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GENERAL INTRODUCTION

The ultimate goal in neuroscience is to uncover the biological basis and the
mechanisms by which we perceive the world and act upon it, and by which we
remember and learn. Learning and memory refer to the processes of acquiring,
retaining and retrieving information in the central nervous system, ultimately
leading to the formation of stable long-term memories. In the pursuit to understand
the neural basis for learning and memory, it is crucial to grasp the relationships
between behavior, behavioral learning, neuronal signals and circuit, and plasticity
mechanisms.

This thesis explores the multiple roles of the GIuUA3 AMPA receptor (AMPAR)
subunit, in both normal function and dysfunction, and in two distinct brain
structures, the cerebellum and the hippocampus. From here it argues the
relevance of this receptor subunit in the general mechanisms of learning and
memory. The discussion draws conclusions regarding the differentiated ways
the cerebellum and the hippocampus process learning and memory, emphasizing
pertinent aspects for each structure.

We start by introducing the relevant concepts underlying learning and memory.
We explore behavior as a byproduct of learning and a reflex of brain activity, and
we look at learning and memory as the expression of changes in the synaptic
connections between neurons, and their strengthening and weakening. We focus
our attention at the excitatory glutamatergic activity, particularly the one mediated
by AMPARs. Subsequently, we analyze these concepts for the cerebellum, looking
at its function in the adaptation of locomotion and vestibulo-ocular reflex (VOR),
and emphasizing the particular cases of long-term potentiation (LTP), long-term
depression (LTD) and the parallel fiber-Purkinje Cell (pf-PC) synapse. We then shift
to the hippocampus, looking at its role in encoding and retrieval of memories, and
emphasizing the influence of arousal and stress. Lastly, we look at what happens
when synaptic dysfunction arises, namely in Alzheimer’s disease (AD).

1.1 The Brain

The remarkable range of human behavior and the complexity of the environment
humans have been able to create for themselves depends on a sophisticated
system of sensory receptors connected to a highly flexible neuronal machine: the
brain.
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Composed by millions of neurons, this structure is able to discriminate an
enormous variety of events in the surrounding environment and appropriately
interact with them. The continuous stream of information captured by these
sensory receptors is then organized by the brain into perceptions, which then
can be used to engage the appropriate and relevant behavioral responses. The
functions of the brain depend not only on the ability of neurons to transmit signals
to other cells, but also on their ability to appropriately respond to signals received
from other cells and systems.

Experiences can lead to changes in behavior. Because behavior is driven by brain
activity, changes in behavior must correspond to changes inside the brain. Indeed,
virtually all behavior is the result of brain function; brain function is, in its turn, a
sum of a set of operations. Brain activity underlies not only relatively simple motor
behaviors (such as walking or eating) but also the complex cognitive actions that
we attribute to humans, such as thinking, speaking or purposely creating works
of art.

The challenge in science, and in neuroscience in particular, consists in explaining
behavior in terms of brain activity, parsing it into the individual particular moves
and actions of this structure: understand, on one hand, how the brain manages
to trigger a coordinate motion of millions of particular neuronal cells to produce
a specific and deliberate behavior; and, one another hand, uncover the way these
individual cells are influenced by the whole, by the environment, and react in
accordance to it.

It is widely known that the brain is organized into regions, each made up of large
groups of neurons. Highly complex behaviors can be traced to specific regions of
the brain and understood in terms of the functioning of those groups of neurons.
The brain provides a centralized control of the nervous system, allowing rapid and
coordinated responses to changes in the environment. This responsiveness can
be as complex as sophisticated, controlling behavior based on complex sensory
input, which require the information integrating capabilities of a centralized brain.

1.1.1 Behavior and experience - learning and memory

Whilst learning concerns the acquisition of a certain skill or knowledge, memory
is the expression of what is acquired and stored. Behavior and experience are
intrinsically connected to learning and memory because they constitute the
interface between those latter processes and the outside world. Memory can
be subdivided in different types, each underlying different types of learning and
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controlled by different brain regions. Hippocampal memories, for example, concern
mostly the declarative type, while cerebellar learning deals mostly with procedural
memory. A simplified way to distinguish these two is by looking at the following
example: if we remember a certain aspect of a specific drawing lesson (i.e., what
happened, when and where), that is an example of explicit memory; the improved
drawing skill as a result of that same lesson is an example of procedural memory.

Since famously advanced by Hebb that “cells that fire together wire together”
(as summarized by Lowel & Singer, 1992), it is thought that experiences can
modify synapses - the places of interconnection between neurons -, favoring
and strengthening some neuronal pathways within a circuit and consequently
weakening others. Accordingly, learning and memory are expressed as changes
in the synaptic connections between neurons; the modifiability of specific
connections contributes to the adaptability of behavior.

An obvious first step in any attempt to uncover how the individual responses of a
network of cells give rise to complex behaviors is to understand how neurons are
wired together to support those behaviors. Indeed, a major aim in neuroscience is
to link systems-level analyses of learning with cellular analyses of plasticity. This
top-down approach basically means connecting the observation that neurons can
undergo modifications that lasts a relative short period of time, with the fact that
much learning results in behavioral changes that can endure for many years. The
main question is what patterns of neuronal activity are necessary and sufficient
to induce synaptic plasticity in the awake behaving animal. This implies that such
neuronal signals must transduce the sensory stimuli that guide learning into the
cellular changes that encode memory.

1.1.2 The synapse: synaptic plasticity and transmission

Communication between neurons underlies both the basic and the higher-order
processes essential for normal brain function. This communication occurs at a
highly specialized site of contact between a presynaptic nerve terminal and a
postsynaptic neuron: the synapse.

Though C.S. Sherrington first proposed on theoretical grounds that neurons
connect with each other at a “synapsis” (Sherrington, 1890; Foster, 1897), this
notion famously got widely accepted when Ramon y Cajal postulated that neurons
are not just continuous tissue that goes throughout one point of the body to the
other, connecting different parts, but that they actually communicate with each
other (Ramodn y Cajal, 1933; Sutherland, 1996; Shepherd, 2010).
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It took several decades before the first experimental studies on synapses were
carried out, first at the neuromuscular junction (Dale, Feldberg and Vogt, 1936);
a couple more years later, the first pictures were published of synaptic vesicles
and synaptic ultrastructure (e.g. De Robertis, 1954). Right from these studies, it
was possible to observe that information is transmitted in the form of a chemical
message released from the presynaptic terminal and received by specific
receptors in the postsynaptic membrane, where the message is processed,
integrated and propagated (Gray, 1959; Klemann and Roubos, 2011). From
these, it was postulated that synapses result from the differential distribution
and concentration of specific presynaptic and postsynaptic protein components,
whose precise organization gives rise to proper function (Scannevin and Huganir,
2000).

Neurons are able to convey unique information because they form specific
networks. In these specific connections between neurons, neuronal activity
produces long-term changes by modifications in the functions of a set of these
prewired connections. This ability of synapses to change their strength constitutes
synaptic plasticity; it is long thought that synaptic plasticity encodes memories.

1.1.3 LTP and LTD

Long-term potentiation (LTP) and long-term depression (LTD) at excitatory
synapses are thought to underlie experience-dependent learning and memory.
These synaptic plasticity mechanisms are best characterized at hippocampal
CA1 synapses, where they are used and manipulated in animal models of human
neurodevelopmental, neuropsychiatric, and neurological disorders (Richard L.
Huganir and Nicoll, 2013). The most prevalent forms of LTP and LTD are induced
by calcium influx through postsynaptic NMDA receptors (NMDARs) and are
expressed by long-lasting increases or decreases, respectively, in the synaptic
localization and function of AMPARs (Collingridge et al., 2010; Richard L. Huganir
and Nicoll, 2013).

LTP comprises the strengthening of synapses resulting from recent patterns
of activity. In the basis of this mechanism are patterns of synaptic activity that
produce a long-lasting increase in the signal transmission between two neurons.
A model for the induction of LTP is best described as a binding of glutamate
to NMDARs coupled with depolarization of the postsynaptic membrane,
which relieves the magnesium channel block, resulting in the entry of calcium
through the NMDAR and a rise in spine calcium (Nicoll, Kauer and Malenka,
1988). Considerable evidence indicates that CaMKIl is the primary downstream
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target following calcium entry through the NMDAR, and it is both necessary
and sufficient for LTP. Two interesting areas of research concern the activity-
dependent translocation of CaMKIl to the synapse and the role of CaMKIl as a
memory molecule. Accordingly, elevated calcium in the spines recruits CaMKII
to the postsynaptic density (PSD) (Lisman, Yasuda and Raghavachari, 2012); the
activation of CaMKII during LTP induction is only transient, returning to baseline
within a few minutes (Lee et al., 2009). This finding implies that the persistence of
LTP must rely on signaling cascades downstream of CaMKII.

LTD is, in essence, the opposite of LTP in terms of its effects on the synapse. It
consists in an activity-dependent reduction in the efficacy of neuronal synapses
lasting hours or longer following a long patterned stimulus (Volianskis et al.,
2015). The role of LTD has been extensively studied in the cerebellum (Ito, 1982;
Hansel and Linden, 2000), among other regions (see Massey and Bashir, 2007
for a comprehensive review), as for example the hippocampus (Dudek & Bear,
1993). In terms of the process, cerebellar LTD, unlike hippocampal LTD, does not
require NMDAR activation and is induced by the coincident activation of mGIuR1
receptors and voltage-gated calcium channels that in turn activate protein kinase
C (PKC) (Linden and Connor, 19917; De Zeeuw et al., 1998), resulting in synaptic
depression.

The main differentiator between LTP and LTD is proposed to be the magnitude
and duration of the calcium signaling. High levels of calcium activate the low-
affinity kinase CaMKII to initiate the phosphorylation of PSD proteins, ultimately
resulting in enhanced transmission (for LTP). On the other hand, modest levels of
calcium selectively engage the high-affinity phosphatase calcineurin, resulting in
the dephosphorylation of PSD proteins and a reduction in transmission (for LTD)
(Lisman, 1989). This classic model has been challenged in recent years in studies
that showed that LTD does not require calcium influx. Instead, glutamate binding
to the NMDAR without opening of the channel leads to the expression of LTD
(Nabavi et al., 2013; Dore, Aow and Malinow, 2016).

1.1.4 AMPA Receptors

Glutamate is the most abundant neurotransmitter in the nervous system,
mediating fast synaptic transmission. In the CNS, the majority of fast excitatory
glutamatergic neurotransmission is mediated by AMPARs (Dingledine et al,
1999), that underpin cognitive processes like learning and memory (Derkach et
al., 2007; Anggono and Huganir, 2012; Haglergd et al., 2017). AMPAR dysfunction
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underlies neurological disorders such as stroke and epilepsy (Sarro et al., 2005;
Kwak and Weiss, 2006; Bowie, 2008).

AMPARs are tetrameric complexes, composed by four subunits (GIuA1 to
GluA4) that assemble into functional homo- or heteromeric channels, and that
are permeable to sodium and calcium (only AMPARs without GIuA2 are calcium
permeable) (Hollmann and Heinemann, 1994; Bettler and Mulle, 1995; Traynelis et
al., 2010). It is known that GIuA1 can form homomers (composed by four GIuA1
subunits) though it is most often seen forming heteromers with GIuA2. These
GluA1/GluA2 AMPARs are designated here as GluA1-containing AMPARs. GIuA3
forms heteromers with GIuA2. These GIuA2/GIuA3 AMPARs are commonly called
GluA3-containing AMPARs. The distribution of these subunits throughout the
brain varies according to the region and type of neuron one is looking at.

Plasticity mediated by synaptic trafficking of AMPARs plays an important role
in the acquisition of declarative memories. More specifically, GIluAT-containing
AMPARs are crucially involved in several forms of experience-dependent plasticity
(Kessels and Malinow, 2009). It is known that GluAT1-dependent synaptic plasticity
is mediated by active trafficking (Shi et al,, 2007; Makino and Malinow, 2011)
and by changes in conductance and open probability at the single receptor level
(Benke et al., 1998; Derkach, Barria and Soderling, 1999). GIuA1 is inserted into
synapses upon the induction of LTP or the formation of fear memories; a selective
blockade of GIuA1 trafficking impairs LTP and memory formation (Rumpel et
al., 2005; Mitsushima et al., 2011). Consequently, LTP and the formation of fear
memories are severely impaired in GluAT1-deficient mice (Humeau et al., 2007).

The GIluA1 subunit's primary relevance for learning can be attributed to its
unique structure. This subunit contrasts with GluA2 and GIUA3 by presenting a
long cytoplasmic tail (contrary to GIuA2 or GIuA3) that contains several unique
phosphorylation sites by which trafficking of GIuAT to synapses can be regulated.
An example of a phosphorylation trigger is protein kinase A (PKA), which lowers
the threshold for LTP and facilitates memory formation (Hu et al., 2007; Crombag
etal.,2008; Qianetal., 2012). An activation by PKA can happen following activation
of beta-adrenergic receptors (B-ARs), which leads to the activation of adenylyl
cyclases, producing a rise in intracellular cyclic AMP (cCAMP).

In the hippocampus, cortex and amygdala, both LTP and learning depend on
the trafficking of GluA1-containing AMPARs to synapses (Rumpel et al., 2005;
Nedelescu et al., 2010; Makino and Malinow, 2011; Mitsushima et al,, 2011).
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However, GluA3-containing AMPARs don't seem to contribute much to synaptic
currents, synaptic plasticity or learning (Meng, Zhang and Jia, 2003; Humeau
et al., 2007; Adamczyk et al., 2012). Though attempts were made to show its
relevance for learning and memory processes, AMPA GluA3-mediated currents
were never found to be present and/or relevant. Nevertheless, GluA3-containing
AMPARs are present in most brain regions, including the hippocampus, cortex,
amygdala, striatum, thalamus, brain stem, olfactory bulb, nucleus accumbens and
cerebellum (Breese et al., 1996; Reimers, Milovanovic and Wolf, 2012; Schwenk et
al., 2014), suggesting that GluA3-plasticity may be operative throughout the brain.

Whereas AMPAR subunit rules for synaptic plasticity have been extensively
studied in relation to declarative learning, it is unclear whether these rules
apply to cerebellum-dependent motor (procedural) learning. It is known that
AMPAR plasticity occurs at pf-PC synapses reflecting the expression of LTP or
LTD (Kakegawa and Yuzaki, 2005; Steinberg et al., 2006), but the full functional
significance of it and the precise molecular pathways underlying this plasticity
remain to be further elucidated (Gao, van Beugen and De Zeeuw, 2012). In addition,
the specific roles of GIuA1- and/or GluA3-containing AMPARs in plasticity of PCs
have hardly been studied (Kakegawa and Yuzaki, 2005; Douyard et al., 2007; Bats,
Farrant and Cull-Candy, 2013)

1.2 The Cerebellum

The cerebellum offers a unique opportunity for understanding the neural basis
of learning and memory. This structure has a defined circuit and the cell types
within it are well identified, allowing a mapping of the convergence of motor and
sensory signals, required for motor learning. This facilitates the study of the role
of individual neurons but also of the synaptic plasticity mechanisms involved in
learning.

Despite its small size, the cerebellum contains more than half of the brain’s
neurons (Herculano-Houzel and Lent, 2005). While different regions within the
cerebellum are connected to different parts of the brain, the pattern of wiring
within the cerebellar cortex is highly consistent, receiving input from sensory
systems of the spinal cord and from other parts of the brain and integrating these
inputs to fine-tune motor activity.

The current view about the cerebellum is that different cerebellar regions play a
crucialroleincontrolling distinct behaviors, forexample voluntary limb movements,
balance, locomotion and eye movements (Morton and Bastian, 2004). This view
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is based on the anatomy of cerebellar afferent and efferent connections as well
as neural recording and lesion studies. More specifically, it has been proposed
that different modules of the cerebellum use different encoding schemes to form
and express their respective memories (De Zeeuw and Ten Brinke, 2015), offering
an enriched way to acquire and control sensorimotor processes with its specific
challenges in the spatiotemporal domain.

In line with its role in adaptive control of skilled movements and motor learning,
and looking at a more detailed view, the cerebellum receives vestibular, sensory
and motor information, which are conveyed from the entire body to the cerebellar
cortex where they converge to Purkinje cells (PC). Organized in a repeating pattern,
PCs receive input signals from two types of fibers. The first type comprises
thousands of weak inputs from the parallel fibers (pf) of the granule cells (GC);
pf relay proprioceptive, somatosensory and vestibular information reaching the
cerebellum via mossy fibers (MFs), originating from several pre-cerebellar nuclei
in the brainstem and spinal cord (Ichikawa et al., 2016). Each PC receives another
dramatically different type of signal: an extremely strong input from a single
climbing fiber (Ichikawa et al., 2016). The climbing fiber serves as a “teaching
signal”, inducing long-lasting changes in the strength of parallel fiber inputs (Marr,
1969; Albus, 1971; Ito, 1989, 2001; Hansel, Linden and D’Angelo, 2001). It ascends
into the cerebellum from the brainstem. Climbing fibers run perpendicular to the
pfs, giving rise to a characteristic crystallin structure (Morton and Bastian, 2004).
Unlike most other neurons in the brain (van Vreeswijk and Sompolinsky, 1996),
PCs produce two different types of spikes: complex spikes and simple spikes
(Welsh et al.,, 1995; Medina and Lisberger, 2008). The complex spikes reflect the
activation of the climbing fibers, whereas the simple spikes can be triggered by
the other main afferent input to the cerebellar cortex, the mossy fiber-parallel fiber
(MF-pf) pathway (Medina and Lisberger, 2008). It has been previously shown that
synaptic plasticity at the parallel fiber afferents of PCs (i.e., at the pf-PC synapse)
crucially contributes to motor learning (Schonewille et al., 2010).

The arrangement of cells in the cerebellar cortex is highly invariant across the
entire structure, making it impossible to subdivide the cerebellum based only on
cortical anatomy. Instead, the cerebellum is divided into distinct functional zones
based on afferent and efferent connectivity (Jansen and Brodal, 1940; Ito, 1984;
Voogd and Glickstein, 1998).
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Based on different behavioral abnormalities that resulted when each region was
lesioned, Fulton and Dow (Botterell and Fulton, 1938, 1938; Dow, 1938) first
proposed three divisions: the vestibulocerebellum, responsible for the vestibular
function (Dow, 1938; Voogd and Barmack, 2006); the spinocerebellum, that
controls locomotion (Botterell and Fulton, 1938, 1938); and the cerebrocerebellum,
that is involved in the voluntary control of body parts (Botterell and Fulton, 1938,
1938).

1.2.1 Cerebellar learning and memory: adaptation

In our daily life, we all subtly benefit from the fine work performed by the cerebellum.
It allows us to fine tune our movements during daily actions in response to
environmental changes, and while executing complicate tasks such as walking,
playing the violin, or painting. The process of producing visual art as in a drawing
or a painting are a paradigmatic case of this type of learning, as it requires a refined
and over-time perfected eye-hand coordination.

As we see here, this structure deals with a procedural type of learning. The type
of memories involved are adaptive, meaning that they constitute a constant
refinement of previous memories; this implies that these memories have to be
flexible for this adaptation to occur.

The cerebellum also exerts control over the flexibility of these behaviors:
cerebellar integrity is critical for trial-and-error adaptation of motor behaviors to
new contexts. One hypothesis for this adaptability of the motor patterns is that
the cerebellum processes sensory inputs and makes immediate alterations of
ongoing movement patterns (Allen and Tsukahara, 1974; Shimansky et al., 2004),
acting as a real-time sensory processing device (Bower, 1997) and modulating
motor responses in a reactive, feedback manner based on sensory perturbations.
An alternative hypothesis is that the cerebellum predicts alterations in the
movements patterns using trial-and-error practice (Thach, Goodkin and Keating,
1992); this is consistent with the cerebellar widespread capacity for plasticity
(Ito, 1989, 2000; Hansel, Linden and D'Angelo, 2001) and the behavioral evidence
that cerebellar damage interferes with many forms of practice-dependent motor
adjustments (McCormick, Steinmetz and Thompson, 1985; Horak and Diener,
1994; Martin et al., 1996; Lang and Bastian, 1999). The reactive or feedback-driven
adaptations differimportantly from predictive adaptations in that they occur more
quickly in response to ongoing afferent feedback (i.e., do not require practice) and
are not stored by the nervous system (i.e., do not produce aftereffects) (Morton
and Bastian, 2006).
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The cerebellum is essential for well-researched and characterized forms of
learning, such as the proper coordination of posture and locomotion (Thach,
Goodkin and Keating, 1992; Welsh et al., 1995) and the adaptation of the VOR
(Raymond, Lisberger and Mauk, 1996). Both the cerebellar circuitry and the learned
behaviors it mediates are more complex than once thought. Appreciating and
linking the complexities of both is bringing us closer than ever to understanding
how specific mechanisms of plasticity contribute to learning.

1.2.1.17 Locomotion

Locomotion is a mechanically demanding task; the cerebellum plays an important
role in the spatiotemporal control of the complex multi-joint movements required
for the coordination of this behavior. To accomplish it, the cerebellum must
synchronize motor signals through projections to the cerebral cortex via thalamus
(Allen and Tsukahara, 1974) and to the spinal cord via the brainstem (Llinas, 1964;
Azim et al., 2014; Esposito, Capelli and Arber, 2014).

When the integrity of the cerebellum and its circuits is perturbed, the motor
output is severely impaired, often resulting in ataxia and dystonia (see Morton and
Bastian, 2004 for a comprehensive review). Several studies have shown that cell
type-specific abnormalities in cerebellar micro circuitry can result in pronounced
impairments in locomotion performance and adaptation as well as interlimb
coordination (Lalonde and Strazielle, 2007; Hoogland et al., 2015; Machado et al.,
2015; Vinueza Veloz et al., 2015; Darmohray et al., 2019).

1.2.1.2 VOR adaptation

Adaptation of compensatory eye movements is one of the most widely studied
forms of cerebellar motor learning and serves to stabilize gaze (Anzai, Kitazawa
and Nagao, 2010; Schonewille et al., 2011; Blair et al., 2013). The VOR stabilizes
images on theretina by causing eye rotation in the opposite direction to head turns.
Motor learning mediated by the cerebellum calibrates the VOR by modifying the
amplitude of the reflex whenever retinal image motion is associated persistently
with head turns (Gonshor and Melvill, 1973; Ito et al., 1974; Miles and Fuller, 1974;
Gauthier and Robinson, 1975). If head turns are paired with image motion in
the same direction as the head turn, then a learned decrease is induced in the
amplitude of the VOR. If head turns are paired with image motion in the opposite
direction from the head turn, then a learned increase is induced in the amplitude
of the VOR (Raymond and Lisberger, 1998). These changes are documented by
computing the gain of the VOR, defined as the ratio of eye movement amplitude
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to head movement amplitude during passive head turns in darkness. Learning in
the VOR is associative: it depends on the pairing of head turns and image motion.

1.2.2 LTP and LTD in the cerebellum: the pf-PC synapse
Accumulating evidence indicates that cerebellar LTP is necessary for procedural
learning. However, little is known about its underlying molecular mechanisms.

As seen above, it is widely believed that LTP- and LTD-type synaptic plasticity
mechanisms act in concert to mediate several types of learning in brain regions
such as the hippocampus, amygdala and cerebral cortex (Malinow and Malenka,
2002; Takahashi, Svoboda and Malinow, 2003; Rumpel et al., 2005; Nedelescu
et al., 2010; Makino and Malinow, 2011; Nabavi, Fox, Alfonso, et al., 2014). For
cerebellar learning, LTD at the pf to PC synapse has historically been considered
the dominant plasticity mechanism (Linden and Connor, 1995; Ito, 2002).
The theory of pf-PC LTD was originally based on models by Marr (1969), later
elaborated by Albus (1971), suggesting that the cerebellar matrix consisting of
parallel fibers and orthogonally oriented climbing fibers is optimally designed for
entraining and modifying PC output. Ito and colleagues (1982) confirmed these
ideas by showing that the combined activation of these two inputs resulted in a
persistent depression of pf-evoked EPSCs in PC (Ito, 1982; Linden and Connor,
1995). Their findings indicated that induction of LTD during visuo-vestibular
training could persistently modify the gain and phase of the simple spike activity
of the floccular PC that drive the VOR (Nagao, 1989).

