR depression.
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Fig. 1. GluA3-deficient neurons are resistant against Aβ-mediated synaptic AMPAR depression.
(A-D) Dual whole-cell recordings of APPCT100 infected and neighboring uninfected CA1 neurons from organotypic slices of wt mice (black), GluA3-KO littermate mice (blue), or GluA1-KO
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littermate mice (red). (A) Example traces (top) and dot plots (bottom) of paired EPSC recordings
(open dots) with averages denoted as filled dots (wt: n=27; GluA3-KO: n=27; GluA1-KO: n=31).
Genotype x APPCT100: p<0.01 (two-way ANOVA). Scale bars: 20 ms and 50pA. (B) Fold change
in AMPAR currents upon APPCT100 expression, calculated as the average log2-transformed
ratio of EPSC recorded from APPCT100-infected over EPSC from neighboring uninfected neuron.
(C) AMPA/NMDA ratios of uninfected and APPCT100 infected neurons (wt: n=18; GluA3-KO:
n=18; GluA1-KO: n=20); Genotype x APPCT100: p=0.3 (two-way ANOVA). (D) Fold change in
AMPA/NMDA ratios upon APPCT100 expression, calculated as in (B). Data are mean ±SEM.
Statistics: 2-tailed paired (A,C) or unpaired (B-D) t test. * indicates p<0.05.

To assess the effect of Aβ on NMDARs, we compared synaptic NMDAR currents
between pairs of APPCT100 infected and nearby uninfected neurons (Fig. 2).
APPCT100 expression led to a significant decrease in synaptic NMDAR currents
in wild-type CA1 neurons (p<0.01; Fig. 2A) and in GluA1-deficient CA1 neurons
(p=0.02), but not in those lacking GluA3 (p>0.9; Fig. 2A and C). These data indicate that neurons are only susceptible to Aβ-mediated NMDAR depression
when they express AMPAR subunit GluA3. Digital subtraction of currents before
and after wash-in of the specific GluN2B blocker Ro 25-6981 permitted measurement of the relative contribution of GluN2A and GluN2B to the NMDAR
currents. The relative contribution of GluN2A and GluN2B to total NMDAR currents was not altered by the absence of GluA1 or GluA3 (Fig. 2B). As previously shown (11), APPCT100 expression in wild-type neurons selectively affected
NMDAR currents mediated by GluN2B (p=0.01; Fig. 2B and E) and not those
mediated by GluN2A (p=0.4; Fig. 2B and D). APPCT100 expression in GluA3-deficient neurons failed to reduce NMDAR currents independently of whether
they contained GluN2A (p=0.6; Fig. 2B and D) or GluN2B (p=0.3; Fig. 2B and E).
In GluA1-deficient neurons both GluN2A (p=0.02) and GluN2B (p=0.03) NMDAR
currents were significantly reduced upon APPCT100-expression (Fig. 2B to E),
suggesting that the presence of GluA1 protects synapses from an Aβ-mediated reduction in synaptic GluN2A currents. A proportional decrease in AMPAR
(Fig. 1B) and NMDAR (Fig. 2C) currents in APPCT100-expressing GluA1-deficient
neurons corresponds with their unchanged AMPA/NMDA ratio (Fig. 1D).
Aβ-mediated synapse loss depends on the presence of GluA3.
The number of AMPARs at a synapse correlates well with the synapse size and
the spine size (29). To examine whether Aβ selectively targets a specific subtype
of synapses harboring GluA3-containing AMPARs, we analyzed spine densities,
spine size and miniature EPSC (mEPSC) events in Aβ-overproducing neurons.
We assessed Aβ-induced spine loss by expressing APPCT100 together with the
cytosolic marker tdTomato in CA1 neurons of organotypic slices. As a control we
expressed APPCT84, the α-secretase product of APP, which does not produce
Aβ, and did not affect spine density, mEPSC frequency or mEPSC amplitude
29
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Fig. 2. GluA3-deficient neurons are resistant against Aβ-mediated synaptic NMDAR depression.
(A-E) Dual whole-cell recordings of APPCT100 infected and neighboring uninfected CA1 neurons
from organotypic slices of wt mice (black), GluA3-KO littermate mice (blue), or GluA1-KO littermate mice (red). (A) Example traces (top) and dot plots (bottom) of paired NMDAR EPSC recordings (open dots) with average denoted as filled dot (wt: n=17; GluA3-KO: n=16; GluA1-KO:
n=17). Genotype x APPCT100: p=0.05 (two-way ANOVA). Scale bars: 20 ms and 50pA. (B) Example traces (top) and average EPSC currents normalized to the average of the uninfected neurons (bottom) before and after Ro 25-6981 wash-in to reveal GluN2A and GluN2B contributing
NMDAR currents. Scale bars: 20 ms and 50pA. (C) Fold change in total NMDAR, (D) GluN2A and
(E) GluN2B currents upon APPCT100 expression, calculated as the average log2-transformed
ratio of EPSC recorded from APPCT100-infected over EPSC from neighboring uninfected neuron.
Data are mean ±SEM. Statistics: 2-tailed paired (A,B) or unpaired (C-E) t test. * indicates p<0.05.
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(Fig. S2). The spine density at apical dendrites was significantly lower in APPCT100-expressing wild-type CA1 neurons compared to APPCT84 infected ones
(p=0.01; Fig. 3A). The loss of spines in APPCT100-expressing CA1 neurons occurred without a change in the average spine head diameter (p=0.6; Fig. 3A) or
in the distribution of spine head sizes (Fig. 3B). Correspondingly, CA1 neurons
expressing APPCT100 showed a decrease in mEPSC frequency (p<0.01; Fig. 3C)
but not in average mEPSC amplitude (p=0.9; Fig. 3C). A minor change in the
distribution of mEPSC amplitudes (p=0.02; Fig. 3D) indicates that APPCT100-expressing neurons have a slightly smaller proportion of synapses with large AMPAR current amplitudes.
GluA3-deficient CA1 neurons have a similar spine density as wild-type neurons
(p=0.6) with on average slightly larger spine heads (p=0.02; Fig. 3A). APPCT100
expression in these GluA3-deficient neurons did not lead to a reduced spine
density (p>0.9) or spine head size (p>0.9; Fig. 3A). The average mEPSC amplitude and was also similar between GluA3-deficient neurons and wild-type
neurons (p=0.2), and was not altered upon APPCT100-expression in GluA3-deficient neurons (p=0.7; Fig. 3C, p=0.6; Fig. 3D). Notably, the mEPSC frequency
was significantly lower in GluA3-deficient neurons (p<0.01; Fig. 3C) to a size
similar to APPCT100-expressing wild-type neurons (p=0.2), and did not change
upon APPCT100 expression (p=0.2; Fig. 3C). These findings indicate that Aβ triggers a reduction in synaptic AMPAR currents and a loss of spines, only when
GluA3 is present. Combined with previous reports that show that AMPAR endocytosis is required for the synaptotoxic effects of Aβ (15, 16), our data imply
that the active removal of GluA3-containing AMPARs by Aβ (but not the genetic
deficiency of GluA3) leads to a loss of spines.
GluA3-deficient neurons are insensitive to the Aβ-mediated blockade of LTP.
Aβ-oligomers are capable of blocking NMDAR-dependent LTP (9). To assess
whether GluA3-deficient neurons are susceptible to the Aβ-mediated blockade
of LTP, we performed extracellular local field potential recordings in brain slices
acutely isolated from wild-type mice and GluA3-deficient littermates. Previous
studies have shown that LTP induction in GluA3-deficient brain slices produces a level of potentiation that is similar (23) or larger (25) than in wild-type
neurons. We observed that a theta-burst stimulation onto CA3-CA1 synapses
produced stable, pathway-specific LTP of similar magnitude in wild-type and
GluA3-deficient slices (Fig. S3). This experiment was repeated in slices incubated with cell culture medium from a cell line that produces Aβ in oligomeric
form, or with control medium (30). The incubation of slices with 1 nM of oligomeric Aβ blocked LTP in wild-type slices (p=0.03; Fig. 4A), but failed to block LTP
31
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Fig. 3. GluA3-deficient neurons are resistant against Aβ-mediated spine loss. (A-D) Spine and
mEPSC analysis of CA1 neurons in organotypic slices from wild-type (black) or GluA3-KO mice
(blue). (A, top) Example images of wt and GluA3-KO dendrites expressing APPCT84 or APPCT100.
Scale bar: 5 μm. (A, bottom) APPCT100 expression reduced spine density in wild-type but not
GluA3-KO neurons without changing the average spine head diameter. (wt, APPCT84: n=20 and
APPCT100: n=13; GluA3-KO, APPCT84: n=26; APPCT100: n=19). (B) Distribution of spine head
diameters in APPCT100 versus APPCT84 expressing wt or GluA3-KO neurons. (C, top) Example
mEPSC traces of wt and GluA3-KO neurons with or without APPCT100-expression. Scale bar:
3 sec, 10 pA. (C, bottom) APPCT100 expression reduced mEPSC frequency in wild-type but not
GluA3-KO neurons without changing average mEPSC amplitude. (wt, APPCT100: n=24 and uninf: n=25; GluA3-KO, APPCT100: n=21 and uninf: n=22). (D) APPCT100 changed the normalized
distribution of mEPSC amplitudes of wt but not of GluA3-KO neurons. Data are mean ±SEM.
Statistics: two-way ANOVA with post-hoc Sidak (A,C) or K-S test (B,D). * indicates p<0.05.

in GluA3-deficient slices (p=0.8; Fig. 4B). In the presence of Aβ-oligomers LTP
was significantly smaller in wild-type slices compared to GluA3-deficient slices
(p=0.04; Fig. 4C). Thus, GluA3-expression was critical for Aβ-oligomers to block
LTP.
GluA3-deficient APP/PS1 transgenic mice do not display spine loss or memory
impairment.
Mice that express human APP (APPswe) and mutant presenilin 1 (PS1dE9)
transgenes produce high levels of Aβ42 and are used as a mouse model for familial AD (31). An immunostaining for Aβ shows that these APP/PS1-transgenic
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mice started to develop plaques in the CA1 region of the hippocampus at the
age of 6 months, with more plaques situated in the stratum lacunosum-moleculare (SLM) than in the stratum radiatum (SR) (Fig. 5A and Fig. S4A). To assess
whether these local differences in Aβ-load correspond with location-specific
patterns of spine loss (32), spine analysis was performed on oblique CA1 dendrites in both SR and SLM. Indeed, whereas the spine density remained unaffected in the SR (p=0.6; Fig. 5C and D and Fig. S4B), we did observe a reduced
spine density in the SLM (p<0.01; Fig. 5E and F). Although in 12-month old mice
the plaque load had approximately quadrupled in both the SR and the SLM (Fig.
5B), the spine loss in the CA1 had not aggravated (Fig. 5D and F). The observed
spine loss in the SLM of APP/PS1-transgenic mice was not accompanied by a
change in the average diameter of spine heads (Fig. 5G and J) or the distribution
of spine head sizes (Fig. 5I and J). In APP/PS1 mice that were GluA3-deficient
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the development of plaque formation was similar compared to GluA3-expressing APP/PS1 littermates (p>0.9; Fig. 5A and B), suggesting that the level of Aβ
accumulation was unaffected in the absence of GluA3. As we observed in organotypic slice cultures, GluA3-deficient CA1 neurons have on average a similar
spine density (Fig. 5C to F) and larger spine heads (Fig. 5G and H; and Fig. S5)
compared with age-matched wild-type littermates. Notably, in GluA3-deficient
mice the APP/PS1 transgenes did not cause a reduced spine density in the SLM
at both 6 and 12 months of age (Fig. 5E and F), indicating that APP/PS1 mice are
only susceptible to spine loss when they express AMPAR subunit GluA3.
In addition to Aβ plaque and spine pathology, APP/PS1 mice show cognitive
deficits and premature mortality. In our colony the survival rate of APP/PS1
mice was reduced compared with wild-type littermates (p<0.01). APP/PS1 mice
did not show premature mortality when they were GluA3-deficient (p=0.2, Fig.
6A). We tested the ability to form hippocampus- and amygdala-dependent
memories by submitting either 6 or 12-month old mice to a contextual fear-conditioning paradigm. Upon exposure to the shock cage, the mice with different
genotypes displayed a similar locomotor activity in a novel environment and a
similar startle response to a mild foot shock (Fig. 6B and C). When re-exposed
to the shock cage 24 hours after conditioning, APP/PS1 mice showed impaired
fear memories as expressed by a lower level of freezing behavior compared
with wild-type littermates (p=0.01; Fig. 6D and p=0.03; Fig. 6E). For GluA3-deficient mice, the freezing response to the fearful context were equal irrespectively of having APP/PS1 transgenes (p>0.9; Fig. 6D and p>0.9; Fig. 6E). Similar
results were obtained when another group of 6-month old mice was tested 7
days after conditioning (Fig. 6F and G), indicating that also the long-term stability of contextual fear memories remained unaffected by APP/PS1 transgenes
in the absence of GluA3. GluA3-deficient mice consistently displayed a lower
(non-significant) memory performance compared to their wild-type littermate
controls at both 6 (p=0.7; Fig. 7D) and 12 months of age (p=0.6; Fig. 7E). In
3-month old mice this was not observed (Fig. S6). Combined, these findings
indicate that GluA3 renders APP/PS1 mice susceptible to memory impairment.
Discussion
We studied the influence of AMPAR subunit composition on Aβ-mediated synaptotoxicity in three different model systems. Firstly, we showed that synaptic
depression and spine loss in APPCT100-overexpressing CA1 neurons of organotypic slices require GluA3 expression. Secondly, exogenously added Aβ-oligomers block LTP in acutely isolated brain slices of wild-type mice, but not of
GluA3-deficient mice. Finally, increased mortality, contextual fear memory
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deficits and spine loss in APP/PS1-transgenic mice are absent when they lack
GluA3. Our data indicate that GluA3-containing AMPARs play a central role in
these Aβ-mediated deficits. The increased mortality of APP/PS1 transgenic mice
appears related to the occurrence of epileptic seizures and not to neurodegeneration (33). It will be interesting to assess whether GluA3 is also required for
seizure generation in APP/PS1 mice.
How Aβ-oligomers initiate synaptic deficits remains largely unclear. Aβ-oligomers have a broad range of binding partners at the surface of neurons (34), and
a number of these partners have been proposed to be necessary for inducing
pathological effects (35, 10). Although GluA3 may be another candidate Aβ receptor, we consider the possibility that GluA3 is not so much responsible for
the induction, but rather for the expression of Aβ-driven synaptic deficits. We
propose a model where Aβ-oligomers bind one (or a combination) of surface
receptors, thereby hijacking or facilitating an endogenous NMDAR-dependent
signaling cascade that ultimately leads to the selective removal of GluA3-containing AMPAR from synapses. A factor that potentially mediates the depletion of GluA2/3 AMPARs from synapses is PICK1, an adaptor protein that selectively interacts with GluA2 and GluA3. The phosphorylation of the GluA2
or GluA3 c-tail by protein kinase Cα (PKCα) permits PICK1 to bind, leading to
AMPAR endocytosis (36, 37). Notably, PICK1 as well as PKCα are necessary for
Aβ-mediated synaptic depression to take place (38, 39). The PICK1-dependent
removal of AMPARs from the surface by Aβ was shown to be more prominent
for GluA2 than for GluA1 (38), suggesting that Aβ-oligomers particularly trigger
the endocytosis of GluA2/3s. The removal of GluA3-containing receptors by Aβ
as a mechanism of action is supported by our finding that AMPAR currents are
similarly reduced in neurons lacking GluA3 as in wild-type neurons expressing
APPCT100. (i.e. similar mini EPSC frequency and AMPAR/NMDAR ratio). Other
effects of Aβ, including synaptic NMDAR depression, spine loss, LTP blockade,
memory impairment and premature mortality did not fully mimic the lack of
GluA3, possibly because these effects require the active removal of GluA3-containing AMPARs and/or because GluA3-deficiency is chronic and could allow
compensatory mechanisms to ameliorate some of the deficits. Regardless of
the mechanisms underlying the partial mimicry, our experiments indicate that
the presence of GluA3 is required for these effects to occur.
GluA3-containing AMPARs have been proposed to be involved in the homeostatic scaling of synapse strength (26, 27). In such a scenario, neurons that are
deprived of synaptic input increase their synaptic GluA2/3 levels, and conversely neurons that are hyperactive counteract by lowering the number of GluA2/3s
at synapses. It has recently been suggested that AD-related synaptic and memory deficits may arise from defects in homeostatic plasticity (40, 41). Possibly
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Aβ-oligomers mediate a persistent synaptic downscaling by reducing the levels
of GluA2/3s at synapses irrespective of the history of neuronal activity. Alternatively, Aβ-oligomers may trigger an increased neuronal network activity (42)
to which neurons respond by lowering synaptic GluA2/3 levels. However, the
consequences of an excess deposition of Aβ are not limited to the loss of synaptic AMPAR levels. Our observation that other Aβ-driven effects are not observed in GluA3-deficient mice is consistent with the notion that the removal
of AMPARs from synapses is one of the first critical steps in Aβ pathogenesis
(15, 16), followed or accompanied by the collateral removal of GluA1/2s and
GluN2B-containing NMDARs and the disintegration of the synapse. Possibly
GluA2/3s play a role in the stabilization of spine structures, for instance through
their interaction with N-cadherins at synapses (43, 44). Alternatively, the endocytosis of GluA3-containing AMPARs may trigger a cellular signal that leads
to the dismantling of spine structures. We propose that an intervention in the
signaling pathway that is used by Aβ to remove GluA2/3s from synapses may be
an attractive approach to prevent all Aβ-driven synaptic and memory deficits.
Lowering the neuronal or synaptic levels of GluA3-containing AMPARs may
reduce the vulnerability of neurons for the detrimental effects of oligomeric
Aβ. Interestingly, a recent study that screened for gene expression profiles associated with mild cognitive impairment (MCI), a clinical transition stage between aging and AD dementia (45), found that among the genes that showed
a strong negative correlation with cognitive performance were genes encoding
glutamate receptors GluA3 and GluN2B (46). It is tempting to speculate that
people with relatively low levels of GluA3 and GluN2B expression are less likely to develop MCI despite the presence of Aβ-oligomers. Along these lines, a
mentally active brain would theoretically provide a reduced susceptibility for
MCI, since learning behavior and sensory experiences trigger the delivery of
GluA1-containing AMPARs to synapses (20, 21) and the subsequent homeostatic removal of synaptic GluA2/3s (26, 27). Future experiments may reveal under which physiological conditions the levels of GluA3 change in neurons, and
whether differences in the expression levels of GluA3 determine the severity of
AD-symptoms.
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Methods
Mice
GluA3-deficient (Gria3tm1Dgen/Mmnc; MMRRC, Davis, CA), APPswe/PS1dE9
mice (31) (kindly provided by Dr. Elly Hol), and Thy1-eYFP mice (B6.Cg-Tg(Thy1YFP)HJrs/J; Jackson, Bar Harbor, USA) were at least 6 times backcrossed to
c57bl6 mice. GluA1-deficient mice were in a c57bl6/129 hybrid background
and were a kind gift from Dr. R. Huganir (47). GluA3 is an X-linked gene; for behavioral experiments only male GluA3-/Y and littermate GluA3+/Y were used.
For electrophysiology both male GluA3-/Y and GluA3+/Y and female GluA3-/and GluA3+/+ littermates were used; female GluA3+/- were excluded from this
study. Mice were kept on a 12-hours day-night cycle and had ad libitum access
to food and water. All experiments were were approved by the Institutional
Animal Care and Use Committee of the Royal Netherlands Academy of Arts and
Sciences (KNAW) or the University of San Diego, California.
Organotypic and acute hippocampal slices
Organotypic hippocampal slices were prepared from P7-8 mice as described
previously (48) and used after 7-12 days in culture for electrophysiology or after
13-15 days in culture for spine analysis. Constructs of APP-CT100+tdTomato,
APP-CT84+tdTomato, GFP-GluA3(i) and GFP-GluA3(i)+APP-CT100 were cloned
into a pSinRep5 shuttle vector and infective Sindbis pseudo viruses were produced according to the manufacturer’s protocol (Invitrogen BV, Leek, Netherlands). Acute hippocampal slices were prepared from 3- to 4-week-old mice.
Slices were cut coronally in cold sucrose cutting buffer (72 mM sucrose, 22 mM
glucose, 2.6 mM NaHCO3, 83 mM NaCl, 2.5 mM KCl, 3.3 mM MgSO4, and 0.5
mM CaCl2) at a thickness of 350 μm and transferred to a recovery chamber
containing oxygenated artificial cerebrospinal fluid (ACSF) containing 11 mM
glucose, 1 mM MgCl2, and 2 mM CaCl2. Slices were maintained at 34°C for 45
min and then at room temperature for 45 min.
Preparation of Aβ oligomers
Chinese hamster ovary (CHO) cells stably transfected with APP751(V717F) mutation, referred to as 7PA2 cells (30), were a gift from Dr. Edward Koo. 7PA2
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cells or control CHO cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% bovine fetal calf serum and grown to near confluence,
then cultured in plain DMEM for 16 hr. The Aβ medium is collected, centrifuged
at 200 g for 10 min and concentrated 10 fold using an Amicon Ultra 3k filtration
device at 4000 x g for 30 min at 4°C. Levels of Aβ40 and Aβ42 oligomers were
measured by enzyme-linked immunosorbent assay (ELISA). 7PA2 conditioned
medium was diluted to 1 nM total Abeta, and CHO conditioned medium from
the same batch was diluted similarly. Western Blots were used to confirm the
presence of Aβ oligomers.
Electrophysiology
Organotypic hippocampal slices were perfused with artificial CSF (ACSF, in mM:
118 NaCl, 2.5 KCl, 26 NaHCO3, 1 NaH2PO4, 4 MgCl2, 4 CaCl2, 20 glucose) gassed
with 95%O2/5%CO2). Whole-cell recordings were made with 3 - 5 MΩ pipettes,
(Raccess < 20 MΩ, and Rinput > 10 x Raccess) filled with internal solution containing (in mM): 115 CsMeSO3, 20 CsCl, 10 HEPES, 2.5 MgCl2, 4 Na2-ATP, 0.4
Na-GTP, 10 Na-Phosphocreatine, 0.6 EGTA. Miniature EPSCs were recorded at
-60 mV with TTX (1 μM) and picrotoxin (50 μM) added to the bath. For evoked
recordings, a cut was made between CA1 and CA3, and picrotoxin (50 μM)
and 2-chloroadenosine (4 μM; Tocris) were added to the bath. Two stimulating electrodes, two-contact Pt/Ir cluster electrode (Frederick Haer, Bowdoin,
USA), were placed between 100 and 300 μm down the apical dendrite, 100
μm apart, and 200 μm laterally in opposite directions. AMPAR-mediated EPSCs
were measured as the peak inward current at -60 mV. NMDAR-mediated EPSCs
were measured as the mean outward current between 40 and 90 ms after the
stimulation at +40 mV, corrected by the current at 0 mV. EPSC amplitudes were
obtained from an average of at least 40 sweeps at each holding potential. Data
was acquired using a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, USA). Evoked recording were analyzed using custom software written in
Igor Pro (Wavemetrics, Tigard, USA). Miniature EPSC recordings were analyzed
with MiniAnalysis (Synaptosoft, Decatur, USA) with an amplitude threshold of
5 pA. For LTP recordings, acute slices were transferred to a recording chamber,
where it was submerged and received a continuous flow of ACSF supplemented
with 11 mM glucose, 1 mM MgCl2, 2 mM CaCl2, and 100 μM picrotoxin (pH
7.4). Extracellular field potentials were recorded in the SR with glass electrodes
(1.5-2.5 MΩ) containing ACSF. Field excitatory postsynaptic potentials (fEPSPs)
were evoked by stimulating independent afferents by placing bipolar stimulation electrodes 150 μm down the apical dendrites, and 150-200 μm laterally in
opposite directions. Aβ or control medium was added to the perfusion for 20
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minutes during the acquisition of a stable baseline prior to LTP induction. LTP
was induced by applying 4 trains of electrical stimulation at 100 Hz, lasting 100
ms each, every 20 s. After LTP induction, fEPSPs were recorded for an additional
60 min. Averaged normalized fEPSP for the last 10 minutes (50-60 minutes after
LTP induction) of each recording was used to quantify the potentiation value.
Experiments were conducted blind to experimental conditions.
Dendritic spine analysis in organotypic hippocampal slices
Three-dimensional images were collected by two-photon laser scanning microscopy (Femtonics Ltd. Hungary) with a Ti:sapphire laser (Chameleon, Coherent,
Santa Clara, USA) tuned at 910 nm. Optical z-sections were captured every 0.75
μm of apical dendrites approximately 180 μm from the cell body. The density
and diameter of spines protruding in the horizontal (x/y) plane were manually
quantified from projections of stacked 3D images by an experimenter blind to
experimental conditions and genotype using ImageJ software (http://fiji.sc).
Aβ plaque load and spine analysis in APP/PS1 mice
Mice were anesthetized with pentobarbital and perfused with 20 ml 0.1 M PBS
followed by 80 ml of fixative (4% paraformaldehyde in 0.1 M PBS pH 7.2). Brains
were removed, post-fixed for 1 hour in fixative, and washed in PBS.
For plaque load analysis: brains were kept in 20% sucrose overnight, snap-frozen in dry-ice and stored at -80oC. The brains were sliced into 10 μm sections
on a Leica CM3050S cryostat and thaw-mounted onto microscope slides. Epitope retrieval was achieved by incubating the slides in a sodium citrate buffer
(10mM sodium citrate, 0.05% Tween-20, pH 6.0) at 95 °C. The sections were
washed in PBS, incubated in blocking solution (10% normal donkey serum, 0.4%
Triton X-100 in PBS) for 1 hour and subsequently incubated with the 6E10 antibody (1:15000 dilution, SIG-39320, Covance, Princeton, NJ, USA) overnight
at room temperature in blocking solution, washed in PBS and incubated with
Cy3-conjugated donkey anti-mouse IgG (1:1400, in PBS; Jackson ImmunoResearch, West Grove, PA, USA) for 2 hours at room temperature. Sections were
washed in PBS and covered with VectaShield mounting medium with DAPI (Vector Labs, Burlingame, CA, USA). Images of the CA1 (10x magnified, 1392x1040,
pixel size 0.65μm2) were obtained using a fluorescence microscope (Leica DMRE, Wetzlar, Germany). Eight images per animals were acquired blind to experimental conditions, and analyzed with Image-Pro Plus software script (Media
Cybernetics, Rockville, MD, USA). The level of plaque area was expressed as
the percentage of positive pixels. Slices from wt and GluA3-KO littermates were
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included as negative controls (Fig. S4A).
For spine analysis: coronal 50 μm-thick slices were prepared from the fixed
brains of Thy1-eYFP with a vibratome (Leica, Rijswijk, Netherlands) and mounted with Vectashield medium (Vector Labs, Peterborough UK). Z-stack images of
oblique apical dendrites were obtained with a Leica SP5 II confocal microscope.
Laser power was adjusted to achieve similar fluorescence levels across images. Spine density and spine size was manually quantified by an experimenter
blind to experimental conditions and genotype using ImageJ software (‘http://
fiji.sc’). Spine size was determined by measuring spine head diameters, since
diameter measurements were largely independent on fluorescence intensity
levels (Fig. S4C).
Contextual Fear Conditioning Behavioral Essay
Male mice (GluA3-/Y) were placed in a box (29 cm high, 31.5 cm wide, 23 cm
deep; Med Associates Inc., Georgia, VT) inside a sound-attenuating chamber
for 4 min, in which a shock (0.45 mA, 2 s) was delivered after 2 min through
a grid floor with stainless steel bars. Each trial took place between 1:00 and
4:00 pm during the light cycle. Freezing behavior and locomotion were quantified using custom-made Matlab script (49). Absence of movement for at least
1 second was considered as freezing. Experiments were conducted blind to the
genotype of the mice.
Statistical analysis
The Kolmogorov-Smirnov test (K-S) was used to test whether data sets were
normally distributed. The F-test was used to test equal variance. Where necessary, data were log- or square root-transformed to obtain normal distributions
and homogeneity of variance. Significance was determined using two-tailed
Student t tests to compare 2 groups. Two-way ANOVA followed by post-hoc
Sidak comparisons were used when two independent variables (i.e. genotype
and the expression/presence of Aβ) were measured. The K-S tests on the cumulative distributions were done on data normalized to its group mean. This allowed a comparison of distributions independent of a difference in mean. Mantel-Cox test with Bonferroni correction was used to compare mortality rates. P
values below 0.05 were considered statistically significant.
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CA1 neurons (total: n=144) showed positive staining for Aβ.
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Abstract
Excitatory synaptic transmission is mediated by AMPA-type glutamate receptors (AMPARs). In CA1 pyramidal neurons of the hippocampus two types of
AMPARs predominate: those that contain subunits GluA1 and GluA2 (GluA1/2),
and those that contain GluA2 and GluA3 (GluA2/3). Whereas subunits GluA1
and GluA2 have been extensively studied, the contribution of GluA3 to synapse
physiology has remained unclear. Here we show in mice that GluA2/3s are in
a low-conductance state under basal conditions, and although present at synapses they contribute little to synaptic currents. When intracellular cyclic AMP
(cAMP) levels rise, GluA2/3 channels shift to a high-conductance state, leading
to synaptic potentiation. This cAMP-driven synaptic potentiation requires the
activation of both protein kinase A (PKA) and the GTPase Ras, and is induced
upon the activation of β-adrenergic receptors. Together, these experiments reveal a novel type of plasticity at CA1 hippocampal synapses that is expressed by
the activation of GluA3-containing AMPARs.
Introduction
AMPA-type glutamate receptors (AMPARs) are responsible for fast excitatory
synaptic transmission in the brain. AMPAR channels are formed through the
assembly of four AMPAR subunits. In excitatory neurons of the mature hippocampus, the majority of AMPARs consist of subunits GluA1 and GluA2 (GluA1/2
heteromers) or GluA2 and GluA3 (GluA2/3 heteromers) (Wenthold et al., 1996).
Each subunit has its individual properties based in part on the structure of the
cytoplasmic C-terminal tail (C-tail). As an integral part of heteromeric AMPARs,
the GluA2 subunit allows interactions with cytoplasmic proteins that control
AMPAR transport to the cell surface and the endocytosis of AMPARs upon the
induction of long-term depression of synapse strength (LTD) (Anggono and
Huganir, 2012). The GluA1 subunit has a unique C-tail that largely excludes
GluA1-containing AMPARs from entry into synapses (Shi et al., 2001). Upon the
induction of long-term potentiation (LTP) or upon learning GluA1-containing
AMPARs traffic into synapses, whereas a selective blockade of GluA1-trafficking
prevent the expression of LTP and impairs memory formation (Kessels and Malinow, 2009; Mitsushima et al., 2011; Rumpel et al., 2005). In line with this, LTP
and the formation of fear memories are severely impaired in GluA1-deficient
mice (Humeau et al., 2007). The GluA1 C-tail contains several unique phosphorylation sites by which the trafficking of GluA1 to synapses can be regulated. For
instance, the C-tail of GluA1 can be phosphorylated by protein kinase A (PKA)
52