Previous studies proposed a role for cerebellar LTP in the context of bidirectional
gain modulation (Boyden et al., 2006). This work suggested that gain-down
modulation of the eye movements might require pf-PC LTP, and conversely, gain-
up modulation would require LTD. The possible role of LTP at the pf to PC synapse
in cerebellar motor learning has been also suggested by various other cell-
specific mouse mutant studies (Andreescu et al., 2005; Schonewille et al., 2010;
Peter et al.,, 2016). However, these studies tackled more upstream PC processes,
which involved the nuclear estrogen receptor, cytosolic protein phosphatase
calcineurin and subsynaptic protein shank2, and as a consequence they suffered
from various side-effects that prevented definitive conclusions (Gao et al.,, 2012).
Regarding the induction of this long-term synaptic strength changes, at the
cerebellar pf synapses onto PCs, LTD induction was shown to be PKCa (Leitges et
al., 2004), cGKI (Feil et al.,, 2003) and a/BCaMKIl dependent (Hansel et al., 2006;
van Woerden et al., 2009), whereas LTP requires the activation of PP1, PP2A, and
calcineurin (Belmeguenai and Hansel, 2005).
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The potential correlation between LTD induction and cerebellar motor learning was
subsequently supported by a series of studies in mouse mutants in which both
processes were affected concomitantly (Alba et al., 1994; Kim and Thompson,
1997; De Zeeuw et al.,, 1998; Feil et al., 2003; Koekkoek et al., 2003; Boyden et
al., 2006). Still, these studies were not conclusive. Pharmacological blocking of
LTD did not affect another type of cerebellar motor learning, namely eyeblink
conditioning (Welsh et al., 2005). Besides that, training without instructive signals
from the climbing fibers partially allowed VOR adaptation (Ke, Guo and Raymond,
2009). Although the simple spike suppression observed at early stages of some
forms of motor learning in-vivo may suggest LTD occurrence (Yang and Lisberger,
2014; ten Brinke et al.,, 2015), an increasing amount of studies suggest that LTD
is not a strict requisite for motor learning (Schonewille et al., 2011; Hesslow et
al., 2013). In fact, a recent paper by Boele and colleagues (Boele et al., 2018)
showed that actually only a concurrent disruption of pf-PC LTD and molecular
layer interneurons-PC feed-forward inhibition could affect cerebellar-dependent
adaptation (in the case of this study, eyeblink conditioning). In this sense, it rejects
the idea that a single form of neural plasticity is essential and sufficient, and it
supports the notion that synaptic and intrinsic plasticity synergistically contribute
to form a temporal memory in the cerebellum (Gao, van Beugen and De Zeeuw,
2012), highlighting that both processes can compensate for each other’s deficits.

1.3 The Hippocampus

The ability to learn spatial relationships and to modify stored representations
when the world changes is essential for survival (Anderson, Grossrubatscher and
Frank, 2014). Declarative or explicit memories, the conscious memories of facts
and events, are mediated by the hippocampal memory system. This structure is
widely known as crucial for the generation of new declarative long-term memories
(Abel and Nguyen, 2008). It also has long been known to be involved in higher
order cognitive functions, most notably memory formation and spatial navigation
(Milner and Scoville, 1957; O'Keefe and Dostrovsky, 1971). It constitutes only a
fraction of the cortical areas, and it has a relatively organized structure, receiving
input from and sending information back to multimodal associational cortical
areas (Acsady and Kali, 2007).

As with many brain regions, the hippocampus is highly interconnected (Amaral
and Witter, 1995). These connections include a large number of feed-forward
connections, which begin with a projection from the entorhinal cortex to all of the
hippocampal subdivisions. Information also propagates along multiple internal
pathways, including the Mossy fibers of the dentate gyrus that project to areas
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CA2 and CA3, and the Schaffer collaterals from area CA3 to area CA1. In addition,
there are a number of recurrent networks within the hippocampal circuit (Yang et
al., 2014).

The hippocampal regions, which differ in their connectivity with subcortical
structures (Amaral and Witter, 1995), also vary along the dorsoventral axis.
Most studies of the rodent hippocampus have focused on the more physically
accessible dorsal region, which is noted for neurons that represent specific
locations in space (‘place cells”) and is thought to be important for spatial
navigation and memories involving spatial context. In contrast, the less-studied
intermediate and ventral hippocampus may play an important role in anxiety and
emotional memories (Fanselow and Dong, 2010).

1.3.1 Hippocampal learning and memory: encoding and retrieval

The brain has an impressive storage capacity for declarative episodic memories;
with hundreds of new experiences encoded every day, years later we may still
be able to retrieve details of some of those experiences. The ability to store
large numbers of experiences with minimal interference is thought to depend
on neural network properties of the hippocampus, which can be described as
an autoassociative network with strong intrinsic connectivity (D. and Skey, 1971;
McNaughton and Morris, 1987; Treves and Rolls, 1994).

The contribution of hippocampal circuits to high-capacity episodic memoryis often
attributed to the large number of orthogonal activity patterns that may be stored
in these networks (Alme et al., 2014). With these orthogonalizing representations,
hippocampal networks are thought not only to minimize interference but also to
maximize the number of experiences that can be stored in the same network.
Memories are stored in this network by strengthening connections between
cells that were active at the encoding stage. These cells are then thought to
be reactivated during memory retrieval following stimulation of a subset of the
ensemble (Alme et al., 2014).

At the synapse level, protein phosphatases are required for postsynaptic LTD
induction at the excitatory synapses of the hippocampal neurons, whereas
kinases are required for postsynaptic LTP induction (Mulkey, Herron and Malenka,
1993; Lisman and Zhabotinsky, 20017). In this region, protein phosphatase 1
(PP1), the activity state of which is indirectly controlled by calcium/calmodulin-
activated protein phosphatase 2B (calcineurin or PP2B), has been suggested
to act in concert with the a isoform of calcium/calmodulin-dependent kinase |l

22 Chapter 1



(aCaMKIll) to provide a molecular switch regulating the phosphorylation state of
AMPA receptors (Lisman and Zhabotinsky, 2001; Malleret et al., 2001).

1.3.2 Arousal and stress

Norepinephrine (NE), also known as noradrenaline, is the neurotransmitter on the
basis of the noradrenergic system. Its general function is to mobilize the brain and
body for action, regulating neuronal activity and promoting long-term memory
changes through the modulation of synaptic plasticity and memory consolidation.
NE plays an essential role in the regulation of arousal, attention, cognitive function
and stress reactions. It also functions peripherally, as a hormone, as a part of the
sympathetic nervous system, in the “fight or flight” response (Hussain and Maani,
2019).

During emotional events and states of heightened arousal, NE release reaches
high levels. NE can either be released from the presynaptic terminal to the
synaptic cleft via exocytosis, or convert to epinephrine (E) in neurons that contain
the enzyme phenylethanolamine-N-methyl transferase (Hussain and Maani,
2019). Both NE and E bind to three classes of adrenergic receptors, the al, the
a2, and the B adrenergic receptors (B-AR) (Hein, 2006; Gelinas and Nguyen, 2007).

B-AR signalinghaslongbeen consideredto playacrucial role in memory processing
(Bouret and Sara, 2005; Tronson and Taylor, 2007; Otis, Fitzgerald and Mueller,
2013; Hagena, Hansen and Manahan-Vaughan, 2016). It is well known that B-AR
activation by NE primes an increase in neuronal membrane excitability, leading to
arise in intracellular cyclic adenosine monophosphate (CAMP) levels through the
activation of adenylyl cyclases, in a PKA-dependent manner (Cahill et al., 1994,
Hu et al., 2007; Mueller, Porter and Quirk, 2008; Sara, 2009). It has been shown
that B-ARs significantly modulate LTP in the hippocampus (Thomas et al., 1996;
Gelinas et al., 2008) and modulation of LTP by B-AR likely represents a cellular
mechanism for the storage of emotionally arousing events. In fact, recent studies
have provided a clue to the mechanisms that underlie hippocampus involvement
in emotional memory by pointing out a potential role of B-AR as a switch that
selectively promotes synaptic plasticity in this structure (Papaleonidopoulos and
Papatheodoropoulos, 2018).

1.4 Alzheimer’s disease

Alzheimer’s disease (AD) is a chronic neurodegenerative disease. Patients with
AD display progressive dementia, with cognitive decline and memory impairment
(Terry et al., 1991; Brown et al., 1998; Selkoe, 2002; Coleman, Federoff and Kurlan,
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2004; Scheff et al., 2006). Synaptic perturbations, and neuronal degeneration and
loss are considered to be the best correlate of AD-dementia (Price, 1986; DeKosky
and Scheff, 1990; Terry et al., 1991; Sze et al., 1997; Price and Sisodia, 1998).

AD is characterized by the presence of intraneuronal neurofibrillary tangles and
extracellular deposits in plaques of B amyloid (AB), a small peptide with a high
propensity to form aggregates. Though the exact causes of AD have remained
unclear, the amyloid hypothesis, first proposed more than 30 years ago (Glenner
and Wong, 1984), has steadily received increasing support (Beyreuther and
Masters, 1991; Selkoe, 1991, 2011; Hardy and Higgins, 1992; Sisodia and Price,
1995) (for views against this hypothesis, see Marx, 1992; Oda et al., 1994, 1995).
The amyloid hypothesis proposes that build-up of AB is crucial to the pathogenesis
of the disease (Selkoe, 2000). The potential neurotoxicity of AB, as well as the
damaging effects on neuronal function of the accumulation of excessive amounts
of this peptide, have been shown extensively (Yankner, Duffy and Kirschner, 1990;
Pike et al, 1991, 1993). Through the use of neuronal preparations with AB in
various aggregate states, it has been shown that it elicits electrophysiological
changes (Cullen et al., 1997; Freir, Holscher and Herron, 2007; Kim et al., 2007;
Stéphan, Laroche and Davis, 2001). Transgenic expression of human genes linked
to elevated AB1-42 (one of the forms of AB) has resulted in mice that exhibit
certain AD-like molecular, cellular, and behavioral phenotypes (Hsiao et al., 1995,
1996; Moran et al., 1995).

Evidence suggests that synapse degeneration starts at the dendritic spine level
(Harris and Kater, 1994; Carlisle and Kennedy, 2005; Segal, 2005), though it's
likely that AD dementia starts even before loss of synapses by spine changes. In
both AD patients and transgenic mouse AD models, a decrease in spine density
has been observed (Ferrer and Gullotta, 1990; Moolman et al., 2004; Spires et al.,
2005; Jacobsen et al., 2006).

Evenwiththisevidence,it's stillunknown how exactly AR participatesinthe cascade
of cellular events that results in progressive cognitive decline in AD patients. It
has been shown that neuronal activity modulates the formation and secretion
of AB peptides in hippocampal slice neurons that overexpress APP, a precursor
for AR (Kamenetz, Tomita, Hsieh, Seabrook, Borchelt, Iwatsubo, Sisodia, Malinow,
et al., 2003). Besides that, AR seems to selectively depress excitatory synaptic
transmission onto neurons that overexpress APP as well as nearby neurons
that do not. Interestingly, this synaptic depression depends on NMDAR activity
(Kamenetz, Tomita, Hsieh, Seabrook, Borchelt, Iwatsubo, Sisodia, Malinow, et al.,
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2003; Shankar et al.,, 2007; Lu et al.,, 2011; Kessels, Nabavi and Malinow, 2013)
and can be reversed by blockade of neuronal activity (Kamenetz, Tomita, Hsieh,
Seabrook, Borchelt, Iwatsubo, Sisodia and Malinow, 2003). Moreover, the NMDAR-
dependent synaptic depression triggered by AB oligomers happens through the
removal of AMPARs and NMDARs from synapses (Snyder et al., 2005; Nabavi et
al., 2013). A blockade of AMPAR endocytosis prevents depletion of NMDARs and
a loss of spines (Hsieh et al., 2007; D. Miyamoto et al., 2016), suggesting that the
removal of AMPARs from synapses is critical for this pathway to induce synaptic
failure.

1.5 Scope of this thesis

In this thesis, we aim at exploring the roles of the GIuUA3 AMPA receptor subunit
in the cerebellum and in the hippocampus, as well as its role in Alzheimer’s
disease. Departing from these concepts, we raise the questions we set to answer,
establishing the scope of this thesis. After this, the experimental chapters that
form this thesis are presented. Lastly, we engage in a discussion where we aim
to answer relevant questions and argue about pertinent topics arised throughout
the thesis.

In Chapter 2, we review the most relevant issues regarding the cerebellum and its
role in locomotion. We look into neuro-anatomical studies, clinical reports and cell-
specific rodent studies to describe the modules and the relevant networks that
take partinthe act of locomotion. Lastly we discuss the significance of locomotion
control in highlighting the modular organization of the spinocerebellum, and how
it contrasts beautifully with that of the vestibulocerebellum, which controls VOR
adaptation.

In Chapter 3, we follow this lead and shift to VOR adaptation. Here, we explore
the impact of different manipulations at the GC level of the cerebellum in this
cerebellum-dependent task. We show that there’'s no impact on VOR adaptation
for these manipulations, strengthening the idea proposed before that a minority
of functionally intact GCs is sufficient for the maintenance of basic motor
performance, and extending this idea that these might also be enough for some
level of adaptation.

In Chapter 4, we show that adaptation of the VOR is dependent on GluA3-containing
AMPARs in PCs of the cerebellum. We also demonstrate that the induction and
expression of LTP at the pf-PC synapse is triggered by a rise in cAMP through
Epac-mediated activation of postsynaptic GluA3-containing AMPARs, and that
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this process involves a change in conductance and open probability of the GIuA3
subunit channel.

In Chapter 5, we report on the physiological function of a newly identified form
of hippocampus synaptic plasticity in the CA1 region, dependent of GIuA3-
containing AMPARs. We show that these GluA3-dependent currents are low under
basal conditions, but get increased by B-AR activation during arousal. We propose
that GluA3-plasticity in the hippocampus regulates memory retrieval.

In Chapter 6, we reveal that GluA3-containing AMPARs play a crucial role in the AB-
mediated deficits exhibited by Alzheimer’s disease. We show that the expression
of amyloid-B-mediated synaptic and cognitive deficits require the presence of
GIuAS.

In Chapter 7, we expand on the findings described in Chapter 6 and show that
oligomeric AB-driven synaptic depression and spine loss in AD critically depend
on protein interactions at the PDZ-binding domain in the GIuAS3 c-tail. We conclude
that oligomeric AR causes cognitive decline by corrupting the trafficking of
synaptic GluA3-containing AMPARSs.

Finally, the main conclusions of this thesis are thoroughly exposed and discussed
in Chapter 8.

26 Chapter 1



General introduction

27






Chapter 2

Cerebellar Modules and
Networks Involved in
Locomotion Control

Carla da Silva Matos™, Maria Fernanda Vinueza Veloz?, Tom J. H. Ruigrok? and
Chris I. De Zeeuw'?

" Netherlands Institute for Neuroscience, Royal Netherlands Academy of Arts &
Sciences, Amsterdam, The Netherlands
> Dept. of Neuroscience, Erasmus MC, Rotterdam, The Netherlands

* These authors contributed equally to this work.

Correspondence should be addressed to CIDZ (c.dezeeuw@erasmusmec.nl).



ABSTRACT

Modern neuroscience is paving the way for new insight into cerebellar functions
including the control of cognitive, autonomic and emotional processes. Yet, how
the cerebellum coordinates basic motor behavior such as locomotion is still only
partly understood. Here, we will review the role of the cerebellum in locomotion
from the perspective of neuro-anatomical and clinical reports as well as cell-
specific rodent studies. Evidence has been emerging that different modules and
networks exert synergistic roles in the preparation, performance, adaptation
and consolidation of locomotion, highlighting their contribution to interlimb
coordination and the accuracy, efficiency and regularity of locomotion patterns.




INTRODUCTION

Whereas the cerebellum does not initiate movement, it does facilitate the
acquisition and performance of well-timed, smooth and efficient movements
aimed at a specific target in space and/or proper coordination with respect to other
body parts. Accordingly, typical signs of cerebellar dysfunction include deficits in
the acquisition and performance of such movements. In the initial stages of mild
cerebellar disease, deficits are predominantly reflected in the inability to adapt
the amplitude and timing of movements to new environmental challenges or to
acquire new associative motor behaviors. However, when cerebellar degeneration
progresses, performance deficits emerge, often leading to full-blown ataxia (De
Zeeuw et al,, 2011). The name ataxia literally means “without order” and highlights
the robust coordination deficits of this disorder, while setting it apart from the
inability to move (paralysis), a disorder occurring in non-cerebellar diseases such
as amyotrophic lateral sclerosis or stroke of the cerebral motor cortex.

Modular organization: evidence from neuro-anatomical and clinical
studies

The cerebellar cortex can be divided into distinct functional sagittal zones
identified by their specific afferent and efferent connections (Voogd and
Glickstein, 1998). Each zone of cerebellar Purkinje-cells projects to a specific
cerebellar or vestibular nucleus, which in turn inhibits the olivary subnucleus that
provides the climbing fibers to the Purkinje-cells of the corresponding zone (De
Zeeuw et al,, 2011). These topographically organized triangular loops are referred
to as olivocerebellar modules.

Lesion studies of the cerebellum or inferior olive in mammals suggest that most,
if not all, modules are involved in locomotion, but probably each in a specific
way. The medial zones of the cerebellum (A, B) regulate posture and balance
by controlling extensor tone and modulate related rhythmic muscular activity
by controlling spinal interneurons (Mori et al.,, 1999; Pijpers et al.,, 2008; Horn
et al., 2010). By contrast, the intermediate zones (C1 to C3) are more relevant
for controlling the trajectory, reflexes, timing and amplitude of limb movements
(Chambers and Sprague, 1955; Yu and Eidelberg, 1983). Similarly, the lateral
zones (D1 and D2) also play a minimal role in controlling balance and undisturbed
walking, but seem to be involved in the adaptation of locomotion patterns to
unusual and complex circumstances, especially when visual guidance is needed
(Thach et al., 1992; Aoki et al,, 2013). Indeed, retrograde transneuronal tracer
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studies show that multiple modules are involved in the control of individual
hindlimb muscles (Fig. 1; Ruigrok et al., 2008).

Clinical studies of cerebellar patients suffering from focal lesions following stroke
or resection of tumors also indicate that all olivocerebellar modules contribute to
locomotion in specific ways. Here, 100, lesions in the medial zones affect balance,
posture and undisturbed gait, whereas those in the intermediate and lateral zones
deregulate leg placement and interlimb coordination as well as planning and gait
adaptation to demanding circumstances (Schoch et al., 2006; Morton and Bastian,
2007; llg et al., 2008). Moreover, similar to animal studies, lesions affecting the
cerebellar nuclei in humans are more difficult to compensate for than lesions
affecting solely the cerebellar cortex (Morton and Bastian, 2004; Konczak et al.,
2005; Schoch et al., 2006). Together, the cerebellar cortex and nuclei may act as
an internal model of the motor apparatus, allowing sensorimotor predictions of
body state in the future following particular motor commands (Wolpert et al.,
1995; Bastian, 2006).

Network organization: evidence from cell-specific rodent studies

The cerebellar cortexis a continuous sheet of repeated networks of neurons folded
into folia. Its most remarkable structural feature is the orthogonal arrangement
of many of its cells and afferents. The dendrites and axons of Purkinje-cells,
axons of molecular layer interneurons, ascending axons of granule-cells, dendritic
domains of Golgi-cells as well as the climbing-fibers and Bergmann glia-sheaths
are all predominantly oriented in sagittal planes, whereas the parallel-fibers
originating from the ascending granule cell axons are orthogonally oriented in a
medio-lateral direction (De Zeeuw et al, 2011). In this respect, the mossy-fibers
exhibit a somewhat ambiguous distribution in that they can show sagittally
oriented input patterning as occurs in large parts of the anterior lobe, whereas
in other parts they traverse multiple modules (Gao et al., 2012). Interestingly, the
sagittally oriented mossy-fiber inputs also entail some of the areas involved in
locomotion, such as those receiving input from the spinal cord and dorsal column
nuclei (Gerrits et al., 1985).

The Purkinje-cells are most critical for operations at the network level of the
cerebellar cortex; deleting these cells in rodents leads to irregular and smaller
movements of the limbs just like those of other body parts such as the eyes
(De Zeeuw et al.,, 2011; Vinueza Veloz et al., 2014). Their climbing-fiber input has
been suggested to carry an error signal affecting the strength of their parallel-
fiber inputs (Marr, 1969; Albus, 1971). With regard to adaptation of locomotion
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Figure 1. Multiple cerebellar modules are involved in the control of single hindlimb muscles. a1, b1
Injection of the retrogradely and transneuronally transported rabies virus into either the gastrocnemius
(GC) or anterior tibial (TA) muscles of the rat resulted in zonal labeling of vermal Purkinje cells after
five days survival time. a2, b2 These zones adhered to the zebrin pattern as demonstrated in a plot of
the anterior lobe based on ten superposed double labeled sections. This enabled identification of the
labeled zones. Note that virtually all rabies-labeled cells are zebrin-negative. Minor differences exist
between patterns resulting from GC and TA injections. Yellow dots, rabies-labeled Purkinje cells; grey
dots, zebrin-positive cells; red dots, double labeled cells. ¢,d Lengthening the survival time to allow
for a single more transsynaptic passage also labeled Purkinje cells in the paravermis (arrows) and
hemispheres (arrowheads). I, IV, V, vermal lobules; SL, simple lobule; star, injected side; stippled lines
indicate approximate lateral border of vermis and paravermis; scale bar: 500 um. Adapted from Ruigrok
et al., 2008.
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patterns, intrinsic plasticity of Purkinje-cells and long-term potentiation (LTP), but
not long-term depression (LTD), of the parallel fiber-Purkinje-cell synapse appear
to be essential (Schonewille et al, 2011; Vinueza Veloz et al., 2014). Moreover,
processing at the level of the interneurons in both the granular layer and molecular
layer also appears to contribute to gaiting patterns, albeit less prominently and
predominantly during demanding tasks (Galliano et al.,, 2013; Vinueza Veloz et
al,, 2014). Likewise, electrotonic coupling of neurons in the inferior olive is also
critical for fast modification of locomotion reflexes (Van Der Giessen et al., 2008).
Thus, although Purkinje-cells and their potentiation are most critical for generating
accurate, efficient, and consistent walking patterns, their input structures also all
play a relevant role; and this role is most prominent during interlimb coordination
and obstacle crossings (Stroobants et al., 2013; Vinueza Veloz et al., 2014). Indeed,
the cerebellar networks operate in a distributed synergistic fashion allowing for
ample possibilities of compensation (Gao et al,, 2012).
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ABSTRACT

Cerebellar granule cells are known to play a pivotal role in cerebellar learning. They
form the input layer of the cerebellum and supply Purkinje cells with the contextual
information necessary for motor learning. Several genetic manipulations targeting
the granule cells of the cerebellum have been screened for their role in cerebellar
learning. While mouse lines with a clear phenotype are regularly reported
in the literature, others in which a clear phenotype is absent remain for most
part unpublished. This publication bias may potentially skew the conclusions
drawn from the body of published data. Here, we report five transgenic mouse
models targeting the cerebellum, specifically granule cell function, that show no
significant effect on vestibulo-ocular reflex adaptation, a cerebellar motor learning
paradigm. These results place previous reported experiments in a different light,
providing support to the notion that non-significant results play a crucial role in
understanding and interpreting significant experiments and should be seen as
equally publishable.




1. INTRODUCTION

Based upon the neuron count, the cerebellum is the largest sensorimotor structure
in the brain, participating in both motor and non-motor domains. It is extensively
connected with other brain structures, namely the brainstem and spinal cord,
and projects to and from limbic regions including the amygdala, hypothalamus,
prefrontal cortex and periaqueductal grey (Anand, Malhotra, Singh, & Dua, 2017;
Snider & Maiti, 1976). Its highly homogenous neuronal circuitry and crystalline-
like anatomical cytoarchitecture, as well as the fact that these are built from a
small number of cell types, makes the cerebellum an attractive system to study
fundamental principles of neural development, organization, function and disease
(Eccles, 1970; Herrup & Kuemerle, 1997; Ito, 1984; Ramdn y Cajal, 1911; Sillitoe &
Joyner, 2007; Wang & Zoghbi, 2001). A summarized schematic representation of
cerebellar organization is presented in Figure 1.

The cerebellar granule cell (GC) is a major cell type, accounting for as many as
half of all neurons in the central nervous system (CNS) (Fox & Barnard, 1957).
Cerebellar GCs are known to play a pivotal role in cerebellar learning. Receiving
input from mossy fiber afferents, they form the input layer of the cerebellum and
supply Purkinje cells with contextual information necessary for motor learning
(Galliano et al., 2013; Gao et al., 2012; Giovannucci et al., 2017; Hansel, Linden, &
D'Angelo, 20071; Mapelli, Gandolfi, Vilella, Zoli, & Bigiani, 2016).

Classical theories of cerebellar function emphasize that the pattern of GC
connectivity and their presence in a staggering number in the cerebellar cortex
makes the GCs perfectly suited to produce high-dimensional representations, in
which each sensorimotor-context is encoded by a unique pattern of activity in
the GC population and a slight change in context strongly alters the pattern of
activity. Marr and Albus hypothesized that GCs are sparse coding — in which the
fraction of active neurons is low at any one time — which facilitates cerebellar
learning (Marr, 1969; Albus, 1971; see also Schweighofer, Doya and Lay, 2001 for
theoretical work on this topic).

Vestibulo-ocular reflex (VOR) adaptation is a particularly well-characterized
cerebellum-dependent learning task. The VOR evokes eye movements in the
direction opposite to head movement, thus serving to continuously stabilize
vision relative to space with the purpose of reducing the slip of visual images on
the retina (Ito, 1998; Killian & Baker, 2002; Voogd & Barmack, 2006). Because of
its involvement in motor-coordination mechanisms, control of the VOR has been
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regarded as a characteristic feature of cerebellar function and extensively used
as a model system for studying cerebellar operation and plasticity (Ito, 1998)

In various mouse models, genetic manipulations have been studied that target,
directly orindirectly, GC function and plasticity and their particular role in cerebellar
learning. Galliano et al. provided evidence that only a fraction of functionally
intact GCs is sufficient for the maintenance of basic motor performance, whereas
acquisition and stabilization of sophisticated motor memories requires higher
numbers of healthy GCs, controlling PC firing (Galliano et al., 2013). On the other
hand, Seja and colleagues pointed to a specific role for GCs in the consolidation
of phase-reversal learning learning of the VOR, a paradigm in which the VOR
is extensively adapted until it reverses direction. They showed that ablation of
Kcc2 from GCs impaired consolidation of long-term VOR phase-reversal learning,
whereas baseline performance, short-term gain-decrease learning and gain
consolidation remained intact (Seja et al., 2012).

The published mouse models described above are typical examples of genetic
perturbations that produce a behavioral phenotype concerning cerebellum-
dependent motor adaptation. We tested several additional transgenic mouse lines,
however, which showed no clear phenotype. Publication-bias towards positive
results is notorious in the scientific literature, and a potential snag for correct
interpretation of the whole body of literature on cerebellar motor adaptation. In
this article, we therefore report on five transgenic mouse models that showed no
effect on cerebellar adaptation. These models are either GC-specific (Gabra6-cre)
knockouts for NeuroD1, Mpp3, and Gabrg?2, or global, with an expected impact
on cerebellar plasticity: a global knockout for MDGAT and a global knockin of
Gabrg?2 with a disabling point mutation. A summary of these mouse models that
include description, role and (possible) effect is presented in Table 1. A schematic
representation of their targets in the cerebellar anatomy is depicted in Figure 1.
After a brief description of each transgenic mouse model, we present the results
regarding performance and adaptation of the VOR, and we compare these models
with GC manipulation models published previously, discussing the possible
implications and limitations.

Transgenic mouse models

Granule cell specific knockout mice were generated using cre-expression under
the promotor for the GABA-A receptor subunit alpha 6 (Gabra6°¢), which is
selectively expressed in cerebellar granule cells and cochlea nuclei (Aller et al.,
2003; Laurie, Seeburg, & Wisden, 1992; Varecka, Wu, Rotter, & Frostholm, 1994).
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NeuroD1 [Gabra6ce/NeuroD1'9/1o"] is g conditional knockout mouse model of the
NeuroD1/Beta? transcription factor, a transcriptional factor that plays a role in the
development of the cerebellum (Chae, Stein, & Lee, 2004; Cho & Tsai, 2006; J.-K.
Lee et al., 2000). Knocking-out this gene leads to the inactivation of the NeuroD1
gene in post-migratory cerebellar GCs and a subset of brainstem nuclei (Goebbels
et al,, 2005). Differences in NeuroD1 expression correlate with the regulation of
proliferative activity and GC laminar distribution within the cerebellum of different
species (D’Amico, Boujard, & Coumailleau, 2013). In the mouse, at post-natal
stages, NeuroD1 was clearly detected in both external and internal granular layers
of the cerebellum, and the internal granular layer expression was shown to stably
persist until adulthood (Goebbels et al., 2006; J.-K. Lee et al., 2000; Miyata, Maeda,
& Lee, 1999; Schwab et al,, 2000; Yokoyama et al., 1996).

Mpp3 [Gabra6e/ Mpp3'>1>F] is a GC-specific Mpp3 knockout mouse model.
MPP3 is highly expressed by cerebellar GCs. In the retina, Mpp3 has a role in
the maintenance of retinal integrity by regulation of cell adhesion between
photoreceptors and Miiller glia cells, and has been proposed as a functional
candidate gene for inherited retinal degenerations (Kantardzhieva, Alexeeva,
Versteeg, & Wijnholds, 2006). Global Mpp3 removal results in a loss of the apical
protein complex and disruption of adherens junctions, cell migration and layering
patterns (Cappello et al., 2006; Dudok, Sanz, Lundvig, & Wijnholds, 2013; Imai et al.,
2006; Kadowaki et al.,, 2007). Aberrant migration or connectivity of interneurons
is associated with a number of neurodevelopmental disorders, such as autism,
schizophrenia, and mental retardation (Di Cristo, 2007; Levitt, 2005; Rossignol,
2017).

ab-gamma? [Gabra6®¢/ Gabrg2'o/>f] is a GC-specific knockout of the GABA(A)
receptor y2 subunit, and GABA point mutation [Gabrg2"%%%’f] is a global knock-in
of a point-mutated GABA(A) receptor y2 subunit, in which two tyrosine residues
(Y365/7) are mutated. The y2 subunit negatively regulates endocytosis of
GABA(A) receptors and enhances synaptic inhibition (Jurd & Moss, 2010),
hence mutation of these residues results in aberrant synaptic GABA(A) receptor
trafficking. Alterations in the number and/or function of GABA(A) receptors can
have significant effects on memory and cognition (Jurd and Moss, 2010), and
GABA(A) receptor y2 subunits are reportedly reduced in subjects with autism
(Fatemi et al.,, 2014). GABA(A) receptors that contain a y2 subunit (in association
with al, a2 or a3 subunits) are the predominant subtypes that mediate phasic
synaptic inhibition (Farrant & Nusser, 2005; Wu et al., 2013). One important
function of phasic inhibition is the generation of rhythmic activities in neuronal
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networks (Farrant & Nusser, 2005). The induction of rebound potentiation, a
cerebellar plasticity mechanism that contributes to motor learning, is dependent
on GABA(A) receptors (Hirano, Yamazaki, & Nakamura, 2016). The inhibition of
GCs by the Golgi-cells, involved in the process through which the Golgi-cells exert
an extensive control on spatio-temporal signal organization and information
storage in the granular layer playing a critical role for cerebellar computation, is
done via GABA(A) receptor (D'’Angelo, 2008; Yaeger & Trussell, 2015).

Table 1. Transgenic mouse models

Transgenic mouse model

Description

Role of its main target

Effects of ko/ki

NeuroD1
[Gabra6“/ NeuroD1'*"o]

GABA(A) receptor a6 subunit
promoter conditional NeuroD1/
Beta2 knockout

NeuroD1/Beta2 is a transcription
factor that plays critical roles

in the development of the
cerebellum.

Efficient inactivation of the
NeuroD1 gene in post-migratory
cerebellar GCs and a subset of
brainstem nuclei. Possible effect
on GC maturation.

Mpp3
[Gabra6/ Mpp3°®o?]

GABA(A) receptor a6 subunit
promoter conditional Mpp3
knockout

Mpp3 is a member of a family of
membrane-associated proteins
termed MAGUKs (membrane-
associated guanylate kinase
homologs). MAGUKs interact
with the cytoskeleton and
regulate cell proliferation,
signaling pathways, and
intracellular junctions.

Disruption of the apical protein
complex and adherents’
junctions, cell migration and
layering patterns in the GC layer.

GABA point mutation Global knockin of point- y2 subunit is involved in the (Possible) Ablation of the
[Gabrg2"%5/7F] mutated GABA(A) receptory2 | phospho-dependent GABAAR rebound potentiation (a type of
subunit membrane trafficking and inhibitory long-term potentiation

receptor number at inhibitory [iLTP] of Purkinje cells) through
synapses, critically shaping the disruption of the regulation
neuronal activity by requlating | of synaptic GABAARs via
the cell surface accumulation of | signaling pathways that lead
GABAARs at inhibitory synapses | to the activation of Fyn kinase /
and consequently the efficacy of | CaMKII pathway.
synaptic inhibition.

a6-gamma2 GABA(A) receptor a6 subunit Same as above, conditional Elimination of GC phasic

[Gabra6“/ Ga brgzloxP/lnxP]

promoter conditional GABA(A)
receptor y2 subunit knockout

to GGs.

inhibition (the y2 subunit is
required to target the receptors to
the postsynaptic membrane).

MDGA1 Global knockout of Mdgat1 MDGAT is a negative regulator of | Unimpeded binding between
[Mdga1”] inhibitory synapse development. | neuroligin-2 and neurexin,
facilitating inhibitory synapse
formation.
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MDGA1 [Mdga1”]is a global knockout mouse model of MDGAT, a gene implicated
in the formation of neural networks and essential for neural cell migration and
axon guidance (Takeuchi, Hamasaki, Litwack, & O’Leary, 2007; Takeuchi & O’Leary,
2006). MDGAT1 is strongly expressed in the cerebellum (Lein et al., 2006; Litwack,
Babey, Buser, Gesemann, & O’Leary, 2004), specifically in the GC layer (H.-K. Lee,
2012) though some studies show expression confined to the Purkinje cell layer
(for this see https://www.proteinatlas.org/ENSG00000112139-MDGA1/tissue/
cerebellum). This gene is also associated with autism (Pettem, Yokomaku,
Takahashi, Ge, & Craig, 2013) and schizophrenia (Song, Kim, Kim, Choi, & Lee,
2012), the latter a condition well known to be associated with cerebellar
abnormalities (Yeganeh-Doost, Gruber, Falkai, & Schmitt, 2011), and in particular
with GC abnormalities. MDGAT binds neuroligin-2 at the inhibitory synapses, and
interferes with the interaction of neuroligin and neurexin, stopping inhibitory
synapse development (Kim et al,, 2017). RNAi-mediated knockdown of MDGA1
selectively increases inhibitory but not excitatory synapse density, identifying
MDGAT as one of few known negative regulators of synapse development with a
unique selectivity for inhibitory synapses (Pettem et al., 2013)

GABA point mutation

stellate cell

parallel fibers RP( ’

MDGA1

a6-NeuroD1 ‘ ‘
granule Purkinje cell
cells MDGA1?

’ climbing
fiber
input

golgi cell
|
| k

|— excitatory

synapses . J_ . :
Jl—— inhibitory pontine inferior

synapses nuclei cerebellar olivary

nuclei complex

Figure 1. Cerebellar anatomy and schematic representation of the transgenic mouse models and
its targets.
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2. MATERIALS AND METHODS

2.1. Animals

Inbred breeding colonies were used to obtain the experimental mice. Male adult
mice were selected from these colonies. MDGA1 global knockout (KO) mice
[Mdga17], kindly provided by Dr. David Ginty, were generated as described before
(Ishikawa et al., 2011) and maintained on a C57BL/6 background. NeuroD1 GC
conditional knockout (CKO) mice [Gabra6°e/NeuroD1'o®®] were generated
by crossing the floxed Neurod line (Goebbels et al,, 2005), kindly provided by
Dr. Goebbels, with the Gabra6-cre line (Finfschilling & Reichardt, 2002). GABA-
gamma2-Y365/7F, a global knockin of point-mutated GABA(A) receptor y2
subunit [Gabrg2'3%%7F] mouse, was kindly provided by Dr. Trevor Smart and Dr.
Stephen Moss, and was generated as previously described (Tretter et al., 2009).
A6cre-gamma?2, a conditional GC-specific of the GABA-A y2 subunit knockout
[Gabra6°e/Gabrg2>*>?]was kindly provided by Dr. Mark Farrant, Dr. William
Wisden and Dr. Peer Wulff, and were generated by crossing a Gabra6-cre line
with the y2/77lox, as described before (Aller et al., 2003). Mpp3 GC conditional
knockout mice [Gabra6ee/Mpp3'>*/>F] were generated by crossing a Gabra6-cre
line (Finfschilling & Reichardt, 2002) with the floxed Mpp3 line (Dudok et al,
2013), and were maintained on a C57BL/6 background. Mice were kept on a 12-
hour light/12-hour dark cycle and had ad libitum access to food and water.

2.2. Animal preparation and experimental setup

Mice were tested in two different labs: one located at the department of
neuroscience at the Erasmus MC University, Rotterdam, The Netherlands, the other
inthe Motionlab located at the department of cerebellar coordination and cognition
at the Netherlands Institute for Neuroscience, Amsterdam, The Netherlands. Mice
were surgically prepared for chronic head restrained experiments by attaching
an immobilizing construct (pedestal) on their skulls. The specifics of the surgical
procedures were as described before (de Jeu & De Zeeuw, 2012; Gutierrez-
Castellanos, Winkelman, Tolosa-Rodriguez, De Gruijl, & De Zeeuw, 2013). In short,
mice were anaesthetized using isoflurane (initiation 4%, maintenance 2%, with
02), the skin covering the frontal, parietal and interparietal bones was shaved
and incised along the rostro-caudal midline. Mdga1”, Gabrg2¥3®5’Ff and Gabra6°¢/
Gabrg2'o®/o® mice, tested in Rotterdam, were equipped with a U-shaped pedestal
design (brass, 6 x 4 mm) with a magnet inside (neodymium, 4 x 4 mm, MTG,
Weilbach, Germany), using Optibond (Kerr, Salerno, Italy) and Charisma (Heraeus
Kulzer, Hesse, Germany). Gabra6°¢/NeuroD1** and Gabra6°¢/Mpp3'ox~/iox
mice, tested in Amsterdam, were equipped with an aluminium head fixation
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pedestal with integrated neodymium magnet using Superbond C&B (Sun Medical,
Japan). After surgery, mice were allowed to recover for at least 72 hours before
experiments. During the experiment, the mice were placed head-fixed in a holder
tube on a vestibular motion platform (Amsterdam: R2000 “Rotopod”; Parallel
Robotic Systems Corporation, Hampton, VA, USA; Rotterdam: custom-build
vertical axis turntable with Harmonic Drive servo motor). Left eye orientation was
measured using video pupil tracking with a table-fixed CCD camera (Amsterdam:
Pulnix TM-6710CL, 120 frames/s; infrared (IR) illumination, 850 nm LED, 6.5 cm
distance from the eye; Rotterdam: Commercial eye tracker, frames/s, ISCAN
Inc.). A visual stimulus was generated by either placing a motorized rotating
drum with an illuminated black-and-white random pattern on the inside over the
subject animal (Rotterdam). Otherwise (Amsterdam) the visual stimulus was
projected panoramically onto 3 back projection screens (width-height.147x118
cm) surrounding the table. The projected pattern was computer generated and
consisted of a field of green dots (1 radius), arranged on a virtual sphere, centered
on the subject, and rotated about the vertical axis during visual stimulation (i.e.,
“yaw” motion). Pilocarpine (2%) eye drops were applied before the experiment to
limit pupil dilatation in darkness. Each mouse was habituated to the setup for a
period of up to three training days before the experimental data were collected.
All data of the experiments described below were acquired and analyzed in a
blinded fashion with respect to the genotype. All experiments were conducted
in-line with the European guidelines for the care and use of laboratory animals
(Council Directive 2003/65/CE, Council Directive 86/6009/EEC). The experimental
protocols were approved by the Animal Experiment Committee (DEC) of the Royal
Netherlands Academy of Arts and Sciences (KNAW).

2.3. Baseline compensatory eye-movements protocols [VOR, OKR,
VVOR]

To test baseline oculomotor performance, the vestibulo-ocular reflex (VOR),
the optokinetic reflex (OKR), and VOR in the light (or visually-aided VOR [VVOR])
were measured before the start of the VOR adaptation experiment. VOR and
OKR were evoked by either rotating the table in the dark and the screen in the
light, respectively. VVOR, combining visual and vestibular input, was tested by
VOR stimulation in the light in a similar manner. Hence, the horizontal VOR was
then characterized in both darkness and light using sinusoidal rotation about
the vertical axis. Mdgal”, Gabrg2Y%°®’F and Gabra6°¢/Gabrg2>*> were tested
using a constant amplitude of 5° at frequencies ranging between 0.1 and 1.0 Hz;
Gabra6°e¢/NeuroD 1" and Gabra6°e/Mpp3'o®/>® were tested at frequencies
ranging between 0.0625 and 4 Hz, presented in a sequence of increasing order,
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holding peak velocity constant at 18.85°/s for each frequency, matching the peak
velocity of the vestibular stimulus used during adaptation training (see below).

2.4. VOR adaptation protocol

Cerebellar motor learning was evaluated in a multiple day paradigm aimed at
adapting the gain and the phase of the VOR towards a reversal of the normal
eye movement response. Mice were subjected to a VOR cancellation stimulus on
the first day (in-phase sinusoidal movement at 0.6 Hz, 5° amplitude of both the
table and the visual surround) and a VOR reversal stimulus on subsequent days
(2-4), where the amplitude of the visual surround was increased to 7.5° (day 2)
and 10° (days 3 and 4). Gabra6°¢/NeuroD1'o*>" and Gabra6°¢/Mpp31o were
trained using 10° amplitude of the visual surround on one additional day (10°,
days 3 to 5). The amplitude of the turntable remained constant at 5° amplitude
(18.85°/s peak velocity). Training sessions consisted of 6 VOR measurements
(30 cycles, 50 seconds, in darkness) that were alternated with 5 periods of visuo-
vestibular mismatch training (300 cycles, 500 seconds). Before, in between, and
after the 10 min training sessions, the VOR was tested (in the dark) to evaluate
the training effect. After the training sessions, animals were kept in total darkness
during the consecutive training days to prevent active extinction of the adapted
VOR. The eye movement response was expressed as gain and phase relative to
head movement, which was calculated using multiple linear regression of eye
velocity to in-phase and quadrature components of the turntable velocity trace.
Gain of the eye movement response was defined as the ratio between the eye
velocity and the table velocity magnitudes. Phase was expressed in degrees and
offset by 180°, so that a phase of 0° indicates an eye movement that is in-phase
with contraversive head movement; positive phase values indicate phase leads.

2.5. Data analysis

Online image analysis was performed to extract the location of pupil edges
and corneal light reflections (Sakatani & Isa, 2004) using custom-built software
for LabVIEW (National Instruments, Austin, TX, USA). Angular eye velocity was
computed offline using custom software written for Matlab (The Mathworks Inc,
Natick, MA, USA) using the computation outlined elsewhere (Stahl, 2002; Stahl et
al,, 2000). Saccadic eye movements, quick-phases of the vestibular nystagmus
and eye blink artifacts were removed using a 50°/s velocity threshold and 200ms
margins at each threshold crossing. Stimulus cycles could be located using
recorded trigger pulses that indicated the start of a new cycle. Eye velocity during
each stimulus cycle was independently fit with a cosine function, using multiple
linear regression. Gain and phase values from each fit were transformed into
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phasor values for further analysis using Euler's formula. Movement artifacts were
excluded on the basis of the computed residual norm of the sinusoidal fits. Cycles
with >25% of missing data or a residual norm of the sinusoidal fit that exceeded
1000 were discarded.

2.6. Statistics

For statistical analysis of the behavioral data, we used Matlab (The MathWorks
Inc., Natick, MA, 2000), with the statistical toolbox and the CircStats toolbox for
analysis of circular data. Differences in mean gain were tested for significance
using a two-sample Student's T-test; differences in mean phase were tested
using a two-sample Watson-Williams test; differences in mean gain and phase,
taken together as phasor values, were tested using a two-sample Hotelling's T?-
test. For single tests, a p-value less than 0.05 was considered significant. For
multiple comparison tests (baseline measurements at a range of frequencies)
we used the Holm-Bonferroni correction. During VOR phase-reversal training, the
learning trajectory in polar coordinates is close-to linear (Gutierrez-Castellanos,
Winkelman, Tolosa-Rodriguez, De Gruijl, et al., 2013). We therefore evaluated the
total learning extent as the relative shift over this linear trajectory, expressed as
units of gain, computing the difference between the average value of the last
three catch trials on the final training day and the naive VOR at the start of the
VOR adaptation training (Gutierrez-Castellanos, Winkelman, Tolosa-Rodriguez, De
Gruijl, et al., 2013).

3. RESULTS

3.1 Intact baseline performance
To test for differences in baseline oculomotor behavior, we subjected each mouse
to a set of visual and vestibular stimuli before the start of the adaptation training.
We evaluated the performance over a range of frequencies of the OKR (Figure 2),
VOR (Figure 3), and VVOR (Figure 4).

All mice were able to stabilize the images on their retina and/or gaze with respect
to a moving visual field (i.e. optokinetic reflex or OKR), as schematized (Figure 2A).
Differences in mean gain were tested for significance using a two-sample
Student’s T-test; differences in mean phase were tested using a two-sample
Watson-Williams test; differences in mean gain and phase, taken together as
phasor values, were tested using a two-sample Hotelling’s T*test. After the Holm-
Bonferroni correction for multiple comparison tests (baseline measurements at a
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range of frequencies), no differences were found for any of the lines and for the
different frequencies tested (P > 0.05); both gain (Figures 2B and 2D) and phase
(Figures 2C and 2E) values of these mutants (colored symbols) were then
comparable to their wildtype controls (opaque symbols). The OKR showed a
typical gain and phase decrease with frequency.
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Figure 2. Optokinetic reflex (OKR) eye movement behavior of 4 mouse models before VOR
adaptation. (A) Scheme of the setup for the OKR protocol. Panels in each row show different protocols
for the OKR stimulation: (B-C) Plots showing the eye movement gain and phase responses to the
OKR stimulation measured at frequencies ranging between 0.625 and 4 Hz. Peak velocity of the OKR
stimulus was 18.85°/s, matching the table peak velocity of the adaptation paradigm. (B) Gain and (C)
phase of the OKR. Pink traces (a6-NeuroD1 mice), and blue traces (a6-Mpp3 mice). (D-E) Plots showing
the eye movement gain and phase responses to the OKR stimulation measured at frequencies ranging
between 0.2 and 1 Hz. Peak amplitude of the optokinetic stimulus was 5°. (D) Gain and (E) phase of
the OKR. Orange traces (a6-y2 mice), and green traces (y2-pm mice). Colored symbols: ko/ki mice.
Opaqgue symbols: wt mice. Error bars indicate standard error of the mean. Profiles were marginally
shifted relative to each other along the abscissa to avoid overlapping error bars.
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Mice were also able to stabilize their gaze with respect to their head movements
(i.e. the vestibulo-ocular reflex in the dark or VOR: Figure 3, scheme in Figure
3A). Differences in mean gain were tested for significance using a two-sample
Student’s T-test; differences in mean phase were tested using a two-sample
Watson-Williams test; differences in mean gain and phase, taken together as
phasor values, were tested using a two-sample Hotelling's T2-test. After the Holm-
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Figure 3. Vestibulo-ocular reflex eye movement behavior in the 5 mouse models before phase
reversal training. (A) Scheme of the setup for the VOR stimulation protocol. Panels in each row show
different protocols for the VOR stimulation: (B-C) Plots showing the eye movement gain and phase
responses to the VOR stimulation measured at frequencies ranging between 0.0625 and 4 Hz. Peak
velocity of the VOR stimulus was 18.8°/s, matching the table peak velocity of the adaptation paradigm.
(B) Gain and (C) phase of the VOR. Pink traces (a.6-NeuroD1 mice), and blue traces (a6-Mpp3 mice).
(D-E) Plots showing the eye movement gain and phase responses to the VOR stimulation measured at
frequencies ranging between 0.2 and 1 Hz. Peak amplitude of the vestibular stimulus was 5°. (D) Gain
and (E) phase of the VOR. Orange traces (a6-y2 mice), green traces (y2-pm mice) and red traces (MDGA
mice). Colored symbols: ko/ki mice. Opaque symbols: wt mice. Error bars indicate standard error of the
mean. Profiles were marginally shifted relative to each other along the abscissa to avoid overlapping
error bars.
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Bonferroni correction for multiple comparison tests (the baseline measurements
at a range of frequencies), we found instances where the data were marginally
significant: the phase of y2-pm ki mice at 0.4 Hz, and the phase of the a6-Mpp3
mouse at 1.4 Hz and 2 Hz. No other differences were found for any of the lines
and for the different frequencies tested (P > 0.05); both gain (Figures 3B and
3D) and phase (Figures 3C and 3E) values of these mutants (colored symbols)
were otherwise comparable to their wildtype controls (opaque symbols). The
VOR showed a typical gain increase with frequency and phase lead at the low-
frequency range.

Lastly, mice showed near optimal image stabilization during head movement in
thelight (i.e. VVOR; Figure 4). Differences in mean gain were tested for significance
using a two-sample Student’s T-test; differences in mean phase were tested using
a two-sample Watson-Williams test; differences in mean gain and phase, taken
together as phasor values, were tested using a two-sample Hotelling's T?test.
After the Holm-Bonferroni correction for multiple comparison tests (with baseline
measurements at a range of frequencies), no differences were found for any of
the lines and for the different frequencies tested (P > 0.05); both gain (Figures
4B and 4D) and phase (Figures 4C and 4E) values of these mutants (colored
symbols) were comparable to their wt controls (opaque symbols).

In summary, all the mouse models displayed intact basic oculomotor behavior in
the three stimulation protocols: OKR, VOR and VVOR. None of the comparisons
between these mice and their control littermates showed a significant difference
in any of these paradigms.

3.2 VOR adaptation in a6-NeuroD1 ko mice

Following the measurement of the baseline performance, mice were tested using
VOR phase-reversal adaptation. Under this paradigm, mice learn to shift the phase
of their VOR in response to sinusoidal visuo-vestibular mismatch stimulation, in
which the visual stimulus moves in the same direction as the vestibular stimulus
(i.e. in-phase), yet at a greater amplitude (Figure 5A).

After the 1h long training sessions, a6-NeuroD1 ko and their wt littermates
followed the same learning curves (Figures 5B and 5C), indicating that these
transgenic mice have the ability to modify their VOR gain after short-term visuo-
vestibular training that is comparable to their wildtype littermates.
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Six catch trials (1 min each) were recorded in between five training blocks of the
visuovestibular training signal (8 min each; scheme in Figure 5D). No differences
were found in the initial VOR gain displayed by the ko mice and their wt littermates
(Figure 10, P=0.680).