Synaptic Plasticity through Activation of GluA3-containing AMPA-receptors
upon a rise in the levels of intracellular cyclic AMP (cAMP), which promotes
GluA1-trafficking, lowers the threshold for LTP and facilitates the formation of
memories (Crombag et al., 2008; Esteban et al., 2003; Hu et al., 2007; Qian et
al., 2012). A recent study extended the AMPAR subunit-specific plasticity rules
by showing that the N-terminal domain (NTD) of AMPAR subunits controls the
anchoring of AMPARs at synapses, with a more stable anchoring of by the GluA2
NTD compared with the GluA1 NTD (Watson et al., 2017).
Whereas the roles of GluA1 and GluA2 in hippocampal synaptic plasticity are
well established, the significance of GluA3 has remained enigmatic. Although
CA1 neurons express substantial amounts of GluA3 (Kessels et al., 2009),
GluA3-containing AMPARs contribute little to synaptic and extra-synaptic AMPAR currents (Lu et al., 2009; Meng et al., 2003). In hippocampal neurons that
lack GluA3 LTP and LTD are intact (Meng et al., 2003; Humeau et al., 2007;
Reinders et al., 2016) and the capacity of GluA3-deficient mice to acquire memories is comparable to wild-type congenics (Adamczyk et al., 2012; Humeau
et al., 2007), inferring that GluA3-containing AMPARs do not play a prominent
role in plasticity mechanisms that underlie memory formation. When recombinant GluA2/3s are expressed in CA1 neurons of hippocampal slices, they are
continuously delivered to synapses independent of neuronal activity (Shi et al.,
2001). GluA2/3s that are expressed in neurons of the cortex become enriched
at synapses when these neurons are deprived of experience-dependent input,
implying a role for GluA2/3s in the homeostatic scaling of synaptic strength
(Makino and Malinow, 2011). Interestingly, the presence of GluA3 is required
for amyloid-β, the prime suspect to cause Alzheimer’s disease, to mediate synaptic and memory deficits (Reinders et al., 2016).
In this study we show that GluA3-containing AMPARs are present at CA1 synapses in hippocampal slices, but transmit no or low currents upon glutamate binding under basal conditions. However, upon an increase in intracellular cAMP,
for instance upon the activation of β-adrenergic receptors, GluA3-containing
AMPARs become functional, leading to a novel type of synaptic potentiation.
Results
cAMP selectively increases currents through GluA3-containing AMPARs
To examine the contribution of GluA3 to the pool of extra-synaptic AMPARs, we
recorded currents evoked by puffing AMPA onto outside-out membrane patches
excised from cell bodies of CA1 pyramidal neurons in organotypic hippocampal
slices prepared from wild-type, GluA3-deficient or GluA1-deficient mice (Figure
1A,B). Extra-synaptic AMPAR currents recorded from GluA3-deficient neurons
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were similar compared to those from with wild-type neurons (t-test, p>0.9; Figure 1A). A non-stationary noise analysis on these outside-out AMPAR currents
showed that the absence of GluA3-containing AMPAR currents did not result
in differences in the average number of functional AMPARs per patch, single
channel conductance or open-channel probability (Figure C,D). Consistent with
previous results (Andrásfalvy et al., 2003), GluA1-deficient outside-out patches
contained relatively few functional AMPAR channels, and those that were present had a low single-channel conductance and open channel probability (Figure
C,D). As a result, currents were 83% smaller in the absence of GluA1 (t-test,
p<0.0001; Figure 1A), indicating that under basal conditions the majority of
extra-synaptic AMPAR currents are derived from GluA1-containing AMPARs.
A rise in intracellular cAMP results in a potentiation of AMPAR currents (Carroll
et al., 1998; Chavez-Noriega and Stevens, 1992; Sokolova et al., 2006). To study
how cAMP modifies AMPARs, we recorded AMPA-evoked currents from outside-out patches with or without cAMP in the solution of the recording pipette,
while blocking cAMP degradation by phosphodiesterases (PDEs) with IBMX
(Figure 1A). We note that IBMX by itself did not change the amplitude of the
response to AMPA puffs (Figure 1 – figure supplement 1). In somatic membrane
patches from wild-type neurons the amplitudes of the responses to AMPA puffs
were 2-fold higher in the presence of cAMP (Figure 1A). In GluA3-deficient somatic patches cAMP failed to change AMPAR currents Figure 1A). In GluA1-deficient CA1 patches AMPAR currents increased 4.5-fold in the presence of
cAMP (Figure 1A), which occurred as a function of an increase in the estimated
number of functional channels, channel conductance and open-channel probability (Figure 1C,D). As a result, GluA3-containing AMPARs in GluA1-deficient
patches activated by cAMP reached conductance levels comparable to those of
GluA1-containing AMPARs in GluA3-deficient patches, the channel properties
of which were not modified by cAMP (Figure 1C,D). These experiments suggest
that cAMP selectively potentiated currents through extra-synaptic GluA3-containing AMPARs, revealing a novel type of AMPAR plasticity.
To examine whether GluA3-dependent plasticity involves trafficking of GluA3
to the cell surface, we introduced recombinant GluA3 into GluA3-deficient CA1
neurons using Sindbis virus. As a means to quantify the surface levels of recombinant GluA3, the subunit was tagged with super ecliptic phluorin (SEP),
a GFP variant that is only fluorescent at neutral pH, i.e. when present in the
ER, cis-Golgi or at the cell surface, but not at acidic pH in late endosomes or
lysosomes. We visualized the pH-sensitivity of SEP-GluA3 by acutely washing in
ACSF buffered at pH 5 (Figure 1 – figure supplement 2). Whereas SEP-GluA3 expression in GluA3-deficient neurons did not alter outside-out AMPAR currents,
washing in both the adenylyl cyclase activator forskolin and PDE inhibitor IBMX
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Figure 1. cAMP increases currents of extrasynaptic GluA3-containing AMPARs. (A) Experimental setup, example traces and averages of AMPAR amplitudes in response to AMPA puffs onto
outside-out patches from WT CA1 cell bodies without (black; n=15) or with (gray; n=24) cAMP
in pipette, GluA3-KO without (dark blue; n=20) or with (light blue; n=20) cAMP, and GluA1-KO
without (dark red; n=18) or with (light red; n=10) cAMP. Wild type and GluA1-deficient neurons
showed an increased amplitude upon AMPA puffs in the presence of cAMP in the recording
pipette, GluA3-deficient did not (t-test, WT: p=0.0009; t-test, 3KO: p=0.9; t-test, 1KO: p<0.0001).
All recordings in the presence of desensitization blockers cyclothiazide and PEPA and cAMP
condition in the presence of PDE inhibitor IBMX. (B) Outside-out patches from SEP-GluA3 infected GluA3-KO cell bodies, before (n=7) and after (n=8) wash-in of forskolin plus IBMX. Sindbis expression of SEP-GluA3 in GluA3-KO neurons rescues GluA3-dependent plasticity (t-test,
p=0.03). (C) Example graphs of non-stationary noise analysis for WT, GluA3-KO and GluA1-KO
outside-out recordings. (D) Average number of functional channels, single channel conductance
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and open probability extracted from non-stationary noise analysis of the outside-out recordings
from WT (ctrl: n=14; FSK/IBMX: n=16), GluA3-KO (ctrl: n=10; FSK/IBMX: n=11), or GluA1-KO
(ctrl: n=8; FSK/IBMX: n=7) CA1 neurons (see methods). Upon forskolin and IBMX GluA1-deficient
neurons show an increased number of functional channels (t-test, p=0.0009), single channel
conductance (t-test, p=0.04) and open probability (t-test, p=0.002). (E) Example images and
average fluorescence intensity of GluA3-KO cell bodies (left; n=10) and dendrites (right; n=12)
infected with SEP-GluA3 visualized with 2-photon laser scanning microscopy before and after
wash-in of forskolin plus IBMX shows no change in SEP levels (dendrite: t-test, p=0.04; cell bodies: t-test, p=0.02). Scale bars indicate 5 μm. Error bars indicate SEM, * indicates p<0.05.

rescued the cAMP-driven potentiation of AMPAR currents (Figure 1B), indicating that recombinant GluA3 responds similarly to a rise in cAMP as endogenous
GluA3. However, the SEP fluorescence levels remained unchanged at the surface area of both dendrites and cell bodies upon the forskolin/IBMX wash-in
(Figure 1E), suggesting that cAMP-driven GluA3-plasticity does not result from
trafficking of GluA3-containing AMPARs from endocytic compartments to the
cell surface.
cAMP increases the open-channel probability of GluA3
We examined whether cAMP-signaling can activate GluA2/3-channel function
by performing single-channel recordings under cell-attached configuration from
soma of CA1 pyramidal GluA1- or GluA3-deficient neurons from organotypic
hippocampal slices, while adding AMPA to the recording pipette. AMPARs can
have different conductance states depending on the number of AMPAR subunits that effectively bind glutamate (Gebhardt and Cull-Candy, 2006; Rosenmund et al., 1998). Three different open states could be distinguished in our
single-channel AMPAR recordings (Figure 2A,B). Single-channel currents of AMPARs recorded from GluA3-deficient neurons did not change in the presence of
forskolin (Figure 2A), indicating that the channel properties of GluA1-containing
AMPARs remained unchanged upon a rise in cAMP. In contrast, GluA2/3s at
the surface of GluA1-deficient neurons had a low open-channel probability under basal conditions and remained largely stuck in open state 1 (Figure 2B). In
the presence of forskolin the open-channel probability was on average six-fold
higher and GluA3-containing AMPARs more often reached open states 2 and 3.
Their average conductance increased without modifying the conductance level
per open state. These experiments indicate that GluA3-containing AMPARs are
largely electrically quiet under basal conditions, but become functional upon a
rise in cAMP by increasing their capacity for glutamate-gated channel opening.
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A rise in cAMP activates GluA3-containing AMPARs at synapses
To investigate whether the cAMP-driven activation of GluA3-dependent plasticity occurs at synapses, we performed whole-cell patch clamp recordings on
CA1 neurons from organotypic hippocampal slices in the presence or absence
of forskolin. Forskolin incubation significantly increased AMPA/NMDA ratios
evoked by stimulating Schaffer collateral inputs onto synapses of wild-type
CA1 neurons (Figure 3A). Consistent with the notion that the potentiation effect of forskolin is predominantly postsynaptic (Sokolova et al., 2006), forskolin
did not affect presynaptic glutamate release, since paired pulse ratios did not
change (ANOVA: WT: p=0.8, KO: p=0.9; Figure 3B) and the quantal content of
evoked glutamate release determined by a variance analysis (Figure 3 – figure supplement 1) did not increase. The variance analysis also revealed that
AMPA/NMDA ratios increased as a function of increased AMPAR currents and
not decreased NMDAR currents (Figure 3 – figure supplement 1). At Sc-CA1
synapses of GluA3-deficient neurons however, forskolin did not change AMPA/
NMDA ratios (Figure 3A), indicating that a rise in cAMP triggers potentiation of
postsynaptic GluA3-containing AMPARs.
In miniature EPSC (mEPSC) recordings, the forskolin-driven postsynaptic potentiation was reflected as an increase in the frequency and amplitude of mEPSC
events (Figure 3C). In GluA3-deficient neurons, forskolin did not significantly
change the average mEPSC frequency or amplitude (Figure 3C). Re-introducing
GluA3 in GluA3-deficient CA1 neurons by acute viral expression of GFP-GluA3
and allowing it to be expressed for 24 hrs partially rescued the forskolin-driven
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Synaptic Plasticity through Activation of GluA3-containing AMPA-receptors
(n=12) forskolin and GluA1/3-KO neurons with (n=6) or without (n=11) forskolin (t-test, p=0.01),
and forskolin-driven fold increase in single-channel conductance (t-test, p=0.02). (G) mEPSC distribution per 1 pA binned amplitude of GluA1-KO neurons without (dark red; n=11) or with (light
red; n=10) forskolin and GluA1/3-KO neurons without (dark purple; n=11) or with (light purple;
n=8) forskolin. (H) GluA3 exists as GluA2/3 heteromeric AMPARs. Example traces with corresponding I-V curve and average rectification indices ((I-60mV – I0mV) / (I+40mV – I0mV)) were
determined in GluA1-KO organotypic slices of CA1 neurons without (n=6) or with (n=6) forskolin
treatment (t-test, p=0.7). Error bars indicate SEM, * indicates p<0.05.

synaptic potentiation (Figure 3C). GluA3-dependent synaptic potentiation was
also induced by directly infusing cAMP into CA1 neurons with PDEs blocked by
IBMX (Figure 3 – figure supplement 2). Neurons that are deficient in both GluA1
and GluA3 virtually lacked mEPSC events (Figure 3D), indicating that synaptic
AMPAR currents recorded from GluA1-deficient CA1 neurons predominantly
stem from GluA3-containing AMPARs. Whereas these GluA1/GluA3 double deficient neurons were insensitive to forskolin, forskolin did elevate the mEPSC
frequency in GluA1-deficient neurons (Figure 3B). To determine whether the
cAMP-driven synaptic potentiation could be explained by increased single-channel conductance, we conducted peak-scaled non-stationary fluctuation analyses from mEPSCs. The synaptic AMPAR single-channel conductance was significantly increased by forskolin only when cells express GluA3 (Figure 3E,F). These
experiments indicate that postsynaptic currents of GluA3-containing AMPARs
increase upon a rise in cAMP. A postsynaptic potentiation of GluA2/3 currents
that is reflected by an increase in frequency rather than average amplitude may
be explained by mEPSCs rising above the detection limit for mEPSC analysis.
The distribution of mEPSC amplitudes recorded from GluA1-deficient CA1 neurons suggests that indeed a substantial proportion of mEPSC events fell below
the 5 pA detection limit, and this proportion appeared smaller in the presence
of forskolin (Figure 3G).
GluA3-containing AMPARs obligatorily exist as heteromers (Coleman et al.,
2016), likely because structural constraints at their N-terminal domain prevent
GluA3s from efficiently forming homomers (Herguedas et al., 2016; Sukumaran et al., 2011). To test whether the forskolin-driven GluA3-dependent plasticity was mediated by GluA2/3 heteromers, we measured the AMPAR rectification indices in GluA1-deficient neurons. Unlike GluA2-containing AMPARs,
GluA2-lacking AMPARs are rectifying: they conduct more easily at negative potentials. GluA1-deficient neurons displayed non-rectifying currents both in the
absence and presence of forskolin (Figure 3H). Also when GFP-GluA3 was overexpressed in GluA3-deficient neurons, AMPAR currents remained non-rectifying in the presence of forskolin (Figure 3 – figure supplement 3). These data indicate that GluA3-dependent plasticity at synapses predominantly stems from
GluA2/3 heteromers.
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Activation of GluA2/3s does not involve AMPAR trafficking
To examine whether cAMP-driven AMPAR-plasticity is accompanied with changes in AMPAR synaptic trafficking or lateral mobility, we performed time-lapse
2-photon imaging of CA1 neurons in wild-type organotypic slices infected with
Sindbis virus to acutely express SEP-GluA3 or SEP-GluA1 together with cytoplasmic marker tdTomato. 24 hrs after viral infection we assessed the fluorescence recovery after photobleaching (FRAP) of single spines (Figure 4A). The
FRAP protocol did not affect the size of the photobleached spines nor the fluorescence signal in neighboring spines (Figure 4 – figure supplement 1). After
bleaching, the SEP-GluA3 and SEP-GluA1 fluorescence intensity recovered at a
similar pace irrespective of forskolin/IBMX being present (Figure 4B,C). These
data indicate that GluA3 and GluA1 show a similar lateral mobility at the surface of spines, which did not change upon a rise in cAMP.
Since AMPARs become immobilized when incorporated into synapses, the level of FRAP is indicative for the fraction of SEP-GluA3 or SEP-GluA1 located at
synapses. As shown previously (Makino and Malinow, 2009), SEP-GluA1 fluorescence recovered to ~100% (Figure 4B), indicating that GluA1-containing AMPARs are largely excluded from entry into synapses under basal conditions. In
the presence of forskolin/IBMX the recovery of SEP-GluA1 was lower (~80%)
although this did not reach significance (Figure 4B). Figure
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Figure 4. cAMP does not affect GluA2/3 mobility
or trafficking to synapses. (A) Example image of
a FRAP experiment: a spine from a CA1 neuron
transfected with SEP-GluA3 + tdTomato obtained
with two-photon microscopy immediately before, and 2, 5, 10, 20 and 30 minutes after photobleaching of the spine. (B) Left: Quantification
of FRAP dynamics of spines transfected with SEPGluA1 + tdTomato in the absence (dark blue; n=8)
and the presence (light blue; n=6) of forskolin
and IBMX. Right: Average fluorescence at timepoints 20 min and 30 min after photobleaching
of bleached spines (Ctrl: n=7, FSK/IBMX: n=8) in
comparison to non-bleached neighboring spines
(Ctrl: n=6, FSK/IBMX: n=6) in absence (ANOVA,
p>0.9) or presence (ANOVA, p=0.3) of forskolin
(see figure supplement 1). (C) Left: Quantification of FRAP dynamics of spines transfected with
SEP-GluA3 + tdTomato in the absence (dark red;
n=7) and the presence (light red; n=8) of forskolin
and IBMX. Right: Average fluorescence at timepoints 20 min and 30 min after photobleaching
of bleached spines in comparison to unbleached
neighboring spines (Ctrl: n=5, FSK/IBMX: n=5) in
the absence (ANOVA, p=0.04) or presence (ANOVA, p=0.04) of forskolin (see figure supplement
1). Error bars indicate SEM, * indicates p<0.05.

Synaptic Plasticity through Activation of GluA3-containing AMPA-receptors
~75% both in the absence and presence of forskolin/IBMX (Figure 4C), demonstrating that GluA2/3s are constitutively inserted into synapses independent
of cAMP levels. These experiments are consistent with the model that synaptic GluA3-plasticity is expressed by an increase in channel conductance of
GluA3-containing AMPARs already present at synapses.
cAMP-driven activation of GluA2/3s requires PKA and Ras activity
We next set out to identify the cAMP-dependent mediator that triggers
GluA3-plasticity. A rise in cAMP can cause postsynaptic potentiation by triggering GluA1 phosphorylation via PKA activation (Joiner et al., 2010; Man et al.,
2007). In line with this, adding the selective PKA activator N002 to the recording pipette significantly increased mEPSC frequency and amplitude in wild-type
CA1 neurons (Figure 5A), and not in GluA1-deficient CA1 neurons (Figure 5B).
Pre-incubation of wild-type CA1 neurons with PKA-inhibitors PKI (Figure 5C)
or KT 5720 (Figure 5 – figure supplement 1) failed to prevent the increase in
mEPSC frequency. In GluA1-deficient CA1 neurons PKI also did not significantly
block the forskolin-driven increase in mEPSC frequency (Figure 5D). These data
indicate that PKA activation can trigger GluA1-dependent synaptic potentiation, but is not sufficient to promote GluA2/3-plasticity at synapses. We further
excluded the involvement of the cAMP-dependent activation of HCN channels
in GluA2/3-plasticity, since these channels were blocked by intracellular cesium
during whole-cell recordings. We also found no evidence supporting a direct activation of GluA2/3 receptor complexes by cAMP: applying cAMP directly onto
inside-out patches obtained from cell bodies of GluA1-deficient CA1 neurons
did not change AMPAR conductance or open-channel probability (Figure 5 –
figure supplement 2).
A rise in cAMP can activate the small GTPases Rap1 and Ras (Li et al., 2016).
Rap1 is activated by the Epac family of the cAMP-regulated guanidyl exchange
factors (GEFs) (Gloerich and Bos 2010). Adding the Epac activator 8-CPT-2MecAMP (8CPT) to the recording pipette did not induce a change in mEPSC amplitude or frequency in CA1 neurons (Figure 5E), and a drug (ESI05) that inhibits
Epac was unable to block the effect of forskolin (Figure 5F). In line with previous
studies (Gelinas et al., 2008; Ster et al., 2009; Zhu et al., 2002), these data show
that Epac/Rap1 signaling does not induce synaptic potentiation in CA1 neurons.
Ras activation can be triggered by cAMP-dependent GEFs Ras-GRF1 and/or PDZGEF1 (Ambrosini et al., 2000; Fasano et al., 2009; Li et al., 2016) and leads to a
synaptic potentiation in CA1 neurons (Zhu et al., 2002). For Ras signaling to occur at the cell membrane, a farnesyl group needs to be attached to the pre-Ras
protein by farnesyltransferase (FT). The FT-inhibitor Salirasib partially blocked
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the forskolin-mediated increase in mEPSC frequency (Figure 5 – figure supplement 3), indicating that GluA2/3-plasticity involves a mediator that depends on
FT activity. To directly test whether Ras mediates the cAMP-driven synaptic potentiation, CA1 neurons in acutely isolated brain slices were internally perfused
with a Ras-specific IgG antibody, which binds the switch II region of H-, K-, and
N-Ras, thereby inhibiting its conformational activation (Cardinale et al., 1998),
or with a control IgG. The infusion of anti-Ras or control IgG did not affect basal
synaptic transmission in both wild-type and GluA1-deficient neurons (Figure
6 – figure supplement 1). Upon the wash-in of forskolin, the mEPSC frequency
gradually increased irrespective of the anti-Ras or control IgG being present
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In the presence of
PKI, the wash-in of forskolin led to a significant increase in frequency in neurons perfused with
control IgG (paired t-test, p=0.007), but not with Ras IgG (paired t-test: p=0.07). Comparisons
between the fold changes did not yield significant results (ANOVA, p=0.12; IgG: n=7; Ras: n=9;
IgG/PKI: n=10; Ras/PKI: n=9). (B) In GluA1-deficient neurons, the wash in of forskolin also increased mEPSC frequency regardless of the antibody (paired t-test, ctrl-IgG: p<0.001; Ras-IgG:
p<0.0001). mEPSC amplitudes were not affected by forskolin (paired t-test, ctrl-IgG: p=0.7; RasIgG: p=0.3). In the presence of PKI neurons perfused with control IgG show a significant increase
in frequency upon the wash in of forskolin (paired t-test, p=0.006). In neurons with Ras-IgG
this potentiation was absent (paired t-test: p=0.15). The fold increase in mEPSC frequency is
blocked by the anti-Ras antibody in the presence of PKI in GluA1-KO neurons (ANOVA, IgG/PKI
vs Ras/PKI: p=0.03; IgG vs Ras/PKI: p=0.04; IgG: n=11; Ras-IgG: n=12; IgG/PKI: n=10; Ras-IgG/
PKI: n=14). Error bars indicate SEM.
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(Figure 6A,B, left), indicating that a blockade of Ras is not sufficient to prevent
the cAMP-driven potentiation of GluA2/3 currents. A previous study showed
that in neurons the cAMP-driven activation of Ras is in part dependent on PKA
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(Ambrosini et al., 2000). To test whether PKA and Ras cooperate to mediate
cAMP-driven synaptic potentiation, we repeated this experiment in the presence PKA-inhibitor PKI (Figure 6A,B, left and Figure 6 – figure supplement 2).
When both PKA and Ras were blocked in wild-type CA1 neurons, the mEPSC
frequency did not increase upon forskolin wash-in, although the forskolin-mediated fold increase in mEPSC frequency was not significantly different between
Ras and ctrl IgG (Figure 6A). In GluA1-deficient neurons, in which the GluA2/3
currents are isolated, the blockade of both Ras and PKA did fully prevent the
forskolin-driven fold increase in mEPSC frequency (Figure 6B). These experiments indicate that the cAMP-driven signaling pathway that triggers activation
of GluA2/3-plasticity requires the activation of both PKA and Ras.
β-adrenergic signaling triggers the activation of GluA2/3-plasticity
A rise in intracellular cAMP in neurons can be achieved upon the release of
norepinephrine (NE) through the activation of β-adrenergic receptors (β-ARs)
(Seeds and Gilman, 1971) and β-ARs activation by selective agonist isoproterenol induces both PKA and Ras signaling (Enserink et al., 2002). Isoproterenol
by itself is known to generate only a weak increase in intracellular cAMP and
inefficiently triggers downstream signaling due to a negative feedback loop activating PDEs (Chay et al., 2016; Bruss et al., 2008; Houslay & Baillie, 2005). To
Figure 7. <right page> NE release triggers the activation of GluA2/3-plasticity. (A) β-AR activation induces GluA3-plasticity. Brain slices were acutely isolated from mature WT and littermate
GluA3-KO mice, or GluA1-KO mice. Example traces, average mEPSC frequencies and amplitudes
from CA1 neurons incubated with no drugs, β-AR agonist isoproterenol, PDE blocker IBMX, or
isoproterenol plus IBMX (WT: ctrl n=13, Iso n=11, IBMX n=7, Iso+IBMX n=9; GluA3-KO: ctrl n=15,
Iso n=7, IBMX n=7, Iso+IBMX n=4; GluA1-KO: ctrl n=5, Iso n=4, IBMX n=8, Iso+IBMX n=6). Isoproterenol in presence of IBMX increases mEPSC frequency in WT (ANOVA, ctrl vs Isopr: p=0.8;
IBMX vs Isopr/IBMX: p<0.0001), and GluA1-KO (ANOVA, ctrl vs Isopr: p=0.4; IBMX vs Isopr/
IBMX: p=0.001), but not in GluA3-KO (ANOVA, ctrl vs Isopr: p=0.9; IBMX vs Isopr/IBMX: p=0.5).
Isoproterenol/IBMX did not affect average mEPSC amplitude in WT (ANOVA, p=0.4), in GluA3KO (ANOVA, p=0.4), or in GluA1-KO neurons (ANOVA, Isopr vs isopr/IBMX p=0.045). (B) Example
traces and average motion as a change in significant motion pixels (SMPs) (Kopec et al., 2007)
of WT injected with saline (n=15) or E (n=15), GluA3-KO injected with saline (n=17) or E (n=16),
and GluA1-KO injected with saline (n=10) or E (n=11). Epinephrine (E) injection decreases the
motion of mice (t-test, WT: p=0.003; GluA3-KO: p=0.02; GluA1-KO: p=0.01). (C) Example traces,
mEPSC frequencies and mEPSC amplitudes of CA1 hippocampal neurons from WT mice injected
with saline (n=13) or E (n=15) (t-test, Freq: p=0.0003; Ampl: p=0.6); GluA3-KO mice injected
with saline (n=16) or E (n=13) (t-test, Freq: p=0.4; Ampl: p=0.5); or GluA1-KO mice injected with
saline (n=12), E (n=20) or propranolol 20 min prior to E (n=16) (Freq: ANOVA, veh vs E: p=0.008;
E vs E+Prop: p=0.04; veh vs E+Prop: p>0.9) (Ampl: ANOVA, p=0.2). (D) AAV virus expressing GFP
or GFP-Cre were stereotactically targeted at the CA1 of flGluA3 mice. Example traces, mEPSC
frequencies and mEPSC amplitudes recorded from GFP-positive CA1 neurons after injection with
epinephrine (GFP: n=11; GFP-Cre: n=9) or saline (GFP: n=11; GFP-Cre: n=11). In GFP-infected
neurons E-injection caused an increased mEPSC frequency (t-test, p<0.0001) and decreased
amplitude (t-test, p=0.02). In GFP-Cre infected neurons E-injection caused a decrease in mEPSC
frequency (t-test, p=0.02) and no change in amplitude (t-test, p=0.6). Error bars indicate SEM,
* indicates p<0.05.
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Figure 7
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assess whether isoproterenol can induce GluA2/3-plasticity, we performed a
mEPSC analysis on CA1 excitatory neurons of the dorsal hippocampus in brain
slices acutely isolated from mature mice. When these slices were incubated
with isoproterenol we observed an increased frequency, but not amplitude,
of mEPSC events in CA1 neurons of both wild-type and GluA1-deficient mice,
provided that PDE activity was inhibited with IBMX (Figure 7A). Isoproterenol
did not trigger synaptic potentiation in CA1 neurons of GluA3-deficient brain
slices (Figure 7A), indicating that β-AR activation can evoke GluA3-dependent
plasticity upon a robust increase in cAMP levels.
To examine whether GluA3-dependent plasticity can be induced in vivo through
NE release, epinephrine (E) or saline as a control was injected intraperitoneally
in mature mice. E stimulates the locus coeruleus (LC) to supply NE throughout the nervous system, which enhances arousal and reduces the exploratory locomotor activity in rodents (Carter et al., 2010; Liang et al., 1986). When
mice were placed in a novel environment 10 minutes after E-injection, wildtype, GluA3-deficient and GluA1-deficient mice showed decreased locomotion
(Figure 7B), suggesting that LC-activity is intact in GluA3- and GluA1-deficient
mice. In brain slices prepared 10 minutes after E-injection we observed a significant increase in mEPSC frequency in CA1 neurons of wild-type and GluA1-deficient mice compared with saline-injected littermates (Figure 7C). No increase
in mEPSC frequency was detected when GluA1-deficient mice were injected
with β-AR antagonist propranolol 20 minutes prior to E-injection (Figure 7C),
indicating that potentiation of GluA2/3-currents depended on β-AR activation.
In slices isolated from E-injected GluA3-deficient mice we failed to detect an
increase in mEPSC events (Figure 7C). To assess whether synaptic potentiation
upon E-injection required GluA3 in CA1 neurons, we repeated this experiment
in mice that lacked GluA3 expression selectively in a subset of CA1 neurons.
Three-week-old mice, whose GluA3 gene was flanked by loxP sites, (flGluA3)
were stereotactically injected with AAV virus expressing either GFP-tagged
Cre-recombinase (Cre-GFP) or GFP under control of the Synapsin1 promoter in
the CA1 region of the hippocampus. After allowing Cre-GFP to delete the GluA3
gene and deplete GluA3 expression for three weeks, we injected E or saline intraperitoneally and measured mEPSCs on GFP-positive CA1 neurons from slices
prepared 10 minutes after injection. Whereas the synaptic effect of E-injection
was evident in slices prepared from mice injected with control GFP-virus, it was
significantly reduced in neurons where GluA3 expression had been stopped out
by Cre-GFP (Figure 7D). These data indicate that NE-release induces potentiation of GluA2/3-currents at CA1 pyramidal synapses in the hippocampus.
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Discussion
In this study we identified a novel form of synaptic plasticity in the CA1 region
of the hippocampus that depends on GluA3-containing AMPARs. Historically,
AMPARs of hippocampal neurons have been assumed to predominantly consist
of GluA1/2s with only a small proportion of GluA2/3s. This notion was based
on the observations that mRNA levels of GluA3 are 10-fold lower compared
with GluA1 and GluA2 mRNA levels (Tsuzuki et al., 2001) and that GluA2/3s
contribute little to synaptic and extrasynaptic AMPAR currents (Andrásfalvy et
al., 2003; Lu et al., 2009). However, the total protein levels of GluA3 in the hippocampus were shown to be substantial (Schwenk et al., 2014), and it was estimated that the AMPAR population in CA1 dendrites is composed of equivalent
amounts of GluA1/2s and GluA2/3s (Kessels et al., 2009). We here unify these
seemingly contradictory findings by showing that GluA3-containing AMPARs
are present at synapses and on the cell surface; however, they are electrically
quiet under basal conditions.
GluA3-mediated currents substantially increase when intracellular cAMP levels are increased in CA1 neurons. Our single-channel recordings indicate that
these increased currents are a consequence of an improved capacity of glutamate to open the AMPAR channel. GluA1-containing AMPARs opened their
channels independently of cAMP levels, suggesting that this type of AMPAR
channel plasticity is an exclusive feature of GluA2/3s. The activation of GluA2/3-plasticity by cAMP is fast, since outside-out patches were pulled from
whole-cell configuration after allowing cAMP to flow inside the cell for less than
~10 seconds. Our experiments indicate that PKA activation is insufficient for
the cAMP-driven activation of GluA2/3-plasticity but requires the activation of
both PKA and Ras. A cAMP-dependent signaling pathway that depends on both
PKA and Ras activation is the extracellular signal-regulated kinase (Erk) (Li et
al., 2013; Enserink et al., 2002; Ambrosini et al., 2000). However, whether PKA
either promotes Ras-Erk signaling or inhibits Erk (thereby possibly skewing Ras
activation towards an alternative Ras-signaling pathway) is dependent on the
levels of additional signaling factors and on cell type (Smith et al., 2010; Qiu et
al., 2000). Which downstream targets of PKA/Ras activate GluA2/3-plasticity
in CA1 neurons and how they alter GluA2/3-channel function remains to be
established. Future structural studies may reveal whether PKA/Ras signaling
triggers a putative conformational change within the GluA3 subunit that allows
either glutamate to access the ligand binding site or glutamate binding to open
the channel.
The cAMP-driven activation of GluA2/3s at the surface of cell bodies mirrors
GluA2/3-plasticity at synapses: both increased approximately two-fold in cur67
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rents upon a rise in cAMP. These results imply that similar to its total levels at
CA1 dendrites (Kessels et al., 2009) approximately half of the synaptic and extrasynaptic AMPAR population consists of GluA2/3s. When recombinant GluA3
was acutely expressed in GluA3-deficient CA1 neurons of organotypic slices,
the newly formed GluA3-containing AMPARs were inserted onto to the surface
and into synapses without a change in synaptic or extrasynaptic AMPAR currents. However, upon a rise in cAMP they showed increased currents at both
synaptic and extrasynaptic sites without a change in GluA3 levels at synapses
or at the cell surface. Our results therefore indicate that GluA3-containing AMPARs constitutively traffic into synapses in an inactive state and only contribute
to synaptic currents after cAMP levels have risen. In contrast, GluA1-containing
AMPARs are largely kept out of the synapse under basal conditions and require
LTP-like activity to traffic into synapses (Kessels et al., 2009; Makino and Malinow, 2009; Shi et al., 2001). A recent study showed that LTP can be expressed
by the insertion of both GluA1-containing and GluA1-lacking AMPARs into synapses (Granger et al., 2013). Although this study did not show whether this is
also the case for GluA2/3s, our finding that GluA2/3s are electrically dormant
under basal conditions may explain why LTP is not visible in GluA1-deficient hippocampal slices (Granger et al., 2013; Humeau et al., 2007; Zamanillo, 1999). A
previous study showed that a slowly arising LTP can be seen in GluA1-deficient
slices when a theta-burst stimulation is paired with a postsynaptic depolarization (Frey et al., 2009). We speculate that upon this stimulation protocol a gradual increase in cAMP levels may have activated GluA2/3-plasticity.
In our experiments a postsynaptic change in AMPAR currents was reflected
more prominently by a change in mEPSC frequency than by a change in mEPSC amplitude, which has been observed previously (Watson et al., 2017; Lee
et al., 2014; Lu et al., 2009; Rumbaugh et al., 2006) and is a consequence of a
large proportion of mEPSCs recorded from CA1 neurons falling below the 5 pA
detection limit (Figure 3G). An increase in mEPSC frequency rather than mEPSC
amplitude upon the activation of GluA2/3-plasticity may be further explained
by the findings that GluA1/2s and GluA2/3s are differentially distributed at CA1
synapses. Whereas GluA3 is uniformly distributed within synapses, GluA1 tends
to be more concentrated towards their edges (Jacob and Weinberg, 2015) and
large CA1 synapses are particularly enriched in GluA1 (Shinohara and Hirase
2009). When a mEPSC is generated by the release of a single vesicle onto a
micro-domain within a synapse (MacGillavry et al., 2013) that predominantly contains GluA2/3s, its amplitude may only surpass the detection limit after
a rise in cAMP. Reversely, glutamate binding to a micro-domain that contains
mainly GluA1 and little GluA3 may produce mEPSCs that are detectable under
basal conditions, but the amplitude of such mEPSCs will benefit only little from
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GluA2/3-plasticity. In such a scenario, the frequency of mEPSC events increases more than their average amplitude. Similarly, CA1 neurons, in which either
GluA1 or GluA3 are depleted, are mostly affected in mEPSC frequency and little
in amplitude (Lu et al., 2009). We therefore propose that variations in mEPSC
frequency, if not caused by a change in presynaptic vesicle release or the number of functional synapses, can be a manifestation of a postsynaptic AMPAR
subunit-specific effect.
Besides the hippocampus, GluA3-containing AMPARs are present in most other
brain regions, including the cortex, amygdala, striatum, thalamus, brain stem,
olfactory bulb, nucleus accumbens and cerebellum (Breese et al., 1996; Reimers et al., 2011; Schwenk et al., 2014), suggesting that GluA2/3-plasticity
may be operative throughout the brain. GluA3-deficient mice show a number
of physiological and behavioral abnormalities, which may putatively depend
on GluA2/3-plasticity in different brain regions. For instance, GluA3-deficient
mice show increased social and aggressive behavior (Adamczyk et al., 2012), a
reduced alcohol-seeking behavior (Sanchis-Segura et al., 2006), impaired auditory processing (García-Hernández et al., 2017), and altered electroencephalographic patterns in the cortex during sleep (Steenland et al., 2008). Based on
the findings in this study, we examined the role of GluA3-dependent plasticity
at synapses onto Purkinje cells (PCs) of the cerebellum (Gutierrez-castellanos
et al., 2017). We found that the AMPAR-subunit specific rules for synaptic plasticity in PCs were reversed compared with CA1 neurons: motor learning and
the expression of LTP did not require GluA1, but critically depended on GluA3.
Similarly as at CA1 synapses, synaptic potentiation was accomplished by the
activation of GluA3-channel function upon a rise in cAMP. An interesting difference is that GluA3-dependent plasticity in PCs is mediated by Epac/Rap1 (Gutierrez-castellanos et al., 2017). Since Ras and Rap1 trigger similar downstream
(Erk) signaling pathways with different temporal patterns (Li et al., 2016), Ras
and Rap1 may activate a transient or persistent form of GluA2/3-plasticity respectively. Thus, GluA2/3-plasticity may have different functions contingent on
the cell type and brain regions in which it is expressed.
The activation of β-ARs at CA1 neurons of the hippocampus can stimulate two
independent forms of AMPAR plasticity in parallel. First, PKA phosphorylation
of GluA1-containing AMPARs facilitates their trafficking to synapses (Man et al.,
2007), thereby facilitating memory formation (Hu et al., 2007). We identified
a second cAMP-dependent form of AMPAR plasticity. Our data show that GluA2/3s at synapses increase their currents upon β-AR activation. Other signaling
pathways that influence intracellular cAMP levels, like for instance those activated by dopamine, serotonin or acetylcholine release, may theoretically influence GluA3-containing AMPARs as well. It will be interesting to assess under
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which conditions GluA3-containing AMPARs in the hippocampus are activated
and how GluA2/3-plasticity influences the formation and retrieval of contextual
memories.
Materials and Methods
Mice
The Gria3-deficient (GluA3-KO) and wild-type littermate colony was established
from C57Bl/6x129P2-Gria3tm1Dgen/Mmnc mutant ancestors (RRID:MMRRC_030969-UNC) (MMRRC, Davis, CA), which were at least 6 times backcrossed
to C57Bl/6 mice. Gria1-deficient (GluA1-KO) mice were a kind gift from Dr. R.
Huganir (Kim et al., 2005), and a colony was generated by mating heterozygous
C57Bl/6/129 mice. Gria1xGria3 double deficient colony was established by
crossing homozygote Gria1-deficient males with heterozygote Gria3-deficient
females. Mice with floxed loci at the Gria3 gene [Gria3lox/lox (RRID:IMSR_
EM:09215)] were a kind gift from Dr. R. Sprengel (Sanchis-Segura et al., 2006)
and maintained in a homozygous colony. Mice were kept on a 12-hours daynight cycle (light onset 7am) and had ad libitum access to food and water. All
experiments were conducted in line with the European guidelines for the care
and use of laboratory animals (Council Directive 86/6009/EEC). The experimental protocol was approved by the Animal Experiment Committee of the Royal
Netherlands Academy of Arts and Sciences (KNAW).
Electrophysiology
Organotypic hippocampal slices were prepared from P7-8 mice as described
previously (Stoppini et al., 1991) and used at 7-12 days in vitro. Where indicated, slices were infected with Sindbis virus expressing GFP- or SEP-tagged rat
GluA3 (flip) 20-28 hours prior to experiments. During recordings, slices were
perfused with artificial cerebrospinal fluid (ACSF; in mM): 118 NaCl, 2.5 KCl, 26
NaHCO3, 1 NaH2PO4, supplemented with 4 MgCl2, 4 CaCl2, 20 glucose. Patch
recording pipettes were filled with internal solution containing (in mM): 115
CsMeSO3, 20 CsCl, 10 HEPES, 2.5 MgCl2, 4 Na2-ATP, 0.4 Na-GTP, 10 Na-Phosphocreatine, 0.6 EGTA. Outside-out recordings were made with 3-5 MΩ pipettes
and the bath contained the desensitization blockers PEPA (80 µM; Tocris) and
cyclothiazide (100 µM; Tocris) to exclude variations due to differences in desensitization properties. Every 20 seconds a 100 ms puff of 100 μM S-AMPA was
delivered with a Picospritzer III (Parker, Hollis, USA). Single channel recordings
were measured under cell-attached configuration with 6-8 MΩ pipettes filled
70