A a6-NeuroD1 wt (n=13)

-0~ a6-NeuroD1 ko (n=13)
a6-Mpp3 wt (n=8)
a6-Mpp3 ko (n=8)
a6-y2 wt (n=10)
a6-y2 ko (n=11)
y2-pm wt (n=8)

O~ y2-pm ki (n=8)

c®
—~ 45
e
% 30
06 c
£ c 15
S [0
2 04 @ - OFORORO~O-O-0-O Gy o
2 o
0.2 e 45 o
0 -30
116 1/8 1/4 12 1 2 4 116 1/8 1/4 112 1 2 4
frequency (Hz) frequency (Hz)
D E 60
1.0 O— F—"——Q0—3
—~ 45
s
0.8 ~
% 30
06 c
£ c 15
()
O 04 @ of o OO O OO
<
0.2 Q 45
0 -30
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
frequency (Hz) frequency (Hz)

Figure 4. Visually-aided VOR eye movement behavior in 4 mouse models before VOR adaptation,
phase reversal training. (A) Scheme of the setup for the visually aided vestibulo-ocular (VVOR)
stimulation protocol. Panels in each row show different protocols for the VVOR stimulation: (B-C)
Plots showing the eye movement gain and phase responses to the VVOR stimulation measured at
frequencies ranging between 0.0625 and 4 Hz. Peak velocity of the VVOR stimulus was 18.85°/s,
matching the table peak velocity of the adaptation paradigm. (B) Gain and (C) phase of the VVOR. Pink
traces (a6-NeuroD1 mice), and blue traces (a6-Mpp3 mice). (D-E) Plots showing the eye movement gain
and phase responses to the VVOR stimulation measured at frequencies ranging between 0.2 and 1 Hz.
Peak amplitude of the optokinetic stimulus was 5°. (D) Gain and (E) phase of the VVOR. Orange traces
(a6-y2 mice), and green traces (y2-pm mice). Colored symbols: ko/ki mice. Opague symbols: wt mice.
Error bars indicate standard error of the mean. Profiles were marginally shifted relative to each other
along the abscissa to avoid overlapping error bars.
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Figure 5. Adaptation of compensatory eye movements of []6-NeuroD1 mice during a visuo-vestibular
conflict training paradigm, phase-reversal task. (A) Graphical depiction of the setup and stimulus
conditions during training (A). (B) Gain of the eye movement response during the phase reversal
paradigm. (C) Phase of the eye movement response during the phase reversal paradigm. (D) Graphical
depiction of the setup and stimulus conditions during catch trials. (E-F) Changes in VOR gain (E)
and phase (F) during the 5-day adaptation experiment. VOR was measured before, during, and after
each daily training session. Colored symbols: ko mice. Opaque symbols: wt mice. Closed symbols:
experiment in the light. Open symbols: experiment in the dark. Error bars indicate standard error of the
mean. Profiles were marginally shifted relative to each other along the abscissa to avoid overlapping
error bars.
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Figure 6. Adaptation of compensatory eye movements of []J6-Mpp3 mice during a visuo-vestibular
conflict training paradigm, phase-reversal task. (A) Graphical depiction of the setup and stimulus
conditions during training (A). (B) Gain of the eye movement response during the phase reversal
paradigm. (C) Phase of the eye movement response during the phase reversal paradigm. (D) Graphical
depiction of the setup and stimulus conditions during catch trials. (E-F) Changes in VOR gain (E)
and phase (F) during the 5-day adaptation experiment. VOR was measured before, during, and after
each daily training session. Colored symbols: ko mice. Opaque symbols: wt mice. Closed symbols:
experiment in the light. Open symbols: experiment in the dark. Error bars indicate standard error of the
mean. Profiles were marginally shifted relative to each other along the abscissa to avoid overlapping
error bars.
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After 5 days of visuo-vestibular training, a6-NeuroD1 ko mice moved their eyes
during table stimulation in the dark in the same direction as the body, rather than
the opposite direction as they used to do before the training (i.e. they normally
show an innate contraversive response). More specifically, the a6-NeuroD1 ko
mice learned to shift their VOR in the dark by 180° after the training (Figures 5E
and 5F). No differences were found on the learning extent, i.e., difference between
theinitial, ¢t recording, 1t day, and final VOR performance, of the VOR adaptation
displayed by the two groups (Figure 11, P=0.831).

3.3 VOR adaptation in a6-Mpp3 ko mice

The same protocol as described above was applied to the a6-Mpp3.
Notwithstanding an apparent difference in phase evolution, no significant
differences in VOR learning extent (scheme in Figure 6A) were observed after
the 1h long training sessions (P=0.318, Figures 6B and 6C, and Figure 11). No
differences were found in the initial VOR gain displayed by the ko mice and their
wt littermates (P=0.943, Figure 10). Similarly, after the full phase reversal protocol,
a6-Mpp3 ko mice learned to shift their VOR in the dark by 180° (Figures 6E and
6F). While the difference in VOR and VVOR learning extent was not significant, the
learning curves suggest that a6-Mpp3 ko mice learn not as fast as their wildtype
littermates, as can be seen in the VOR gain evolution (Fig. 6B), the phase evolution
(Fig. 6C), and the gain evolution during the visuo-vestibular conflict training (Fig.
6E).

3.4 VOR adaptation in a6-y2 ko mice

A similar protocol as used for the mouse lines described above was applied to
the a6-y2 ko mice and their wt controls. In this case, the protocol was shortened
to 4 days (scheme in Figure 7A). No differences were found in the initial VOR
gain displayed by the ko mice and their wt littermates (P=0.252, Figure 10). No
significant difference in learning extent was observed after the 4 Th long training
sessions (P=0.375, Figures 7B and 7C, and Figure 11), indicating that these mice
also show normal ability to modify their VOR gain after the short-term visuo-
vestibular training sessions.

Six catch trials (1 min each) were recorded in between the four training blocks
of the visuovestibular training signal (8 min each; scheme in Figure 7D). After 4
days of training, a6-y2 ko mice mice showed a complete phase reversal of their
compensatory eye movements (Figures 7E and 7F).
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Figure 7. Adaptation of compensatory eye movements of []6-[]2 mice during a visuo-vestibular
conflict training paradigm, phase-reversal task. (A) Graphical depiction of the setup and stimulus
conditions during training (A). (B) Gain of the eye movement response during the phase reversal
paradigm. (C) Phase of the eye movement response during the phase reversal paradigm. (D) Graphical
depiction of the setup and stimulus conditions during catch trials. (E-F) Changes in VOR gain (E)
and phase (F) during the 4-day adaptation experiment. VOR was measured before, during, and after
each daily training session. Colored symbols: ko mice. Opaque symbols: wt mice. Closed symbols:
experiment in the light. Open symbols: experiment in the dark. Error bars indicate standard error of the
mean. Profiles were marginally shifted relative to each other along the abscissa to avoid overlapping
error bars.
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Figure 8. Adaptation of compensatory eye movements of [J2-pm mice during a visuo-vestibular
conflict training paradigm, phase-reversal task. (A) Graphical depiction of the setup and stimulus
conditions during training (A). (B) Gain of the eye movement response during the phase reversal
paradigm. (C) Phase of the eye movement response during the phase reversal paradigm. (D) Graphical
depiction of the setup and stimulus conditions during catch trials. (E-F) Changes in VOR gain (E) and
phase (F) during the 4-day adaptation experiment. VOR was measured before, during, and after each
daily training session. Colored symbols: ki mice. Opaque symbols: wt mice. Closed symbols: experiment
in the light. Open symbols: experiment in the dark. Error bars indicate standard error of the mean.
Profiles were marginally shifted relative to each other along the abscissa to avoid overlapping error
bars.
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Figure 9 — Adaptation of compensatory eye movements of MDGA mice during a visuo-vestibular
conflict training paradigm, phase-reversal task. (A) Graphical depiction of the setup and stimulus
conditions during training (A). (B) Gain of the eye movement response during the phase reversal
paradigm. (C) Phase of the eye movement response during the phase reversal paradigm. (D) Graphical
depiction of the setup and stimulus conditions during catch trials. (E-F) Changes in VOR gain (E)
and phase (F) during the 4-day adaptation experiment. VOR was measured before, during, and after
each daily training session. Colored symbols: ko mice. Opaque symbols: wt mice. Closed symbols:
experiment in the light. Open symbols: experiment in the dark. Error bars indicate standard error of the
mean. Profiles were marginally shifted relative to each other along the abscissa to avoid overlapping
error bars.
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3.5 VOR adaptation in y2-pm ki mice

The same protocol as described above was applied to the y2-pm ki mice. No
differences were found in the initial VOR gain displayed by the ki mice and their
wt littermates (P=0.730, Figure 10). No significant difference in learning extent
was observed after the 4 1h long training sessions (P=0.635, Figures 8B and 8C,
and Figure 11). No significant differences in training (scheme in Figure 8A) were
observed after the 1h long training sessions. Similarly, after the full phase reversal
protocol, y2-pm ki mice learned to shift their VOR in the dark by 180° (Figures 8E
and 8F).

3.6 VOR adaptation in MDGA1 ko mice

The same protocol as described above was applied to the MDGAT ko mice. No
differences were found in the initial VOR gain displayed by the ko mice and their
wt littermates (P=0.640). These mice also learned to shift their VOR in the dark
by 180° (Figures 9E and 9F). There was a marginally significant difference in
the learning extent of the VOR adaptation between the two groups (Figure 10,
P=0.029).

4. DISCUSSION

Inthis study, we usedlong-term VOR phasereversal adaptation to assess cerebellar
learning in five mouse models of cerebellar GC manipulations, to determine the
effect of those manipulations in terms of cerebellar adaptation. This task presents
several advantages compared with other cerebellar tasks. The modification of a
reflex behavior is largely independent from other cognitive functions and depends
specifically on the activity of the vestibulocerebellum (Gao et al.,, 2012), which
makes it appropriate to measure cerebellar learning in cognitively impaired mice
(Gutierrez-Castellanos, Winkelman, Tolosa-Rodriguez, Devenney, et al, 2013).
The input (visual and/or vestibular) can be precisely controlled and the output
(eye movement) can be monitored by video-oculography, a noninvasive technique
that enables us to measure eye position virtually continuously. Therefore, this
approach provides a better understanding of the input/output relation of the
behavioral response than other tasks, such as the accelerating rotorod, gait
analysis, or grip strength task, which can be affected by noncerebellar deficits in
the musculoskeletal system or nervous system.
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Figure 10. Summary of the initial VOR gain, given by the initial performances of VOR catch-learning
trials, for all mouse models. Colored bars: ko mice. Opaque bars: wt mice. Error bars indicate standard
error of the mean.
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Figure 11. Summary of the learning extent. Learning extent is given by the difference between
the initial (first recording, day 1) and the final VOR performance coordinate throughout the 4/5-day-
spanning phase-reversal paradigm. Colored bars: ko mice. Opaque bars: wt mice. Error bars indicate
standard error of the mean.

We observed that all mice showed comparable baseline performance regarding
both amplitude and phase responses of the VOR and OKR (Figures 1 and 2).
During vestibular stimulation in the light, the combined action of VOR and OKR
resulted in near optimal CEM performance in all the groups (Figure 3).

Due to the specific genetic targeting of cerebellar elements and GC in particular
(as shown in Table 1 and Figure 1), all the transgenic mouse models used in this
article were expected to display VOR adaptation deficits in a challenging cerebellar
task such as VOR phase reversal. However, all reported adaptation values of the
transgenic mouse models were comparable to their wildtype littermate controls
(Figures 5-9), with the exception of a marginally significant difference in learning
extent for the MDGAT1 global knockout.
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While we were not able to show a positive behavioral phenotype, it goes too
far to declare these are negative results, as such a statement requires a highly
powered study. Two mutants are suggestive of a phenotype: MDGA1 and possibly
MPP3, but these could be either spurious (false positive) or lacking power (false
negative). Larger group sizes are required to establish significance for small effect
sizes. However, given the pressure on reducing animal experiments, scientists
must design experiments on a priori assumptions of the effect size, estimating
sufficient sample sizes to achieve adequate power. This can compromise the
power of experiments by limiting the sampling pool and leading to experiments cut
too shortly. To add to this, even when the results are pointing towards a negative
result, it's important to emphasize that statistically non-significant results in a
study with high power contribute to the body of knowledge because power can
be ruled out as a threat to internal validity.

Nonetheless, the data presented here do not show the large effect seen in other
mutants, in which cerebellar GCs were affected in a cell-specific fashion using the
GABA-a6 subunit promoter (Galliano et al.,, 2013; Seja et al., 2012). For example,
a6-Cacnala modified mice, which are missing ~75% of their GC output, show
qualitatively the exact same phenotype of learning and consolidation deficits
without ataxia, yet at a more severe level (Galliano et al., 2013). Regarding the y2
subunit in particular, it has been observed before that mice lacking y2 subunit-
containing receptors in GCs learned normally to run on a rotarod and did not
show obvious motor deficits (Leppé et al, 2016). This corroborates the results
we observed with the a6-y2 mice. In contrast, mice lacking this subunit in PC
showed a strong compromise of their ability to adapt the phase of the VOR and
to consolidate gain adaptations, through disrupted inhibitory and excitatory input
timing from PCs and mossy fiber collaterals (Wulff et al.,, 2009). We didn't observe
such an effect with the y2 point mutation.

In respect with NeuroD1, Mpp3 and MDGAT, these are models of disruption of
the processes of cell migration and layering patterns of the cerebellum, with
the emphasis on the GC layer. One possible explanation for the occurrence of
negative findings for these models could be developmental compensation.
Indeed, a common issue with any adult phenotype has to do with the (potential)
confounding effect of developmental compensation. In the case of the MDGAT,
there’'s the added factor of this being a global ko mutant. Plasticity of the
mechanisms is quite common in the brain; when the brain lacks a particular
gene, development itself is likely to be affected, so the mutant phenotype may
not clearly reflect the missing gene’'s normal function. Thus, even though genetics
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offers a degree of specificity that pharmacologists may envy, the gene knockout
approach is not a replacement for pharmacology, but a complementary technique
with its own interpretational problems. Indeed, because of the massive impact of
a global knockout in the entire brain, it's preferable to use conditional cell-specific
knockouts, that allow to overcome obstacles regarding global knocking out of
a gene. However, more specific and strict approaches such as timed rescue of
mutant phenotypes may pose an even better choice, though they are still to be
fully established for many mutant mice. Interpreting mutant brain phenotypes
requires understanding of higher-level phenomena, such as a neural circuit and
the behavior it generates.

With respect to the case of NeuroD1 in particular, previous systemic or
conditional NeuroD1 null mice experiments have shown that the absence of
NeuroD1 leads to a lack of foliation and the complete loss of granular cells in
the posterior half of the cerebellum, whereas a substantial number of granular
cells survive and differentiate in the anterior lobules (Cho & Tsai, 2006; Miyata
et al,, 1999; Schwab et al,, 2000). This is not consistent with our results, as the
flocculonodular lobe, the regional area of the cerebellum responsible for eye
movement reflexes, is posterior. An additional experiment here would be to check
if the flocculonodular lobe is affected in these mice.

Another explanation for the absence of a phenotype in the NeuroD1 can be tied
to the interplay of NeuroD1 expression with other transcription factors, which
might establish a temporal window for growth regulation in the cerebellum (Butts,
Hanzel, & Wingate, 2014). An example of this has been shown for the hippocampal
granule cells, in which issues with maturation of these cells were only present if
besides NeuroD1, other genes (i.e. bHLH gene NEX) were also knocked out. This
suggests that neuronal differentiation factors are at least in part equivalent in
function (Schwab et al., 2000).
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Highlights
- Cerebellar learning depends on expression of GIuA3, but not GIuAT1, in Purkinje cells.

- GIuAS is required to induce LTP, but not LTD, at PF-PC synapses.

- GluA3-dependent potentiation involves a cAMP-driven change in channel conductance.

- GluA3-mediated LTP and learning are induced via cAMP-mediated Epac activation.

eTOC

Gutierrez et al. show a novel form of synaptic LTP that requires an increase in
channel conductance of GluA3-containing AMPARs and that is required for
vestibulo-cerebellar motor learning.

ABSTRACT

Accumulating evidence indicates that cerebellar long-term potentiation (LTP) is
necessary for procedural learning. However, little is known about its underlying
molecular mechanisms. Whereas AMPA receptor (AMPAR) subunit rules for
synaptic plasticity have been extensively studied in relation to declarative learning,
it is unclear whether these rules apply to cerebellum-dependent motor learning.
Here we show that LTP at the parallel fiber to Purkinje cell synapse and adaptation
of the vestibulo-ocular reflex do not depend on GluA1-, but on GluA3-containing
AMPARSs. In contrast to the classic form of LTP implicated in declarative memory
formation, this form of LTP does not require GIluAT-AMPARs trafficking, but rather
changes in open-channel probability of GIuA3-AMPARs mediated by an increase
of cyclic AMP and activation of the protein directly activated by cAMP (Epac).
We conclude that vestibulo-cerebellar motor learning is the first form of memory
acquisition shown to depend on GluA3-dependent synaptic potentiation through
an increase in channel conductance.



INTRODUCTION

Plasticity mediated by synaptic trafficking of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid - type glutamate receptors (AMPARS) plays an important
role in the acquisition of declarative memories (Kessels and Malinow, 2009).
lonotropic AMPARs drive fast excitatory neuronal activity and can consist of
four different subunits named GIuA1 to GluA4. In hippocampal pyramidal cells,
most AMPARs are hetero-oligomers composed of either GIuA1/GIuA2 or GIuA2/
GIuA3 subunits and the subunit composition dictates which role AMPARs play in
synaptic plasticity (Shi et al., 20017). In the hippocampus, cortex and amygdala,
both LTP and learning depend on the trafficking of GluA1-containing AMPARS to
synapses (Makino and Malinow, 2011; Nedelescu et al., 2010; Rumpel et al., 2005;
Mitsushima et al.,, 2011), whereas GluA3-containing AMPARs contribute relatively
little to synaptic currents, synaptic plasticity or learning (Adamczyk et al., 2012;
Meng et al., 2003; Humeau et al, 2007). To what extent GluA1-plasticity and
GluA3-plasticity play a role in adaptive motor behavior, remains to be established.

Here, we sought to unravel the potential role of GluA1- and/or GluA3-containing
AMPARs in cerebellar motor learning. Unlike the rich insight in the role of AMPARSs
in declarative memory formation in the hippocampus, relatively little is known
about their role in procedural memory formation in the cerebellum. AMPAR
plasticity occurs at parallel fiber to Purkinje cell (PF-PC) synapses reflecting the
expression of LTP or long-term depression (LTD) (Kakegawa and Yuzaki, 2005;
Steinberg et al., 2006), but the full functional significance of and the precise
molecular pathways underlying this plasticity remain to be further elucidated (Gao
et al, 2012). In addition, the roles of GluA1- and/or GluA3-containing AMPARs in
plasticity of PCs have hardly been studied (Bats et al., 2013; Douyard et al., 2007;
Kakegawa and Yuzaki, 2005).

We found that adaptation of compensatory eye movements, which is one of the
most widely studied forms of cerebellar motor learning serving to stabilize gaze
(Anzai et al,, 2010, Nguyen-Vu et al,, 2013; Schonewille et al,, 2011), depends
on GluA3-containing AMPARs, but not GluAl-containing AMPARs. The GIluA3-
containing AMPARs in PCs are critical for the induction and expression of PF-PC
LTP, not by trafficking of receptors, but by a change in conductance and open
probability of the channel. This form of plasticity requires activation of Epac
through an increase of cyclic AMP. Together, these findings do not only show that
GIuA3 is crucial for cerebellar potentiation and learning, but also that it evokes its
actions of plasticity through a novel mechanism.
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RESULTS

Cerebellar motor learning depends on GIuA3, but not on GIuA1

Unlike globalknock-out mice of GluA2, which suffer from severe motor performance
deficits including ataxia (Gerlai et al., 1998; Jia et al., 1996), mice that lack AMPAR
subunit GIuAT or GIUA3 (GIuA1-KO and GIuA3-KO) displayed intact basic motor
behavior (Figure S1). Indeed, they were able to stabilize the images on their
retina and/or gaze with respect to a moving visual field (i.e. optokinetic reflex
or OKR; Figure S1A), with respect to their head movements (i.e. the vestibulo-
ocular reflex in the dark or VOR: Figure S1B), or with respect to a combination of
both as occurs in daily life (i.e. VOR in the light or VORL; Figure S1C). None of the
comparisons between GluA1-KO, GIuA3-KO and their control littermates showed
a significant difference in any of these paradigms (for p-values, see Figure S1 and
corresponding legends). Far more challenging is the test for VOR phase-reversal
adaptation, which involves cerebellum-dependent motor learning (Gutierrez-
Castellanos et al., 2013). During this paradigm mice learn to shift the phase of
their VOR following sinusoidal visuovestibular mismatch stimulation, in which
the visual stimulus moves in the same direction as the vestibular stimulus (i.e.
in-phase), yet at a greater amplitude (Figure 1A). After 5 days of visuovestibular
training wild-type mice moved their eyes during table stimulation in the dark in the
same direction as the body, rather than the opposite direction as they used to do
before the training (i.e. they normally show an innate contraversive compensation).
More specifically, the mature wild-type mice learned to shift their VOR in the dark
by 159° out of the perfect 180° after the training (Figure 1B). Likewise, when
we subjected littermate GluA1-deficient mice to this phase-reversal adaptation
paradigm, they reached final average phase shifts of 162° (GIuA1-KO vs. WT:
p=0.13; Figure 1B), indicating that GluAT1-containing AMPARs are dispensable
for VOR adaptation. In contrast, GluA3-deficient mice showed striking deficits in
shifting the phase of their VOR in the dark; they showed a final phase shift of only
35° after 5 training sessions (GIUA3-KO vs. WT: p=0.001; Figure 1B). When we
looked not only at the oculomotor phase but also at the learning trajectory extent
(as explained in Figure S2A), we observed that, although the initial performances
of VOR catch learning trials were not significantly different for any of the 3 groups
tested (p=0.3 and p=0.11 for GIuAT-KO and GIuA3-KO, respectively), the final
performances of GIUA3-KO after 5 days of training were significantly different
from those of both wild-type littermates (p=0.01) and GIuA1-KO mice (p=0.01)
(Figure 1C). Accordingly, the vector of total learning extent per mouse, which
equals the distance between the initial (1% recording, 1%t day) and final VOR
performance coordinate throughout the 5-day spanning phase-reversal paradigm
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Figure 1. GIuA3 is required for oculomotor learning.

(A) When adult (3-5 months of age) wild-type (black), GIluA1-KO (red) and GIuA3-KO mice (blue) are
subjected to a visuo-vestibular mismatch training paradigm, in which the visual screen rotates
sinusoidally in the same direction as the turntable, but at an increasingly greater amplitude (also referred
to as phase-reversal task), they show a similar ability to follow the training signal over time as long as the
light is on. Eye movement signals are expressed as phase values (in degrees) with respect to those of the
turntable, which also rotates in a sinusoidal fashion (i.e., 360 degrees represents one sinusoidal cycle).
(B) However, when the light is turned off, but the turntable stimulus continues (i.e. the VOR adaptation
catch trials of the phase-reversal task), the phase values of the GIuA3-KO mice show significantly
impaired motor learning compared to those of GIuA1-KO and WT mice. (C) Polar plot showing the
trajectory of VOR gain and phase change during adaptation for WTs (black line), GluA3-KOs (blue), and
GluA1-KOs (red). Gain (i.e. amplitude of the eye movement divided by that of the stimulus) is represented
as distance from the center and phase as the angle relative to perfect compensation at 0 degrees. The
data reveal a common learning trajectory and comparable initial gain, yet a difference in learning extent
between the groups. Inset: the final VOR reached after 5 days of training is amplified to visualize the
magnitude of the gain difference (red arrow) between the groups tested. (D) GluA3-KOs (blue line) were
unable to reverse their VOR phase compared with WT (black) and GluA1-KOs (red). Four representative
eye velocity traces per group compare the initial VOR before (left) and after (right) the mismatch training
(Ieft). (E) Both learning extent and consolidation during the phase-reversal task are significantly smaller
in GIuA3-KO mice compared to WT and GluA1-KO mice (T2-test p < 0.05). (F) Gain-increase learning also
reveals deficits in GIUA3-KO, but not in GIuA1-KO, as compared to WTs.

Error bars indicate SEM, * indicates p<0.05.
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(Figure S2), was significantly smaller for GIuA3-KO mice compared to wild-type
and GluA1-KO mice (p=0.001 and p=0.0002, respectively) (Figures 1D and 1E).
Moreover, the consolidation rate of learning, which equals the ratio between the
total learning extent and the ideal learning extent with no overnight memory loss
between training days (Figure S2A), was also significantly lower in GIUA3-KO
compared to both GIuA1-KO and wild-type littermates (p=0.0008 and p=0.001,
respectively) (Figure T1E). Importantly, all groups of mice performed equally well
during the visually-driven vestibular training trials over the 5 days of training (all
p values >0.05; Figure 1A), indicating that the learning deficits in GIUA3-KO as
measured in the dark during the catch trials did not directly result from a poor
response to the visuo-vestibular training signal, but rather an impaired ability
to maintain this learned vestibular response in the absence of the visual cue
(Figure 1B).