Synaptic Plasticity through Activation of GluA3-containing AMPA-receptors
with internal solution to which S-AMPA (100 μM; Tocris) was added. Whole-cell
recordings in organotypic slice cultures were made with 3-5 MΩ pipettes (Raccess < 20 MΩ, and Rinput > 10 x Raccess). During mEPSC recordings, TTX (1 μM;
Tocris) and picrotoxin (100 μM; Sigma) were added to the bath. Where indicated, the following drugs were added to the perfusion solution: forskolin (50 μM;
Sigma), IBMX (50 μM; Tocris), KT5720 (4 μM; Tocris), PKI (2 μM; Calbiochem),
ESI05 (10 μM; Biolog); Salirasib (10 μM; Tocris); or inside the recording pipette:
cAMP (100 μM; Sigma), N002 (100 μM; Biolog), 8-CPT (20 μM; Tocris). During
evoked recordings, a cut was made between CA1 and CA3, and picrotoxin (50
μM) and 2-chloroadenosine (4 μM; Tocris) were added to the bath. Two stimulating electrodes, (two-contact Pt/Ir cluster electrode, Frederick Haer), were
placed 100 μm apart between 100 and 300 μm down the apical dendrite and
200 μm apart laterally. AMPAR-mediated EPSCs were measured as the peak
inward current at -60 mV directly after stimulation. Paired pulse ratios were
determined with an inter pulse interval of 50 ms. NMDAR-mediated EPSC were
measured as the mean outward current between 40 and 90 ms after the stimulation at +40 mV, and corrected by the current at 0 mV. Rectification was calculated as the ratio of the peak AMPAR current at -60 and +40 mV, corrected by
the current at 0 mV, in the presence of D-APV (100 μM; Tocris) in the bath and
Spermine (0.1 mM; Sigma) in the intracellular solution. EPSC amplitudes were
obtained from an average of at least 30 sweeps at each holding potential. Acute
hippocampal slices were prepared from 3 to 5 week-old mice. Dissection was
done in ice-cold sucrose cutting solution containing (in mM): 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 D-glucose, 230 Sucrose, 0.5 CaCl2, 10 MgSO4, bubbled
with 95%O2/5%CO2. Brain slices (400 μm) were cut using a vibratome (Thermo
Scientific) and placed in a holding chamber containing ACSF supplemented with
(in mM) 1 MgCl2, 2 CaCl2, 20 glucose and bubbled with 95%O2/5%CO2. They
were allowed to recover at 34°C for 40 min then at room temperature for at
least 40 min. Whole-cell recordings (3-5 MΩ pipettes, Raccess < 26 MΩ, and
Rinput > 10 x Raccess) were made in ACSF containing TTX (1 μM) and picrotoxin
(50 μM) at 28°C. To block Ras, 3 μg/ml the OP01 Anti-v-H-Ras (Ab-1) Rat mAb
(Y13-259, Millipore; RRID:AB_565094) or Rat IgG1 isotype control (MA1-90035,
Invitrogen; RRID:AB_10984952) was included in the intracellular solution. After
obtaining whole-cell configuration the antibody was allowed to diffuse in the
cell for 5 min before recording. After 10 minutes FSK was added to the perfusion and allowed to wash in for 5 minutes. Data was acquired using a Multiclamp 700B amplifier (Molecular Devices). mEPSC data are based on at least
100 events or 5 minutes of recording, with exception of Figure 6 – supplement
1 (1 minute). Data were analyzed with MiniAnalysis (Synaptosoft). Individual
events above a 5pA threshold were manually selected. Evoked recordings were
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analyzed using pClamp 10 software (Molecular Devices).
Non-stationary noise analysis of outside-out patches traces was carried out following previously described methods (Alvarez et al., 2002; Hartveit and Veruki,
2007). Peak aligned AMPA-evoked currents recorded over 10-15 sweeps per
outside out patch, were binned in 10 equally sized bins of 150 ms each and
for each bin, the mean amplitude and variance was calculated. The data distribution resulting after plotting amplitude versus variance was fitted with the
following equation: σ^2=iI-I^2/N+σ_b^2, where the variance (σ2) of the amplitude of the current (I) obtained at each time point is explained as a function of
the single unitary current (i) and the number of functionally conducting channels (N) with an offset given by the variance of the baseline noise (σ2b). From
the derivative at I=0, the relative number of functional channels was extracted
as well as the single channel conductance which was calculated by dividing the
unitary current by the applied voltage with respect to the reversal potential
(Vholding-Ereversal, -60mV and 0mV respectively). The peak open probability
(Po), corresponding to the fraction of available functional channels open at the
time of the peak current (Ipeak), can be calculated from the following equation:
P_0=I_peak/N_max, where Nmax represents the theoretical maximum of available channels opened at the point where the theoretical maximum amplitude
reaches the minimum variability (σ2b) in the given parabola fit. Single channel activity was analyzed using ClampFit (Molecular Devices). Three detection
thresholds were used to detect O1 (1.5pA), O2 (3pA) and O3 (4.5pA) openings
in single channel AMPARs in steady baseline recordings (no holding current
fluctuations). Events with latency shorter than 0.3 ms were ignored to prevent
noise from being recognized as openings. Non-stationary noise analyses for the
mEPSC events were based on peak scaled mEPSCs.
Two-photon Laser Scanning Microscopy
Organotypic hippocampal slices were sparsely infected with Sindbis virus expressing SEP-tagged rat GluA3(flip), and were used in experiments 20-28 hours
after viral infection. For photo bleaching experiments, wild-type organotypic
slices were sparsely infected with Sindbis virus expressing SEP-GluA1 or SEPGluA3 together with tdTomato as cytoplasmic marker and were used in experiments ~48 hours after infection. Three-dimensional images were collected on
a custom-built two-photon microscope based on a Fluoview laser-scanning
microscope (Femtonics). The light source was a mode-locked Ti:sapphire laser
(Chameleon, Coherent) tuned at 910 nm using a 20x objective. During imaging,
slices were kept under constant perfusion of aCSF (in mM: 118 NaCl, 2.5 KCl, 26
NaHCO3, 1 NaH2PO4, supplemented with 4 MgCl2, 4 CaCl2, 20 glucose) at 30oC,
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gassed with 95%O2/5%CO2. Images were captured every 1 μm from infected
CA1 pyramidal cell bodies or apical dendrites past the point of bifurcation of
primary to secondary dendrites, approximately 300 μm from the cell body. Fluorescence intensity was quantified from projections of stacked sections using
ImageJ software (NIH). For photobleaching experiments, apical dendrites were
imaged 100-300 μm from the cell body (pixel size x,y,z 0.1x0.1x0.5 μm). Photobleaching of SEP-fluorescence on spines was achieved by prolonged xy scanning for 30 sec. The cytoplasmic tdTomato signal recovered immediately after
photobleaching (Figure 4 – figure supplement 1). To determine the photon recovery after photobleaching (FRAP), background-subtracted and leak-corrected
red and green fluorescence were quantified and the mean signal intensity of
spines was normalized to that of the dendrite and compared across time.
Stereotactic hippocampal viral injections and E-injection
Adeno-associated virus (AAV) with a titer between 1012-1013 particles/ml
were produced from AAV5-pSynapsin1-GFP and AAV5-pSynapsin1-CreGFP. 3
week-old Gria3lox/lox mice were anesthetized with isofluorane (induction 5%,
maintenance 2%) and positioned in a stereotaxic apparatus, kept on a heating pad. Bilateral hippocampal injections of viral solutions (3 injection sites per
side; 400 nl per site; AP: -1.5, -1.7, -1.9; L: ±1.5; DV: 1.2 mm) were delivered
with a glass micropipette through a hole drilled in the skull by pressure application (Nanoject II, Auto-Nanoliter Injector, Drummond Scientific). E-injection
experiments were performed with Gria3lox/lox mice 3 weeks after viral injections, or with WT, GluA3-KO or GluA1-KO littermate mice at 3-4 weeks of age.
(±)-Epinephrine hydrochloride (0.5mg/kg, Sigma-Aldrich) was dissolved in saline (0.9%, NaCl) and injected intraperitoneally (5ml/kg). 10 min after injection
mice were place in a novel environment for 2 minutes and the locomotion of
the mice was measured as previously described (Kopec et al., 2007) or they
were sacrificed to acutely isolate brain slices.
Statistics
A power analysis was performed prior the experiments to estimate the average
sample size. For power analyses 2-sample, two-sided tests were used with the
assumption of equal variance, a power of 0.8 and a Type I error (alpha) of 0.05
were used. If effect sizes could not be estimated based on prior experiments a
minimal effect size of 0.2 was used. For all experiments biological replication of
effect was obtained by the use of slices from at least three different litters of
mice. Experiments that are depicted in the same graph were performed in par73
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allel and with hippocampal slices of littermate mice. Data sets were Log-transformed and normal distributions were obtained. All data were analyzed using
two-tailed Student t tests to compare 2 conditions (unpaired, unless indicated
paired t-test) or with ANOVAs with post-hoc Tukey comparisons for more than 2
conditions. Reported p-values are post hoc contrasts, unless overall ANOVA was
not significant. Repeated-Measures ANOVAs were used to assess effects over
time. P values below 0.05 were considered statistically significant. For source
data, please see Renner et al Source_data.xlsx.
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Abstract
Amyloid-β (Aβ) is a prime suspect to cause cognitive deficits in Alzheimer’s disease (AD) patients. Experiments in AD-mouse models have shown that soluble
oligomeric clusters of Aβ (oAβ) degrade synapses and impair memory formation. A key initial step in oAβ-driven synaptic dysfunction is the suppression of
AMPA-type glutamate receptor (AMPAR) mediated synaptic transmission. We
here show that oAβ initiates synaptotoxicity by selectively targeting synapses that contain AMPAR subunit GluA3. Through mutagenesis of recombinant
GluA3 we demonstrate that the PDZ-binding motif at the carboxy terminal end
of GluA3 is critically involved in oAβ-driven synaptic depression. This PDZ-binding domain regulates the cycling of AMPARs in and out of synapses. When GRIP
binds this domain, AMPARs are allowed to accumulate in intracellular vesicles
and to enter synapses. Upon serine phosphorylation of this PDZ-binding motif
by PKCα, GRIP binding is lost and PICK1 binds, which triggers the endocytosis
of AMPARs. We could prevent oAβ-induced synaptic depression and spine loss
by blocking either the binding of GRIP to GluA3, or phosphorylation at serine
885 of GluA3. Our data indicate that oAβ induces the removal of AMPARs from
synapses and that this requires PKCα phosphorylation of the GluA3 subunit at
serine 885. We propose that oAβ cause synaptic deficits by corrupting the constitutive cycling of GluA3-containing AMPA-receptors at synapses.
Introduction
Synaptopathology is emerging as a cause of cognitive impairment in Alzheimer’s
disease (AD) (de Wilde et al. 2016). In AD patients, a loss of synapses is associated with AD-related symptoms (DeKosky et al. 1996, McLean et al. 1999, Scheff
et al. 2006, Scheff et al. 2003, Coleman et al. 2003). Progressing synaptopathology in AD patients is most likely caused by the accumulation of soluble oligomeric amyloid-beta (oAβ). Studies using AD animal models demonstrate that
oAβ is toxic to synapses and sufficient to compromise memory retrieval in mice
(Kamenetz et al. 2003, Lesne et al. 2006, Shankar et al. 2008, Muller-Schiffmann
et al. 2016). Importantly, preventing the effects of oAβ on synaptic function
averts AD-like symptoms in AD mouse models (Knafo et al. 2016, Reinders et al.
2016, Kim. et al. 2013, Cisse et al. 2011). These findings suggest that protecting
synapses against the accumulation of oAβ can be a valid strategy to prevent AD
symptoms.
For oAβ-mediated synapse loss to occur, AMPA-type glutamate receptors (AMPARs) play a central role. AMPARs, which are responsible for fast synaptic trans86
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mission, are composed of four different subunits: glutamate receptor subunits
GluA1 to 4 (Diering et al. 2018). In excitatory neurons of the hippocampus, the
majority of AMPARs consist of either GluA1/2 or GluA2/3 dimers (Wenthold
et al. 1996). GluA1/2s and GluA2/3s have distinct functional properties, which
are regulated by protein interactions at their intracellular carboxy-terminal
tails (c-tails) (Shi et al. 2001, Zhou et al. 2018). The GluA1 subunit has a long
intracellular c-tail that controls activity‐dependent synaptic targeting of AMPARs (Kopec et al. 2007). In contrast, GluA2/3s enter synapses independent
of synaptic activity and constitutively cycle into synapses to replace GluA1/2s
(McCormack et al. 2006, Shi et al. 2001). GluA1/2s play an important role in
several learning and memory processes (Kessels, Malinow 2009), but the role
of GluA2/3s in synapse physiology has remained an enigma. GluA1/2 levels are
lowered and GluA2/3s are enriched at synapses of neurons that are devoid of
experience-dependent input, suggesting that GluA2/3 AMPARs are involved in
homeostatic scaling of synapse strength (Makino, Malinow 2011). We recently
discovered that GluA2/3s have a unique type of plasticity: they are in an electrically inactive state under basal conditions, and become activated in a cyclic
AMP (cAMP) dependent manner (Renner et al. 2017, Gutierrez-Castellanos et
al. 2017). GluA2/3s therefore only substantially contribute to synaptic currents
upon a rise in intracellular cAMP.
GluA2 and GluA3 have short and similarly structured c-tails that contain identical PDZ binding motifs, which interact with glutamate receptor interacting
protein (GRIP) and protein interacting with C-kinase-1 (PICK1). GRIP and PICK1
each play important roles in the cycling of AMPARs between the synaptic surface and intracellular endosomal compartments (Moretto, E. et al. 2018). While
PICK1 promotes AMPAR endocytosis, GRIP is involved in transportation of AMPAR to synapses and retaining them in (recycling) endosomal vesicles (Kim, C.
H. et al. 2001, Perez et al. 2001, Seidenman et al. 2003, Osten et al. 2000, Setou
et al. 2002). Whether PICK1 or GRIP bind to the PDZ binding motif at the GluA2
or GluA3 c-tail is determined by protein kinase C-alpha (PKCα) phosphorylation
of a serine residue within the PDZ-binding motif (Daw et al. 2000, Chung et
al. 2000, Lin et al. 2007). Interestingly, PICK1 and GRIP regulate AMPAR trafficking during NMDA-receptor (NMDAR) dependent LTD. Upon the induction of
NMDAR-dependent LTD, PKCα phosphorylation of the GluA2 and GluA3 c-tails
releases their interaction with GRIP and allows PICK1 to bind and internalize
AMPARs (Seidenman et al. 2003, Kim, C. H. et al. 2001, Iwakura et al. 2001,
Terashima et al. 2008). Several recent observations suggest that oAβ corrupts
PICK1/GRIP mediated trafficking of AMPARs. Firstly, the oAβ-driven synaptic
depression critically depends on PICK1 (Alfonso, S. et al. 2014). Secondly, PKCα
activation is required for the synaptotoxic effects of oAβ to occur (Alfonso, S.
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I. et al. 2016). Third, expression of GluA2-homomeric AMPARs with a mutation
within their PDZ domain that prevents PICK1 mediated AMPAR endocytosis, is
sufficient to block oAβ-driven spine loss (Hsieh et al. 2006, Fiuza et al. 2017).
We previously demonstrated that all oAβ-driven effects on synapses and memories are dependent on GluA3. CA1 neurons that lack GluA3, and only express
GluA1/2s, are fully resistant to oAβ-driven synaptic depression and spine loss,
and APP/PS1-transgenic mice were insensitive to memory impairment and premature mortality when they are GluA3-deficient (Reinders et al. 2016). However, why GluA3-lacking neurons are resistant to the effects of oAβ remains
unclear. In this study we show that oAβ-driven synaptic depression and spine
loss critically depends on protein interactions at the PDZ-binding domain in the
GluA3 c-tail. Our experiments implicate PKCα-dependent removal of synaptic
GluA3-containing AMPARs from synapses as a key event in oAβ-induced synaptotoxicity. We conclude that oAβ causes cognitive decline by corrupting the
trafficking of synaptic GluA3-containing AMPARs.
Results
oAβ suppresses cAMP-driven potentiation of synapses
To examine the effects of oAβ on synapses, we use Sindbis viral vectors express APPCT100, the β-secretase product of APP and precursor to Aβ, in ~10%
of CA1 pyramidal neurons of organotypic hippocampal slice cultures. In this
model system, APPCT100 expression causes reliable synaptic depression as a consequence of the formation of oAβs (Kamenetz et al. 2003, Kessels et al. 2013).
20-52 hrs after infection with viral vectors expressing APPCT100 together with
GFP, synaptic currents, evoked by electrical stimulation of Schaffer collateral
inputs, were recorded simultaneously from neighboring infected and uninfected CA1 neurons. In line with previous studies (Reinders et al. 2016, Kessels et
al. 2013, Kamenetz et al. 2003), APPCT100 expression caused synaptic depression
of AMPAR currents (figure 1A). We previously showed that APPCT100-expression
failed to produce synaptic depression in slice cultures from GluA3-deficient
mice (Reinders et al. 2016), suggesting GluA3-containing AMPARs play a central
role. Under basal conditions GluA3-containing AMPARs are largely in an inactive state and contribute little to synaptic transmission until they convert to an
active state upon a rise in cAMP (Renner et al. 2017, Gutierrez-Castellanos et al.
2017). To test whether oAβ-driven synaptic depression is more evident when
GluA3 has switched to its active state, synaptic currents were recorded in the
presence of adenylyl cyclase activator forskolin. The degree of synaptic depression through APPCT100 expression was similar in the presence of forskolin (figure
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1A,B). APPCT100 expression did not change AMPA/NMDA ratio’s (figure 1C,D),
which is consistent with previous observations that oAβ reduces both synaptic
AMPAR and NMDAR (Kamenetz et al. 2003, Kessels et al. 2013). Notably, forskolin significantly increased AMPA/NMDA ratios in uninfected neurons, but not
in neighboring APPCT100 expressing neurons (Figure 1C,D). These data indicate
that a rise in cAMP fails to potentiate AMPAR currents when neurons overproduce oAβ. Since the effect of cAMP on AMPAR currents is largely dependent
on GluA3 (Gutierrez-Castellanos et al. 2017, Renner et al. 2017), these data
support the notion that oAβ preferentially acts on GluA3-containing AMPARs.
These results suggest that APPCT100-expression either removes GluA3-containing AMPARs from synapses or prevents the activation of channel function of
GluA3-containing AMPARs.
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Figure 1. Neuronal expression of APPCT100 suppresses cAMP-driven potentiation of synapses.
(A) Example trace (top, scale bar: 25 ms, 50 pA), dot plots (open dots denote averages, filled
dots represents a paired EPSC responses) and bar graphs (bottom, n = 19) of paired EPSC recordings from APPCT100 expressing neurons (grey) and neighboring uninfected neurons (white). (A)
Example trace (top, scale bar: 25 ms, 50 pA), dot plots and bar graphs (bottom, n = 23) of paired
EPSC recordings from APPCT100 expressing neurons (blocked) and neighboring uninfected neurons (white) in the presence FSK. (C) Sample traces of AMPA (-60mV) and NMDAR (+40mV)
EPSCs of APPCT100 expressing neurons in the presence or absence of FSK. (D) AMPAR/NMDA
ratio was unaffected by APPCT100. APPCT100 expression prevented the FSK-induced increased
AMPA/NMDA ratio (uninf. n=10, APPCT100 n=15, uninf.+FSK n=17, APPCT100+FSK n=18). Data
are mean ± SEM. *P < 0.05.
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GluA3 expression sensitizes neurons to effects of oAβ on synapses
To assess whether the oAβ-driven synaptic depression requires GluA3 expression in CA1 neurons, we infected CA1 neurons with sindbis virus expressing GFPGluA3 with or without APPCT100 in organotypic slices isolated from GluA3-deficient mice. 44-52 hrs after viral infection, synaptic currents evoked by electrical
stimulation of Schaffer collateral inputs (eEPSC) were recorded from GFP-GluA3
infected and neighboring uninfected GluA3-deficient neurons. We note that
GluA3-containing AMPARs obligatorily exist as heteromers (Coleman, S. K. et al.
2016), and that viral overexpression of GFP-GluA3 in GluA3-deficient neurons
results in the presence of GluA2/3 heteromers at synapses (Renner et al. 2017).
GFP-GluA3 expression by itself did not significantly change eEPSC amplitudes
(Figure 2 A,B), indicating that increasing GluA3 levels does not affect synaptic currents. When we co-expressed APPCT100 a significant reduction in eEPSC
amplitude was observed compared with uninfected neighbors (Figure 2 C,D),
although this synaptic depression was not significantly larger compared with
expression of GFP-GluA3 alone. A clearer picture emerged when we recorded miniature excitatory post-synaptic currents (mEPSCs) from uninfected and
nearby infected GluA3-knockout neurons expressing GFP-GluA3 with or without APPCT100. As previously shown (Reinders et al. 2016), GluA3-deficient CA1
neurons are fully resistant to APPCT100-driven reductions in mEPSCs (Fig. 2 E,F,G).
Whereas GFP-GluA3 expression had no effect on average mEPSC amplitude or
mEPSC frequency, co-expression of APPCT100 resulted in a reduction in mEPSC
frequency (Fig. 2 E,F,G). These data indicate that GFP-GluA3 expression renders
CA1 neurons sensitive for APPCT100-driven synaptic depression. The decrease
in mEPSC frequency without a change in mEPSC amplitude may be partly explained by a loss of synapses (Reinders et al. 2016). As we demonstrated previously (Reinders et al. 2016), spine density is lowered in APPCT100 expressing
wild-type, but not GluA3-deficient CA1 neurons (chapter 1; figure 3 and S2), indicating GluA3-deficient neurons are resistant to oAβ-mediated spine loss. We
next assessed whether neuronal GluA3 expression is required for oAβ to induce
a loss of spines. Spines on apical dendrites were visualized by expressing GFP
as a cytosolic or GluA3-fused marker and were imaged by 2-photon laser scanning microscopy. We measured GFP levels at spines of CA1 neurons expressing GFP-GluA3 and observed that the majority of spines contained detectable
levels of GFP (figure 1H,I), indicating that recombinantly expressed GluA3 was
present at most spines of apical CA1 dendrites. Co-expression of APPCT100 and
GFP-GluA3 significantly decreased the number of GFP-containing spines (figure
1H,I). These data suggest that neuronal expression of GluA3 is sufficient for oAβ
to cause a loss of GluA3-containing synapses.
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Figure 2. Neuronal expression of GluA3 is sufficient for oAβ to affect synaptic function.
(A-D) Example traces (A,C), dot plots (filled dots represents individual paired recording, open
dots denote averages) and normalized mean amplitude of paired EPSC recordings (B,D). (A,B)
GFP-GluA3 expressing GluA3-KO neurons showed no significant synaptic depression (n=18).
(C,D) GFP-GluA3+APPCT100 expressing GluA3-KO neurons did show significant synaptic depression (n=19). (E) Example mEPSC traces of GluA3-KO neurons with or without APPCT100 and/or
GFP-GluA3 expression. (F) Only the combined expression of GFP-GluA3 with APPCT100 lowered
mEPSC frequency, (G) but not mEPSC amplitude (GFP+APPCT100 n=29 , uninf. n=24; GFP-GluA3
n=30 , uninf. n=29; GFP-GluA3+APPCT100 n= 27, uninf. n= 29). (H) Example images of GluA3-KO
apical dendrites expressing GFP (left) or GFP-GluA3 (right) with or without APPCT100 (scale bar:
5 μm). (I) APPCT100 lowered GFP-containing spine density only when GFP-GluA3 was co-expressed (GFP n=19, GFP+APPCT100 n=15, GFP-GluA3 n=25, GFP-GluA3+APPCT100 n=29). (F,G,I)
Data are mean ± SEM. *P < 0.01.
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Figure 3. <right page> Neuronal expression of GluA3S885A does not sensitize GluA3-KO neurons to oAβ. (A) Schematic of recombinant GFP-GluA3S885A and its inability to interact with
GRIP (figure S1A). (B) Example images of GluA3-KO dendrites expressing GFP-GluA3S885A without (left) or with APPCT100 (right) (scale bar: 5 μm). (C) GFP-GluA3S885A expressing GluA3-KO
dendrites showed a low density of GFP-containing spines which was unchanged by APPCT100
co-expression (GFP-GluA3S885A n=19, GFP-GluA3S885A+APPCT100 n=17). (D) Example mEPSC
traces of GluA3-KO neurons expressing GFP-GluA3S885A with or without APPCT100 (scale bar:
5 s, 20 pA). (E) GFP-GluA3S885A with or without APPCT100 did not affect mEPSC frequency or
(F) amplitude (uninf. n=22, GFP-GluA3S885A n=23; uninf. n=25, GFP-GluA3S885A +APPCT100
n=29). (G) Example traces (H left) dot plots and (H right) normalized mean amplitude of paired
EPSC recordings (scale bar: 25 ms, 25 pA). EPSC amplitude was unchanged in GFP-GluA3S885A
expressing GluA3-KO neurons compared to uninfected controls. Open dots denote averages,
filled dots represent pairs of EPSC responses (n=17). (I,J) same as G,H for GFP- GluA3S885A+APPCT100 (n=16). Data are mean ± SEM.

Interaction between GRIP and GluA3 is required for oAβ effects on synapses.
Having established that expressing recombinant GluA3 sensitizes GluA3-deficient CA1 neurons for oAβ-driven synapse loss, we used this model system
to investigate whether GRIP interaction with the PDZ binding domain of the
GluA3 c-tail is necessary for this sensitization. We repeated the experiments
with a recombinant GFP-GluA3 in which a serine at position 885 in its c-terminal PDZ-binding domain is substituted by an alanine (GFP-GluA3S885A). Similarly
as observed for GluA2 (Dong et al. 1997, Osten et al. 2000), this mutation prevented interaction between GRIP and GFP-GluA3S885A (figure 3A and S1A). A lack
of GRIP binding prevents the accumulation of AMPARs on the surface and in recycling endosomes, redirecting them into the lysosomal degradation pathway
(Setou et al. 2002, Osten et al. 2000, Lin et al. 2007). As a result, GFP levels in
apical dendrites were 3-fold reduced in GFP-GluA3S885A expressing CA1 neurons
compared with those expressing unmutated GFP-GluA3 (figure S1B), and the
signal of GFP-GluA3S885A could only be detected in ~half the proportion of spines
(figure 3B,C). Upon expression of GFP-GluA3S885A in GluA3-deficient neurons the
average mEPSCs frequency and amplitude (figure 3 D-F), and eEPSC amplitude
(figure 3 G-J) remained unchanged, indicating synaptic currents were unaffected. Co-expression of APPCT100 with GFP-GluA3S885A did not sensitize these neurons for spine loss (figure 3 B,C) or synaptic depression upon co-expression of
APPCT100 (figure 3 D-J). These results indicate that GRIP-GluA3 interaction is required for oAβ to cause a loss of synapses. Most likely, GRIP dependent stable
insertion of GluA2/3s into synapses is required to sensitize a neuron for oAβ.
Preventing S885 phosphorylation of GluA3 completely blocks oAβ-induced synapse loss.
We next determined the effect of disabling GluA3 S885 phosphorylation on
oAβ-mediated synaptic depression. The S885 residue lies within the ESVKI se92

Amyloid-β causes synaptic depression via phosphorylation of AMPA-receptor
subunit GluA3 at Serine 885
GFP-GluA3S885A

C

GFP containing spines/10µm

B

GFP-GluA3S885A

No APPCT100 APPCT100

GRIP

GluA3

A

E

No APPCT100

25ms

0.4

250

J

2
0

18
15
12
9
6
3

1.4

p=0.98

150
100
50
0

50

200
150
100
50
0

50 100 150 200 250
AMPA EPSC uninf. (pA)

1.2

Uninfected
GFP-GluA3S885A

1.0
0.8
0.6
0.4
0.2
0.0

100 150 200 250

1.4

250 p=0.76

0

Uninfected
GFP-GluA3S885A
GFP-GluA3S885A
+APPCT100

21

0

200

0

AMPA EPSC inf. (pA)

25pA

Uninfected
GFP-GluA3S885A
+APPCT100

0.8

4

AMPA EPSC (pA)
Norm. to uninfected

H

25ms

I

1.2

6

AMPA EPSC (pA)
Norm. to uninfected

Uninfected
GFP-GluA3S885A

25pA

G

1.6

0.0

AMPA EPSC inf. (pA)

5 sec

20pA

APPCT100

F

1.8

mEPSC amplitude (pA)

GFP-GluA3S885A

mEPSC frequency (Hz.)

D

GFP-GluA3S885A
GFP-GluA3S885A
+APPCT100

8

1.2

Uninfected
GFP-GluA3S885A
+APPCT100

1.0
0.8
0.6
0.4
0.2
0

quence, in which the basic residue (K887) is critical to recognition by PKC (Kreegipuu et al. 1998). As was previously shown for GluA2 (Seidenman et al. 2003),
substituting this lysine to an alanine (GluA3K887A) prevents phosphorylation of
this site, while the ability of GRIP to interact with GFP-GluA3K887A is maintained
(Figure S1A). The GFP levels in GFP-GluA3K887A expressing CA1 apical dendrites
and spines were similar to those in GFP-GluA3 expressing ones (figure S1 B).
The expression of GFP-GluA3K887A in GluA3 deficient neurons had no effect on
GFP-containing spine density (figure 4 B,C), mEPSC frequency (figure 4 D,E) or
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eEPSC amplitude (figure 4 G,H), although mEPSC amplitude was on average
decreased (figure 4F). Co-expression of APPCT100 did not affect the density of
GFP-containing spines at CA1 neurons (figure 4 B,C), mEPSC frequency (figure
4 D,E), mEPSC amplitude (figure 4 D,F) or eEPSC amplitude (figure 4I,J). These
data indicate that oAβ is unable to induce synaptic depression or spine loss in
neurons when they express GFP-GluA3K887A, suggesting oAβ corrupts synapses
through phosphorylation of the GluA3 c-tail at S885.
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Figure 4. <left page> Neuronal expression of GluA3K887A does not sensitize GluA3-KO neurons to oAβ. (A) Schematic of recombinant GFP-GluA3K887A and its disrupted PKCα interacting
domain. (B) Example images of GluA3-KO dendrites expressing GFP-GluA3K887A without (left)
and with APPCT100 (right) (scale bar: 5 μm). (C) Density of GFP-containing spines on GFP-GluA3K887A expressing GluA3-KO dendrites was unchanged by APPCT100 co-expression (GFP-GluA3K887A n=31, GFP-GluA3K887A +APPCT100 n=27). (D) Example mEPSC traces of GluA3-KO
neurons expressing GFP-GluA3K887A with or without APPCT100 (scale bar: 5 s, 20 pA). (E) Expression of GFP-GluA3K887A with or without APPCT100 did not affect mEPSC frequency. (F)
GFP-GluA3K887A expression lowered mEPSC amplitude but not when APPCT100 was co-expressed (uninf n=23, GFP-GluA3K887A n=28; uninfected n=27, GFP-GluA3K887A + APPCT100
n=31). (G) Example traces (H left) dot plots and (H right) normalized mean amplitude of paired
EPSC recordings (scale bar: 25 ms, 25 pA). GFP-GluA3K887A expression in GluA3-KO neurons
did not show significantly lower EPSC amplitude (n=15). Open dots denote averages, filled dots
represent pairs of EPSC responses. (I,J) same as G,H for GFP- GluA3K887A+APPCT100 (n=14).
Data are mean ± SEM. *P < 0.05.

OAβ removes synaptic GluA3-AMPARs
We next aimed to directly assess whether oAβ removes GluA3-containing AMPARs from synapses. Single-particle tracking experiments demonstrate that extra-synaptic AMPARs freely diffuse across the surface of dendritic spines, while
synaptic AMPARs are largely immobile (Triller, Choquet 2005, Ehlers et al. 2007).
These AMPAR properties allow an estimation of the relative fraction of synaptic versus extra-synaptic recombinant AMPARs on the surface of a spine using
fluorescence recovery after photobleaching (FRAP) (Makino, Malinow 2009). If
for instance APPCT100 expression would lower the levels of synaptic GluA3, this
would decrease the fraction of immobile surface GluA3 on dendritic spines.
GluA3 was tagged with a pH-sensitive form of GFP (Super Ecliptic pHluorin,
SEP), enabling to distinguish between surface receptors, which display green
fluorescence, and intracellular receptors, which show no fluorescence (Kopec
et al. 2006). GluA3-deficient CA1 neurons of organotypic hippocampal slices
were infected with sindbis expressing SEP-GluA3 and ~48 hours later fluorescent signals were analyzed using 2-photon laser scanning microscopy. During
the FRAP experiment, the SEP-GluA3 signal at single dendritic spines was fully
bleached, whereupon the fluorescence gradually recovered as a result of the
lateral diffusion of bleached extra-synaptic SEP-GluA3 which interchanged with
non-bleached SEP-GluA3 from the dendritic surface (figure 5 A and S2 A,B). The
fraction of fluorescence that remained bleached (i.e. did not recover) was used
to estimate the immobile fraction of SEP-GluA3 as a proxy for the level of synaptically incorporated SEP-GluA3. 30 minutes after bleaching, the recovery of
SEP-GluA3 signal reached 45%, indicating that on average ~55% of recombinant
GluA3 at the spine surface was immobilized at synapses (figure 5 A). Co-expression of SEP-GluA3 with APPCT100 did not alter the speed of FRAP, indicating no effect of oAβ-production on lateral diffusion of SEP-GluA3 across the membrane
surface (figure 5 C). However, APPCT100-expression significantly increased the
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level of SEP-GluA3 recovery to ~60% measured 30 min after bleaching (figure
5 B), consistent with 40% immobile SEP-GluA3 at spines. These results indicate
that APPCT100 expression reduces the amount of synaptic GluA3 by ~27%, suggesting oAβ triggers the removal of GluA2/3s from synapses.
To examine whether the removal of GluA3 from synapses depends on its phosphorylation at S885, we analyzed FRAP on spines of GluA3-deficient neurons
expressing SEP-GluA3K887A. The FRAP of SEP-GluA3K887A was similar to that of
SEP-GluA3, both in speed and in levels of recovery, indicating that the K887A
mutation did not affect lateral diffusion and incorporation into synapses of the
AMPAR (figure 5 D,E and S2 C). Co-expression of APPCT100 with SEP-GluA3K887A did
not alter the speed of recovery, indicating no effect on lateral movement speed
of SEP-GluA3K887A across the membrane surface (figure 5 E). In sharp contrast
to unmutated SEP-GluA3, APPCT100 did not effectively lower the level of immobilized SEP-GluA3K887A signal (figure 5 D and S2 C). These experiments demonstrate that oAβ removes GluA3-containing AMPARs from synapses through
PKCα phosphorylation of GluA3 at S885.
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Figure 5. GluA3K887A prevents APPCT100 induced
GluA3 mobilization on spines.
(A) Time series of an SEPGluA3 expressing dendritic
spine before and after fluorescence bleaching (scale
bar: 1 µm). (B) FRAP of dendritic spines expressing SEPGluA3 (black, n=22) was
lower but (C) equally fast as
those expressing SEP-GluA3+APPCT100 (grey, n=22).
(D) FRAP and its speed (E) in
dendritic GluA3-KO spines
expressing SEP-GluA3K887A
(dark green, n=12) was similar to that of SEP-GluA3
(green, n=13 (figure S2 C)
and unaffected by APPCT100
co-expression. Data are mean
± SEM. *P < 0.05.
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Discussion
We investigated the role of AMPAR subunit GluA3 in the effects of oAβ on synapses. We found that GluA3-deficient neurons, which are resistant against the
effect of oAβ (Reinders et al. 2016), were re-sensitized to oAβ after viral expression of GFP-GluA3. Since this Sindbis mediated expression is relatively fast (<48
hrs), it is unlikely that GluA3-deficient neurons became resistant to oAβ as a
consequence of compensatory adjustments during early development. These
experiments also indicate that oAβ-mediated synaptic depression requires
GluA3 to be expressed at the post-synaptic membrane, and not, for instance,
at presynaptic compartments or in glial cells. The excessive pruning of spines in
neurons overproducing oAβ appears therefore fully dictated by the presence of
GluA3 at these spines. Our results are therefore in line with a model in which
oAβ-mediated effects originate at synapses rather than at the glia-mediated
pruning machinery [review (Hong et al. 2016)].
Virally expressed GFP-GluA3 was inserted into synapses of CA1 neurons from
GluA3-knockout mice but did not increase synaptic currents. It is possible that
the newly produced GluA2/3s are added to synapses but remain in an inactive, nonconductive state, therefore contributing little to synaptic transmission
(Renner et al. 2017). Alternatively, the GluA1/2s at synapses of GluA3-deficient
neurons were replaced by newly formed active GluA2/3s, negating the increase
in synapse strength (Shi et al. 2001, McCormack et al. 2006). The replacement
of conductive GluA1/2s by inactive GluA2/3s may theoretically result in synaptic depression. Indeed, overexpression of GFP-GluA3 in CA1 neurons of wildtype rats resulted in synaptic depression (Shi et al. 2001) and also in our experiments GFP-GluA3 overexpression in GluA3-ko neurons resulted in a small,
albeit non-significant, synaptic weakening.
We found that for oAβ to cause synaptic depression, GluA3 needs to be present at synapses. GluA3-deficient neurons were not re-sensitized to oAβ when
reconstituted with a mutant GluA3 that fails to reach synapses because of its inability to interact with GRIP (GFP-GluA3S885A). We tested another mutant, which
cannot be phosphorylated by PKCα but interacted with GRIP and was incorporated into synapses at similar levels as unmutated GluA3 (GluA3K887A). These
properties of GluA3K887A are in line with studies showing that a homologous mutation in GluA2 (GluA2K882A) prevents PKCα-induced c-tail phosphorylation without disrupting GluA2-GRIP interactions (Chung et al. 2000, Seidenman et al.
2003). The GluA3K887A mutant completely alleviated APPCT100-induced removal of
GluA3 from synapses, implying that oAβ triggers PICK1-mediated endocytosis
of synaptic GluA3. Our results are in line with a model in which oAβ triggers
increased PKCα catalytic activity at synapses (Alfonso, S. I. et al. 2016), thereby
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promoting PICK1-mediated AMPAR endocytosis. Increased PKCα activity at synapses would unbalance the constitutive AMPAR cycling that replaces synaptic
GluA1/2s with GluA2/3 (Shi et al. 2001, McCormack et al. 2006). It may also
disrupt the homeostatic scaling of synaptic strength as observed in the barrel
cortex: Levels of GluA2/3 increase while GluA1/2s levels decrease in synapses
of neurons deprived of sensory input (Makino, Malinow 2011). In GluA2/3 enriched synapses oAβ triggers excessive GluA2/3 endocytosis resulting in synaptic weakening and ultimately loss of spines. This spine loss may account for
the observed oAβ-driven reduction in NMDARs and GluA1-containing AMPARs
(Reinders et al. 2016). It is also possible that GluA1-containing AMPARs are removed from synapses through a different oAβ-driven mechanism (Guntupalli et
al. 2017, Zhang et al. 2017).
The oAβ mediated effects on synapses through the removal of synaptic GluA2/3
AMPARs, may involve an endogenous signaling cascade that is similar to the signaling cascade involved in NMDAR-dependent long-term depression (LTD). The
mechanisms of synaptic depression mediated either by low-frequency stimulation (LFS) or by oAβ show striking similarities. To induce synaptic depression,
LFS and oAβ both require metabotropic NMDAR activation (Nabavi et al. 2013,
Kessels et al. 2013), synaptic recruitment of PTEN (Jurado et al. 2010, Knafo et
al. 2016), PICK1-AMPAR interaction (Seidenman et al. 2003, Terashima et al.
2008, Daw et al. 2000, Kim, C. H. et al. 2001), endocytosis of AMPARs (Alfonso,
S. et al. 2014, Hsieh et al. 2006), GSK-3 activity (Bradley et al. 2012, Kirouac et
al. 2017) and hyper phosphorylation of tau (Takashima et al. 1993, Bloom 2014,
Regan et al. 2015). In this scenario, oAβ could act on the removal of GluA3-AMPAR as a trigger for synapse weakening and/or removal during NMDAR-induced
LTD.
How removal of synaptic GluA3-containing AMPARs can lead to spine breakdown is unclear. Possibly the response of neurons to oAβ is similar to their
response to oxygen/glucose deprivation (Koszegi et al. 2017, Dixon et al. 2009).
In these studies, cell-death after oxygen/glucose deprivation was facilitated by
PICK1-mediated lysosomal targeting of GluA2/3s. In an oAβ-rich context, excessive metabotropic NMDAR activation could cause local PICK1-mediated lysosomal targeting of synaptic GluA2/3s, initiating the elimination of synapse
and spines. Further study on lysosomal targeting of GluA2/3s may offer more
insight on how oAβ induces the depletion of synapses.
Our results imply that not all synapses have equal susceptibility for oAβ-mediated synaptic depression; while synapses having GluA3-containing AMPARs are
susceptible, those lacking GluA3, only containing GluA1-containing AMPARs, are
resistant. The selective targeting of GluA3-enriched synapses could fit a scenario where PICK1-mediated endocytosis specifically targets GluA2/3 and not so
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much GluA1/2s. Several studies that manipulate PICK1 function observed that
GluA2 levels were decreased, while GluA1 levels remained unaffected (Koszegi
et al. 2017, Daw et al. 2000). In line with these studies, our data suggest that
for taking part in GRIP/PICK1-driven AMPAR trafficking, a PDZ-binding motif is
required at all four AMPAR subunits. Expression of recombinant GluA3 in our
model system leads to the formation of non-rectifying AMPARs, i.e. GluA2/3
heteromers (Renner et al. 2017), and we show that mutating its phosphorylation sites at the two GluA3s was sufficient to fully prevent its endocytosis.
Similarly, despite having two GluA2 subunits that allow interaction with GRIP
and PICK1, GluA1/2s appear to not play a part in the in the constitutive homeostatic AMPAR cycling pathway; they are only inserted into synapses upon the
induction of LTP-like activity (Shi et al. 2001, Makino, Malinow 2009, Makino,
Malinow 2011).
We present evidence that oAβ can disrupt constitutive AMPAR cycling by inducing excessive removal of GluA3-containing AMPARs from synapses. Our data
indicate that the removal of synaptic GluA3 is a key event in the mechanism by
which oAβ causes synaptic deficits. Further study on synaptic GluA3-AMPAR removal as a trigger for synapse and spine breakdown has the potential to reveal
therapeutical targets against the detrimental effects of oAβ.
Methods
Mice
The Gria3-deficient (GluA3-KO) and wild-type littermate colony was established from C57Bl/6 × 129P2-Gria3tm1Dgen/Mmnc mutant ancestors (RRID:MMRRC_030969-UNC) (MMRRC, Davis, CA), which were at least 20 times backcrossed to C57Bl/6 mice. Mice were kept on a 12 hr day-night cycle (light onset
8 or 7am) and had ad libitum access to food and water. All experiments were
conducted in line with the European guidelines for the care and use of laboratory animals (Council Directive 86/6009/EEC). The experimental protocol was
approved by the Animal Experiment Committee of the Royal Netherlands Academy of Arts and Sciences (KNAW)
Organotypic hippocampal slice preparation and exogenous protein expression
Organotypic hippocampal slices were prepared from P6-8 mice as described
previously (Stoppini et al. 1991) and used at 7–12 days in vitro for electrophysiology and 14-21 days in vitro for imaging. For the expression of exogenous GFP,
APPCT100 and GFP- or SEP-tagged rat GluA3 (flip), GluA3S885A and GluA3K887A, the
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respective constructs were cloned into a pSinRep5 shuttle vector. The resulting
pSinRep5 plasmids were used to produce infective Sindbis pseudo viruses according to the manufacturer’s protocol (Invitrogen BV). Sindbis virus infection
was achieved by injecting diluted virus into slices 20-52 hours prior to the experiments.
Electrophysiology
During recordings, slices were perfused with artificial cerebrospinal fluid (ACSF):
(in mM) 118 NaCl, 2.5 KCl, 26 NaHCO3, 1 NaH2PO4, supplemented with 4 MgCl2,
4 CaCl2, 20 glucose at 27oC, gassed with 95%O2/5%CO2. Patch recording pipettes
were filled with internal solution containing (in mM): 115 CsMeSO3, 20 CsCl,
10 HEPES, 2.5 MgCl2, 4 Na2-ATP, 0.4 Na-GTP, 10 Na-Phosphocreatine, 0.6 EGTA.
Whole-cell recordings in were made with 2.5–4.5 MΩ pipettes (Raccess < 20 MΩ,
and Rinput > 10× Raccess). Where indicated, forskolin (50 μM; Sigma) was added
to the perfusion solution and during mEPSC recordings, TTX (1 μM; Tocris) and
picrotoxin (100 μM; Sigma) were added. During evoked recordings, a cut was
made between CA1 and CA3, and picrotoxin (50 μM) was added to the bath.
2-chloroadenosine was purposefully omitted as it may reduce the inactive state
of GluA3-AMPAR by upregulating cAMP (Rebola et al. 2003). Two stimulating
electrodes, (two-contact Pt/Ir cluster electrode, Frederick Haer), were placed
between 100-200 μm down the apical dendrite and 100-300 μm apart laterally.
AMPAR-mediated EPSCs were measured as the peak inward current at −60 mV
directly after stimulation. 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 same current at 0 mV to compensate for incomplete clamping. Data was acquired using a Multiclamp 700B amplifier (Molecular Devices).
Mean EPSC amplitudes contained at least 20 sweeps at each holding potential
and were aquired using pClamp 10 software (Molecular Devices). mEPSC data
are based on at least 100 events or 10 min of recording and analysed with MiniAnalysis (Synaptosoft). Individual events above a 5pA threshold were manually
selected by an experimenter blind to the experimental condition.
2-photon imaging
3D images were collected by two-photon laser scanning microscopy (Femtonics
Ltd.) with a mode-locked Ti:sapphire laser (Chameleon; Coherent) tuned at 910
nm using a 20× objective. During imaging, slices were kept under constant perfusion of aCSF (in mM: 118 NaCl, 2.5 KCl, 26 NaHCO3, 1 NaH2PO4, supplemented
with 4 MgCl2, 4 CaCl2, 20 glucose) at 30°C, gassed with 95%O2/5%CO2. For spine
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densities, apical dendrites were imaged ∼180 μm from the cell body (pixel size
x,y,z 0.05 × 0.05 × 0.75μm). The density of spines protruding in the horizontal
(x/y) plane were manually quantified from projections of stacked 3D images
by an experimenter blind to experimental condition. For analysis and example images, the look up table of each stacked image was optimized for spine
recognition (figure 1E, 2E and 4G). To monitor the transportation of virally expressed GFP-GluA3 into dendrites, the soma and >150µm apical dendrite were
captured (pixel size x,y,z 0.3 × 0.3 × 0.75μm). The same laser power was used in
each condition. The ratio between mean fluorescence intensity of the dendrite
(150µm from the soma) and soma was manually quantified. For photobleaching experiments, apical dendrites were imaged 150–250μm from the cell body
(pixel size x,y,z 0.05 × 0.05 × 0.5μm). Photobleaching of SEP-fluorescence was
achieved by prolonged scanning of isolated spines, until complete bleaching
was visually confirmed (Figure SX). To determine the fluorescence recovery after photobleaching (FRAP), similarly sized z-stacks of dendrites were collapsed
for each time point. Background-subtracted green fluorescence of spines was
quantified, normalized to that of its dendrite and compared across time. All
image analysis was performed with ImageJ software (fiji.sc).
HEK-cell co-immunoprecipitation and immunoblotting
Full length GluA3 cDNAs were subcloned into a pRK5-Dest vector, and Grip1
into a pcDNA3.2-V5-Dest vector. HEK cells were passed one day before transfection in DMEM + GlutaMAX (Gibco), 10% FBS (Invitrogen), 1% Penicillin/Streptomycin (Gibco) in 10 cm dishes. 2 h before transfection, the medium of ~60%
confluent cells was refreshed. Cells were transfected with ~2.5ug Grip-V5 and
GluA3, GluA3S885A, or GluA3K887A using PEI 2500. The amount of DNA used for
transfection with GluA3 constructs was optimized based on protein expression
levels beforehand. After ~48 hours, cells were harvested in 1 ml of a 2% Triton
X-100 ice-cold immunoprecipitation buffer (25mM HEPES/NaOH, pH7.4, 150
mM NaCl) containing 2% Triton X-100 and EDTA-free protease inhibitor cocktail
(Roche). The resulting samples were incubated for 1 h at 4⁰C and spun down
twice at 20800 x g for 10 min at 4⁰C. Anti-Grip (4 µg ABN27, Millipore) was added to the supernatants and incubated overnight at 4⁰C. The next day, protein
A/G PLUS-agarose beads (40 µL; Santa Cruz Biotechnology, Inc.) were added
for 1 h at 4⁰C and washed 4 times with immunoprecipitation buffer containing
1% Triton X-100. Proteins were eluted in SDS sample buffer (55 µL), boiled for
5 min and loaded on a 4-15% Criterion TGX Stain-Free precast gel (BioRad).
Protein samples were transferred unto a PVDF membrane (BioRad) overnight
at 40V. The blots were blocked in 5% milk in TBST and incubated with primary
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and secondary antibody in 3% milk in TBST. The following antibodies were used:
anti-GluA2/3 (1:2000; CQNFATYKEGYNVYGIESVKI, custom made at Genscript)
(Chen et al. 2014), anti-V5 (1:1000; ab27671, Abcam) in combination with goatanti-rabbit-HRP (DAKO 1:10000) and goat-anti-mouse-HRP (DAKO, 1:10000).
Membranes were developed using ECL femto (Thermo Scientific).
Quantification and statistical analysis
Experimental conditions that are depicted in the same graph were performed
in parallel and within the same animals. Experimental conditions were compared using two-tailed Student t tests for 2 conditions (unpaired, unless indicated paired t-test) or with ANOVAs with post-hoc Tukey for more than 2 conditions. Where indicated 2-way ANOVAs were used to detect interaction effects.
P values below 0.05 were considered statistically significant.
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Chapter 4
Abstract
Viral vectors are attractive tools to transfer genes into neurons. Transduction
of neurons with recombinant, replication-deficient Sindbis viral vectors is a
method of choice for studying the effects of short-term protein overexpression on neuronal function. However, to which extent Sindbis by itself may affect neurons is not fully understood. We assessed effects of transduction with
a Sindbis viral vector at the transcriptome and proteome level in organotypic
hippocampal slice cultures, and analyzed the electrophysiological properties of
individual CA1 neurons, at 24h and 72h after viral vector injection. Whereas
Sindbis caused substantial gene expression alterations, changes at the protein
level were less pronounced. Alterations in transcriptome and proteome were
predominantly limited to proteins involved in mediating anti-viral innate immune responses. Sindbis transduction did not affect the electrophysiological
properties of individual neurons: the membrane potential, excitability and synaptic currents were similar between transduced and non-transduced CA1 neurons up to 72h after Sindbis injection. We conclude that Sindbis viral vectors are
suitable for studying short-term effects of a protein of interest on electrophysiological properties of neurons, but not for studies on the regulation of gene
expression.
Introduction
Viral vector mediated gene transfer is a commonly used approach in neuroscience to deliver genetic material into neurons. An effective gene delivery vehicle
for neuronal cells is recombinant Sindbis viral vector (Schlesinger 1993; Malenka and Marie 2010). Sindbis is an Alphavirus with a positive sense single-stranded RNA genome that allows a relatively large gene packaging capacity (up to 6.5
kb) for proteins expressed under the control of a subgenomic RNA promoter.
Recombinant, replication-deficient Sindbis virus-based vectors efficiently transduce neuronal cells (Gwag et al. 1998; Ehrengruber et al. 1999) and have been
successfully used to express proteins of interest in neurons from dissociated
cultures, organotypic slices and in vivo in order to study the cellular localization
and function of these proteins (Shi et al. 1999; Maletic-Savatic 1999; Osten et
al. 2000; D’Apuzzo et al. 2001; Esteban et al. 2003; Kessels et al. 2009; Kessels,
Nabavi, and Malinow 2013; Reinders et al. 2016).
Sindbis viral vectors induce high levels of recombinant gene expression with a
rapid onset: detectable levels of protein expression can be reached within 6 to
12 hours after viral transduction (Gwag et al. 1998b; Osten et al. 2000; D’Apuzzo
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et al. 2001). The levels of overexpression that can be achieved are substantial;
for instance, Sindbis-mediated expression of AMPA-receptor subunits were approximately 5- to 10-fold increased relative to endogenously expressed AMPA-receptor subunits (Kessels et al. 2009). The fast induction and robust expression levels make Sindbis viral vectors highly suitable for studying effects of
acute overexpression of a protein of interest on cell function, thus minimizing
the possibility for compensatory responses to the manipulation.
A concern for using the Sindbis virus-based expression system is its potential
cytotoxicity. Although Sindbis viral vectors are less toxic to the host when the
viral structural protein genes are deleted and only the gene of interest is expressed upon transduction, it can still cause shut-down of endogenous protein
production within hours after transduction of heterologous cell lines (Bredenbeek et al. 1993; Frolov and Schlesinger 1994). Possibly as a consequence of
overwhelming the protein translation machinery, cytopathic effects begin to
occur 30 to 48 hours post-transduction (Bredenbeek et al. 1993; Frolov and
Schlesinger 1994). Postmitotic neurons appear to be more tolerant towards
recombinant Sindbis transduction: based on morphological and electrophysiological properties, hippocampal neurons transduced by Sindbis vectors remain
viable for at least 48h post-transduction (Ehrengruber et al. 1999b; Maletic-Savatic 1999; Kessels et al. 2009; Marie et al. 2005). However, one could argue
that by the time neurons start showing their first signs of reduced health, they
may also not be in optimal condition at earlier time points. To obtain a complete picture of the state of a Sindbis transduced neuron, we set out to study
the effects of Sindbis-mediated eGFP expression on the transcriptome, proteome, and electrophysiological properties of organotypic hippocampal slices
at both 24 hours and 72 hours post-transduction.
Results
Effects of Sindbis-GFP transduction on the transcriptome.
To examine whether Sindbis viral vectors influence gene expression in hippocampal neurons, we prepared cultured organotypic slices of hippocampi from
C57BL/6 mice. Half of the slices prepared from each mouse were injected with
a buffered solution containing Sindbis viral vector coding eGFP and the other
half with a control solution. Slices were transduced with the viral vector to have
the majority (on average ~80%) of neurons express GFP. We isolated total RNA
from the slices at 24 or 72 hours after transduction. The integrity of isolated
RNA was high and comparable between groups (average RIN: 9.1 ± 0.14). Copy
RNA was synthesized and hybridized to a mouse gene expression microarray
containing 44.000 features (Figure 1A). After hybridization, 43.020 features,
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Figure 1. Gene expression changes in mouse hippocampal slices caused by Sindbis virus injection. (A) Schematic workflow (see methods): Organotypic hippocampal slices were injected with
PBS containing Sindbis-eGFP (n=6) or with PBS (n=6) as a control, and after 24h or 72h after
injection RNA was isolated, labeled and hybridized to a mouse gene expression microarray. (B)
Comparisons in gene expression between Sindbis-GFP and control samples at 24h (upper left
panel) and 72h (upper right panel); and comparisons between 24h and 72h for Sindbis-GFP
treated samples (lower left panel) and for control treated samples (lower right panel). Volcano plots show fold change in gene expression (Log2) against Benjamini-Hochberg corrected
p-value (–Log10) for individual features on the microarray. Transcripts that do not pass the
significance threshold (p<0.05) are shown in grey, those that changed significantly <2-fold are
shown in green, and those that changed significantly ≥2-fold are shown in red. (C) Venn diagram showing the overlap between the genes that change more than 2-fold at 24h and 72h of
Sindbis treatment compared to control treatment.
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encompassing 33.274 unique identifiers passed our detection criteria to be included in the gene expression analysis. The total change in gene expression as
a consequence of Sindbis transduction was substantial: 27.5% of identifiers at
24h and 19.1% at 72h after transduction were significantly altered between
transduced and control tissue. To gain insight into the major types of biological processes that were altered upon Sindbis transduction, we performed
Gene Ontology (GO) over-representation and pathway analyses using Panther
GO-Slim and Panther Pathways (Thomas et al. 2003; Mi et al. 2013). For this
gene ontology analysis, we selected the transcripts that significantly changed
by more than 2-fold, which represents 5,7% of identifiers at 24h and 4.4% at
72h after transduction (Figure 1B). A substantial number of gene expression
alterations overlapped between 24h and 72h conditions (Figure 1C). GO classes with an FDR-corrected P-value of <0.05 were considered significant (Table
1 and Table 2). At both 24h and 72h time points, the genes whose expression
was most significantly altered between the Sindbis treated and control groups
are strongly associated with gene groups involved in immunological processes (e.g., ‘Cytokine activity,’ ‘Chemokine activity,’ ‘Response to interferon-gamma’). These results suggest that massive transduction with Sindbis viral vectors
evokes cytokine and chemokine mediated innate immune responses in hippocampal slice cultures.
In addition, biological process categories that seem unrelated to post-mitotic
neurons, such as ‘Cell proliferation,’ ‘Locomotion’ and ‘Macrophage activation’,
were overrepresented when Sindbis treated cultured hippocampal slices were
compared to control treated slices at either 24 or 72 hours post-injection. In
response to injury or pathogen invasion, quiescent ramified microglia proliferate and transform into reactive microglia (Kreutzberg 1996; Stence, Waite,
and Dailey 2001). We specifically looked at the commonly used reactive microglia markers CD40 antigen, CD68 antigen, Cx3cr1, Icam1, and Tmem119 to
see if these were upregulated in Sindbis treated slices, as would be expected
from microglial activation (Slepko and Levi 1996) (Streit 1989, Benveniste 2001,
Graeber 1990). Indeed, levels of CD40, CD68, Icam1 were increased at both
24h and 72h after transduction. Tmem119 levels were unaffected at 24h but
showed a significant increase at 72h. Astrocyte markers such as Gfap, S100
beta, vimentin and Aldh1a1 that are associated with reactive astrocytes were
decreased. These data suggest that a proportion of gene expression changes
might be due to the activation of glial cells. Notably, genes classified in the
‘Apoptosis signaling pathway’ were overrepresented at both 24h and 72h time
points post-Sindbis transduction (Table 1 and Table 2). This may indicate that
the exposure to Sindbis vectors triggers apoptotic cell death in cultured slices.
However, we cannot distinguish whether this involves apoptosis signaling in
115
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glia or neurons.
We also looked at gene expression changes in time. The comparison of 24h and
72h of Sindbis transduction yielded 101 genes that were at least 2-fold up- or
down-regulated (75 up and 26 down) (Figure 1B). This list corresponds to 0.3%
of the total genes detected in the microarray, and over-represents the Pathways identifier “Inflammation mediated by chemokine and cytokine signaling
pathway” (Table 3), suggesting an evolving immune response between 24h and
72h. The comparison of 24h and 72h of control treatment yielded 32 genes
(0.1% of the total amount of genes) that were at least 2-fold up- or down-regulated (29 up and 3 down) (Figure 1B), possibly reflecting maturation or aging of
hippocampal cells in organotypic slices.
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Table 1. PANTHER Gene Ontology analysis of genes that changed >2-fold significantly (FDR-corrected p<0.05) upon 24h of Sindbis-GFP treatment
compared to control. Fisher’s exact test with FDR correction was performed. Annotated = number of genes on the array with a specific identifier.
Regulated = number of genes in the list of regulated genes with a specific identifier. Expected = number of genes with a specific identifier that is
expected to occur in the list of regulated genes, if the regulated genes were a random subset of the annotated genes.
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187
39
80
3107
1350
1855
106
3686
24
625
388
19
306
462
144
115
55
525
44
40
11
84
488
156
240
263
313
115
1063
361
248
5
50
296
789
57
218
186
479
86
39
146
251
262
19
70

catalytic activity
hydrolase activity
protein binding
cytokine activity
binding
chemokine activity
receptor binding
hydrolase activity, acting on ester bonds
gap junction channel activity
peptidase activity
oxidoreductase activity
calcium ion binding
nucleotide binding
cytokine receptor binding

immune system process
response to interferon-gamma
cytokine-mediated signaling pathway
viral process
cellular defense response
response to stress
fatty acid metabolic process
MAPK cascade
regulation of catalytic activity
regulation of molecular function
cell-cell adhesion
developmental process
lipid metabolic process
locomotion
unsaturated fatty acid biosynthetic process
cellular amino acid catabolic process
immune response
intracellular signal transduction
fatty acid biosynthetic process
nervous system development
cellular amino acid metabolic process

signaling molecule
cytokine
chemokine
cell adhesion molecule
defense/immunity protein
protease inhibitor
gap junction
immunoglobulin receptor superfamily

Molecular Function
GO:0003824
GO:0016787
GO:0005515
GO:0005125
GO:0005488
GO:0008009
GO:0005102
GO:0016788
GO:0005243
GO:0008233
GO:0016491
GO:0005509
GO:0000166
GO:0005126

Biological Process
GO:0002376
GO:0034341
GO:0019221
GO:0016032
GO:0006968
GO:0006950
GO:0006631
GO:0000165
GO:0050790
GO:0065009
GO:0016337
GO:0032502
GO:0006629
GO:0040011
GO:0006636
GO:0009063
GO:0006955
GO:0035556
GO:0006633
GO:0007399
GO:0006520

Protein Class
PC00207
PC00083
PC00074
PC00069
PC00090
PC00191
PC00105
PC00124

Annotated

Inflammation mediated by chemokine and cytokine signaling pathway
Toll receptor signaling pathway
Apoptosis signaling pathway

Term

ID
Pathways
P00031
P00054
P00006

65
24
14
24
33
32
7
13

79
17
12
7
17
54
24
31
33
37
18
92
39
30
4
10
32
69
10
25
22

258
128
165
21
280
9
63
43
7
35
47
20
16
10

33
11
15

Regulated

28.76
5.16
2.34
8.77
15.07
15.73
1.14
4.2

31.53
2.64
2.4
0.66
5.04
29.3
9.37
14.41
15.79
18.8
6.91
63.83
21.68
14.89
0.3
3
17.77
47.38
3.42
13.09
11.17

186.58
81.07
111.39
6.37
221.35
1.44
37.53
23.3
1.14
18.38
27.74
8.65
6.91
3.3

11.23
2.34
4.8

Expected

2.26
4.65
5.98
2.74
2.19
2.03
6.14
3.09

2.51
6.43
5
10.6
3.37
1.84
2.56
2.15
2.09
1.97
2.61
1.44
1.8
2.01
13.32
3.33
1.8
1.46
2.92
1.91
1.97

1.38
1.58
1.48
3.3
1.26
6.24
1.68
1.85
6.14
1.9
1.69
2.31
2.32
3.03

2.94
4.7
3.12

1.23E-08
8.74E-09
9.57E-07
3.21E-05
8.01E-05
4.67E-04
4.65E-04
7.49E-04

2.20E-12
2.77E-08
2.55E-05
3.35E-05
4.86E-05
5.88E-05
1.07E-04
1.73E-04
1.88E-04
2.43E-04
5.08E-04
7.28E-04
9.10E-04
8.75E-04
1.02E-03
1.84E-03
2.42E-03
2.97E-03
4.25E-03
4.51E-03
5.69E-03