In addition to phase modulation, we also investigated gain modulation of vestibulo-
ocular movements after either in-phase (gain-down) or out-of-phase (gain-up)
visuovestibular training paradigms that aim to reduce or increase the amplitude
of the eye movement response to a constant vestibular input, respectively. GIUA3-
KO showed severe learning deficits in both the gain-down (p=0.001 for final catch
trials) and gain-up paradigms (p=0.009 for final catch trials), whereas GIuA1-KO
and wild-types performed again equally well in both training paradigms (p=0.11
and p=0.2 for gain-down and gain-up final catch trials, respectively) (Figure 1F
and S1D). These experiments indicate that GluA3-containing AMPARSs contribute
to cerebellum-dependent motor learning.

GluA3 is required to induce LTP, but not LTD, at PF-PC synapses

Purkinje cells (PCs) form the sole output of the cerebellar cortex. It has
previously been shown that synaptic plasticity at their parallel fiber afferents
crucially contributes to motor learning (Schonewille et al., 2010). To investigate
the contribution of GIuA1- and GluA3-containing AMPARs to basal synaptic
transmission, we recorded spontaneous miniature excitatory synaptic currents
(MEPSCs) of PCs in cerebellar slices from 4-6 week old mice (Figure 2A), an age at
which GIuA3-KO mice showed similar motor learning deficits as during adulthood
(Figure S2D). The average amplitude and frequency of mMEPSCs in GluA1-deficient
PCs were not significantly different (p=0.4 and p=0.2, respectively) from those
in wild-type PCs (Figure 2B). In PCs of GIuA3-KO mice the average amplitude
(p=0.0003) and frequency (p=0.02) of MEPSCs were significantly lower than
those in wild-type PCs. The low basal transmission in the GIuA3-KO mice was
neither reflected in structural changes at the level of spine densities of proximal
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Figure 2. GIuA3 is required for PF to PC LTP, but not LTD.

(A) Scheme of cerebellar cortical circuitry (Left) and representative picture of the in-vitro preparation
(right) showing positions of recording electrode (yellow) at PC soma and stimulus electrode (green) at
parallel fiber beam. ML, PCL and GrCL indicate molecular layer, Purkinje cell layer, and granule cell layer,
respectively. (B) mEPSC amplitude (left panel) and frequency (middle panel) of both single GIuUA3-KO
PCs (blue bar) and double GluA1/3-KO PCs (purple bar) were significantly reduced compared to those in
WT PCs (black bar) (for amplitude and frequency WT vs. GIuA3-KO p=0.0003 and p=0.023, respectively;
for WT vs. GluA1&3-dKO p<0.0001 and p<0.0001, respectively) and single GIuAT-KO PCs (red bar) (for
amplitude and frequency GIuA1-KO vs. GIUA3-KO, p<0.0001 and p=0.0032, respectively). In contrast,
GIluA1-KO and WT PCs presented comparable basal transmission (for amplitude and frequency WT vs.
GIuA1-KO p=0.37 and p=0.16, respectively). Right panel shows corresponding raw traces of mEPSCs.
(C) Both GIuA1-KOs (red) and GIuA3-KOs (blue) show similar cerebellar synaptic weakening after LTD
induction compared to WT littermates (black) (top left panel) with unchanged PPR over time (bottom
left panel). EPSC magnitude was held in a comparable range for all cases to prevent potential bias due
to differential basal synaptic strength (middle panels). Representative traces of paired EPSCs before
(solid lines) and after LTD induction (dashed lines) (right panels, matched genotype color code). Cj Stim
indicates conjunctive stimulation (so as to induce LTD).(D) GIuA3-KO PCs show severe deficits in PF
to PC LTP compared with WTs and GIuA1-KOs with no changes in PPR or baseline EPSC magnitude.
Representative traces of paired EPSCs before (solid lines) and after LTP induction (dashed lines) (same
configuration as in B). pf Stim indicates parallel fiber-only stimulation (so as to induce LTP).

Error bars indicate SEM, * indicates p<0.05.
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or distal PC dendrites (p=0.7 and p=0.2 for proximal and distal, respectively)
(Figure S3) nor was it compensated for by increased synaptic currents from
kainate receptors (for details see Figure S4 and corresponding legends). In PCs of
mice that lack both GIuAT and GIuA3, mEPSC events were virtually absent (Figure
2B), suggesting that the far majority of synaptic currents in PCs are derived from
either GIuAT1- or GluA3-containing AMPARs.

A reduced basal transmission in GluA3-deficient PC synapses can either be a
cause or a consequence of impaired synaptic plasticity. We therefore investigated
both LTD and LTP at the PF to PC synapse, using whole-cell recordings. LTD was
induced either by pairing PF stimulation with a depolarizing voltage-clamp step,
mimicking climbing fiber (CF) input (Linden, 2007; Figure 2C), or by pairing PF
stimulation with CF stimulation (Schonewille et al., 20117; Figure S3C-E). The
magnitudes of LTD in PCs of GIuA1-KO and GIuA3-KO were indistinguishable
from that in the PCs of wild-type littermates with either induction protocol (with
somatic depolarization, for GIuUAT-KO vs. wild-type p=0.4 and for GIUA3-KO vs.
wild-type p=0.2; with direct CF stimulation, for GIuA1-KO vs. wild-type p=0.9
and for GIUA3-KO vs. wild-type p=0.8). These data are in line with other studies
showing that GIuA2 is the key subunit for AMPAR internalization and therefore for
LTD induction (Steinberg et al.,, 2006; Schonewille et al., 2011). Next, we induced
LTP in PCs by 1 Hz tetanic stimulation of PF input alone (Lev-Ram et al., 2002)
(Figure 2D). This stimulus protocol reliably produced significant LTP in both wild-
type PCs (p=0.0005) and GIuA1-KO PCs (p=0.0003) with a similar magnitude
(p=0.5), and without significant changes in paired-pulse facilitation (PPF) of the
evoked EPSCs after LTP induction (p=0.11 and p=0.6 in GIuA1-KO and wild-type
PCs, respectively). In contrast, with the same stimulation protocol LTP could not
be induced in GIuA3-KO PCs (p=0.7) (Figure 2D). These experiments demonstrate
that PF to PC LTP requires GluA3-containing AMPARSs.

GluA3-dependent synaptic potentiation involves a cAMP-driven
change in channel conductance

What is the molecular mechanism underlying GluA3-dependent LTP of PF-PC
synapses? To test whether GluA3-dependent synaptic plasticity in PCs depends
on cAMP-signaling we administrated the adenylyl cyclase activator forskolin
(FSK) to PCs of GIuA3-KO brain slices and compared the effects to those in wild-
type slices and GluA1-KO slices (Figure 3A). Whereas FSK produced on average
a two-fold potentiation in PF-evoked EPSCs in both wild-type and GIuA1-KO PCs
(230425% and 215+35%, respectively), it failed to induce synaptic potentiation
in PCs that lack GIUA3 (95+10%; p=0.005 GIuA3-KO vs. wild-type). Importantly,
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AMPAR potentiation also occurred in wild-type PCs when local stimulation with 1
UM AMPA was used, while blocking PFs with TTX (189417%, p=0.001; Figure 3B),
highlighting its postsynaptic nature (Chen and Regehr, 1997). These data indicate
that a GluA3-dependent synaptic potentiation at PF-PC synapses can occur upon
arise in the cellular level of cAMP.

We next examined whether cAMP-driven synaptic potentiation is a result of
synaptic trafficking of GluA3-containing AMPARs. To assess whether FSK
increases GIUA3 levels on the cell surface of spines, we performed time-lapse
2-photon imaging of PCs in cultured organotypic cerebellar slices infected with
Sindbis virus to acutely express GIUA3 subunits fused to Super Ecliptic pHIuorin
(SEP). SEP is a pH-sensitive variant of GFP that shows a reduction in fluorescence
upon rapid application of acidic (pH 5) ACSF (Figure S4F) (Makino and Malinow,
2009). To test whether GluAS trafficking can be detected with this method, we first
triggered LTD chemically by adding the metabotropic mGIuR1 receptor agonist
DHPG to induce internalization of AMPARs (Linden, 2001). Indeed, application of
DHPG to wild-type PCs expressing SEP-GIUA3 produced a significant decrease
in SEP fluorescence at spines (p<0.0001; Figures 4A) and in synaptic strength
(p=0.004 for amplitude and p=0.04 for frequency; Figure 4B), which is in line with
the endocytosis of AMPARs that occurs during the expression of LTD at the PF-
PC synapse (Wang and Linden, 2000). In contrast, washing in FSK failed to induce
any change in SEP-GIuA3 fluorescence at PC spines (0.03+0.015% change, p=0.4)
(Figures 4A), even though FSK significantly increased synaptic currents in the
SEP-GIUA3 expressing PCs (p=0.04 for amplitude and p<0.0001 for frequency)
(Figure 4B). These data suggest that the cAMP-driven synaptic potentiation does
not require an insertion of GluA3-containing AMPARs at the surface of spines.
To assess whether FSK promotes lateral mobility of GIuA3 receptors instead
of an increase in receptor externalization, we performed fluorescence recovery
after photobleaching (FRAP) experiments of single spines of PCs expressing
SEP-GIUA3 (Figure 4C). After ~80% photobleaching, the SEP signals recovered
to ~50%, suggesting that a proportion of SEP-GIUA3 is immobilized at synapses
(Makino and Malinow 2009). The SEP fluorescence intensity recovered at a similar
pace in the presence or absence of FSK (p=0.9), indicating that the lateral mobility
of GluA3-containing AMPARSs is not influenced by a rise in cCAMP.

To assess whether GluA3-plasticity involves a change in channel properties, we
resolved single-channel AMPA mediated currents by clamping a single AMPAR in
cell-attached mode at the cell body of either GIuAT-KO or GIuA3-KO PCs with the
recording pipette containing near-saturating concentrations of AMPA (Armstrong
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etal, 2002). GluA1-containing AMPARSs at the surface of GIuA3-KO PC cell bodies
stochastically reached open states 1, 2 and 3 (indicating binding of 2, 3 and 4
glutamates per receptor complex, respectively) and displayed similar conductance
levels and open-channel probability in the presence or absence of FSK application
(Figure S5). In contrast, GluA3-containing AMPARs on cell bodies of GIluA1-KO PCs
produced the vast majority of their openings in the first and lower conductance
state (O1) under basal conditions (Figure 5A,B), indicating that only two out of the
four ligand binding domains (LBDs) present in the AMPAR tetramer are activated
by AMPA. After application of FSK the behavior of GluA3-containing AMPARs
changed strikingly and produced a significantly higher amount of openings in
state 02 and 03 similar to GluAT-containing AMPARs (compare Figures 5A, B and
E with Figure S5B). The average duration of the openings was unchanged (p=0.4,
p=0.13 and p=0.09 for 01, 02 and O3, respectively) (Figure 5C), but an increase
of the absolute frequency of the openings caused shortening of the closed state
dwell-time and thus a significant net increase in open probability (p<0.0007; Figure
5E). Although FSK did not significantly change the conductance level of any of the
open states (p=0.7, p=0.14 and p=0.15 for 01, 02 and 03, respectively; Figure 5D),
the higher relative fraction of events in the highly conductive open states 02 and
03 caused a significant increase (p<0.0001) in the overall conductance of cAMP-
stimulated GIuA3 channels (Figures 5B and 5D). These experiments suggest that
ariseinintracellular cAMP produces synaptic potentiation by increasing the open-
channel probability of the GIuA3 subunit, indicating a novel mechanistic model for
GluA3-dependent synaptic plasticity.

GluA3-mediated plasticity is induced via cAMP-mediated Epac
activation

To further elucidate the molecular mechanism underlying GluA3-dependent
plasticity, we aimed to identify the intermediary factor that translates a rise in
cAMP into synaptic potentiation of GluA3-containing AMPARs. Protein kinase
A (PKA) is activated by a rise in cAMP and exerts cAMP-dependent synaptic
effects (Lev-Ram et al.,, 2002; Sokolova et al., 2006). However, incubating wild-
type PCs with PKA antagonists KT5720 or H89 did not have any significant effect
on synaptic potentiation induced by FSK (215420% with KT5720 and 235+19%
with H89; p=0.7 and p=0.9, respectively) (Figure 6A) indicating that PKA is not
involved in mediating GIuA3-plasticity. We next assessed the involvement of Epac
(exchange proteins directly activated by cAMP, a.k.a. Rap guanine-nucleotide-
exchange factor) as an alternative cAMP-dependent pathway that can trigger
synaptic changes (Gekel and Neher, 2008; Woolfrey et al., 2009). The blockade
of Epac with its selective antagonist ESI-05 (Tsalkova et al., 2012) did not reduce
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basal transmission at PF-PC synapses (Figure 7H), but it effectively prevented
the FSK-induced synaptic potentiation in wild-type PCs (p=0.9 vs. baseline and
p<0.0001 vs. without ESI-05) (Figure 6A). To assess whether Epac activation
is not only necessary, but also sufficient to cause GluA3-dependent synaptic
potentiation, we investigated the impact of the selective Epac activator 8-CPT-
2Me-cAMP (8CPT). Adding 20 uM 8CPT to the intracellular recording solution
produced synaptic potentiation by 185+17% compared to baseline in wild-type
PCs (p=0.0004; Figure 6B), but not in GluA3-deficient PCs (100+5%; p=0.8; Figure
6B). In addition, the postsynaptic application of 8CPT increased the amplitude
and frequency of PC mEPSCs (p=0.0005 and p=0.001, respectively; Figures 6C
and 6D) and did not change the PPF ratio (104+5%, Figure 5B). These experiments
indicate that a rise in cAMP triggers synaptic potentiation through Epac-mediated
activation of postsynaptic GluA3-containing AMPARSs. This Epac-driven activation
of GluA3-containing AMPARs was not limited to those located at synapses.
Outside-out patches excised from wild-type PC somata produced a peak current
of approximately 10 pA in response to puffs of 100 uM AMPA (Figure S4E). When
the Epac activator 8CPT was added to the internal solution of the patch pipette,
the peak current obtained under the same conditions was increased 2.5-fold in
the absence of a presynaptic component (25+3 pA, p<0.0001 vs. control). This
difference in peak current was largely maintained in the presence of AMPAR
desensitization blockers PEPA and cyclothiazide (45+8 pA without vs. 9710 pA
with 8CPT, p<0.0007; Figure 6E), indicating that cAMP-driven GluA3-plasticity
does not depend on a change in desensitization properties of AMPAR channels.
As expected from our single channel results, non-stationary noise analysis of
these non-desensitizing AMPAR responses showed a significant increase in
conductance and open probability (Figures 6F-G). This analysis revealed how in
a mixed pool of GIuA1- and GluA3-containing AMPARs Epac-dependent GIuA3
potentiation was translated into an increase in current amplitude without altering
the dynamics of the response (Figure 6E), highlighting the consistent results with
miniature and evoked EPSC recordings.

Epac activation is required for LTP and motor learning

We next tested whether PF-PC LTP depends on Epac activation. Incubation of
slices with Epac-inhibitor ESI-05 significantly inhibited synaptic potentiation
induced by tetanic PF stimulation (102+13% versus 140+8% in control conditions,
p<0.0001 after 15 min; Figure 7A). In addition, LTP was fully occluded when brain
slices were pre-incubated with the membrane-permeable analog of the Epac
activator (8pCPT) (GIUuA3-KO vs. WT, p=0.008; Figure 7B). Together, these data
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indicate that Epac?2 activation is responsible for postsynaptic LTP at the PF to PC
synapse through activation of GluA3-containing AMPARs.

To investigate the involvement of Epac activation in cerebellar synaptic plasticity
in-vivo, we performed phase-reversal adaptation in wild-type mice that received
daily IP injections with either Epac antagonist ESI-05 (0.2-0.3 ml at 10 mg/kg) or
with vehicle alone 30 minutes prior to the training protocol. Mice administrated with
ESI-05 were not affected in basal eye reflex behavior, but performed significantly
worse in the phase-reversal task compared to vehicle injected animals (Figure
7D). Although both groups eventually reached a reversal of the VOR phase (Veh:
157+2%, ESI-05: 148+15°; Figure 7D), its magnitude was significantly lower in
the ESI-05 injected mice compared to vehicle controls (p=0.01; Figure 7E-F).
This difference reached after training could not be explained by a poor basic
response to the training stimuli (Figure 7C), but only by a significantly reduced
learning extent (p=0.01) and consolidation rate (p=0.03). Importantly, systemic
ESI-05 injections produced learning deficits without a change in basal synaptic
transmission compared to vehicle-injected mice (p=0.5 and p=0.9 for mEPSCs
amplitude and frequency, respectively) (Figure 7H), suggesting that absence of
Epac-dependent synaptic potentiation without any change in basal transmission
is sufficient to impair learning capabilities.

GluA3 expression in Purkinje cells is required for VOR learning

We showed that VOR learning depends on global expression of GIUA3 and that
LTP at PF-PC synapses requires GluA3-plasticity, but does VOR learning depend
on GIuA3 specifically in PCs? To address this question, we generated and tested
a PC-specific GIUA3-KO mouse (referred to as L7/GIuA3-KO; Figure S6) by
crossbreeding mice expressing Cre-recombinase under the PC-specific promotor
L7-pcp2 with mice in which the GIuA3 gene is flanked by loxP sites (Barski et al.,
2000; Sanchis-Segura et al.,, 2006). After establishing the single-unit identity of
floccular vertical-axis Purkinje cells in adult L7/GluA3-KO mice by demonstrating a
climbing fiber pause in their simple spike activity as well as a preferred modulation
tuning-curve during extracellular recordings in-vivo (Figure 8A) (Hoebeek et al,,
2005), we investigated the action potential generation of their simple spike activity
in the awake state. In the absence of visual stimulation, both the firing frequency
and regularity (i.e. coefficient of variation of adjacent interspike intervals or CV2)
of the simple spike activity of the L7/GIuA3-KO mice did not differ significantly
from those of wild-types (Figure S7A), which is consistent with the similar |-V
relationships recorded in-vitro for wild-type and GluA3-lacking PCs (Figure S7B).
Next, we provided visual stimulation at the frequency that was used for the training
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paradigm (0.6 Hz). Again the firing frequency and regularity (i.e. CV2) of the simple
spike activity of the L7/GIuA3-KO mice did not differ from those of wild-types
(p=0.7 and p=0.8 respectively) (Figure 8A). Moreover and most importantly, the
amplitude of the simple spike modulation during visual stimulation did not differ
(p=0.8; Figure 8A), suggesting that the PF output is in effect sufficient to mediate
the visual training signals in the L7/GIuA3-KO mice despite the reduced PF to PC
synaptic transmission (Figure S7C). Finally, the firing frequency and modulation
amplitude of the complex spikes did not show any significant difference either
(p=0.7 and p=0.9, respectively; Figure 8A). Together, these data indicate that the
in-vivo excitability and spike generation of PCs are intact in L7/GIuA3-KO mice.

We then tested 3 to 5 month-old L7/GIuA3-KO and control littermates for their
ability to adapt eye reflexes. The baseline OKR and VOR performances of these
L7/GIuA3-KO mice were indistinguishable from those in controls (Figure S1).
Similarly to global GIuA3-KOs, VOR motor learning was prominently affected in
L7-GluA3-KO mice (Figure 8C-G). The absence of GIuA3 in PCs showed significant
deficits throughout the phase-reversal paradigm (all p values < 0.01 after day
2), including a significantly different learning extent at the end of it (p=0.0005;
Figure 8B-F). Moreover, consolidation during the phase-reversal paradigm was
significantly lower (p=0.0006, Figure 7F). Gain modulation was also impaired as
shown by a significant difference between the final eye movement gain of L7/
GIuA3-KO mice compared to control littermates after either gain-down or gain-up
training sessions (p=0.04 and p=0.006 for gain-down and gain-up, respectively)
(Figure 8G).

In contrast to the single L7/GluA3-KO as well as single global GIluA1-KO and GIuA3-
KO mice, mice that lack both GIuAT and GIuA3 receptor subunits specifically in
Purkinje cells (L7-GluA1/3-KO) showed significant aberrations in baseline eye
movement performance (p=0.0001 for OKR and p=0.03 for VORD) (Figures
STA and S1B). Together with the findings presented above (see also Figure 1),
these data suggest that the presence of GIuA3 in the GIuA1-KO can compensate
for their lack of GIuA1 during both baseline and learning behavior, but that the
presence of GIuAT in the global GIuA3-KO and single L7-GIuA3-KO is not sufficient
to fully compensate for the lack of GIuA3 during adaptation of compensatory
eye movements, highlighting the putative impact of GluA3-dependent synaptic
plasticity in PCs.
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DISCUSSION

It is widely believed that LTP- and LTD-type synaptic plasticity mechanisms
act in concert to mediate several types of learning in brain regions such as
the hippocampus, amygdala and cerebral cortex (Malinow and Malenka, 2002;
Makino and Malinow, 2011; Nabavi et al., 2014; Nedelescu et al., 2070; Rumpel
et al,, 2005; Takahashi et al., 2003). For cerebellar learning, LTD at the PF to PC
synapse has historically been considered the dominant plasticity mechanism
(Ito, 2002; Linden and Connor, 1995). Although the simple spike suppression
observed at early stages of some forms of motor learning in-vivo may suggest
LTD occurrence (ten Brinke et al., 2015; Yang and Lisberger, 2014), an increasing
amount of studies suggest that LTD is not a strict requisite for motor learning
(Hesslow et al.,, 2013; Schonewille et al., 2011). In the present study we show that
LTP at PF to PC synapses is a required mechanism for cerebellar motor learning.
We show that LTP, but not LTD, at the PF to PC synapse requires plasticity of
GluA3-containing AMPARs and that both the selective removal of GIUA3 in PCs
and the pharmacological blockade of the pathway leading to GIUA3 plasticity in-
vivo severely impair the ability to adapt the vestibulo-ocular reflex. Combined,
these findings provide the first correlative link between GluA3-dependent LTP and
behavioral learning in general.

Previous studies proposed a role for cerebellar LTP in the context of bidirectional
gain modulation (Boyden et al., 2006). This work suggested that gain-down
modulation of the eye movements might require PF to PC LTP, and conversely,
gain-up modulation would require LTD. According to this hypothesis one would
expect that GIuA3-KO mice show impaired gain-down modulation with intact
gain-up adaptation. However, our data show that the specific absence of GIUA3 in
Purkinje cells most prominently impairs gain-up and phase modulation, supporting
an opposite kind of role for GluA3-dependent LTP in oculomotor learning. Whereas
the role of GIuA3 in PC plasticity and cerebellar motor learning is becoming more
clear now, that of GIuAT is still largely obscure. The presence of GIuAT in PCs
was neither essential for the induction of LTD or LTP nor were there overt signs of
deficits in motor performance or motor learning in the GIuA1-KO. Its possible role
became only indirectly apparent, when we observed that, in contrast to the single
GIuAT-KO, the double GIuA1/GIuA3-KO virtually completely lacked glutamatergic
currents in PCs and that the double L7-GluA1/A3-KO showed significant signs
of ataxia and deficits in motor learning. Given that the single GIuA3-KO did not
show any sign of motor performance deficit, these findings indicate that GIuA1-
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containing AMPARs in PCs do contribute to cerebellar motor performance, but
that their absence can be compensated for by GluA3-containing AMPARSs.

The possible role of LTP at the PF to PC synapse in cerebellar motor learning
has been suggested before by various other cell-specific mouse mutant studies
(Andreescu et al., 2007; Schonewille et al., 2010; Peter et al., 2016). However,
these studies tackled more upstream PC processes, which involved the nuclear
estrogen receptor, cytosolic protein phosphatase calcineurin and subsynaptic
protein shank?2, and as a consequence they suffered from various side-effects
that prevented definitive conclusions (Gao et al.,, 2012). In the current study, in
which we tackled PF to PC LTP more downstream by targeting GluA3-containing
AMPARs at the level of the synapse itself, we did not find any evidence for
structural changes or firing differences in PCs of awake behaving mice. We
did find that the basal transmission was reduced in PCs lacking GIuA3 (both in
the global and the cell-specific KO mice), but this deficit was probably not the
reason for the impairment of LTP or of motor learning, because acutely inhibiting
GluA3-plasticity through blockade of Epac prevented both LTP and motor learning
without affecting basal transmission. We therefore propose that the reduced
basal transmission in GIuUA3-KO mice is the consequence of a prolonged deficit
in LTP.