4.02E-08
8.03E-07
6.64E-07
8.72E-06
1.69E-05
6.48E-05
1.84E-04
2.89E-04
4.65E-04
7.73E-04
8.71E-04
1.06E-03
3.46E-03
3.39E-03

2.78E-07
8.83E-05
2.77E-04

Fold Enrichment Raw P-value

8.72E-07
9.31E-07
5.10E-05
1.14E-03
2.44E-03
1.11E-02
1.24E-02
1.45E-02

1.78E-10
1.35E-06
6.89E-04
8.15E-04
1.07E-03
1.19E-03
2.01E-03
3.00E-03
3.05E-03
3.70E-03
7.27E-03
9.82E-03
1.11E-02
1.12E-02
1.13E-02
1.87E-02
2.18E-02
2.58E-02
3.56E-02
3.65E-02
4.46E-02

3.72E-06
3.72E-05
4.09E-05
3.23E-04
5.21E-04
1.50E-03
3.78E-03
5.34E-03
7.82E-03
1.19E-02
1.24E-02
1.39E-02
3.77E-02
3.92E-02

2.25E-05
4.77E-03
1.12E-02

FDR
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Immune System
Metabolism
Hemostasis
Adaptive Immune System
Metabolism of lipids and lipoproteins
Immunoregulatory interactions between a Lymphoid and a non-Lymphoid cell
Antigen processing-Cross presentation
ER-Phagosome pathway
Endosomal/Vacuolar pathway
Chemokine receptors bind chemokines
Class I MHC mediated antigen processing & presentation
Fatty acid, triacylglycerol, and ketone body metabolism
Platelet activation, signaling and aggregation
Antigen Presentation: Folding, assembly and peptide loading of class I MHC
Innate Immune System
Cell surface interactions at the vascular wall
Peptide ligand-binding receptors
GPVI-mediated activation cascade
Cytokine Signaling in Immune system
Fatty Acyl-CoA Biosynthesis
Triglyceride Biosynthesis
Class A/1 (Rhodopsin-like receptors)
GPCR ligand binding
Metabolism of amino acids and derivatives
Activation of gene expression by SREBF (SREBP)
Signaling by Interleukins
G alpha (i) signalling events
Amino acid synthesis and interconversion (transamination)
Cholesterol biosynthesis
Platelet degranulation
Integrin cell surface interactions
Response to elevated platelet cytosolic Ca2+
Synthesis of very long-chain fatty acyl-CoAs
Regulation of cholesterol biosynthesis by SREBP (SREBF)
Arachidonic acid metabolism
Degradation of the extracellular matrix
ER-Phagosome pathway
Antigen processing-Cross presentation
Adaptive Immune System
Class I MHC mediated antigen processing & presentation
Immune System

receptor
790
1321
331
383
465
62
79
28
21
45
155
93
183
34
420
57
158
32
319
33
48
245
325
181
17
233
163
20
21
99
45
102
16
23
65
96
24
24
24
24
24

582
105
141
50
55
62
19
21
13
11
15
28
21
31
13
51
15
26
11
41
11
13
33
39
26
7
29
23
7
7
16
10
16
6
7
12
15
7
7
7
7
7

54
47.44
79.33
19.88
23
27.92
3.72
4.74
1.68
1.26
2.7
9.31
5.58
10.99
2.04
25.22
3.42
9.49
1.92
19.16
1.98
2.88
14.71
19.52
10.87
1.02
13.99
9.79
1.2
1.26
5.94
2.7
6.13
0.96
1.38
3.9
5.76
1.44
1.44
1.44
1.44
1.44

34.95
2.21
1.78
2.52
2.39
2.22
5.1
4.43
7.73
8.72
5.55
3.01
3.76
2.82
6.37
2.02
4.38
2.74
5.72
2.14
5.55
4.51
2.24
2
2.39
6.86
2.07
2.35
5.83
5.55
2.69
3.7
2.61
6.24
5.07
3.07
2.6
4.86
4.86
4.86
4.86
4.86

1.55
5.34E-13
1.43E-10
2.78E-08
2.44E-08
4.27E-08
9.05E-08
1.48E-07
2.27E-07
7.79E-07
8.51E-07
1.47E-06
1.47E-06
1.37E-06
1.32E-06
9.81E-06
9.77E-06
1.50E-05
1.96E-05
2.29E-05
2.47E-05
2.94E-05
5.91E-05
1.25E-04
1.87E-04
2.70E-04
5.99E-04
5.75E-04
5.97E-04
7.58E-04
7.53E-04
9.23E-04
9.99E-04
1.11E-03
1.18E-03
1.24E-03
1.47E-03
1.45E-03
1.45E-03
1.45E-03
1.45E-03
1.45E-03

2.79E-03
7.97E-10
7.11E-08
6.92E-06
7.28E-06
9.10E-06
1.69E-05
2.46E-05
3.38E-05
1.06E-04
1.06E-04
1.37E-04
1.46E-04
1.46E-04
1.51E-04
7.70E-04
8.10E-04
1.12E-03
1.39E-03
1.56E-03
1.61E-03
1.83E-03
3.53E-03
7.16E-03
1.03E-02
1.44E-02
2.79E-02
2.86E-02
2.88E-02
3.33E-02
3.40E-02
3.94E-02
4.14E-02
4.46E-02
4.63E-02
4.73E-02
4.87E-02
4.92E-02
5.04E-02
5.16E-02
5.28E-02
5.41E-02

4.58E-02

Table 2. PANTHER Gene Ontology analysis of genes that changed >2-fold significantly (FDR-corrected p<0.05) upon 72h of Sindbis-GFP treatment
compared to control. Fisher’s exact test with FDR correction was performed. Annotated = number of genes on the array with a specific identifier.
Regulated = number of genes in the list of regulated genes with a specific identifier. Expected = number of genes with a specific identifier that is
expected to occur in the list of regulated genes, if the regulated genes were a random subset of the annotated genes.

Reactome pathways
R-MMU-168256
R-MMU-1430728
R-MMU-109582
R-MMU-1280218
R-MMU-556833
R-MMU-198933
R-MMU-1236975
R-MMU-1236974
R-MMU-1236977
R-MMU-380108
R-MMU-983169
R-MMU-535734
R-MMU-76002
R-MMU-983170
R-MMU-168249
R-MMU-202733
R-MMU-375276
R-MMU-114604
R-MMU-1280215
R-MMU-75105
R-MMU-75109
R-MMU-373076
R-MMU-500792
R-MMU-71291
R-MMU-2426168
R-MMU-449147
R-MMU-418594
R-MMU-70614
R-MMU-191273
R-MMU-114608
R-MMU-216083
R-MMU-76005
R-MMU-75876
R-MMU-1655829
R-MMU-2142753
R-MMU-1474228
R-GGA-1236974
R-GGA-1236975
R-GGA-1280218
R-GGA-983169
R-GGA-168256
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Table 3. PANTHER Gene Ontology analysis of genes that changed >2-fold significantly (FDR-corrected p<0.05) between 24h and 72h of Sindbis-GFP treatment. Fisher’s exact test with FDR correction was performed. Annotated = number of genes on the array with a specific identifier.
Regulated = number of genes in the list of regulated genes with a specific identifier. Expected = number of genes with a specific identifier that is
expected to occur in the list of regulated genes, if the regulated genes were a random subset of the annotated genes.

6.46E-03
6.95E-03
6.06E-05
3.26E-05
12.59
59.04
5
3
cytokine
cysteine protease inhibitor
Protein Class
PC00083
PC00082

86
11

0.4
0.05

7.32E-03
3.01E-05
4.54
2.43
11
immune system process
Biological Process
GO:0002376

525

FDR

4.14E-02
2.55E-04
6.95

Fold Enrichment Raw P-value
Expected

0.86
6

Regulated
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Inflammation mediated by chemokine and cytokine signaling pathway

Term

ID
Pathways
P00031
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Effects of Sindbis-GFP transduction on the proteome
To establish insight into protein expression
profiles that change as a consequence of Sindbis transduction, a proteomic analysis was
performed. Organotypic slices of the mouse
hippocampus were injected with Sindbis viral
vector expressing eGFP (~80% of cells GFP+) or
control-treated, and at 24 or 72 hours post-injection total protein fractions were isolated,
in-gel trypsin digested and analyzed by liquid
chromatography tandem mass spectrometry
(LC-MS/MS) (Figure 2A). For identification of
peptides originating from both mouse and Sindbis, the obtained data were searched against
their respective FASTA files. In total 20.559 and
19.844 peptides were identified, encompassing 2.919 and 2.792 proteins in the 24 and 72
hours dataset, respectively. As expected, GFP
was detected in the Sindbis injected slices,
but not in control slices. Despite that Sindbis
structural and non-structural polyproteins are
not produced by Sindbis-transduced cells, they
remained detectable in organotypic slices up
to 72h post-injection (Table 4). Besides these
Sindbis-related proteins, a set of immune-related proteins were only found expressed in
slices injected with viral vectors (and therefore
cannot be statistically compared), which were
more numerous at 72h than at 24h (Table 4).
These include proteins involved in virus detection and interferon induction (DDX58, HA1L),
key transcription factors activated by interferons (STAT1/2) and other interferon-stimulated
proteins (IFIT1/2/3, ISG15, ICAM1, GBP2, IIGP1
and IGTP). Together, these protein changes
are reminiscent of an anti-viral innate immune
response in brain tissue (Miller, Schnell, and
Rall 2016; Fensterl and Sen 2014; Hidano et al.
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2016). For statistical analysis, we proceeded with proteins that were detected
in at least half of the samples per condition. At 24h, out of 1.671 detectable
proteins none showed significant regulation by Sindbis viral vector after FDR
correction (Figure 2B). At 72h, out of 1.619 proteins, 84 proteins showed significant regulation at an FDR of 0.05 (5.2% of total; 23 up and 61 down), of which
17 showed significant regulation by at least 2-fold (5 up and 12 down) (Figure
2B). These contain a number of upregulated proteins known to be induced by
viral infection or interferon signaling (FRIL1 FRIH, VCAM1 and PSME1) (Mulvey,
Kühn, and Scraba 1996; Calabresi et al. 2001). In addition, a number of extracellular matrix and cell adhesion proteins (CSPG5, NCHL1, CTNA1 and NFASC)
were down-regulated (Jin et al. 2018; Hillenbrand et al. 1999; Drees et al. 2005;
Liu, Focia, and He 2011) (Table 4). PANTHER analysis of this list of 84 proteins
yielded no significant associations with any known GO or Pathways identifiers.
These experiments reveal that changes in protein expression as a consequence
of Sindbis transduction were modest compared with gene expression changes,
and were mostly related to anti-viral innate immune responses.
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Figure 2. Protein expression changes caused by Sindbis injection. (A) Schematic workflow (see
methods): Organotypic hippocampal slices were injected with Sindbis-GFP (n=6) or control
treated (n=5), and analyzed 24h or 72h after injection. (B) Comparisons in protein expression
between Sindbis-GFP and control samples at 24h (left panel) and 72h (right panel). Volcano
plots show fold change in gene expression (Log2) against Benjamini-Hochberg corrected p-value (–Log10) for individual proteins. Proteins that do not pass the significance threshold (p<0.05)
are shown in grey, those that change significantly by <2-fold are shown in green, and those that
change significantly by ≥2-fold are shown in red.
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Proteins detected in all of the Sindbis treated samples but none of the control treated samples

Gene name
Poln
Pols
Gfp
Cep55
Ddx58
Gbp2
H2-D1
Icam1
Ifit1
Ifit3
Igtp
Iigp1
Isg15
Mvp
Rnf213
Stat1
Stat2

Protein name
Non-structural polyprotein
Structural polyprotein
Green fluorescent protein
Isoform 2 of Centrosomal protein of 55 kDa
Probable ATP-dependent RNA helicase DDX58
Guanylate-binding protein 1
D(B) glycoprotein
Isoform 2 of Intercellular adhesion molecule 1
Interferon-induced protein with tetratricopeptide repeats 1
Interferon-induced protein with tetratricopeptide repeats 3
Protein Igtp
Interferon-gamma-inducible GTPase Ifgga1 protein
G1p2 protein
Major vault protein
E3 ubiquitin-protein ligase RNF213
Signal transducer and activator of transcription
Signal transducer and activator of transcription

24h 72h
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔

Proteins detected in all of the control treated samples but none of the Sindbis treated samples

Gene name
Atp2b2
Endod1
Ptprf
Sparcl1

Protein name
Calcium-transporting ATPase
Endonuclease domain-containing 1 protein
Receptor-type tyrosine-protein phosphatase F
SPARC-like protein 1

24h 72h
✔
✔
✔
✔
✔

Proteins that are changed >2-fold significantly

Gene name
Fth1
Glul
Plpp3
Hspb6
Hspb1
Chl1
Ftl1
Psme1
Ctnna1
Nfasc
Llgl1
Cspg5
Vcam1
Neo1
Slc7a14
Aldh1a1
Hist1h1e

Protein name
Ferritin heavy chain
Glutamine synthetase
Phospholipid phosphatase 3
Heat shock protein beta-6
Heat shock protein beta-1
Isoform 2 of Neural cell adhesion molecule L1-like protein
Ferritin
Proteasome activator complex subunit 1 (Fragment)
Catenin (Cadherin associated protein), alpha 1
Neurofascin
Lethal(2) giant larvae protein homolog 1
Isoform 2 of Chondroitin sulfate proteoglycan 5
Vascular cell adhesion protein 1
Neogenin
Probable cationic amino acid transporter
Retinal dehydrogenase 1
Histone H1.4

24h 72h
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔
✔

4

Table 4. Proteins that were only detected in Sindbis-GFP treated slices (top), or only detected
in control treated slices (middle), or changed >2-fold significantly (FDR-corrected p<0.05) upon
Sindbis-GFP treatment compared to control (bottom).
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Effects of Sindbis-GFP transduction on the electrophysiological properties
We next assessed whether Sindbis transduction affects the electrophysiological properties of hippocampal neurons. In these experiments we transduced
organotypic hippocampal slices more sparsely (10–50% of neurons) to allow
comparison between Sindbis-transduced CA1 pyramidal neurons and its neighboring non-transduced neurons in the same slice, and between neurons in slices from the same animal that were control treated. Transduced and non-transduced CA1 neurons showed similar resting membrane potential and membrane
potential changes across current injections at both the 24h and 72h time points
(Figure 3A-D). To assess whether Sindbis transduction affects the intrinsic excitability of CA1 neurons, we quantified the firing frequency per incremental
current step to establish a frequency-current (F-I) relation. The F-I relation of
GFP-expressing neurons was similar to that of non-transduced neurons at both
24h and 72h after injection (Figure 3E), indicating that Sindbis did not affect
neuronal excitability. Hyperpolarization of CA1 neurons creates a voltage sag
that is characteristic of HCN channel activation. GFP-expressing CA1 neurons
did not show significant changes in sag ratio either at 24h or 72h after Sindbis
treatment (Figure 3F), indicating that Sindbis did not alter HCN currents.
Previous studies have shown that electrically evoked synaptic currents of CA1
neurons transduced with Sindbis-GFP are on average similar to those of neighboring non-transduced neurons 24-36h after administration of the Sindbis viral
vector (Kamenetz et al. 2003; Marie et al. 2005; Hayashi et al. 2000). To examine
this further, we measured miniature excitatory postsynaptic currents (mEPSCs)
at 24h or 72h after Sindbis treatment (Figure 4A). At both time points, the average amplitude and frequency of mEPSCs and membrane potential of Sindbis-transduced CA1 neurons were not significantly different from either neighboring non-transduced CA1 neurons, or neurons from a control treated slice.
(Figure 4B-D). These results indicate that Sindbis transduction did not alter the
number of active synapses, postsynaptic AMPA-receptor content or presynaptic
glutamate release probability.
Discussion
In this study we analyzed the effects of Sindbis transduction of hippocampal
neurons on their transcriptome, proteome and electrophysiological properties.
At both 24h and 72h after viral vector injection, substantial changes in gene
expression were observed. The predominant changes in gene transcription relate to proteins involved in immunological responses, including the type-II interferon (IFN-γ), chemokine and cytokine pathways. Changes in protein levels
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Figure 3. Sindbis transduction does
not change neuronal excitability.
(A) Experimental setup of wholecell recordings from Sindbis-transduced CA1 neurons (green; 24h:
n=5; 72h: n=5), neighboring
non-transduced neurons (grey;
24h: n=5; 72h: n=11) and neurons
from a control-treated slice (black;
24h: n=6; 72h: n=6). (B) Representative example trace. (C-F) Sindbis
transduction did not affect membrane potential across current
steps (C), resting membrane potential (D), relation between frequency of APs and input current (E) or
sag ratio (F) at both 24h and 72h
after injection. Error bars: SEM.
Statistical test: Linear regression
was used for comparison of slopes,
one-way ANOVA with Tukey’s multiple comparison test was used for
comparison of the means
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were also largely limited to proteins with a role in innate immune responses, although they occurred later (i.e. significantly altered at 72h but not at 24h), possibly reflecting gene transcription preceding protein translation. The proteome
changes were less pronounced compared with transcriptome changes: a large
number of genes that showed a significant difference in gene expression upon
Sindbis injection were not detected as a significant change on a protein level.
This discrepancy may be explained by the notion that gene expression changes
are not always accompanied by corresponding changes in protein levels due
to post-transcriptional and post-translational regulation (De Sousa Abreu et al.
2009; Taylor et al. 2013).
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Figure 4. Sindbis transduction does not
change synaptic currents. (A) Experimental setup: miniature EPSC recordings of Sindbis-transduced neurons
(green), neighboring non-transduced
neurons (grey) and neurons from a
control-treated slice (black) at 24h or
72h post-injection. (B) Representative
example traces. (C) Average mEPSC frequency and amplitude of Sindbis-transduced neurons (n=32), neighboring
non-transduced neurons (n=29) and
neurons from a control-treated slice
(n=29) at 24h post-injection. (D) Average mEPSC frequency and amplitude
of Sindbis-transduced neurons (n=30),
neighboring non-transduced neurons (n=35) and neurons from a control-treated slice (n=35) at 72h post-injection. Error bars: SEM. Statistical test:
Data normality was tested with Shapiro-Wilk normality test and means were
compared with a non-parametric ANOVA (Kruskal-Wallis test) with Dunn’s
multiple comparison test.
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CNS innate immune responses are predominantly mediated by glial cells, which
can produce cytokines, interferons and chemokines upon exposure to viral particles (Miller, Schnell, and Rall 2016). Our gene expression data demonstrate
that glial cells were switched to an activated state when exposed to Sindbis particles. Possibly the changes in gene transcription and protein expression were
in large part a consequence of a glia-mediated anti-viral innate immune response. A notable example of proteins, whose genes were significantly altered
upon Sindbis injection without a detectable change in protein levels, are those
involved in apoptotic signaling. Our data do not reveal whether these apoptotic
genes were expressed in neurons or glial cells. We suspect these changes in
apoptotic gene expression may be of glial origin, based on our observations
that Sindbis causes an immune response and glial activation. This suspicion is
supported by the lack of electrophysiological characteristics indicative of reduced health in GFP-expressing neurons.
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Cytokine release upon the induction of an immune response can alter electrophysiological properties of neurons. For instance, exposure of neurons to interferons can lead to an increased excitability or to enhanced synaptic currents
(Calvet and Gresser 1979; Vikman et al. 2001; Strauss et al. 2004; Stadler et
al. 2014). Similarly, long-term exposure of neurons to the glial tumor necrosis
factor alpha (TNFα) promotes homeostatic scaling of synapse strength (Beattie
et al. 2002; Stellwagen and Malenka 2006). However, in our experiments Sindbis transduction did not significantly alter the excitability or synaptic currents
of CA1 neurons. Notably, in our transcriptome and proteome experiments we
achieved massive transduction with Sindbis viral vectors in order to maximize
its effects, while in our electrophysiological recordings we used reduced Sindbis
titers to enable recordings from neighboring transduced and non-transduced
neurons. It is therefore possible that by applying low doses of viral particles we
reduced the strength of the anti-viral immune response. We therefore advocate
using sparse transduction for electrophysiological recordings on Sindbis-transduced neurons to minimize secondary effects on neuronal function due to glial
activation and cytokine production.
We conclude that recombinant Sindbis is a suitable tool for studying short-term
(up to 72 hours) effects of transgene overexpression on neuronal and synaptic
function. Inclusion of control conditions of neighboring non-transduced neurons and of Sindbis-mediated transduction with vectors that are devoid of the
transgene is strongly recommended. However, we do not advocate using Sindbis as a gene transfer method to examine transcriptome changes in cell populations, as the transcriptome is widely affected upon transduction with Sindbis
viral particles.
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Materials and Methods
Viral vectors and preparation.
pSinRep5-eGFP expression plasmid was used, and infective Sindbis pseudovirions were produced using the helper vector pDH-BB according to the manufacturer’s protocol (Invitrogen BV). In short: RNA was produced from pSinRep5-eGFP and pDH-BB plasmids using mMESSAGE mMACHINE T7 Transcription Kit
(ThermoFisher Scientific). RNA was transfected into BHK-21 cell line by electroporation. After 48h, Sindbis viral particles were isolated from BHK-21 supernatant through ultracentrifugation, resuspended in phosphate buffered saline
(PBS) and stored at -80°C.
Sindbis transduction of organotypic slices.
400 μm thick organotypic slices of the hippocampus were prepared from postnatal day 6 to 8 C57BL/6 mouse pups as described previously (Stoppini, Buchs,
and Muller 1991). After 7-12 days in culture for electrophysiology or after 8-9
days in culture for transcriptome and proteome analysis, Sindbis viral vector or
PBS were injected into slices using glass pipets attached to a Picospritzer (General Valve, Fairfield, NJ).
Microarray analysis.
Three organotypic slices were pooled and total RNA was isolated using RNeasy
Mini Kit (QiaGen, Valencia, CA, USA) according to manufacturer’s instructions.
RNA concentration and purity were determined using a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). RNA integrity (average RNA integrity number 9.1, SEM 0.14, range 7.5-10) was determined using the Agilent 2100 Bioanalyser (Agilent Technologies, Palo Alto,
CA, USA). Sample labeling and microarray hybridization were performed using
Agilent 44K V2 Mouse Genome arrays according to manufacturer’s instructions
(Agilent Technologies, Part Number G4846A). Briefly, 60 ng RNA from each individual sample was used to simultaneously amplify sample material and synthesize cRNA that is fluorescently labelled with either Cy3-CTP or Cy5-CTP (Low
Input Quick Amp Labeling Kit, Two-Color, Agilent Technologies.) Prior to hybridization, 825 ng of each Cy3-CTP- and Cy5-CTP-labelled cRNA were mixed. Specifically, each hybridization consisted of two individual samples from the same
mouse, one transduced with Sindbis and one sham-treated and collected at
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the same time point post-injection. The mixed samples were fragmented for 30
min at 60°C in 1x Fragmentation Buffer (Agilent Technologies). The fragmented
samples were hybridized to a microarray by incubating for 17h at 60°C in 1x
Hi-RPM-Hybridization Buffer (Agilent Technologies) in a rotating hybridization
chamber. After hybridization, the arrays were washed 6 times for 1min each in
saline-sodium phosphate–EDTA (SSPE)/0.005% N-Lauroylsarcosine (Sigma-Aldrich, St Louis, MO, USA), 1min in 37°C 0.06x SSPE/0.005% N-Lauroylsarcosine
and 30s in acetonitrile (Sigma-Aldrich) at room temperature, then dried by nitrogen flow. Microarrays were scanned using an Agilent DNA Microarray Scanner at 5mm resolution and 100% Photomultiplyer tube setting. Microarray scans
were quantified using Agilent Feature Extraction software (version 8.5.1). Raw
expression data were imported into the R statistical processing environment
using the LIMMA package in Bioconductor (http://www.bioconductor.org). All
features for which one or more foreground measurements were flagged as saturated or as non-uniformity outlier by the feature extraction software, were
excluded from further analysis. As overall background levels were very low, no
background correction was performed. The intensity distributions within and
between arrays were normalized using the ‘quantile’ algorithm in LIMMA. The
log2-transformed intensity measurements per sample were used in all following analyses. To detect genes that are significantly up- or down-regulated upon
Sindbis transduction, student’s t-test was used. Raw P-values were corrected
for multiple testing using the Benjamini-Hochberg algorithm. For genes with
FDR corrected P-values < 0.05 and fold changes ≥ 2, a gene ontology over-representation analysis was performed using the PANTHER overrepresentation
test (PANTHER version 13.1) PANTHER Pathways, Panther GO Slim Biological
Process, PANTHER GO Slim Molecular Function and PANTHER GO Slim Cellular
Component annotation datasets. Bonferroni correction was used for multiple
testing. Gene Ontology classes with a corrected P-value of <0.05 were considered significant.
Proteomics analysis.
Snap-frozen organotypic slices (3 per group) were homogenized in ice-cold homogenization buffer (0.32 M Sucrose, 5mM HEPES, pH 7.4) containing ‘cOmplete’ protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN, USA)
with a glass hand homogenizer (12 strokes). Protein concentration was determined using a Bradford Assay. Subsequently SDS loading buffer was added to
the samples. Sample complexity was reduced by separating 30μg of protein
per sample on molecular weight using a 10% SDS polyacrylamide gel. The gel
was fixed overnight in fixation buffer (50% Ethanol and 28% Phosphoric Acid),
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washed three times in water and stained with Colloidal Coomassie Blue. Each
sample was cut into two slices, the gel pieces were destained using 50mM
NH4HCO3 and acetonitrile, and the proteins were digested with trypsin (sequence grade; Promega, Madison, USA) in a MultiScreen- HV 96 well plate (Millipore) overnight at 37°C. Finally, the peptides were extracted from the gel pieces using 0.1% Trifluoroacetic acid in 50% acetonitrile, and 0.1% Trifluoroacetic
acid in 80% acetonitrile. The peptides were dried in a SpeedVac and stored
at -20°C until further use. For HPLC-ESI MS/MS analysis, the TripleTOF 5600+
MS was coupled to an Ultimate 3000 LC system (Dionex). The samples were
re-dissolved in mobile phase A (2% acetonitrile and 0.1% fluoroacetic acid),
then loaded and trapped on a 5 mm Pepmap 100 C18 column (300 m id, 5
m particle size, Dionex). Next, peptides were fractionated on a Alltima C18
homemade column (300 m id, 3 m particle size), using a linear gradient of
increasing concentration of mobile phase B (99.9% acetonitrile and 0.1% fluoroacetic acid) from 5% to 22% in 88 min, to 25% at 98 min, 40% at 108 min, and
to 95% at 110 min. After 8min. the column was back equilibrated to the initial
condition of 5% acetonitrile for 10min. Peptides were electrosprayed into the
mass spectrometer using an ion spray voltage of 2.5 kV, Gas1 and Gas2 at 15
p.s.i., curtain gas at 25 p.s.i., and an interface heater temperature of 150°C. The
MS survey scan ranged from m/z 350–1250 acquired for 200 ms. The top 20
precursor ions were selected for 100 ms per MS/MS acquisition, with a threshold of 100 counts and an exclusion window of 16s. Rolling CID function was
activated, with an energy spread of 15 eV, and the subsequent MS/MS scan
ranged from m/z 200-1800. Finally, the MS/MS spectra were searched against
the Mouse (UP000000589_10090 and UP000000589_10090_additional) and
Sindbis (UP0000006710_11034) database using the MaxQuant software (version 1.5.2.8). The search parameters were set to trypsin digestion, the rest was
kept at default.
Electrophysiology.
Organotypic hippocampal slices were perfused with ACSF (in mM: 118 NaCl,
2.5 KCl, 26 NaHCO3, 1 NaH2PO4, 4 MgCl2, 4 CaCl2, and 20 glucose) gassed with
95% O2 / 5% CO2. Whole-cell voltage-clamp recordings were made with 3 to
5 MΩ pipettes, and recordings were used when Raccess < 20 MΩ, and Rinput
> 10× Raccess. For mEPSC recordings, an internal solution was used containing
(in mM) 115 CsMeSO3, 20 CsCl, 10 HEPES, 2.5 MgCl2, 4 Na2-ATP, 0.4 Na-GTP, 10
Na-Phosphocreatine, and 0.6 EGTA. Miniature EPSCs were recorded clamping
at −60 mV with 1μM TTX and 50μM picrotoxin added to the bath, and were
analyzed with the Mini Analysis program (Synaptosoft) with a minimum am130
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plitude threshold of 5 pA. Neuronal excitabilities were recorded with internal
solution containing (in mM) 130 K-gluconate, 20 KCl, 4 Mg-ATP, 0.3 Na-GTP, 10
HEPES, and 10 Na2-phosphocreatine. Current step recordings were analyzed
with Clampex 10.7 (Molecular Devices). The average sag ratio was calculated
from the -100 pA current injection as (1 – ΔVss / ΔVmin) x 100%, where ΔVss =
Vrest – Vsteady state and ΔVmin= Vrest – Vminimum. All data were acquired
using a Multiclamp 700B amplifier (Molecular Devices).
References
Beattie, Eric C., David Stellwagen, Wade Morishita, Jacqueline C. Bresnahan,
Keun Ha Byeong, Mark Von Zastrow, Michael S. Beattie, and Robert C. Malenka. 2002. “Control of Synaptic Strength by Glial TNFα.” Science. https://doi.
org/10.1126/science.1067859.
Bredenbeek, P J, I Frolov, C M Rice, and S Schlesinger. 1993. “Sindbis Virus Expression Vectors: Packaging of RNA Replicons by Using Defective Helper RNAs.”
Journal of Virology 67 (11): 6439–46.
Calabresi, Peter A., Alexandre Prat, Katherine Biernacki, Jessica Rollins, and Jack
P. Antel. 2001. “T Lymphocytes Conditioned with Interferon β Induce Membrane and Soluble VCAM on Human Brain Endothelial Cells.” Journal of Neuroimmunology. https://doi.org/10.1016/S0165-5728(01)00253-3.
Calvet, Marie Christine, and Ion Gresser. 1979. “Interferon Enhances the Excitability of Cultured Neurones [18].” Nature. https://doi.org/10.1038/278558a0.
D’Apuzzo, M, G Mandolesi, G Reis, and E M Schuman. 2001. “Abundant GFP
Expression and LTP in Hippocampal Acute Slices by in Vivo Injection of Sindbis
Virus.” Journal of Neurophysiology 86 (2): 1037–42.
Drees, Frauke, Sabine Pokutta, Soichiro Yamada, W. James Nelson, and William
I. Weis. 2005. “α-Catenin Is a Molecular Switch That Binds E-Cadherin-β-Catenin and Regulates Actin-Filament Assembly.” Cell. https://doi.org/10.1016/j.
cell.2005.09.021.
Ehrengruber, M U, K Lundstrom, C Schweitzer, C Heuss, S Schlesinger, and B H
Gahwiler. 1999a. “Recombinant Semliki Forest Virus and Sindbis Virus Efficiently Infect Neurons in Hippocampal Slice Cultures.” Proc Natl Acad Sci U S A 96
(12): 7041–46. https://doi.org/10.1073/pnas.96.12.7041.
131

4

Chapter 4
Esteban, José A., Song-Hai Shi, Christopher Wilson, Mutsuo Nuriya, Richard L.
Huganir, and Roberto Malinow. 2003. “PKA Phosphorylation of AMPA Receptor
Subunits Controls Synaptic Trafficking Underlying Plasticity.” Nature Neuroscience 6 (2): 136–43. https://doi.org/10.1038/nn997.
Fensterl, Volker, and Ganes C. Sen. 2014. “Interferon-Induced Ifit Proteins:
Their Role in Viral Pathogenesis.” Journal of Virology. https://doi.org/10.1128/
jvi.02744-14.
Frolov, I, and S Schlesinger. 1994. “Comparison of the Effects of Sindbis Virus
and Sindbis Virus Replicons on Host Cell Protein Synthesis and Cytopathogenicity in BHK Cells.” Journal of Virology 68 (3): 1721–27. http://www.ncbi.nlm.nih.
gov/pubmed/8107233%5Cnhttp://www.ncbi.nlm.nih.gov/pubmed/8107233.
Gwag, Byoung J., Eun Y. Kim, Bo R. Ryu, Seok J. Won, Hyuk W. Ko, Young J. Oh,
Young Gyu Cho, Sang J. Ha, and Young C. Sung. 1998a. “A Neuron-Specific Gene
Transfer by a Recombinant Defective Sindbis Virus.” Molecular Brain Research
63 (1): 53–61. https://doi.org/10.1016/S0169-328X(98)00251-4.
Hayashi, Yasunori, Song Hai Shi, José A. Esteban, Antonella Piccini, Jean Christophe Poncer, and Roberto Malinow. 2000. “Driving AMPA Receptors into Synapses by LTP and CaMKII: Requirement for GluR1 and PDZ Domain Interaction.”
Science. https://doi.org/10.1126/science.287.5461.2262.
Hidano, Shinya, Louise M. Randall, Lucas Dawson, Hans K. Dietrich, Christoph
Konradt, Peter J. Klover, Beena John, et al. 2016. “STAT1 Signaling in Astrocytes Is Essential for Control of Infection in the Central Nervous System.” MBio.
https://doi.org/10.1128/mBio.01881-16.
Hillenbrand, Rainer, Martin Molthagen, Dirk Montag, and Melitta Schachner.
1999. “The Close Homologue of the Neural Adhesion Molecule L1 (CHL1): Patterns of Expression and Promotion of Neurite Outgrowth by Heterophilic Interactions.” European Journal of Neuroscience. https://doi.org/10.1046/j.14609568.1999.00496.x.
Jin, Jingyu, Sharada Tilve, Zhonghai Huang, Libing Zhou, Herbert M. Geller, and
Panpan Yu. 2018. “Effect of Chondroitin Sulfate Proteoglycans on Neuronal Cell
Adhesion, Spreading and Neurite Growth in Culture.” Neural Regeneration Research. https://doi.org/10.4103/1673-5374.226398.
132

The effects of Sindbis viral vectors on neuronal function
Kamenetz, Flavio, Taisuke Tomita, Helen Hsieh, Guy Seabrook, David Borchelt,
Takeshi Iwatsubo, Sangram Sisodia, and Roberto Malinow. 2003. “APP Processing and Synaptic Function.” Neuron. https://doi.org/10.1016/S08966273(03)00124-7.
Kessels, Helmut W, Charles D Kopec, Matthew E Klein, and Roberto Malinow.
2009. “Roles of Stargazin and Phosphorylation in the Control of AMPA Receptor Subcellular Distribution.” Nature Neuroscience 12 (7): 888–96. https://doi.
org/10.1038/nn.2340.
Kessels, Helmut W, Sadegh Nabavi, and Roberto Malinow. 2013. “Metabotropic
NMDA Receptor Function Is Required for β-Amyloid-Induced Synaptic Depression.” Proceedings of the National Academy of Sciences of the United States of
America 110 (10): 4033–38. https://doi.org/10.1073/pnas.1219605110.
Kreutzberg, Georg W. 1996. “Microglia: A Sensor for Pathological Events in the
CNS.” Trends in Neurosciences. https://doi.org/10.1016/0166-2236(96)100497.
Liu, Heli, Pamela J. Focia, and Xiaolin He. 2011. “Homophilic Adhesion Mechanism of Neurofascin, a Member of the L1 Family of Neural Cell Adhesion
Molecules.” Journal of Biological Chemistry. https://doi.org/10.1074/jbc.
M110.180281.
Malenka, Robert, and Hélène Marie. 2010. “Acute In Vivo Expression of
Recombinant Proteins in Rat Brain Using Sindbis Virus.” In . https://doi.
org/10.1201/9780203486283.ch12.
Maletic-Savatic, M. 1999. “Rapid Dendritic Morphogenesis in CA1 Hippocampal
Dendrites Induced by Synaptic Activity.” Science 283 (5409): 1923–27. https://
doi.org/10.1126/science.283.5409.1923.
Marie, Hélène, Wade Morishita, Xiang Yu, Nicole Calakos, and Robert C. Malenka. 2005. “Generation of Silent Synapses by Acute in Vivo Expression of CaMKIV
and CREB.” Neuron. https://doi.org/10.1016/j.neuron.2005.01.039.
Mi, Huaiyu, Anushya Muruganujan, John T. Casagrande, and Paul D. Thomas.
2013. “Large-Scale Gene Function Analysis with the Panther Classification System.” Nature Protocols. https://doi.org/10.1038/nprot.2013.092.
133

4

Chapter 4
Miller, Katelyn D., Matthias J. Schnell, and Glenn F. Rall. 2016. “Keeping It in
Check: Chronic Viral Infection and Antiviral Immunity in the Brain.” Nature Reviews Neuroscience. https://doi.org/10.1038/nrn.2016.140.
Mulvey, Michael R., Lukas C. Kühn, and Douglas G. Scraba. 1996. “Induction
of Ferritin Synthesis in Cells Infected with Mengo Virus.” Journal of Biological
Chemistry. https://doi.org/10.1074/jbc.271.16.9851.
Osten, P, L Khatri, J L Perez, G Köhr, G Giese, C Daly, T W Schulz, A Wensky, L M
Lee, and E B Ziff. 2000. “Mutagenesis Reveals a Role for ABP/GRIP Binding to
GluR2 in Synaptic Surface Accumulation of the AMPA Receptor.” Neuron 27 (2):
313–25. https://doi.org/10.1016/S0896-6273(00)00039-8.
Reinders, Niels R., Yvonne Pao, Maria C. Renner, Carla M. da Silva-Matos, Tessa R. Lodder, Roberto Malinow, and Helmut W. Kessels. 2016. “Amyloid-β Effects on Synapses and Memory Require AMPA Receptor Subunit GluA3.” Proceedings of the National Academy of Sciences 113 (42): E6526–34. https://doi.
org/10.1073/pnas.1614249113.
Schlesinger, Sondra. 1993. “Alphaviruses - Vectors for the Expression of Heterologous Genes.” Trends in Biotechnology. https://doi.org/10.1016/01677799(93)90070-P.
Shi, S H, Y Hayashi, R S Petralia, S H Zaman, R J Wenthold, K Svoboda, R Malinow, et al. 1999. “Rapid Spine Delivery and Redistribution of AMPA Receptors
after Synaptic NMDA Receptor Activation.” Science (New York, N.Y.) 284 (5421):
1811–16. https://doi.org/10.1126/science.284.5421.1811.
Slepko, Natalia, and Giulio Levi. 1996. “Progressive Activation of Adult Microglial Cells in Vitro.” GLIA 16 (3): 241–46. https://doi.org/10.1002/(SICI)10981136(199603)16:3<241::AID-GLIA6>3.0.CO;2-4.
Sousa Abreu, Raquel De, Luiz O. Penalva, Edward M. Marcotte, and Christine
Vogel. 2009. “Global Signatures of Protein and MRNA Expression Levels.” Molecular BioSystems. https://doi.org/10.1039/b908315d.
Stadler, Konstantin, Claudia Bierwirth, Luminita Stoenica, Arne Battefeld, Olivia Reetz, Eilhard Mix, Sebastian Schuchmann, et al. 2014. “Elevation in Type i
Interferons Inhibits HCN1 and Slows Cortical Neuronal Oscillations.” Cerebral
134

The effects of Sindbis viral vectors on neuronal function
Cortex. https://doi.org/10.1093/cercor/bhs305.
Stellwagen, David, and Robert C. Malenka. 2006. “Synaptic Scaling Mediated by
Glial TNF-α.” Nature. https://doi.org/10.1038/nature04671.
Stence, Nick, Marc Waite, and Michael E. Dailey. 2001. “Dynamics of Microglial
Activation: A Confocal Time-Lapse Analysis in Hippocampal Slices.” GLIA. https://
doi.org/10.1002/1098-1136(200103)33:3<256::AID-GLIA1024>3.0.CO;2-J.
Stoppini, L., P.-A. Buchs, and D. Muller. 1991. “A Simple Method for Organotypic
Cultures of Nervous Tissue.” Journal of Neuroscience Methods 37 (2): 173–82.
https://doi.org/10.1016/0165-0270(91)90128-M.
Strauss, Ulf, Eilhard Mix, Arndt Rolfs, Gergana Hadjilambreva, and Jana Müller.
2004. “Neuromodulation by a Cytokine: Interferon-β Differentially Augments
Neocortical Neuronal Activity and Excitability.” Journal of Neurophysiology.
https://doi.org/10.1152/jn.01224.2003.
Taylor, Ronald C., Bobbie Jo M. Webb Robertson, Lye Meng Markillie, Margrethe H. Serres, Bryan E. Linggi, Joshua T. Aldrich, Eric A. Hill, Margaret F. Romine, Mary S. Lipton, and H. Steven Wiley. 2013. “Changes in Translational Efficiency Is a Dominant Regulatory Mechanism in the Environmental Response
of Bacteria.” Integrative Biology (United Kingdom). https://doi.org/10.1039/
c3ib40120k.
Thomas, Paul D., Michael J. Campbell, Anish Kejariwal, Huaiyu Mi, Brian Karlak, Robin Daverman, Karen Diemer, Anushya Muruganujan, and Apurva Narechania. 2003. “PANTHER: A Library of Protein Families and Subfamilies Indexed
by Function.” Genome Research 13 (9): 2129–41. https://doi.org/10.1101/
gr.772403.
Vikman, Kristina S., Björn Owe-Larsson, Johan Brask, Krister S. Kristensson, and
Russell H. Hill. 2001. “Interferon-γ-Induced Changes in Synaptic Activity and
AMPA Receptor Clustering in Hippocampal Cultures.” Brain Research. https://
doi.org/10.1016/S0006-8993(00)03238-8.

135

4

Thesis Discussion
N. R. Reinders

Discussion
Summary

The cognitive symptoms of Alzheimer Disease (AD) most likely arise due to impaired synapse function. Accumulation of oligomeric amyloid beta (oAβ) in the
brain impairs synapse function and leads to AD-like cognitive symptoms in rodents. Several molecular events have to occur before oAβ impairs synapse function. Evidence suggests that one such event is the removal of AMPA receptors
from the dendritic surface of neurons. It is unclear which type of AMPA receptor is involved and what its role is in triggering the effects of oAβ on synapses.
Chapter one identifies GluA3-AMPAR expression as a requirement for the effects of oAβ on synapse function and memory. We used organotypic hippocampal slices and acute slices together with an AD mouse model to measure oAβ
mediated synaptic depression, spine loss, blockade of LTP, memory impairment
and premature mortality. All measured effects of oAβ were prevented in GluA3
deficient neurons, brain slices and mice. These experiments stress the importance of oAβ induced synaptotoxicity in impairing memory and demonstrate
that GluA2/3 AMPARs play a crucial role in both.
To elucidate the role of GluA2/3 in the effects of oAβ, basic knowledge about
GluA3 is required. However, GluA3 is largely ignored in the literature because
GluA3 has 10-fold lower mRNA levels compared to GluA1, GluA3-deficient mice
show relatively mild behavioral phenotypes compared to GluA1-deficient mice,
GluA3-AMPARs barely contribute to AMPA currents and are not required for
LTP. The experiments in chapter two acknowledge GluA3 by being the first to
demonstrate that GluA3-AMPARs are inactive under basal conditions but can
be activated to increase synaptic transmission. This new type of synaptic plasticity involved an increased conductance and open probability of GluA3-AMPAR
channels without changing the number of synaptic AMPARs. In hippocampal
CA1 neurons, forskolin or β–adrenergic activation activated GluA3-AMPARs
through an increase in cAMP and required both Ras and protein kinase A.
Why GluA3 is important for the effects of oAβ is unclear. The third chapter implicates the removal of synaptic GluA3-AMPARs as a crucial trigger for the effects
of oAβ on synapse function. This observation explains why a GluA3 deficiency prevents the effects of oAβ. In GluA3 deficient CA1 neurons of organotypic
hippocampal slices, the expression of recombinant GluA3 (GFP-GluA3) re-sensitized neurons to the effects of oAβ. Mutagenesis of recombinant GluA3 revealed that GluA3-AMPARs have to be localized at synapses before neurons are
re-sensitized to oAβ. By estimating endogenous and recombinant levels of synaptic GluA3-AMPARs with electrophysiology and imaging experiments respectively, we revealed that oAβ reduces the level of synaptic GluA3-AMPARs. When
we blocked the oAβ induced removal of recombinant synaptic GluA3-AMPARs,
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we prevented oAβ synaptotoxicity. The removal of synaptic GluA3 and the synaptotoxicity of oAβ could be prevented by disrupting PKCα-GluA3 interaction,
implicating PKCα phosphorylation of GluA3 as an important event for the effects of oAβ.
The expression of exogenous protein with Sindbis virus to study the physiology
of organotypic hippocampal neurons is used across all thesis chapters. However, cytopathic effects in Sindbis infected organotypic hippocampal neurons
of the CA1 have been reported and may confound experimental results. To
gain an unbiased insight into the effects of Sindbis on hippocampal neurons,
chapter four compares gene expression and proteomic profiles of organotypic
hippocampal slices that were naive, injected with vehicle or massively infected with Sindbis virus expressing GFP. 24 and 72 hours post-injection, infected slices showed large changes in gene expression that were followed by less
pronounced changes in the proteome at 72 hours. The Sindbis virus induced
changes in gene expression and proteome appeared to involve innate immune responses and could have reflected glia-mediated anti-viral responses. In
sparsely infected organotypic hippocampal slices the physiological properties
CA1 neurons was unchanged by Sindbis infection, suggesting that a potential
virus induced innate immune response did not confound neuron physiology.
These experiments indicate that recombinant Sindbis is a suitable tool for studying short-term (up to 72 hours) effects of transgene overexpression on neuronal and synaptic function.
Discussion scope
GluA3 has been a ‘forgotten’ AMPA receptor subunit because investigators
believed GluA3 was irrelevant. This thesis contradict this notion by identifying
GluA3 as a key player in the effects of oAβ on synapse and memory function
and reveals a new type of synaptic plasticity mediated by GluA3-AMPARs. Our
evidence indicates that the removal of GluA3-AMPARs is crucial for oAβ to affect synapse function. In my thesis discussion, I will propose the idea that GluA3
can affect the risk to develop AD, how this could relate to the ‘cognitive reserve’
hypothesis and what the clinical relevance of this proposition is. This is followed
by descriptions of two hypothetical molecular pathway that could facilitate GluA3-AMPAR removal and could offer therapeutical targets aimed to reduce oAβ
synaptotoxicity. Finally, I will describe potential roles of GluA3-AMPARs in regulating synaptic depression, arousal/attention, sleep and homeostatic plasticity
in healthy and AD situations.
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GluA3 and the risk for AD
Low synaptic GluA3 may bolster tolerance to AD
Results from chapter one show that synapses containing GluA3 are affected
by oAβ while GluA3 lacking synapses are spared. This discrimination between
GluA3 containing and lacking synapses originates from the requirement of oAβ
to remove GluA3-AMPARs from synapses (chapter three). The idea that oAβ selectively targets synapses that are enriched with GluA3 is supported by a gene
expression study reporting that GluA3 expression negatively correlates with
cognitive performance in subjects with mild cognitive impairment, a prodromal clinical stage of AD (Boyle et al. 2006). Among the subjects in this study,
more severe cognitive impairment may reflect additional oAβ induced loss of
GluA3-rich synapses, which is then compensated by more GluA3 expression.
Alternatively, in the prodromal clinical stage of AD, individuals with high GluA3
levels may be more sensitive for the effects of initial oAβ accumulation and
hence suffer more cognitive decline. When looking for biological correlates that
support the idea that GluA3-rich synapses are targeted in AD, the quantification
of protein levels is more meaningful. In late stage AD, when oAβ has persistently attacked and removed GluA3-rich synapses, GluA3 should be lower. This was
reported in an unbiased mass spectrometry proteomic study on post-mortem
AD, Parkinson and Lewy Body disease brains. This study measured lower GluA3
protein levels specifically in post-mortem brains of AD patients (Bereczki et al.
2018). This is consistent with a longitudinal proteomic study in which encephalic GluA3 levels were found to correlate with the preservation of cognitive
performance in elderly subjects (Wingo et al. 2019). These observations from
human studies support of the idea that physiological levels of synaptic GluA3
may regulate an individual’s sensitivity for AD.
Physiological conditions that lower the levels of synaptic GluA3 in a non-pathological manner, may reduce an individual’s sensitivity for AD. For example,
strong synaptic activation increases local expression of Arc, which lowers synaptic GluA3 (Rial Verde et al. 2006). Although Arc over-expression lowers synaptic transmission, its role in maintaining LTP by stabilizing the actin skeleton
of spines distinguishes the synaptic effects of Arc from that of oAβ (Messaoudi
et al. 2007). A cluster of genes involved in synapse function, including Arc and
its transcriptional activator EGR1, are up-regulated in cognitively healthy individuals with accumulated encephalic oAβ (Bossers et al. 2010). Bossers et al.
proposed that this group of genes may represent a coping mechanism which
effectively holds cognitive impairments at bay despite the accumulation of oAβ.
Perhaps upregulation of this gene cluster helps keep cognitive impairments at
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bay by reducing levels of synaptic GluA3.
GluA3 and cognitive reserve
As discussed in the general introduction, a cognitive reserve (CR) may delay the
onset of AD because it increases the endurance and perhaps protection to AD
pathology. There is wanting evidence for CR associated protection to AD pathology and a potential biological mechanism is not identified yet. The delayed
onset of AD symptoms may arise solemnly from having more cognitive capacity to lose before reaching criteria for ‘cognitive impairment’. But the studies
described in this thesis suggest that specifically GluA3 containing synapses are
targeted in AD.
If a high CR does protect against AD pathology, it may do so by lowering synaptic GluA3 with persistent arc expression (Rial Verde et al. 2006). It is conceivable that learning induced expression of arc and its transcriptional activator
ERG1 are chronically higher during life-styles that improve CR (Kelly, Deadwyler
2002, Guzowski et al. 2001). Even though learning only induces arc and Erg1 expression transiently in a subset of neurons (Lonergan et al. 2010) and possibly
synapses (Moga et al. 2004), the predicted reduction of synaptic GluA3 will last
longer because synaptic entry of GluA3 is slow (Shi et al. 2001). However, it also
implies that the protection is temporarily and would have to be maintained,
especially later in life where AD pathology has progressed further. If a CR enhancing life-style would increase the protection of the brain to AD pathology, in
may achieve this by continued attenuation of synaptic GluA3 levels.
Clinical implications
If low synaptic GluA3 can protect against oAβ and reduce the risk of developing
AD, high levels of synaptic GluA3 may concomitantly increase the risk to develop AD. GluA3 is the only AMPAR subunit who’s expression increases with age in
rodents (Schwenk et al. 2014, Cantanelli et al. 2014, Blair et al. 2013). If humans
share this age-related increase in GluA3 expression, it may in part constitute
the largest risk factor to develop AD: ageing. If GluA3 levels in the brain determine an individual’s sensitivity to AD pathology, a PET scan with a radioligand
for GluA3 could help identify individuals with a high risk to develop AD. Subsequent adoption of a CR promoting lifestyle or GluA3-lowering behavioral therapy could help people adjust GluA3 levels and delay the onset and progression
of AD. Pursuing this clinical end goal is important because pre-morbid reduction of the risk to develop AD will relieve both the economical and emotional
burden of AD. Confirming whether CR enhancing lifestyles lower GluA3 levels
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at synapses, and if healthy individuals with lower(ed) levels of GluA3 show a
delayed onset of AD, will reveal if this idea has clinical potential.
While delaying AD with behavioral therapy is worth pursuing, it will not cure AD
or relieve symptoms. Changing a life-style requires discipline and prolonged behavioral therapy for large numbers of people is a significant burden for healthcare systems. Once developed, pharmacological intervention could be less
costly, may help relieve AD symptoms and help AD patients in various disease
stages. Considering the recent advances in research on the effects of oAβ, the
design of pharmacological interventions will remain a promising, albeit long
term, goal. Protecting the brain against oAβ by reducing synaptic GluA3 levels
could be achieved by viral vectors that increase e.g. arc expression. Alternatively, preventing oAβ induced removal of synaptic GluA3 may change the fate of
synapses in oAβ rich brains and prevent cognitive decline. Elucidating the role
of GluA3 and its partners in oAβ synaptotoxicity could lead to potential pharmacological targets that help achieve this ambition.
Potential molecular pathways for GluA3 removal
Chapter one and three imply that oAβ induced removal of synaptic GluA3-AMPARs impairs synapse and memory function because it triggers synapse elimination and/or weakening. This observation fits in a hypothetical molecular
pathway with components that have been implicated in LTD induction and AD.
oAβ induced removal of synaptic GluA3 requires PKCα phosphorylation of GluA3K887. Based on a homologues GluA2 mutation, PKCα phosphorylation causes
GRIP-GluA3 detachment allowing PICK1 to bind, which removes GluA3-AMPAR
from the synapse (Chung et al. 2000, Seidenman et al. 2003, Xia et al. 2000,
Koszegi et al. 2017, Daw et al. 2000). In this scenario, PKCα phosphorylation of
GluA3K887 is central for oAβ induced synaptotoxicity (Alfonso, S. I. et al. 2016).
The following section summarizes two pathways that may induce PKCα phosphorylation of synaptic GluA3K887, in AD or healthy situations.
The first hypothetical pathway (figure 1) that could induce PKCα phosphorylation of synaptic GluA3K887 starts with metabotropic NMDAR (mNMDAR) activity.
mNMDAR activity is required for the effects of oAβ (Kessels et al. 2013). (1) mNMDAR activation depresses synaptic currents which requires a conformational change of the NMDAR c-tail, (2) translocating protein phosphatase 1 (PP1)
(Dore et al. 2015, Aow et al. 2015). (3) De-phosphorylation of PKCα by PP1 can
increase its activity, suggesting that mNMDAR mediated PP1 translocation has
the potential to activate PKCα directly (Ricciarelli, Azzi 1998). (4) PKCα phosphorylation of GluA3K887 induces GRIP-GluA3 detachment, allowing (5) PICK1-GluA3
binding which facilitated GluA3 removal (Chung et al. 2000, Seidenman et al.
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Figure 1. Schematic synapse illustrating a hypothetical molecular pathway, starting with mNMDAR activation, that results in PKCα phosphorylation of synaptic GluA3K887. Numbers correspond to the events described in the text below. 1- Metabotropic activation of NMDARs.
2- Translocation of pp1. 3-Pp1 de-phosphorylates PKCα, increasing its activity. 4- PKCα phosphorylation of GluA3K887 causes GRIP-GluA3 detachment. 5- PICK1 mediates GluA3-AMPAR removal
from synapses. 6- In the presence of oAβ, synapse function becomes impaired.