GluA1-dependent synaptic plasticity is mediated by active trafficking (Makino and
Malinow, 2011; Shi et al,, 2001) as well as by changes in conductance and open
probability at the single receptor level (Benke et al.,, 1998; Derkach et al., 1999).
Here, we present evidence that, at least at the short-term scale of tens of minutes,
synaptic potentiation through activation of GluA3-plasticity does not involve
trafficking but mainly a prominent increase in open-channel probability of GIuA3-
containing receptors, suggesting that in the case of GIuA3, changes in receptor
properties is the predominant mechanism to produce synaptic potentiation.
These findings imply that PF to PC LTP is mechanistically not just the reverse
of LTD at this synapse (Jorntell and Hansel, 2006). Linden and colleagues have
shown that PF to PC LTD is largely expressed by endocytosis of GluA2-containing
AMPARs (Linden, 2007; Schonewille et al., 2011), thus mainly dependent on
AMPAR trafficking. Given the current findings on GluA3-mediated LTP, it may
be worthwhile to find out whether changes in AMPAR unitary conductance or
glutamate affinity also play a minor role in early LTD expression at the PF to PC
synapse, as interference with clathrin-mediated endocytosis did not produce a
total attenuation of LTD expression (Wang and Linden, 2000).
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Full genetic ablation of GIuA2 subunits produces, in contrast to that of GIuA3, an
ataxic, hardly viable phenotype (Gerlai et al., 1998). Interestingly, the remaining,
mainly GIuAT- and GluA3-containing, AMPARs in these knock-out mice have an
unusual subunit composition and are abnormally distributed at the synapse
(Sans et al,, 2003). In this respect, it should be noted that GIUA3 is an obligatory
heteromeric subunit: GIUA3 homomers are energetically unfavorable (Rossman
et al, 2011) and form intracellular aggregates that don't reach the cellular
surface efficiently (Coleman et al., 2016). Genetic mouse models in which GIuA2
trafficking is blocked reveal an impairment in LTD induction at their PF to PC
synapses, whereas LTP is normal (Schonewille et al., 2011; Steinberg et al., 2006),
which is in line with our finding that LTP can be induced without trafficking of
GluA2/A3-containing AMPARs. Differently from these GluA2 mutants, GIuA3-KO
mice prominently express surface GluA2-containing AMPARs (heteromerized
with GIuAT1), but lack a cAMP-dependent synaptic LTP. These data highlight the
differential roles of GIuA2 and GIuA3 in the structural dynamics and localization
of AMPARs and the related forms of synaptic plasticity. In contrast to GIuA3,
GIuA2 is unlikely to be directly involved in cAMP-dependent plasticity, since its
expression coupled to GluA1 does not compensate for the absence of GIUA3
subunits. We propose that GIuA2 expression is a structural requisite for GIUA3
plasticity, as it appears necessary for proper expression and location of GIUAS3-
containing AMPARs. GluA1/2 heteromers in PCs may then serve to maintain
basal synaptic currents when cAMP levels are low.

The finding that an Epac-mediated change in single channel conductance and
open probability of GluA2/3-containing AMPARs may underlie LTP at the PF to
PC synapse raises the question how this change in configuration comes about.
Interestingly, the distribution of GluA3-containing AMPARs openings does not
seem to respond to a stochastic probability distribution of four ligand binding
domains (LBDs) “catching” glutamate with equal probability. Instead it is biased
towards the lowest conductance state opening, in which only two out of four
LBDs bind glutamate. Since GluA3-containing AMPARs predominantly consist of
two GIuA3 and two GIuA2 subunits, only the GIuA2 LBDs effectively may bind
glutamate under basal conditions. Our observation that enhancing cAMP levels
exerts GluA3-containing receptors to produce higher conductance openings
(resembling the behavior of GluAT1-containing receptors) may suggest that Epac
activation triggers a conformational change in the two GIuA3 subunits present in
each tetramer, such that they become responsive to glutamate binding at the LBD
(Figure 5F).
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It is widely accepted that intracellular calcium signaling is a key mechanism
for LTP induction in PCs (Coesmans et al., 2004; van Woerden et al., 2009). In
the present study we show that postsynaptic LTP depends on cAMP-dependent
activation of GluA3-containing receptors. How low calcium signals in PCs are
transduced into activation of adenylyl cyclase to raise cCAMP levels remains to be
elucidated. Interestingly, it has been shown that the tetanic activity of PFs required
for LTP induction produces local calcium increases dependent on low-threshold
CaV3.1 T-type calcium channels (Hildebrand et al.,, 2009) and that global deletion
or blockage of these channels prevents LTP induction and motor learning (Ly et
al,, 2013). In this respect, the calcium/calmodulin-dependent adenylyl cyclase
Adcy1 (Masada et al,, 2012) could be an interesting candidate to convert local
calcium activity in a rise in CAMP.

We have shown here that postsynaptic GluA3-dependent synaptic potentiation
depends on a rise in cAMP. Therefore, this study expands the repertoire of forms
of PC plasticity already known to depend on cAMP, such as presynaptic plasticity
(Chen and Regehr, 1997; Kaneko and Takahashi, 2004; Lev-Ram et al., 2002),
intrinsic plasticity (Belmeguenai et al., 2010) or plasticity at inhibitory synapses
(Mitoma and Konishi, 1996). Epac? has recently been reported to also have a role
in presynaptic plasticity in that it may modify glutamate release probability (Gekel
and Neher, 2008). This raises the interesting possibility that Epac2 and/or cAMP
in their pre- and postsynaptic domains operate in a synergistic fashion to control
synaptic plasticity (Le Guen and De Zeeuw, 2010; (Wang et al., 2014). Likewise, the
induction protocol of LTP produces an increase in intrinsic excitability in PCs, via
cAMP-mediated PKA modulation of SK potassium channels (Belmeguenai et al.,
2010). Thus, since this change in intrinsic excitability occurs at least partly as a
secondary process following tetanic PF stimulation, LTP at the PF to PC synapse
may act as a feed-forward amplifier of synaptic inputs to modulate firing rate in
PCs via cAMP production. Finally, it should be noted that rebound potentiation
at the molecular layer interneuron to PC synapse, which occurs following PC
depolarization, is also mediated by cAMP-mediated PKA modulation (Hirano and
Kawaguchi, 2012). Together, these findings point towards a central role of cAMP
following induction of PF to PC LTP regulating multiple forms of plasticity with
different identities and natures in a synergistic fashion (Gao et al., 2012).

Synapses are highly dynamic structures and early removal of synaptic proteins
can lead to compensatory mechanisms to occur in order to overcome unbalanced
synaptic function. However, no compensatory mechanism is able to overcome
the declarative memory deficits observed in GIluAT KO mice (Feyder et al., 2007;
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Humeau et al., 2007). In contrast, GIuAT-KO learned to adapt their vestibulo-
ocular reflexes virtually identically to wild-type littermates. This finding suggests
two possible scenarios: either PCs synapse are capable to compensate for the
absence of GIuA1 through a mechanism that is not present in hippocampal
pyramidal or amygdalar cells, or GIuAT is not involved in this form of learning
at all. With the evidence presented here, none of these possibilities can be
unequivocally discarded. Yet, these findings in the GIuAT-KO emphasize the
insufficiency of compensation in the GIuA3-KO; the fact that their PCs could
not compensate for the absence of GIUA3 to overcome the lack of LTP and the
learning deficits, highlights the importance of GIuA3 for PC synaptic plasticity
and motor learning. Taken together, the picture emerges that the learning rules
for AMPAR-mediated plasticity in PCs are inverted compared with those in the
hippocampus: cerebellar LTP and learning do not require GluA1, but depend on
plasticity of GluA3-containing AMPARSs.

Experimental procedures
For extended experimental procedures, which have all been done in a blinded
fashion, please see supplementary material.
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Figure S1. Related to Figures 1 and 8, Basic compensatory eye movements in the single global KO
mice for GluA1 or GIuA3 as well as in PC-specific KO for GluA3 are relatively normal, whereas those
in the double PC-specific KO for GluA1 and GluA3 show pronounced gain deficits.

(A) The optokinetic reflex (OKR), which stabilizes gaze with respect to a moving visual field (Stahl et
al., 2000), showed a normal baseline gain in GIuAT-KO and GIuA3-KO mice (F(2,29)=2.361, p = 0.11;
Repeated measures ANOVA and Tukey post hoc analysis), whereas phase values in both mutants
presented a small, but consistent, delay across the entire frequency range tested (F(2,29)=14.86, p <
0.01, Tukey’'s multiple comparisons test revealed differences for the 95% confidence intervals of both
mutants with respect to wild-type controls, but not between them). L7/GluA3-KO mice presented intact
gain and phase values compared to controls (F(1,26) = 0.21, p = 0.64 and F(1,26) = 1.24, p = 0.27,
respectively). In contrast, PC-specific double GIuA1 and GIuA3 KO mice (L7/GluA1&3-dKO) showed a
highly significantly impaired OKR response (F(1,20) = 21.30, p = 0.0001)

(B) During VOR compensation GluA1-KO and GluA3-KO showed both a normal gain (F(2,29)=1.745, p =
0.17) and normal phase (F(2,29)=1.382, p = 0.26). In addition, L7/GIuA3-KO mice also showed a normal
basic eye movement performance (F(1,26) = 1.65, p = 0.21 and F(1,26) = 1.53, p = 0.22, for gain and
phase, respectively). Interestingly, L7/GluA1&3-dKO showed significantly improved VOR performance
when compared to control mice (F(1,20) = 5.245, p= 0.033), most likely as a compensation for their
impaired OKR.

(C) When we combined optokinetic stimulation with vestibular stimulation (i.e. VOR in the light or
VORL) as occurs in daily life, all mutants also showed normal performances for both gain and phase
compared to those in wild-type littermates (F(2,29) = 1.33, p = 0.29 for GluA1-KO, GIuA3-KO and their
WT littermates and F(1,26) = 1.51, p = 0.23 for L7/GIuA3-KO vs. control littermates gain values).

(D) Oculomotor adaptation was assessed through paradigms aiming to either increase (i.e. gain-up
paradigm, in which the visual stimulus moves with the same amplitude as the vestibular stimulus,
but with opposite direction, resulting in improved VOR compensation) or decrease (i.e. gain-down
paradigm, in which both visual and vestibular stimuli move with the same amplitude in the same
direction, resulting in cancelation of compensatory eye movements) the amplitude of the VOR.
Schematic drawings of the training stimuli are shown in the left column. Our results show that whereas
GIluA1-KO mice show a comparable increase (p=0.23 for final catch trials) and decrease (p=0.11) of
gains compared to those in WT mice, GIluA3-KO mice show significantly impaired gain-up (p=0.009) as
well as gain-down (p=0.001) paradigms. The deficits observed in the global GIuA3-KO mice were also
present in the PC-cell specific KO (L7/GluA3-KO compared to WT littermates, p = 0.006 and p = 0.04 for
gain-up and gain-down, respectively).

Error bars indicate SEM, * indicates p<0.05.
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Figure S2. Related to Figure 1, (A) The full range of the 2 variables that explain ocular movements (0 to
1 for the gain and 0 to 360 for the phase) determine a circular bi-dimensional Cartesian plane (shown
as a polar plot), in which every eye movement can be defined. Given that phase-reversal learning takes
place through a defined common learning trajectory over several days during which phase covariates
with gain (left polar plot), we performed statistics on the Cartesian coordinates defining gain and phase
using the paired Hotteling's T2-Test.

(B) Polar plots of gain and phase vectorial representation during phase-reversal VOR learning data to
illustrate the data analysis procedure. The data are composed of 5 individual learning vectors (one
per day) moving across a constant learning trajectory towards the target set by the training paradigm
(Phase of 180 degrees; Gain of 1). Based on the raw gain and phase data (A), we first calculate the
learning extent for each mouse as the vectorial difference between the final performance and the initial
performance (recording 6 of day 5 — recording 1 of day 1) and subsequently average these values per
group. Between days of training there is partial retention of motor memories; to calculate the overall
consolidation we calculate the ratio between the learning extent and the absolute summed extent of the
learning vectors as if there was no memory loss overnight (100% consolidation). This ratio calculated
per mouse is then also averaged across the mice, generating consolidation values for each group.

(C) Eye movement behavior of 4-6 week old GluA3-KO mice is virtually identical to that of 3-5 month old
mice. Scatter plots of gain and phase values of 4-6 week old mice during the visuo-vestibular training for
VOR phase-reversal shows no significant differences in the ability to follow the training signal (p>0.05
for last training recording on day 5 for comparison of GluA1-KO vs GIuA3-KO and of WT vs GIuA3-KO).
(D) Scatter plots of gain and phase values of the VOR catch trials show that WT and GIuA1-KO mice,
but not GIuA3-KO mice, are able to reverse the phase of the VOR after training (p<0.01 for last catch
recording on day 5 for comparison of GIuA1-KO vs GIuA3-KO and of WT vs GluA3-KO). For comparison
with data in 3-5 month old animals see also Figure 1.

Error bars indicate SEM, * indicates p<0.05.
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Figure S3. Related to Figure 2, PCs lacking GluA1 or GluA3 have comparable spine density and show
comparable levels of LTD induction compared to those in wild type (WT) PCs.

(A) Representative confocal optical planes (0.5 um thick) of PC distal dendrites used to quantify spine
densities of WT, GIuA1-KO or GIuA3-KO PCs.

(B) Densities plotted for each genotype correspond to the average spine density of at least 20 dendritic
branches of PCs in lobules V to X per animal. Scale bar = 5 um. The results show that neither the lack
of GIuAT nor that of GIuA3 yielded differences in spine densities of proximal or distal dendrites of PCs.
(C) Scheme of cerebellar cortical circuitry (bottom panel) and representative picture of the in-vitro
preparation (top panel) showing positions of recording electrode (yellow) at PC soma and stimulus
electrodes (green and purple) at parallel fiber (PF) beam and climbing fiber (CF), respectively. ML, PCL
and GrCL indicate molecular layer, Purkinje cell layer, and granule cell layer, respectively.

(D) PCs were recorded in current clamp mode and the location of the stimulus pipettes were determined
functionally by evoking responses to electrical stimulation at resting potential. Once the proper locations
were identified, cells were kept in hyperpolarized state (-80 mV approx.) and a conjunctive CF and PF
stimulation protocol was applied to the cell for 5 minutes (see Suppl. Methods for details).

(E) Both GluA1-KOs (red) and GIuA3-KOs (blue) show similar cerebellar synaptic weakening after LTD
induction (top panel) compared to WT littermates (black) with unchanged PPR over time (bottom
panel). Representative traces of paired EPSCs before (solid lines) and after LTD induction (dashed lines)
(right panels; genotypes match the color codes in B).
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Figure S4. Related to Figures 2, 4 and 6. Kainate receptors do not compensate for weakening of
glutamatergic transmission at PF to PC synapses in the absence of GluA3.

(A) To assess possible compensatory components in the glutamatergic transmission of PCs in GIuA3-
KO mice we investigated the impact of blocking either AMPA-receptors with 30 uM of GYKI-52466
(Cossart et al., 2002) or kainate receptors with 5 uM of SYM2081 (Yan et al., 2013) after establishing a
stable baseline of eEPSCs in WT and GIuA3-KO PCs.

(B) PF stimulation intensity was manually adjusted to obtain comparable EPSC amplitudes between
100-200 pA in WT and GIuA3-KO PCs (p = 0.3, GIuA3-KO vs. WT). The average quantal content released
to produce events of comparable amplitude (estimated as the inverse of the square coefficient of
variation; Kerchner and Nicoll, 2008), was significantly higher in the GIuA3-KO (p < 0.001), indicating
post-synaptic weakening.

(C) Blocking AMPARSs reduced the total glutamatergic transmission in GIluA3-KO PCs by 89+2%, which
was significantly less than that in wild-type PCs (94+2%; p = 0.01 for GIUA3-KO vs. WT, top panel).
However, this difference was exacerbated after normalizing the amplitude to the quantal content,
revealing that in the absence of GIuA3, PCs have about half the normal magnitude of AMPA-mediated
current (p < 0.001, bottom panel).

(D) To investigate to what extent kainate receptors can compensate for an impairment in GluA3-
dependent transmission in PCs (Yan et al.,, 2013), we investigated the impact of a blockage of kainate-
receptors in both WT and GIuA3-KO PCs. The contribution of kainate-receptor mediated events to EPSC
amplitude normalized to baseline magnitude was significantly higher in PCs of GIUA3-KO (2141.5%)
than that in WT PCs (16+3%; p = 0.024 for GIUA3-KO vs. WT, top panel). However, when normalized to
the quantal content, the absolute contribution of kainate receptors was comparable among genotypes
(p=0.19, bottom panel). Together, these data indicate that glutamatergic transmission in GIuA3-KO mice
can be largely explained by GluA1/GluA2-mediated AMPA-currents and to a lesser extent by kainate-
currents, none of which is able to compensate for the synaptic weakening caused by the absence of
GIuA3.

(E) Excised patches of PC somata that received puffs of 100 um AMPA generated significantly larger
currents when 8-CPT-2Me-cAMP (8-CPT) was present in the internal solution. Note that the control
patches showed the same probability of presenting AMPA events (left). Fast desensitizing and slow
decay time kinetics were also unchanged (right panels).

(F) Super-ecliptic pHIuorin (SEP) fused to GluA3 AMPARs showed the expected pH sensitivity. Washing
in of acidic ACSF (pH 5) produced a dramatic reduction in the fluorescence intensity of externalized
GIUA3-SEP receptors. This is in line with the fact that GIUA3-SEP AMPARs internalized in acidic vesicles
contribute marginally to the fluorescent signal imaged. Scale bar, 200 ym.
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Figure S5. Related to figure 5, GluA1-containing AMPARs single channel properties are unchanged
after forskolin application. (A) Example of multichannel activity recording. The presence of “escalated”
openings that produced multiple conductance levels (asterisks) before reaching baseline was used as a
criterion to discard recordings with multiple channels. (B) Single channels of GluAT-containing AMPARs
showed comparable behavior in the presence and absence of forskolin. Note that under baseline
conditions (top panel) the conductance level was higher than that of GIUA3 channels as presented
in main Figure 4A (top panel). (C) Conductance of the 3 different open levels of these channels was
unchanged in the presence of forskolin and also comparable to that of GIUA3 channels. (D) The relative
fraction of openings and overall open probability of GIuAT channels was also unchanged after forskolin
application and it resembled that of cAMP-activated GIuA3 channels.
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Figure S6. Related to Figure 8, Cre-dependent tdTomato expression under the L7 promotor
confirms its Purkinje cells specificity. (A) Example of a L7Cre/floxedGluA3-KO mouse sagittal brain
slice in bright field. (B) Same brain slice imaged with an epifluorescence microscope reveals how
tdTomato expression is restricted to cerebellar PCs. (C) PCs in the vestibulocerebellum (flocculus and
paraflocculus) also express the reporter under the L7 promotor. (D) Quantification of the population of
PCs expressing tdTomato under the L7 promotor. Nearly all PC’s with tdTomato (E, H) express calbindin
(F, I with single labeling in green; G, J with double labeling in yellow) and vice versa, proving that the L7
promotor can be effectively used to genetically manipulate virtually the entire population of PCs. Scale
bars 1 mm (A,B), 250 um (C) and 100 um (E-J).
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Figure S7. Related to Figure 8, GIuA3 lacking PCs show intact excitability in-vitro and in-vivo
despite their reduced synaptic transmission. (A) In-vivo spontaneous firing of L7/GIuA3-KO PCs show
comparable firing frequency and regularity of simple spikes as well as comparable amount of complex
spikes, suggesting once more that, despite weaker PF to PC synapses, PC excitability is unaffected. (B)
Short square steps of increasing current injected into PCs of both wild-types and GIuA3-KOs showed
no differences in the I/V relationships between genotypes (F(1,21)=2.3, p = 0.14, Repeated Measures
ANOVA), showing that despite the weaker synaptic transmission in the absence of GIuA3, PCs have
unchanged excitability in vitro. (C) Synaptic transmission is also reduced in the PC specific KO for GIUA3
(L7/GIuA3-KO) tested in-vitro. Error bars indicate SEM, * indicates p<0.05.
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Figure S8. Related to Figures 2, 3, 6 and 7. Overview of membrane resistance (Rm) and series
resistance (Rs) of every group of PCs used to generate the experimental figures of the current study.
Data are plotted with the same color code as in main figures. All PCs that had a change in resistance
bigger than 20% over a period longer than 2 minutes were discarded for further analysis. Rs and Rm for
data shown in figure 2C (A), figure 2D (B), figure 3A (C), figure 6A (D), figure 6B (E) and figure 7A-B (F).
Error bars indicate SEM.
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EXTENDED EXPERIMENTAL PROCEDURES

Mice

Inbred breeding colonies were used to obtain the experimental knockout
mice. GIuA1-KO mice, kindly provided by Dr. R. Huganir (Kim et al., 2005),
were generated by mating heterozygous c57bl6/129 mice; GIuA3-KO and wild-
type littermates were bred from ¢57bl6x129P2-Gria3tm1Dgen/Mmnc mutant
ancestors (MMRRC, Davis, CA) at least 6 times backcrossed to ¢57bl6 mice; and
Purkinje cell specific GIUA3 knockout mice were generated by crossing floxed
GIuA3 mice (Sanchis-Segura et al., 2006) with L7-Cre mice (Barski et al., 2000).
All experiments were conducted in line with the European guidelines for care and
use of laboratory animals (Council Directive 86/6009/EEC). The experimental
protocol was approved by the Animal Experiment Committee (DEC) of the Royal
Netherlands Academy of Arts and Sciences (KNAW). All data of the experiments
described below were acquired and analyzed in a blinded fashion with respect to
the genotype.

Eye movement recordings and oculomotor learning tasks

Baseline performance of compensatory eye movements and VOR adaptation were
first tested in three groups of male mice at the age of 4-6 weeks and 3-5 months.
These included wild-type littermate mice (WT, n = 15+ 14, for both age categories,
respectively), GIuA1 knockout mice (n = 5 + 6) and GIuA3 knockout mice (n =
8 + 6). Mice were surgically prepared for chronic head restrained experiments
(de Jeu and De Zeeuw, 2012). During the experiment the mouse was placed
head-fixed in a holder tube on a vestibular motion platform (R2000 ‘Rotopod,
Parallel Robotic Systems Corporation, Hampton, USA). Left eye orientation was
measured using video pupil tracking with a table-fixed CCD camera (Pulnix TM-
6710CL, 120 frames/s) and IR illumination (850 nm LED, 6.5 cm distance from
the eye). Pilocarpine (2%) eye drops were applied before the experiment to limit
pupil dilatation in darkness. Online image analysis was performed to extract the
location of pupil edges and corneal light reflections using custom built software
for Labview (National Instruments, Austin, TX, USA). Angular eye velocity was
computed offline using custom software written for Matlab (The Mathworks Inc.,
Natick, MA) using the algorithm outlined elsewhere (Stahl et al., 2000). Saccadic
eye movements and quick-phases of the vestibular nystagmus were removed
using a 50°/s velocity threshold and 200 ms margins at each threshold crossing.
Each mouse was accustomed to the setup for a period of three training days before
the experimental data were collected. The horizontal VOR was characterized in
both darkness and light using sinusoidal rotation about the vertical axis, using

12 Chapter 4



frequencies ranging between 1/16th to 4 Hz, presented in a sequence of increasing
order, holding constant peak velocity of 18.8°/s. The number of cycles ranged
between 5 at 1/16Hz to 60 at 4 Hz. Mice were subjected to a VOR cancellation
stimulus on the first day (in-phase sinusoidal movement at 0.6 Hz, 5° amplitude
of both the table and the visual surround) and a VOR reversal stimulus on
subsequent days (2-5), where the amplitude of the visual surround was increased
to 7.5° (day 2) and 10° (days 3, 4, and 5). The amplitude of the turntable remained
constant at 5° amplitude (18.8°/s peak velocity). Training sessions consisted of
6 VOR measurements (30 cycles, 50 seconds, in darkness) that were alternated
with 5 periods of visuo-vestibular mismatch training (300 cycles, 500 seconds).
Apart from the training sessions, animals were kept in total darkness during
the consecutive training days. The eye movement response was expressed as
gain and phase relative to head movement, which was calculated using multiple
linear regression of eye velocity to in-phase and quadrature components of the
turntable velocity trace. Gain of the eye movement response was defined as the
ratio between the eye velocity and the table velocity magnitudes. Phase was
expressed in degrees and offset by 180°, so that a phase of 0° indicates an eye
movement that is in-phase with contraversive head movement; positive phase
values indicate phase leads. Consolidation of the adapted VOR was assessed by
computing the ratio between the long-term change in VOR and the cumulative
sum of short-term changes in VOR of preceding training sessions. The long-term
change was defined as the absolute difference between the ending VOR on day 5
and the naive VOR on day 1. The short-term change was defined as the absolute
difference between the VOR at the beginning and end of a training session. For
a period of at least 10 days animals were allowed to rest between different VOR
adaptation protocols. Bivariate 2-sample Hotelling's T2-test was used to compare
gain and phase values between groups, and One Way ANOVA/ Tukey post-hoc
test was used for cumulative consolidation values.

Spine density quantification in Purkinje neurons

In order to calculate the spine density in PCs, 5 WT, 4 GIuAT-KO and 4 GIuA3-
ko mice received an overdose of sodium pentobarbital via IP injection and were
perfused intracardially with 10 ml of PB 0.1M (pH 7.6) followed by 60 ml of fixative
(4% paraformaldehyde in 0.1 M PB, pH7.6) at a rate of 5.5 ml/min. Brains were
carefully removed from the skull, post-fixed for a maximum of 2 hours in the same
fixative solution at 4°C, immersed in 30% sucrose in PB at 4°C until they sank, and
subsequently cut into 40pm thick frontal sections, which were collected as four
matching series. For calbindin detection, the slices were incubated in blocking
solution containing 10% horse serum in 0.1 M PB to minimize non-specific binding
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of the antibodies. After 1 hour, blocking solution was replaced by the primary
antibody solution containing 5% horse serum in 0.TM PB, rabbit anti-Calbindin
antibody (Chemicon, Millipore) at a concentration of 1:1000 for 12 hours at 4°C.
After several rinses with 0.1 M PB slices were incubated for 4 hours in a solution
containing 5% horse serum in 0.7 M PB and horse anti-rabbit combined with Alexa
488 secondary antibody at a concentration of 1:200. After several rinses, slices
were mounted and covered with Dako mounting medium (Dako), and imaged
under a confocal microscope (Leica SP5). Allimages were acquired with the same
settings and the analysis was performed with Imaged. Stacks of pictures across
the Z-axis (10-30 um) were made to count total spine number in proximal (max 30
um away from the PC soma) and distal dendrites of PCs. The spine density was
calculated for each dendrite dividing the dendrite’s spine count by its length; all
images were processed using Imaged. All proximal and distal dendrites counted
were averaged for each mouse and mice of the same genotype were averaged to
obtain the final spine densities (Figure S3A-B).

In-vitro electrophysiology

Sagittal slices of the cerebellar vermis (250 to 400 pm thick) from 4 to 6 weeks
old mice were obtained in ice-cold oxygenated “slicing” solution containing (in
mM) 2.5 KCI, 1 CaCl2, 3 MgCI2, 25 NaHCO03, 1.25 NaH2P04, 240 sucrose, 25
D-glucose and 0.01 kyneurenic acid. Slices were transferred to the same slicing
solution at 34°C for 5-10 minutes and then transferred to oxygenated ACSF at
34°C containing (in mM) 124 NaCl, 5 KCI, 1.25 Na2HP04, 1 MgS04, 2 CaCl2, 26
NaHCO3, 20 D-glucose. Subsequently, the slices were allowed to recover for at
least 30 minutes until they were moved to the recording chamber containing the
same oxygenated ACSF with 100 uM picrotoxin to prevent GABAergic transmission
at near physiological temperature of 30+2°C. Whole-cell patch-clamp recordings
of Purkinje cells located in lobules VI to X were performed using an EPC-10
amplifier (HEKA, Lambrecht). 3-5 MQ resistance patch pipettes were filled with
(in mM) K-Gluconate 122.5 mM, NaATP 4, NaGTP 0.4, HEPES 10, NaCl, KCI 9
and 0.6 mM EGTA (Sigma) at pH 7.25 for all the recordings that required current
clamp mode (including LTP) or with (in mM) 115 mM cesium methanesulfonate,
20 mM CsCl, 10 mM Hepes, 2.5 mM MgClI2, 4 mM Na2ATP, 0.4 mM Na3GTP, 10
mM sodium phosphocreatine (Sigma), and 0.6 mM EGTA (Sigma), at pH 7.25
for the experiments that were exclusively done in voltage clamp mode. For both
voltage-clamp and current-clamp recordings, PC membrane potential was held at
-70mV to prevent spontaneous firing. Series resistance (5-10 MQ) was measured
before the experiment and compensated with standard procedures. During the
experiment series and membrane resistances were monitored by applying a 100
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ms hyperpolarizing pulse (-10 mV). Only cells with stable membrane and series
resistance (change < 20% of the last 5 minutes of recordings compared to the last 5
minutes of baseline) were included in the analysis (Figure S8). Whole-cell recordings
were digitized at 40 kHz and filtered with a Bessel filter at 4 kHz for voltage clamp
recordings (8 kHz for current clamp mode). PF to PC LTD was induced by pairing
PF stimulation at THz for 1T minute with a 100 ms somatic depolarization from 70
mV to 0 mV, mimicking climbing fiber input (Linden, 2001; Saab et al., 2012), or by
pairing PF stimulation at THz for 5 minutes with real climbing fiber stimulation at
THz (Schonewille et al,, 2011). Instead, PF to PC LTP was induced by PF stimulation
aloneat 1 Hz for 5min. Tomonitor EPSC amplitude over time, two testresponsestoa
PF pulse (with 50 ms interval) were evoked every 20s in voltage-clamp mode. In LTP
experiments, cells were switched to current-clamp mode for tetanization. Paired-
pulse ratio (PPR) was calculated as the ratio of the amplitude of the second evoked
excitatory postsynaptic current (eEPSC) to that of the first. eEPSC amplitudes and
PPR were averaged per minute and normalized for final representation. For the
experiments on intrinsic excitability recordings were performed in current-clamp
mode, again using an EPC-10 amplifier (HEKA Electronics). Intrinsic excitability
was monitored through injection of brief steps (550 ms) of increasing depolarizing
current (20 steps from 50 to 1000pA). The spike count was taken as a measure of
excitability. Input resistance (Ri) was measured by injection of hyperpolarizing test
currents (200 pA; 100 ms) and was calculated from the voltage transient toward
the end of current injection. Recordings were excluded if the input resistance varied
by > 20%.

Single channel activity was measured in cell attached configuration with pipettes
between 6-8 MQ of resistance, containing the same intracellular solution used for
whole cell recordings but containing 100 uM of S-AMPA (Tocris). After reaching a
patch resistance above 2 GQ, the patch voltage clamp was decreased from close
to resting potential (-60 mV approx.) to twice as negative (-120 mV approx.). In
this configuration the ionic driving force across the channel was reversed and
therefore the openings produced depolarizing events in the patch pipette. To
determine the actual driving force across the AMPAR we broke into whole cell
mode after the single channel recording was acquired and measured the cell
resting potential. The driving potential, resulting from subtraction of the resting
potential and clamped voltage, was used to calculate the receptor conductance.
To further corroborate that the openings observed were caused by AMPARs, a
subset of channels was also recorded close to resting potential voltages (-60 mV)
and at 0 mV. When clamped close to cell resting potential, the driving force across
the channel was minimal and the openings were no longer visible. When clamped
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at 0 mV the events detected by the pipette were of similar size, but the driving
force was reversed, consistent with AMPARS behavior.

For the outside-out patches of AMPA responses, pipettes with 4-6 MQ resistance
were use to establish a Giga-seal (1 GQ resistance) with PC somata. After
compensating the capacitance artifact, we let the seal rest until it reached a
resistance above 2 GQ. After breaking into whole cell mode, the pipette was slowly
retracted until both the cell and the outside-out patch were re-sealed again. Every
20 seconds a 100 ms puff of 100 uM AMPA was delivered with a Picospritzer Il
(Parker, Hollis, USA) to generate an AMPA-dependent response. In each sweep,
a 100 ms depolarizing test pulse (-10 mV) was applied in order to test series
resistance and membrane capacitance. Only patches with a constant resistance
over 1 GQ were considered for analysis. Membrane capacitance was used to
control for outside-out patch size, assuming a specific membrane capacitance
of 0.01 pF per 1T pm2 (Schmidt-Hieber and Bischofberger, 2010). Our patches
presented comparable estimated areas of 12.1+0.9 and 11.8+0.8 um2 in control
and 8-CPT containing patches, respectively (p=0.42).

Drugs and pharmacology

For mEPSC recordings, tetrodotoxin (TTX, T uM, Sigma) was added to the bath
solution to block network activity in order to only measure excitatory spontaneous
release. In order to isolate the specific contribution of AMPA and kainate receptors
to glutamatergic transmission in WT and KO mice, the AMPA specific blocker
GYKI52466 (30 uM, Sigma) or the kainate specific blocker SYM2081 (5 uM, Sigma)
were added to the extracellular bath solution. For pharmacological investigation
of the cAMP-GIuA3 dependent pathway the following membrane permeable drugs
were added to the bath of ACSF: 50 uM Forskolin (adenylyl cyclase activator,
Sigma), 20 uM H89 (PKA antagonist, Tocris), 5 uM KT5720 (PKA antagonist,
Sigma), and 10 pM ESI-05 (EPAC antagonist, BioLog). In addition, we applied the
membrane non-permeable agonist for EPAC, 8-CPT-2Me-cAMP (20 pM, Tocris
Bioscience) to the intracellular whole cell recording solution to investigate the
postsynaptic impact of EPAC. In order to obtain a monophasic time decay of the
AMPA-evoked responses in outside-out patches we added a final mixture of 80
UM PEPA (AMPAR flop splice variant desensitization blocker, Tocris bioscience)
and 100 uM cyclothiazide (CTZ, AMPAR flip splice variant desensitization blocker,
Tocris bioscience) to the bath solution.
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Analysis of cell physiological data

Spontaneous MEPSC and evoked EPSC recordings were analyzed with
MiniAnalysis software (Synaptosoft) and ClampFit (Molecular Devices),
respectively. To calculate 1, (fast desensitizing component) and t__, (slow non-
desensitizing component) of AMPA evoked currents in outside-out patches a
double exponential function was fitted using ClamPFit with DC offset set at 0.
The decay of the averaged current was fitted to the following equation:

slow

In this equation 11 represents 1,__.. The percentage of the decay represented by the
slow component (% _ ) was calculated by the function A1/(AT+A2), as described
elsewhere (Christian et al,, 2013). The weighted decay time constant for AMPA
evoked currents in outside-out patches in the presence of desensitization
blockers was calculated by dividing the total charge transfer (in fC) by the peak
amplitude (in pA). Non-stationary fluctuation analysis of outside-out patches
traces was carried out following previously described methods (Alvarez et al,,
2002; Benke et al., 20071; Hartveit and Veruki, 2007). In short, peak aligned AMPA
evoked currents recorded over 10-15 sweeps per outside-out patch were binned
in 10 equally sized bins of 150 ms each and for each bin the mean amplitude and
variance were calculated. The data distribution resulting after plotting amplitude
versus variance was fitted with the following equation:

Where the variance (¢?) of the amplitude of the current (I) obtained at each time
point is explained as a function of the single unitary current (i) and the number
of functional conducting channels (N) with an offset given by the variance of
the baseline noise (0?,). The number of funtional channels was extracted from
the derivative at | = 0, and the single channel conductance was calculated by
dividing the unitary current by the applied voltage with respect to the reversal
potential (Vho‘dmg—E -70 mV and 0 mV, respectively). The peak open probability
(P.), which corresponds to the fraction of available functional channels open at
the time of the peak current (I__ ), was calculated from the following equation:

reversal’

peak)

In this equation N__ represents the theoretical maximum of available channels
opened at the point where the theoretical maximum amplitude reaches the
minimum variability (¢, ) in the given parabola fit.
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Single channel activity was analyzed using ClampFit (Molecular Devices). Three
detection thresholds were used to detect 01 (1.5 pA), 02 (3 pA) and O3 (4.5 pA)
openings in single channel AMPA receptors in steady baseline recordings (no
holding current fluctuations). Events with a latency shorter than 0.3 ms were
ignored to prevent noise to be recognized as openings.

Statistics

For statistical analysis of behavioral and in-vitro electrophysiological data we
used either Matlab statistical toolbox (The MathWorks Inc., Natick, MA, 2000)
or GraphPad Prism 6 (La Jolla, California, USA). Although Matlab always reports
exact p-values, GraphPad Prism 6 does not report exact values when p < 0.0001.
Thus we have reported exact p-values when possible, taken into consideration the
limitation explained above.

In-vitro two-photon imaging

Organotypic cerebellar slices were made from P7-9 mice using a protocol adapted
from previous studies (Hurtado de et al, 2011; Stoppini et al., 1991) and kept
in culture 4-7 days prior to the experiments. Slices were then transfected with
sindbis virus expressing rat flip GIuA3 AMPAR fused to the pH sensitive version
of GFP Super Eccliptic pHluorophor (GIuA3-SEP) for a period of 24-48 hours prior
to the imaging session. Electrophysiological recordings of PC mEPSCs were
performed in this preparation. In our hands, mEPSC amplitudes and frequencies
were consistently higher in organotypic cultured PCs than in acute (e.g. Fig 2B
and 4B, WT-Acute vs. WT-Organotypic p = 0.0002 and p < 0.0001 for amplitude
and frequency, respectively), using the same concentration of TTX and PTX. For
imaging, slices were transferred from the incubation solution to the recording
chamber containing ACSF (same composition as mentioned before but with 4
UM calcium and 4 pM magnesium). Three-dimensional images were collected
on a custom-built two-photon microscope based on a Fluoview laser-scanning
microscope (Olympus). The light source was a mode-locked Ti:sapphire laser
(Chameleon, Coherent) tuned at 850 nm using a 60x objective. Optical sections
were captured every 0.5 pm from transfected PC dendrites. Fluorescence intensity
was quantified from projections of stacked sections using Imaged software
(NIH). For single spine bleaching in the FRAP experiments, a ROl was selected
covering the surface of a single spine, which was used to target the laser for 20-
30 seconds (with the same intensity as for regular imaging).
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In-vivo electrophysiology

Mice (males, 4-6 month old) were prepared for chronic experiments as described
previously (Wulff et al,, 2009). In short, under general anesthesia a pedestal with a
magnet was placed on the frontal and parietal bones of the animal, and a recording
chamber was constructed around a small craniotomy in the left occipital bone.
After 2 days of recovery, animals were habituated in the setup for 20 min for
two days. During the experiments, the animals were alert and immobilized in a
custom restrainer. Extracellular activities were recorded with glass micropipettes
filled with 2M NaCl solution and advanced into the cerebellar cortex from the
surface of Crus | and II. Electrode signals were filtered, amplified and stored for
off-line analyses (Spike2, CED, and Cambridge, UK). PCs were identified by the
occurrence of both simple spikes and complex spikes, and single-unit activity
was confirmed by a brief pause in simple-spike firing following each complex
spike (i.e. climbing fiber pause; see De Zeeuw et al, 2011). The whole field visual
stimulation was presented by rotating a cylindrical screen (diameter 63 cm) with
a random-dotted pattern (each element 2°) at 0.6 Hz with an amplitude of 5°.
Offline analysis was conducted in Matlab (Mathworks, Natick, MA, USA). CV2 of
simple spikes was calculated as the mean value of (2 x (ISIn+1 - 1SIn))/ (ISIn+1
+ 1SIn) (Wulff et al,, 2009). Modulation of simple spikes and complex spikes was
calculated as the amplitude of the sine wave fitted to the histogram of spike rate.
Statistical analysis was done using Student’s t-test with SPSS (IBM Corporation,
Armonk, NY, USA).
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SUMMARY

AMPA receptors are responsible for fast excitatory synaptic transmission in
the brain. In CAT pyramidal neurons of the hippocampus two types of AMPA
receptors predominate: those that contain subunits GluA1 and GluA2, and those
that contain subunits GIuA2 and GIuA3. GluA1-containing AMPA receptors have
been extensively studied and are known to play a key role in several forms of
synaptic plasticity and memory formation. In contrast, the contribution of GIuA3
to synapse physiology in the hippocampus has remained elusive. Here we show
that during fear, the activation of beta-adrenergic receptors triggers a massive
and transient synaptic potentiation of GluA3-mediated currents. Our results
further indicate that the beta-adrenergic activation of GluA3-containing AMPA
receptors promotes the retrieval of fear memories.




INTRODUCTION

Memory formation involves the selective strengthening of groups of synapses
within neuronal circuits that are activated during an experience. The encoding
of memories is thought to depend on the long-term potentiation (LTP) and long-
term depression (LTD) of synaptic strength (Nabavi et al., 2014; Whitlock, Heynen,
Shuler, & Bear, 2006). LTP and LTD can be expressed by a change in the number of
postsynaptic AMPA-type glutamate receptors (AMPARSs) (Huganir & Nicoll, 2013;
Malinow & Malenka, 2002). AMPAR channels are formed through the assembly
of four AMPAR subunits. In excitatory neurons of the mature hippocampus, the
majority of AMPARSs consist of subunits GIuAT and GIuA2 (GluA1/2 heteromers) or
GluA2 and GIuA3 (GIuA2/3 heteromers) (Wenthold, Petralia, & Niedzielski, 1996).

GluAT-containing AMPARs play an essential role in several forms of experience-
dependent plasticity (Kessels & Malinow, 2009). GIuA1 is inserted into synapses
upon the induction of LTP or the formation of fear memories; a selective blockade
of GIuA1 trafficking impairs LTP and memory formation (Mitsushima, Ishihara,
Sano, Kessels, & Takahashi, 2011; Rumpel, LeDoux, Zador, & Malinow, 2005). In
line with this, LTP and the formation of fear memories are severely impaired in
GluA1-deficient mice (Humeau et al., 2007). In contrast to the short cytoplasmic
tails (C-tails) of GIuA2 or GIuA3, the GIuA1 subunit has a long C-tail that contains
several unique phosphorylation sites by which the trafficking of GIuA1 to synapses
canberegulated. Forinstance, the C-tail of GIuA1 can be phosphorylated by protein
kinase A (PKA), which lowers the threshold for LTP and facilitates the formation of
memories (Crombag et al., 2008; Hu et al., 2007; Qian et al., 2012). Such activation
by PKA can occur following activation of beta-adrenergic receptors (B-ARs) by
norepinephrine (NE), which leads to activation of adenylyl cyclases, producing
a rise in intracellular cyclic AMP (cAMP) (Hall, 2004; Vanhoose & Winder, 2003).
Whereas the role of GIUAT in synaptic plasticity and learning is well established,
the role of GluA3-containing AMPARs has remained unclear. In hippocampal
neurons that lack GIuA3, LTP and LTD are intact (Meng, Zhang, & Jia, 2003) and
the capacity of GluA3-deficient mice to acquire fear memories is comparable to
wild-type congenics (Adamczyk et al.,, 2012; Humeau et al., 2007). Although GIuA3-
deficient mice show few apparent physiological and behavioral abnormalities,
they do show altered electroencephalographic and respiratory patterns during
sleep (Steenland, Kim, & Zhuo, 2008) and reduced alcohol-seeking behaviour
(Sanchis-Segura et al,, 2006). Interestingly, the presence of GIUA3 is required
for amyloid-B, the prime suspect to cause Alzheimer's disease (AD), to mediate
synaptic and memory deficits (Reinders et al., 2016).
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There are currently two theories on the relevance of having two different types of
AMPARs in excitatory neurons. One model dictates that LTP and learning involve
synaptic trafficking of GluA1-containing AMPARs, whereas GluA3-containing
AMPARs are constitutively replacing AMPARs at synapses independently of
neuronal activity (McCormack, Stornetta, & Zhu, 2006; Shi, Hayashi, Esteban,
& Malinow, 2001). In this model GluA3-containing AMPARs are implicated to
participate in homeostatic scaling of synaptic strength (Makino & Malinow, 2011;
Rial Verde, Lee-Osbourne, Worley, Malinow, & Cline, 2006). The second model
states that in essence any type of AMPAR can be inserted into synapses upon
LTP induction (Granger, Shi, Lu, Cerpas, & Nicoll, 2013) and therefore AMPARs can
contribute to learning in a manner independent of subunit composition. In this
model, the observation that GluA1-containing AMPARs dominate in mediating
synaptic strengthening is explained by the notion that GluA3-containing AMPARS
contribute little to synaptic and extrasynaptic AMPAR currents in hippocampal
pyramidal cells (Lu et al., 2009).

A recent paper by our lab (Renner et al, 2017) essentially combined these two
models, showing that, in mice, GluA3-containing AMPARs are present at CA1
synapses in hippocampal slices, but transmit no or low currents upon glutamate
binding under basal conditions; when intracellular cyclic AMP (cAMP) levels
rise, GIUA2/3 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. In addition, B-AR activation was
shown to be able to evoke GluA3-dependent plasticity upon a robust increase
in cAMP levels and NE-release induces potentiation of GluA2/3-currents at CA1
pyramidal synapses in the hippocampus. However, how exactly GluA3-plasticity
contributes to memory processing in the hippocampus remains unknown.

In this study, we elaborate on these previous findings. We show that GIuA3-
plasticity is activated under physiological conditions in a B-AR dependent fashion,
leading to synaptic potentiation. Additionally, we show that this NE-driven
plasticity of GluA3-containing AMPARs does not contribute to the formation of a
fear memory, but instead facilitates the retrieval of a fear memory.
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MATERIALS AND METHODS

Mice

GluA3-deficient (GIuA3-KO) and wild-type littermate colony was established from
c57bl6x129P2-Gria3tm1Dgen/Mmnc mutant ancestors (MMRRC, Davis, CA),
which were at least 6 times backcrossed to ¢57bl6 mice. GluA1-deficient (GIuA1-
KO) mice were a kind gift from Dr. R. Huganir (Kim et al., 2005), and a colony
was generated by mating heterozygous c57bl6/129 mice. For spine density
experiments, mice were crossed to Thy1-eYFP transgenic mice (Porrero, Rubio-
Garrido, Avendafio, & Clascd, 2010). GIuATxGIuA3 double deficient colony was
established by crossing homozygote GluA1-deficient males with heterozygote
GIuA3 females. Floxed GIUA3 mice were a kind gift from Dr. R. Sprengel (Sanchis-
Segura et al,, 2006) and maintained in a homozygous colony. Mice were kept on
a 12-hours day-night cycle (light onset 7 am) 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

Acute hippocampal slices were prepared from 6 to 8 week-old mice when used
for experiments involving fear conditioning and/or IP injections, or from 3 to 5
week-old mice when used for purely in vitro experiments. Dissection was done in
ice-cold sucrose cutting solution containing (in mM): 2.5 KCI, 1.25 NaH,PO,, 26
NaHCO,, 10 D-glucose, 230 Sucrose, 0.5 CaCl, 10 MgSO,, bubbled with
95%0,/5%C0,. Brain slices (400 pm) were cut using a vibratome (Thermo
Scientific) and placed in a holding chamber containing ACSF supplemented with
(in mM) 1 MgCl,, 2 CaCl,, 20 glucose and bubbled with 95%0,/5%CO,. 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 MQ pipettes, R < 26 MQ, and R__ > 10 x

access input

R, ccece) Were made in ACSF containing TTX (1 pM) and picrotoxin (50 uM) at 28°C.
IBMX (50 pM; Tocris) and isoproterenol (10 uM; Sigma) were added to the
perfusion solution where indicated. Data was acquired using a Multiclamp 700B
amplifier (Molecular Devices). mEPSC recordings were analyzed with MiniAnalysis
(Synaptosoft). Individual events were manually selected, and an amplitude
threshold of 5 pA was used. Evoked recordings were analyzed using pClamp 10
software (Molecular Devices). During evoked recordings, a cut was made between
CA1 and CAS, and picrotoxin (50 M) and 2-chloroadenosine (4 uM; Tocris) were

added to the bath. Two stimulating electrodes, two-contact Pt/Ir cluster electrode
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(Frederick Haer), were placed between 100 and 300 pm down the apical dendrite,
100 pm apart, and 200 um laterally in opposite directions. AMPAR-mediated
EPSCs were measured as the peak inward current at -60 mV. Paired pulse ratios
were achieved by an interpulse 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 uM; Tocris) in the bath and
Spermine (0.1 mM; Sigma) inside the pipette. EPSC amplitudes were obtained
from an average of at least 50 sweeps at each holding potential. The quantal
content 1/CV? was calculated as M?/0?, where M and o? are the mean amplitude
and the variance of the EPSCs respectively, and is determined by the probability
of presynaptic release (P) and the number of active synapses (N), but is
independent of postsynaptic strength (Ips), which has been experimentally
validated in the CA1 region of the hippocampus (Manabe, Wyllie, Perkel, & Nicoll,
1993). Assuming a binomial model of transmitter release, 1/CV? can be described
using the following formula:

1 nx* P. —P.
N ——
cv, n—nxpk.

Contextual Fear Conditioning Protocol and E-injection

For fear conditioning experiments, a box (29 cm high, 31.5 cm wide, 23 cm deep)
with two metal walls, two transparent Plexiglas walls and grid floor with stainless
steel bars through which the foot shock was delivered was used. The box was
placed inside a sound-attenuating chamber (Med Associates Inc., Georgia, VT).
The box was cleaned with 70% ethanol before each trial. During the training
session, 6 to 8 weeks old mice were placed in the box. After 2 min, they were given
3 consecutive shocks (0.80 mA for most of the experiments except Figure 5F and
Figure 6: 0.65 mA,1 sec duration, T min interval). They remained in the box 2 min
after the last shock. For in vitro experiments either 10 minutes or 2 hours after the
session the mice were decapitated and brain slices were obtained. For behavioral
experiments mice were re-exposed to the fearful context at the specific time of
testing. Freezing and motion were quantified using Matlab-based custom-made
software (Kopec, Real, Kessels, & Malinow, 2007). To test generalization of fear
memories the mice were put in two different contexts. The shock context was
the regular fear conditioning box, cleaned with 70% ethanol. The neutral context
was a modified version of the fear conditioning box. The walls consisted of circle-
shaped white Plexiglas surrounding the walls, a white Plexiglas plate on the
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floor and the cage was cleaned with citric acid. For E injections (+)-Epinephrine
hydrochloride (0.5mg/kg, Sigma-Aldrich) was dissolved in saline (0.9%, NaCl) and
injected intraperitoneally (5ml/kg).

Stereotactic hippocampal viral injections

Adeno-associated virus (AAV) with a titer between 1012-1013 particles/m|
were produced from AAV5-pSynapsin1-GFP and AAV5-pSynapsini-CreGFP,
AAV1-pCaMKII-GFP and AAV1-pCaMKII-SEP-GIuAT, or AAV5-pCaMKII-GFP and
AAV5-pCaMKII-SEP-GIUA3. The AAV1-pCaMKII-SEP-GIuAT and AAV5-pCaMKII-
SEP-GIUA3 were constructed without a WPRE element due to packaging-size
restrictions. Three to four week-old mice were anesthetized with isofluorane
(induction 5%, maintenance 2%) and positioned in a stereotaxic apparatus, kept on
a heating pad. Bilateral hippocampal injections of viral solutions (3 injection sites
per side; 400 nl per site; AP:-1.5,-1.7,-1.9; L: £1.5; DV: 1.2 mm) were delivered with
a glass micropipette through a hole drilled in the skull by pressure application
(Nanoject II, Auto-Nanoliter Injector, Drummond Scientific). Experiments were
performed at least 3 weeks after viral injections.