2003, Xia et al. 2000, Koszegi et al. 2017, Daw et al. 2000). (6) Experiments in
chapter one and three indicate that PICK1 mediated GluA3 removal is required
for the effects of oAβ on synapse function.
The second hypothetical pathway (figure 2) that could induce PKCα phosphorylation of synaptic GluA3K887 starts with NMDAR activation induced PTEN translocation to synapses. (1) PTEN translocation to synapses is induced by NMDAR
activation and is crucial for the effects of oAβ on synapse function and memory
(Knafo et al. 2016, Jurado et al. 2010). Whether mNMDAR activation is sufficient for PTEN translocation to synapses is unknown. (2) PTEN locally convert
PIP3 into PIP2, effectively preventing an NMDAR activation mediated PIP3 increase. However, PIP2 is decreased in AD patients (Stokes, Hawthorne 1987)
and oAβ lowers PIP2 levels in heterologous cell lines (Landman et al. 2006)
and primary cortical cultures in an NMDAR-dependent manner (Berman et al.
2008). Although changes in cellular PIP2 levels may not reflect synaptic levels, it seems counter-intuitive that PTEN induced PIP2 production mediates
the effects of oAβ while oAβ lowers PIP2 levels. This can be corroborated in
a scenario where oAβ increases PIP2 metabolism in a manner relevant for its
effects on synapses. For example, hydrolysis of PIP2 could locally regulate PKCα
activation and facilitate AMPAR endocytosis in two ways. (3) Hydrolysis of PIP2
by synaptojanin 1 (synj1) can facilitate the endocytosis of AMPARs (Mani et al.
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Figure 2. Schematic synapse illustrating a hypothetical molecular pathway, starting with the
synaptic recruitment of PTEN, that leads to PKCα phosphorylation of synaptic GluA3K887. Numbers correspond to the events described in the text below. 1- Activation of NMDARs leads to
PTEN translocation to the synapse. 2- PTEN convert PIP3 into PIP2. 3- Synj1 hydrolyses PIP2 to
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from intracellular stores which together with DAG activate PKCα. 6- PKCα phosphorylation of
GluA3K887 causes GRIP-GluA3 detachment. 7- PICK1 mediates GluA3-AMPAR removal from synapses. 8- In the presence of oAβ, synapse function becomes impaired.

2007, Gong, De Camilli 2008). Lowering Sinj1 alleviates synaptic (Berman et al.
2008) and cognitive phenotypes in AD mouse models (McIntire et al. 2012), and
genetic ApoE4 polymorphisms that convey a risk for AD dramatically increase
Sinj1 activity (Zhu et al. 2015). Whether PKCα is required for the role of Sinj1 in
the effects of oAβ is unknown. (4) PIP2 is also hydrolyzed by phospholipase C
(PLC) to form IP3 and DAG (Dawson 1959, Thompson, Dawson 1964), which is
known to facilitate NMDAR dependent LTD (Reyes-Harde, Stanton 1998, Horne,
Dell’Acqua 2007). Interestingly, the oAβ induced decreased PIP2 levels in primary cortical cultures is PLC dependent (Berman et al. 2008). (5) IP3 releases
intracellular Ca2+ stores (Streb et al. 1983), which in combination with DAG,
potently activates PKCα (Sekiguchi et al. 1988). (6-8) PKCα phosphorylation of
GluA3K887 facilitated the removal of synaptic GluA3 in the manner described in
figure 1.
The function of GluA3
GluA3-AMPAR trafficking in NMDAR and oAβ induced synaptic depression.
From the experiments in chapter one we hypothesized that oAβ may impair
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synapse function and cognition by hijacking an endogenous signaling cascade
that requires GluA3. Chapter three suggests that this signaling cascade involves
the removal of synaptic GluA3-AMPARs. Endogenously, this signaling cascade
may be involved in NMDAR-induced long-term depression. The mechanisms
of synaptic depression mediated by oAβ and NMDAR activation (i.e. LTD) show
striking similarities. oAβ and NMDAR-induced synaptic depression require (m)
NMDAR activation (Kessels et al. 2013, Shankar et al. 2007, Collingridge et al.
2010, Aow et al. 2015, Nabavi et al. 2013, Stein et al. 2015), synaptic recruitment of PTEN (Jurado et al. 2010, Knafo et al. 2016), PICK1-AMPAR interaction
(Seidenman et al. 2003, Terashima et al. 2008, Daw et al. 2000, Kim et al. 2001),
endocytosis of AMPARs (Alfonso, S. et al. 2014, Hsieh et al. 2006), GSK-3 activity (Bradley et al. 2012, Kirouac et al. 2017) and hyper phosphorylation of
tau (Takashima et al. 1993, Bloom 2014, Regan et al. 2015). The requirement
of AMPAR endocytosis for the induction of NMDAR mediated synaptic depression may entail GluA3-AMPAR endocytosis. In the absence of accumulated oAβ,
NMDAR activation may also initiate the molecular pathways depicted in figure
1 and 2, which then triggers synaptic depression. If true, an oAβ induced enhancement of mNMDAR activation, or its downstream signaling, would explain
the reduction of synaptic GluA3 observed in chapter three. It is conceivable that
exaggerated mNMDAR-induced LTD by oAβ throughout the brain can induce
pathological synaptic depression and cause cognitive symptoms. For example,
normally NMDAR-induced LTD may facilitate homeostatic synaptic scaling to
maintain the synapse ability to undergo LTP (Whitt et al. 2014). However, when
oAβ accumulates, NMDAR-induced LTD removes synapses during homeostatic
synaptic scaling instead, hampering subsequent LTP and memory formation.
The question of how oAβ affects NMDAR dependent LTD remains open. oAβ
may activate NMDARs directly (Texido et al. 2011), increase PIP2 breakdown
(Berman et al. 2008) or push the expression of LTD from synapse weakening
towards synapse removal. Another open question is how the removal of GluA3
triggers synaptic depression, considering that GluA3 is in an inactive state under
basal conditions. Second messengers may be co-endocytosed with GluA3-AMPARs and trigger signaling cascades that lead to GluA1-AMPAR endocytosis or
synapse elimination. Alternatively, the removal of synaptic GluA3 eliminates
synapses by de-stabilizing synaptic scaffolding proteins such as PSD95 (Shao et
al. 2011, Pham et al. 2010). Or the assignment of GluA3 containing endosomes
for recycling or lysosomal breakdown may affect the outcome of GluA3 endocytosis (Koszegi et al. 2017, Dixon et al. 2009).
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The function of GluA3-AMPAR (in-)activation
GluA3 is abundantly expressed throughout the brain (Schwenk et al. 2014). The
cAMP induced activation GluA3-AMPARs is reported in the hippocampus (chapter two) and cerebellum (Gutierrez-Castellanos et al. 2017), but other brain
regions have not been tested. Dynamic regulation of GluA3 activation would
enable rapid changes in global or regional synaptic strength without AMPAR
trafficking, provoking the question of its role in brain function and behaviour.
The activation of cerebellar GluA3-AMPARs plays a critical role in Purkinje cell
LTP and oculomotor learning (Gutierrez-Castellanos et al. 2017). GluA3-AMPAR
activation by cAMP in the hippocampus was achieved by NE release, implying a
role in attention/arousal induced modulation of memory. However, our preliminary data suggests that contextual fear conditioning is not impaired in GluA3
deficient mice. This may relate to the fact that GluA3-AMPARs are required for
LTP in the cerebellum but not the hippocampus (Gutierrez-Castellanos et al.
2017, Meng et al. 2003). GluA3 deficient mice exhibit some changes in motor
learning, social behaviour, sleep regulation and seizure generation (Adamczyk
et al. 2012, Steenland et al. 2008, Gutierrez-Castellanos et al. 2017), which is
a relatively mild phenotype compared with GluA1 or GluA2 knockouts. In humans this is a different matter. Mutations in GluA3 are associated with x-chromosomal intellectual disability (Wu et al. 2007, Chiyonobu et al. 2007, Philippe
et al. 2013, Bonnet et al. 2009) and sleep regulation (Utge et al. 2011, Davies
et al. 2017). Two studies identified mutations in GluA3 that impair or alter GluA3-AMPAR channel opening in individuals with intellectual disability (Wu et
al. 2007) or mental retardation and dysregulated sleep (Davies et al. 2017). The
study of Davies et al (2017) identified two brothers carrying a mutation in the
transmembrane domain of the GluA3 gene (GluA3A653T). They suffered from severely delayed development of motor and cognitive skills. Starting in puberty, they endured a progressive disruption of sleep/wake cycles leading up to
awake periods between 60 and 72 hours with ensuing sleep of 36 to 48 hours.
Functional characterisation of GluA3A653T revealed normal GluA3-AMPAR trafficking but diminished channel opening. Mice carrying GluA3A653T showed only
minor sleep and activity phenotypes and intact circadian rhythms (Davies et al.
2017), which is consistent with the minor phenotype in GluA3 deficient mice.
Why GluA3 seems relatively unimportant in mice is an interesting unknown.
Primates, being more closely related to humans, may benefit from GluA3 more
and could be a more suitable model organism to study GluA3. As an initial experiment, β-adrenergic mediated GluA3-AMPAR activation during fear conditioning and retrieval could be studied to test whether GluA3 serves memory
in monkeys. Directly manipulating GluA3 activation may more strongly impair
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sleep patterns in monkeys than in mice, but may require alternative ways to
manipulate GluA3-AMPAR activation that do not require genetic alteration of
GluA3.
Regulation of GluA3-AMPAR (in-)activation
More detailed study on the role of GluA3-AMPAR (in-)activation is severely
hampered by our disability to control the (in-)activation of GluA3-AMPARs directly and by the fact that mice do not seem to benefit much from GluA3-AMPARs (Steenland et al. 2008, Adamczyk et al. 2012). GluA3-AMPAR activation
by cAMP in the hippocampus was achieved by NE release, but other cAMP regulators may lead to GluA3-AMPAR activation, such as dopamine (Neve et al.
2004). The cAMP induced activation of GluA3-AMPARs in the cerebellum and
hippocampus require exchange factor directly activated by cAMP 1 (EPAC1) or
combined Ras and PKA activation respectively, demonstrating that the route
of GluA3-AMPAR activation varies per brain region. Besides GluA3-AMPAR activators, there may also be inactivators. For preliminary data from our lab we
sacrificed mice 10 minutes or 2 hours after fear conditioning with mild electric
shocks. When sacrificed 10 minutes post-conditioning, GluA3-AMPARs in acute
slices remained open for a whole day of measuring (~6hours), but were closed
when the mice were sacrificed 2h post-conditioning. This suggest that in mice,
GluA3-AMPAR inactivation occurs between 10m and 2h after fear conditioning. Inactivation of GluA3-AMPAR could involve cAMP lowering neuro modulators such as acetylcholine (Richards 1991, N et al. 1978, Nishi et al. 1990) or
serotonin (Berumen et al. 2012), or may require mechanisms independent of
cAMP down-regulation. Besides alternative neuromodulators, modification of
GluA3-AMPARs could offer alternative means of regulating GluA3 activation.
Of particular interest would be the GluA3A653T mutation which leads to severely
impaired cognitive development and sleep patterning in humans (Davies et al.
2017). Knowing how this mutation alters the activation kinetics and trafficking
of GluA3-AMPARs will help determine how GluA3 serves brain function.
GluA3-AMPARs in homeostatic plasticity
The concept of homeostatic plasticity refers to the ability of neurons to regulate their excitability relative to their network. Synaptic scaling is a form of homeostatic plasticity that maintains global neuron excitability within an optimal
physiological range (Whitt et al. 2014). The above discussed properties of GluA3-AMPARs are highly suitable to facilitate homeostatic plasticity by synaptic
scaling. GluA3-AMPARs are incorporated into synapses by replacing GluA1-AM147
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PARs, independent of synaptic activity within a timeframe of 20-30 hours (Shi et
al. 2001, McCormack et al. 2006). This ‘cycling’ is thought to maintain the neuron’s ability for bi-directional plasticity, possibly by maintaining the neuron’s
excitability within an optimal range (Julius Zhu et al. 2000, McCormack et al.
2006). Replacing GluA1-AMPARs with GluA3-AMPARs causes synaptic depression when GluA3 is in inactive state. In addition, replacement of GluA1 with GluA3-AMPARs segregates synapses that underwent LTP recently from those that
did not, providing the latter with less GluA1 and relatively more GluA3. This may
explain why GluA2/3-AMPARs become particularly enriched at synapses of neurons that are derived of experience-dependent input (Makino, Malinow 2011).
If, as proposed above, (m)NMDAR-dependent LTD triggers synapse weakening
and elimination through GluA3-AMPAR endocytosis, it may specifically target
GluA3-AMPAR enriched synapses. In other words, (m)NMDAR dependent LTD
may cause synaptic depression by clearing scarcely active, protractedly un-potentiated synaptic connections (Nabavi et al. 2013, Stein et al. 2015).
GluA3-AMPARs during sleep
As mentioned above, defective GluA3-AMPAR opening can cause severe sleep
dysregulation in humans (Davies et al. 2017) some alteration of sleep patterning in mice (Steenland et al. 2008, Davies et al. 2017). NE levels regulate sleep in
healthy and in treatment situation where raising NE increases wake and lowering NE increases sleep [review:(Mitchell, Weinshenker 2010)]. Perhaps NE levels regulate sleep by affecting GluA3 activation. When NE levels are low, global
GluA3 in-activation may reduce synaptic transmission to facilitate a sleep-state,
where raised levels of NE activate GluA3 and raise synaptic transmission during wake states. GluA3 could facilitate homeostatic synaptic scaling that occurs
during sleep (Liu, Z. et al. 2010, de Vivo et al. 2017). Glutamatergic synaptic
transmission causes mNMDAR activation but only opens NMDAR channels
when coincidental postsynaptic depolarization (e.g. from preceding synaptic activity) removes Mg2+ ion from the channel pore (Bliss, Gardner-Medwin
1973). Generally, the chance of synaptic activity to occur during postsynaptic
depolarization is higher during periods where synaptic activity is higher. Compared to network activity during waking, the low synaptic transmission of slow
wave network activity during sleep (1-3 Hz) is highly suited for the induction of
mNMDAR activation without NMDAR channel opening (Nabavi et al. 2013, Liu,
Z. et al. 2010, Buzsáki et al. 2003). As proposed above, the addition of synaptic GluA3-AMPARs may help sensitize prolongedly non-potentiated synapses to
LTD. Assuming that non-potentiated synapses encode less important memory
components, those will be removed first during increased mNMDAR activation.
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This idea is consistent with the observation that sleep only reduces synaptic
strength in small synapses (Liu, Z. et al. 2010, Miyawaki, Diba 2016, de Vivo et
al. 2017) which contain fewer GluA1-AMPARs (Kopec et al. 2006, Kopec et al.
2007), but may still contain ample GluA3-AMPARs.
Forgetting GluA3
‘Forgetting GluA3’ applies to this thesis for several reasons: 1. GluA3 is often
forgotten in the literature. 2. GluA3 inactivation could help a memory to become dormant. 3. GluA3 is important for forgetting memories in AD. These
three interpretations are elaborated in the following section.
1- ‘Forgetting GluA3’ refers to the fact that GluA3 is often forgotten in the literature because GluA3 containing AMPARs barely contribute to synaptic and extra
synaptic AMPAR currents (Lu et al. 2009, Andrásfalvy et al. 2003), LTP is intact
in GluA3 deficient mice (Meng et al. 2003, Humeau et al. 2007), GluA3 mRNA
levels are 10-fold lower than GluA1 (Tsuzuki et al. 2001) and GluA3 deficient
mice have minor behavioural phenotypes (Adamczyk et al. 2012, Steenland et
al. 2008). We now know that the neglect of GluA3 is undeserved because GluA3
is inactive under basal conditions (Renner et al. 2017), is abundantly present in
the brain and on dendrites (Kessels et al. 2009, Schwenk et al. 2014), and is of
paramount importance in humans for cognitive development and sleep (Davies
et al. 2017).
2- ‘Forgetting GluA3’ also relates to a hypothesis about a role of GluA3 in regulating the availability of a memory for retrieval. GluA3 inactivation may help
memories become ‘dormant’, to be ‘forgotten’ until its retrieval becomes relevant at a later time point. GluA3-AMPARs are incorporated into synapses by
replacing GluA1-AMPARs, independent of synaptic activity within a timeframe
of 20-30 hours (Shi et al. 2001, McCormack et al. 2006). Thus, when a synapse
is strengthened and encodes a recently acquired memory, the newly incorporated GluA1-AMPARs will be replaced by GluA3-AMPARs in ~20-30 hours. If no
additional GluA1-AMPARs are incorporated into this synapse and GluA3-AMPARs remain inactive, this will cause significant synaptic depression. If the
strength of the synapses involved in a memory is lowered this way, the memory
will be unavailable for retrieval, until a rise in cAMP activates GluA3-AMPARs
and synaptic strength is restored. A process such as this could help irrelevant
memories to become ‘dormant’ and not interfere in situations where they are
undesirable or distracting. This way, GluA3 may enable selective allocation of
attention to memories and potentially prevent post-traumatic stress disorders.
GluA3-activation would not have to restore synaptic strength in specific synapses to selectively silence memories, regional GluA3-AMPAR activation may suf149
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fice. The restoration of synaptic strength by GluA3 activation most likely does
not retrieve a memory by itself, this would require AMPAR mediated synaptic
transmission (Bast et al. 2005) which is selective by itself. The patterning of
synaptic transmission is dictated by environmental cues and will hence already
selectively retrieve memories based on those cues. GluA3 (in-)activation would
impose an additional selection criterion for which memories are available for
retrieval in a given situation. However, synapse specific GluA3-AMPAR activation is most likely possible. Norepinephrine (NE) is a neurotransmitter released
by synaptic locus coeruleus projections, imposing a high regional specificity
[review: (Berridge, Waterhouse 2003)]. Chapter two demonstrated that neuronal cAMP infusion activates synaptic GluA3-AMPAR only in the presence of
the phosphodiesterase (PDE) inhibitor IBMX, suggesting that GluA3-AMPAR activation can be prevented by PDE hydrolysis of cAMP. PDEs could enforce synapse specific GluA3-AMPAR activation by being anchored to synapses to locally
hydrolyze cAMP (Russwurm et al. 2015, Houslay, Adams 2003), which may prevent GluA3-AMPAR activation in PDE-rich synapses specifically. Manipulating
the (in)activation of GluA3-AMPARs during memory consolidation or retrieval
may prove useful to challenge this hypothesis.
3- The potential role of GluA3 in AD gives ‘forgetting GluA3’ another meaning. As described above, synapses become sensitive to oAβ when they contain
GluA3. After potentiated synapses that encode a memory have GluA1 replaced
with GluA3, they can be removed by the effects of oAβ and the encoded memory will be forgotten. This may be how GluA3 in AD patients is involved in memory loss and other cognitive impairments.
Final comments
Alzheimer’s disease
Since the first description of AD in 1906 (Cipriani et al. 2011)[Alzheimer, 1906],
AD research examined Aβ plaques and their role in the etiology of AD symptoms. About ~9 decades later, therapies were developed that succeeded in
clearing Aβ plaques. However, those therapies did not relieve symptoms in AD
patients (Penninkilampi et al. 2017, Liu, Y. H. et al. 2012). It became clear that
the accumulation of soluble oAβ is a more likely suspect to cause AD symptoms
(see introduction ‘Amyloid-beta causes cognitive symptoms in AD’). Effective
therapies may need to clear oAβ from the brain in the very early stages of AD,
or need to prevent the effects of oAβ on brain function. AD models strongly
suggest that preventing the effects of oAβ on synaptic functions can prevent
AD-like symptoms. If this is true in AD patients, elucidating how oAβ leads to AD
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symptoms will reveal therapeutical targets that can treat AD during all stages
where oAβ causes AD-symptoms. In addition, studying the effects of oAβ on
synapses may increase our understanding of a CR, why some people are more
resilient to developing AD.
This thesis established that the AMPAR subunit GluA3 is crucial for effects of
oAβ on synapse function and memory in AD models. Removal of GluA3 from
synapses triggers oAβ mediated synaptotoxicity. Identifying the removal of synaptic GluA3 as a trigger for the effects of oAβ expands and reveals molecular
pathways that are potential therapeutical targets to prevent the effects of oAβ
(see discussion ‘Potential molecular pathways for GluA3 removal’). In addition,
the central role of GluA3 in AD implies that GluA3 levels in the brain may be
a valuable predictor of the risk to develop AD. And lowering GluA3 levels at
synapses with behavioral therapy may reduce the risk to develop AD (see discussion ‘Clinical implications’). In short, this thesis provided a significant step
forward in our understanding how oAβ leads to impaired neuron and cognitive
function and points towards GluA3 levels as potential risk predictor for AD.
GluA3
GluA3 has been historically ignored, partly because GluA3-AMPARs hardly contribute to synaptic transmission in the hippocampus (Lu et al. 2009, Andrásfalvy
et al. 2003) (see discussion ‘Forgetting GluA3’). However, GluA3 is abundantly
present in the brain and on dendrites of the hippocampus (Schwenk et al. 2014,
Kessels et al. 2009). Knockout of GluA3 may not affect rodents in their capacity
for several types of learning, but it does affect motor learning, sleep, social behavior (aggression) and their susceptibility for AD (Adamczyk et al. 2012, Steenland et al. 2008, Reinders et al. 2016, Gutierrez-Castellanos et al. 2017). In humans, mutations in GluA3 that affect channel function are associated with intellectual disability and sleep disturbances (Davies et al. 2017, Wu et al. 2007).
This underscores the importance of GluA3 in human brain function and suggests that GluA3 was unjustly ignored in the literature. Limited understanding
of GluA3, together with its potentially paramount importance for human brain
function, promises that more knowledge about GluA3 will yield much insight in
understanding brain function.
This thesis demonstrates that under basal conditions GluA3-AMPARs are inactive, explaining their minor contribution to synaptic transmission in brain slices.
Raising cAMP levels pharmacologically or by β-adrenergic activity activates GluA3-AMPARs and increases synaptic transmission. The activation of GluA3-AMPARs is a new type of synaptic plasticity, independent of AMPAR trafficking,
which can rapidly change synaptic strength. The ability of β-adrenergic sign151
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aling to activate GluA3-AMPARs implies that GluA3 plasticity serves arousal,
attention and/or wakefulness. The many potential physiological roles of GluA3
activation (see discussion ‘The function of GluA3’) may be difficult to define in
rodents due to their relatively subtle GluA3-mutation related phenotype. However, demonstrating the ability of GluA3-AMPARs to be electrically inactive is a
significant step towards understanding the role of GluA3 in brain function.
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Voor nagenoeg alle functies van ons brein, waaronder het maken van herinneringen, moeten hersencellen met elkaar communiceren via gespecialiseerde
contactpunten genaamd ‘synapses’. Wanneer synapsen worden aangetast,
zoals in de ziekte van Alzheimer, verslechtert ons cognitief vermogen. Tot de
eindstadia van de ziekte van Alzheimer worden cognitieve symptomen voornamelijk veroorzaakt doordat synapsen beschadigd raken. De ophoping van het
eiwit amyloïd-β (aβ) in de hersenen van Alzheimerpatiënten is de aanstichter
hiervan. Deze thesis is gewijd aan de vraag hoe aβ synapsen aantast en hoe we
dit kunnen voorkomen.
Hersencellen communiceren met elkaar via contactpunten die ‘synapsen’
worden genoemd. AMPA-receptoren op die synapsen faciliteren de communicatie tussen hersencellen. Een ontvangende synaps gebruikt verschillende types
AMPA-receptoren (bijv. GluA1- of GluA3 AMPA-receptoren) om de signalen van
synapsen van een andere hersencel op te vangen. In hoofdstuk drie tonen we
op verschillende manieren aan dat GluA3 AMPA-receptoren nodig zijn voor de
effecten van aβ op synapsen, geheugen en zelfs de verkortte levensverwachting
van Alzheimer diermodellen (muizen met een soort ‘muizen Alzheimer’).
Veel onderzoekers denken dat GluA3 AMPA-receptoren onbelangrijk zijn, waardoor ze in vele studies ‘vergeten’ worden. Hierdoor is over GluA3 AMPA-receptoren weinig bekend. In hoofdstuk twee wordt aangetoond dat GluA3
AMPA-receptoren inactief kunnen zijn waardoor ze geen synaptische signalen
kunnen ontvangen. Wanneer kunstmatig, of door angst, het stofje cAMP in een
synaps komt, worden GluA3 AMPA-receptoren geactiveerd en zijn ontvangende
synapsen gevoeliger voor signalen van andere hersencellen.
Hoofdstuk drie verklaart waarom GluA3 AMPA-receptoren nodig zijn voor het
eiwit aβ om geheugen aan te tasten. In de aanwezigheid van aβ worden GluA3
AMPA-receptoren uit synapsen verwijdert. Tijdens dit proces worden synapsen
zwakker en verdwijnen ze. We zijn erin geslaagd het weghalen van GluA3 uit
synapsen te voorkomen en vonden dat hiermee synapsen beschermd zijn tegen de effecten van aβ.
In het onderzoek naar de effecten van aβ worden verschillende modellen ingezet die ieder unieke inzichten geven en tegelijk het gebruik van mensen en
dieren voor onderzoek minimaliseren. Een voorbeeld van zo’n model gebruikt
virussen om een hersencel aβ (of andere eiwitten) te laten produceren. Het
vierde hoofdstuk van deze thesis toont aan dat dit model geschikt is voor het
bestuderen van levende synapsen.
De resultaten in deze thesis hebben een biochemisch proces blootgesteld wat
gebruikt kan worden om met medicatie synapsen van Alzheimerpatiënten
te beschermen. Ook suggereert het dat bepaalde gedrag therapieën kunnen
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beschermen tegen de ziekte van Alzheimer door de hoeveelheid GluA3 in synapsen te verminderen.
Hoofdstuk 1: Het belang van GluA3 voor de effecten van aβ suggereert een
centrale rol van GluA3 in de ziekte van Alzheimer.
Hoofdstuk 2: GluA3 AMPA-receptoren kunnen in- of actief zijn en daarmee synaptische activiteit beïnvloeden. GluA3 AMPA-receptoren kunnen worden geactiveerd door een noradrenaline geïnduceerde toename van cAMP.
Hoofdstuk 3: Door verwijdering van synaptische GluA3 AMPA-receptoren te
voorkomen kunnen synapsen beschermd worden tegen aβ.
Hoofdstuk 4: Viraal geïnduceerde eiwit expressie is een geschikt model om fysiologie en synapsen van levende hersencellen te onderzoeken.
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