Two-photon Laser Scanning Microscopy

Organotypic GluA3-deficient slices were sparsely infected with Sindbis virus
expressing rat GluA3(flip) tagged with SEP, and were allowed to express for 20—
28 hours. Threedimensional images were collected on a custom-built two-photon
microscope based on a Fluoview laser-scanning microscope (Femtonics). The
light source was a mode-locked Ti:sapphire laser (Chameleon, Coherent) tuned
at 910 nm using a 60x objective. Optical sections were captured every 1 pm from
infected CA1 pyramidal cell bodies or apical dendrites past the point of bifurcation
of primary to secondary dendrites, approximately 300 um from the cell body.
Fluorescence intensity was quantified from projections of stacked sections using
ImageJ software (NIH).

Spine Analysis

For spine density measurement Thy1-eYFP positive wild-type, GluA1-deficient or
GluA3-deficient mice were anesthetized with pentobarbital and perfused with 20
ml 0.1 M PBS followed by 80 ml of fixative (4% paraformaldehyde in 0.1 M PBS,
pH 7.2). Brains were removed, post-fixed for 1 hour in fixative, washed and stored
in PBS at 4°C. Coronal 50 um-thick slices were prepared with a vibratome (Leica).
They were mounted and covered with Vectashield mounting medium (Vector
Labs). Z-stack images were made using a confocal microscope (Leica SP5)
and analyzed with ImagedJ software. Spine density was manually quantified and
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spine size (i.e. spinehead diameter) was measured from reconstructed dendrites
(Neurolucida, MBF Bioscience) made by an experimenter blind to experimental
conditions and genotype.

Statistics

Data sets were Log-transformed and normal distributions were obtained. These
were analyzed using two-tailed Student t tests to compare 2 conditions or ANOVAs
with post-hoc Tukey comparisons for comparing more than 2 conditions. P values
below 0.05 were considered statistically significant.

RESULTS

GluA3-plasticity is induced by a fear conditioning experience

Fear induced in mice by foot shocks in an unfamiliar context triggers the acute
release of NE in the hippocampus, which peaks approximately 10 minutes after
delivery of the shocks (Bremner, Krystal, Southwick, & Charney, 1996; Mcintyre,
Hatfield, & McGaugh, 2002), leading to synaptic strengthening in the CA1 region
of the hippocampus (Whitlock et al., 2006; Zhou, Conboy, Sandi, Joéls, & Krugers,
2009). To assess whether such fear elicits GluA3-plasticity at CA1 neurons, brain
slices were prepared 10 minutes after mice received three electric shocks as an
aversive stimulus. Fear conditioning was not accompanied by changes in spine
density or average spine size at apical dendrites (Figure 1). Whole-cell recordings
on CA1 pyramidal neurons revealed that fear conditioning induced a significant
increase in AMPA/NMDA ratio at CA1 synapses that receive Schaffer collateral
input (Sc-CA1; Figure 2A), but not at those receiving perforant path input (pp-
CAT; Figure 2B). No decrease in paired-pulse ratio was measured (Figure 2A,B),
suggesting that predominantly postsynaptic strengthening at Sc-CA1 synapses
can be detected in slices. We analyzed the variance-to-mean ratio (VMR) and the
coefficient of variation (CV) to further dissect the contributions of presynaptic
release probability (Pr), post-synaptic currents (Ips) and number of active
synapses (N) to synaptic changes. The VMR is independent of N and relates
to the average synapse strength as: (1-Pr)xIps. The VMR of AMPAR currents
increased without a change in VMR of NMDAR currents (Figure 2C), suggesting
postsynaptic strengthening of AMPAR currents. The quantal content (1/CV?)
ratio of AMPAR to NMDAR components did not change (Figure 2D), indicating
that the synaptic potentiation occurred without unsilencing synapses. In mEPSC
analysis the post-synaptic strengthening was reflected as a significant increase
in MEPSC frequency (p<0.0001; Figure 2E) in the majority of CA1 pyramidal
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neurons (Figure 3), but not in average mEPSC amplitude (p=0.6; Figure 2E). When
wild-type mice were injected with B-AR antagonist propranolol 30 minutes prior to
fear conditioning, the increase in mEPSC frequency in slices prepared 10 minutes
after administering foot shocks was significantly reduced compared to saline-
injected control mice (p=0.02; Figure 2F), indicating that fear-induced plasticity
relies in part on B-AR activation. The synaptic potentiation of CAT neurons elicited
by the fearful experience was transient: in acute slices prepared 2 hours after fear
conditioning mEPSC frequencies had returned to baseline levels (Figure 2E).
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Figure 1. Fear conditioning didn't cause changes in spine density or average spine size at apical
dendrites of CA1 neurons

No significant changes in spine density or average spine size at Sc-CA1 synapses 10 minutes after fear
conditioning. Spine densities were counted on apical dendrites of Thy1-eYFP-expressing CA1 pyramidal
neurons from GIuA1-KO (N: n=44 neurons (3 mice), 10m: n=29(2)) and WT littermates (N: n=57(4),
10m: n=38(3)), and from GIuA3-KO (N: n=55 dendrites (5 mice), 10m: n=43(4)) and WT littermates (N:
n=32(3), 10m: n=43(4)) sacrificed naive (N) or 10 minutes after fear conditioning. Scale bars indicate 1
um. Error bars indicate SEM.
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Fear conditioning was shown to induce synaptic trafficking of GluA1-containing
AMPARs to Sc-CA1 synapses (Mitsushima et al,, 2011). To study whether also
GluA1-independent forms of synaptic plasticity are elicited, GluAT-deficient mice
were fear conditioned. Although AMPA/NMDA ratios and paired pulse ratios
remained unchanged in the absence of GIuA1 (Figure 2A,B), synaptic changes did
take place at Sc-CA1 synapses. Firstly, the VMR of AMPAR currents decreased
in GluA1-deficient neurons after fear conditioning (Figure 2C). Since the VMR
of NMDAR currents did not change (Figure 2C), these data suggest that fear
conditioning leads to postsynaptic weakening at Sc-CA1 synapses in the absence
of GluA1. Secondly, the quantal content (1/CV?) AMPAR to NMDAR ratio shows
that a substantial proportion of Sc-CAT1 synapses were AMPAR silent in GIuA1-
deficient mice and became unsilenced after fear conditioning (Figure 2D). These
data suggest two separate events took place at Sc-CA1 synapses of GluAl-
deficient mice: synaptic weakening and unsilencing of synapses.

Figure 2. Fear conditioning triggers GluA3-plasticity at CA1 synapses

(A-H) Acute brain slices were prepared from naive mice (N) or from littermate mice 10 min or 2 h after
they received a fear conditioning session consisting of three electric shocks of 0.80mA. (A) Schaffer
collateral (Sc) stimulation onto CA1 synapses depicted as AMPA/NMDA ratios of WT (N: black, n=11;
10m: grey, n=14) and GIuA1-KO neurons (N: dark red; n=9, 10m: light red, n=10) and paired pulse ratios of
WT (N:n=11, 10m: n=13) and GluA1-KO neurons (N: n=9, 10m: n=10). (B) Perforant path (Pp) stimulation
onto CAT synapses depicted as AMPA/NMDA ratios of WT (N: n=7, 10m: n=16) and GluA1-KO neurons
(N:n=21,10m: n=19) and paired pulse ratios of WT (N: n=6, 10m: n=15) and GIuA1-KO neurons (N: n=10,
10m: n=10). (C) Variance-to-mean ratio (VMR) at Sc-CA1 synapses of AMPAR currents from WT (N:
n=11, 10m: n=11) or GIuA1-KO neurons (N: n=9, 10m: n=9), and of NMDAR currents from WT (N: n=9,
10m: n=9) or GIuAT-KO neurons (N: n=9, 10m: n=9). (D) 1/CV2 AMPAR to 1/CV2 NMDAR ratios shows
unsilencing of Sc-CA1 synapses at GIuA1-KO neurons (N: n=8, 10m: n=9), but not at WT neurons (N:
n=9, 10m: n=6). (E) mEPSC frequency and amplitude recorded from WT (N: n=29, 10m: n=12, 2h: n=21)
and GIuA1-KO (N: n=29, 10m: n=19, 2h: n=30) CA1 neurons. (F) WT and GluA1-KO mice were injected
with propranolol or vehicle 30 min prior to fear conditioning and brain slices were prepared 10 min after
conditioning. mEPSC frequencies and amplitudes were recorded from WT (Veh: n=22, Prop: n=16) and
GIuAT-KO (Veh: n=10, Prop: n=9) CAT neurons. (G) mEPSC frequency and amplitude recorded from
WT (N: n=15, 10m: n=18, 2h: n=16) and GIuA3-KO (N: n=22, 10m: n=22, 2h: n=10) CA1 neurons. (H)
fIGIUA3 mice stereotactically injected with AAV virus were subjected to fear conditioning, and 10
min later brain slices were prepared. Average mEPSC frequencies and amplitudes of CAT neurons
expressing Cre-GFP (n=11) or GFP (n=15). Error bars indicate SEM, * indicates p<0.05.
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Inaccordance with this, fear conditioning induced both a decreasein average mEPSC
amplitude and an increase in mMEPSC frequency at the majority of CAT neurons from
GluAT-deficient mice (Figure 2E and Figure 3). The increase in mEPSC frequency
in GIuA1-KO was smaller in absolute size compared with that in slices from wild-
type littermates, but similar in relative magnitude, and required B-AR activation
(Figure 2F and Figure 3). These experiments suggest that in the absence of GIuA1
fear conditioning causes both an activation GluA2/3 channels and the removal of
GluA2/3s from synapses. To further examine whether fear conditioning induced
GluA3-plasticity in the hippocampus, we also recorded mEPSCs in brain slices
isolated from GluA3-deficient and wild-type littermates. In CA1 neurons of GIUA3-
deficient mice an increase in MEPSC frequency was observed in slices isolated 10
minutes after fear conditioning that was substantially smaller in magnitude than
that in CA1 neurons of wild-type littermates (p=0.005; Figure 2G; also Figure 3),
indicating that GluA3-plasticity was induced in the CA1 region of the hippocampus
of the wild-type mice. When looking at the distribution of the mEPSC frequency, it
is visible a population shift 10 minutes after fear conditioning in wild-type neurons
and GIuAT1-KO neurons, but not in GIuA3-KO neurons, indicating that the majority of
neurons show an increase in mEPSC frequency after fear conditioning (Figure 3).
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Figure 3. NE release increases mEPSC frequency in the majority of CA1 neurons

GIUAS plasticity is induced in the majority of CA1 neurons in acute slices prepared from mice 10 min
after fear conditioning. Histograms of mEPSC show a population shift 10 min after fear conditioning in
WT neurons (left) and GluA1-KO neurons (right top), but not in GIuA3-KO neurons (right bottom).
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Similarly, when GIuA3 was knocked out by Cre-expression selectively in the CAT
region of fIGIUA3 mice after development, the increase in mEPSC frequency
from Cre-positive cells of slices isolated 10 minutes after fear conditioning
was significantly smaller compared with neurons expressing GFP as a control
(p=0.001; Figure 2H).

In summary, we conclude that three different types of plasticity take place at
Sc-CA1 synapses upon fear conditioning: 1) GluA1-dependent LTP-like synaptic
strengthening, 2) LTD-like synaptic weakening, and 3) GluA3-plasticity through the
activation of B-ARs.

GluA3-plasticity does not contribute contextual fear conditioning

We next aimed to assess whether GluA3-plasticity contributes to the formation
of contextual fear memories. Mice were allowed to explore a novel environment
whereupon they received three electric shocks. In wild-type mice the fear
conditioning protocol led a similar freezing response either immediately after
receiving the shocks (Figure 4A) or when re-exposed to the shock cage at
varying time-points after conditioning (Figure 4B), indicating that contextual fear
memories were formed that remained stable over time. Note that each group of
littermate mice was tested only once to avoid effects of extinction or habituation
in the fear response (see methods). GluAT-deficient mice did not show a freezing
response immediately following the shocks (p<0.0007; Figure 4A) or following re-
exposure to the shock-cage 10 minutes after conditioning (p<0.0007; Figure 4B).
Injecting GluA1-deficient mice with epinephrine (or saline as a control) shortly
before conditioning did not increase freezing levels (Figure 4C), indicating that the
inability of GIuA1-deficient mice to form short-term contextual fear memories is
not improved by promoting GluA3-plasticity during learning. Interestingly, GIuA1-
deficient mice were able to gradually develop long-term contextual fear memories,
although they never reached the freezing levels of wild-type littermates (Figure
4B). A similar time-course of slowly developing fear responses was observed in
mice that lack both GIuA1 and GIuA3 (Figure 4D), indicating that these delayed
memories relied on plasticity mechanisms that did not involve GIuA1 or GIUA3. To
assess whether the memory impairment of GluA1-deficient mice originates from
disrupted plasticity during development, AAV virus expressing SEP-GIUAT or GFP
under control of the CaMKII-promoter was injected in the hippocampi of 3-4 week
old mice (Figure 5). When tested at the age of 2 months, the ability to freeze when
exposed to the fearful context was rescued for mice that expressed SEP-GIUAT
selectively in excitatory hippocampal neurons (Figure 4E), indicating that GIuA1-
plasticity in the mature hippocampus is sufficient for creating contextual fear
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memories. These data infer that GIuA2/3s cannot compensate for the absence of
GluA1-containing AMPARSs to generate short-term contextual memories.

The behavior of GluA3-deficient mice during the fear conditioning protocol was
normal: their locomotor activity was similar to wild-type littermates when placed
in a novel environment (p=0.9) and their startle response to the shocks did
not differ (p=0.8, Figure 4F). Their freezing levels were similar to those of wild-
type littermates when re-exposed to the shock-cage either 10 minutes (p>0.9)
or 2 hours (p=0.4) after fear conditioning (Figure 4G). GluA3-plasticity did not
contribute to the formation or stability of long-term fear memories; if anything,
long-term memories tended to be improved in GluA3-deficient mice compared
to wild-type littermates (Figure 4G). The fear responses were equally context-
specific for wild-type and GluA3-deficient mice (p=0.6; Figure 4H), indicating that
the absence of GIUA3 did not cause a generalization of conditioned fear. These
data indicate that in contrast to GluA1-dependent plasticity, GluA3-plasticity
does not directly contribute to hippocampal learning, underscoring the functional
relevance of AMPAR-subunit composition.

Figure 4. GluA3-plasticity does not contribute to contextual fear memory formation

Mice received a fear conditioning session consisting of three electric shocks of 0.80mA (A-E) or
0.65mA (F-H). (A) Locomotion was quantified during fear conditioning in WT (n=17) and GluA1-KO
(n=16) littermates. (B) Different groups of WT (10 min: n=8; 2h: n=9; 24h: n=8; 1 week: n=12; 1T month:
n=5) and GIuAT-KO (10 min: n=8; 2h: n=8; 24h: n=7; 1 week: n=12; 1 month: n=10) littermate mice
were re-exposed to the shock cage and freezing levels were quantified. (C) Freezing levels of GIuAT-KO
mice injected with saline (n=8) or epinephrine (n=11) 10 min before contextual fear conditioning and
re-exposed to the context two hours after conditioning. (D) Different groups of GIuA1-KO (2h: n=7; 24h:
n=9) and GIluA1/3-KO (2h: n=6; 24h: n=8) littermates were re-exposed to the shock cage and freezing
levels were quantified. (E) Freezing levels of GIuAT-KO mice injected with AAV expressing SEP-GIUA1
(n=8) or GFP (n=6) in the hippocampus, re-exposed 10m and 24h after fear conditioning. (F) Locomotion
was quantified during fear conditioning in WT (n=22) and GIuA3-KO (n=22) littermates. (G) Different
groups of WT (10 min: n=11; 2h: n=11; 24h: n=10; 1 week: n=10; T month: n=5) and GIuA3-KO (10 min:
n=11; 2h:n=11; 24h: n=8; 1 week: n=6; T month: n=7) littermates were re-exposed to the shock cage and
freezing levels were quantified. (H) Fear memories in WT and GIuA3-KO mice are context specific. WT
(n=13) and GIuA3-KO (n=12) are exposed to context A and context B but only receive shocks in A. 2h
after conditioning the mice are re-exposed to both context A and B and freezing levels are scored. Error
bars indicate SEM, * indicates p<0.05.
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Figure 5. Bilateral AAV-infection selectively in the hippocampi of 3-4 week old mice

(Top) Representative images of brain slices infected with AAV1-pCaMKII-GFP (left) and AAV1-pCaMKII-
SEP-GIuAT (right) indicate the selective targeting of hippocampal regions. (Bottom) Representative
images of CA1 region infected with AAV5-pCaMKII-GFP (left) and AAV5-pCaMKII-SEP-GIUA3 (right) and
stained with DAPI (blue) indicate that a large proportion of CAT neurons expressed the fluorescent
transgene. The expression levels of SEP-GIuAT and SEP-GIuA3 were held low, due to the absence of the
woodchuck hepatitis post-transcriptional regulatory element (WPRE) in these constructs.

Hippocampal GluA3-plasticity influences fear memory retrieval

As a possible explanation for enhanced long-term memories in GluA3-deficient
mice, we reasoned that after learning GluA2/3s may gradually replace GIuA1-
containing AMPARs (McCormack et al.,, 2006). After such AMPAR replacement
process, the memory would only be vivid when cAMP levels are high and GluA2/3s
are active, and would be veiled when GluA2/3s become inactive due to low levels
of cAMP. To test whether GluA3-plasticity affects memory retrieval, mice were
fear conditioned and prior to a memory test GluA3-plasticity was either inhibited
or promoted, by injecting propranolol or epinephrine respectively (Figure 6A). For
WT mice, propranolol injection suppressed the freezing response (p=0.02), while
epinephrine injection led to enhanced freezing upon re-exposure the fearful
context (p=0.01). For GluA3-deficient littermates the difference in freezing levels
after propranolol and epinephrine injection were significantly smaller (p=0.008),
indicating that GIUA3 contributes to the facilitation of memory retrieval upon NE
release in the brain. To examine whether memory retrieval was dependent on
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GluA3-plasticity in excitatory neurons of the hippocampus, we used AAV viral
transfer to introduce SEP-GIUA3 (or GFP as a control) under control of the CaMKI|
promoter selectively into the hippocampi of 3-4 week old GluA3-deficient
littermates (Figure 5), and tested the mice in contextual fear conditioning when 2
months old (Figure 6B). Viral expression of SEP-GIUAS3, but not GFP, significantly
reinforced the dependence of memory retrieval on B-AR activation (p=0.04).
These experiments demonstrate that GluA3-plasticity in the hippocampus
regulates the ability to retrieve a contextual fear memory.
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Figure 6. GluA3-plasticity facilitates the retrieval of contextual fear memories

(A,B) Mice were fear conditioned with three 0.65mA shocks. 24h after conditioning mice were injected
with propranolol 30 min prior to re-exposure to the shock cage. 48h after conditioning mice were
injected with epinephrine 10 min before re-exposure to the shock cage. (A) Freezing levels of WT
(n=10) and GIuA3-KO (n=9) mice immediately following the shocks, after propranolol injection and after
epinephrine injection were quantified. The difference in freezing between epinephrine and propranolol
is depicted in the bar graph. (B) Same as for GIuA3-KO littermate mice bilaterally injected with AAV
expressing either SEP-GIUA3 (n=9) or GFP (n=10). Error bars indicate SEM, * indicates p<0.05.
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DISCUSSION

We previously demonstrated that GluA3-containing AMPARs are present at
synapses and on the cell surface, and that, though electrically quiet under basal
conditions, GluA3-mediated currents become visible when intracellular cAMP
levels are increased in CA1 neurons of the hippocampus upon the activation of
B-ARs (Renner et al.,, 2017).

Here we elaborate on these previous findings and show that GluA3-plasticity is
activated in the hippocampus under physiological conditions. Our experiments
indicate that, when mice receive mild electric shocks, B-ARs are activated and
evoke two independent forms of cAMP-dependent AMPAR plasticity in parallel. In
the first form, PKA phosphorylation of GluA1-containing AMPARs facilitates their
trafficking to synapses (Man, Sekine-Aizawa, & Huganir, 2007), thereby facilitating
memory formation (Hu et al., 2007; Renner et al,, 2017). And in the second one,
GluA3-containining AMPARs present at synapses increase their conductance in a
Ras/PKA-dependent manner, thereby facilitating memory retrieval.

Fear learning is known to depend on GluA1-dependent long-term potentiation
of a subset of synapses on a fraction of neurons in the hippocampus and the
lateral amygdala (Mitsushima et al., 2011; Rumpel et al., 2005). We show that
GluA3-plasticity also plays a part and it's transiently activated at the majority
of CA1 neurons. This was visible as an increase in mEPSC frequency after fear
conditioning in GluA3-containing neurons, which was not observed in neurons
lacking GIUAS.

When considering that fear memories require sparse coding and remain present
long-term, it may not be surprising that GluA3-plasticity does not contribute to
hippocampus-dependent memory formation. GluA3-plasticity also did not mask
a memory by selectively potentiating synapses that took no part in the memory
engram, since GluA3-deficient mice displayed fear responses indistinguishable
from wild-type littermates shortly after fear conditioning when GluA3s are largely
active.

It was previously suggested that GluA2/3s gradually replace GluA1-containing
AMPARs at synapses after experience-dependent plasticity (McCormack et al,,
2006; Takahashi, Svoboda, & Malinow, 2003). This AMPAR-subunit replacement
process does not appear to be necessary to stabilize a memory, since we observed
that fear memories remained stable in GluA3-deficient mice for up to one month
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after fear conditioning. Our results are also consistent with the view that the
replacement of GIuA1- by GIuA3-containing AMPARs may have an adverse effect
on the retrieval of memories when GIuA3 channels would become inactive after
replacement, and explain why B-AR signalling promotes the retrieval of contextual
fear memories (Murchison et al., 2004). It will be interesting to assess whether
GluA3-plasticity can be attributed to other cognitive functions that depend on
B-AR signalling such as attention and perception.

One could speculate that, after AMPAR replacement, the memory would only be
vivid when cAMP levels are high and GIuA2/3s are active; the memory would be
concealed when GluA2/3s become inactive due to low levels of cAMP. This would
mean that GluA3-deficient mice, that have GIuAT, can learn. Additionally, these
mice could potentially retrieve a memory better than a wildtype mouse, almost as
if they can't hide a memory and all their memories are always switched on, always
online. The role of GIUA3 would be to store a memory offline, and GluA3-plasticity
to bring a memory back to attention.

Other signalling pathways that influence intracellular cAMP levels, 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 which other conditions GluA3-containing AMPARs in the hippocampus are
activated, besides B-AR activation.

We previously found that Purkinje cells of the cerebellum also express both
GIuAT- and GluA3-containing AMPARs, but in these neurons GluA3-plasticity,
and not GluA1-plasticity, was crucial for long-term synaptic strengthening and
motor learning (Gutierrez-Castellanos et al., 2017). Thus, even though the AMPAR
subunit rules for synaptic plasticity are inverted in Purkinje neurons with respect
to those in CA1 hippocampal neurons (motor learning and the expression of LTP
did not require GIluA1, but critically depended on GIuA3), synaptic potentiation
was accomplished in both upon a rise in cAMP.

We also previously showed that the presence of GluA3-containing AMPARSs is
critical for AB-mediated synaptic and cognitive deficits, where AB is a crucial
suspect for causing those deficits during the early phases of AD (Reinders et al.,
2016). A recent paper by the Tonegawa lab has demonstrated that the memory
problems in AD-mice are not due to an inability to make memories but, instead,
to retrieve them (Roy et al., 2016). One could speculate that, if the presence of
GluA3 renders the synapses susceptible to AR and AB removes GIuA3 from said
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synapses, the memory retrieval issues in AD-mice are a direct consequence of the
disappearance of GluA3-containing receptors from the synapses, impairing this
way the capacity of AD patients of retrieving a memory.
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ABSTRACT

Amyloid-B (AB) 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 AR degrade synapses and impair memory
formation. We show that all AB-driven effects measured in these mice depend
on AMPA-receptor subunit GIuA3. Hippocampal neurons that lack GIuA3 were
resistant against AB-mediated synaptic depression and spine loss. In addition, AR
oligomers only blocked long-term synaptic potentiation in neurons that expressed
GIuA3. Furthermore, whereas AB-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 AB-mediated synaptic and cognitive deficits.

Significance
In Alzheimer’s disease, soluble clusters of amyloid-B (AB) 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 AB-driven synapse loss. In
this report, we establish that AMPA-receptors that contain subunit GIuA3 play a
central role in AB-driven synaptic and memory deficits. Neurons that lack GIuA3
are resistant to synaptic weakening and inhibition of synaptic plasticity, and mice
that lack GIUA3 were resistant to memory impairment and premature mortality.
Our experiments suggest that AR initiates synaptic and memory deficits by
removing GluA3-containing AMPA-receptors from synapses.



INTRODUCTION

At the early stages of Alzheimer's disease (AD), synaptic perturbations are
strongly linked to cognitive decline and memory impairment in AD patients
(Brown et al., 1998; Scheff et al., 2006). The accumulation of soluble oligomeric
clusters of amyloid-B (AB), a secreted proteolytic derivative of the amyloid
precursor protein (APP), may be important for the early synaptic failure that is
seen in AD pathogenesis (Lambert et al,, 1998; Lesne et al., 2006; MclLean et al.,
1999; Shankar et al., 2008). Neurons that overexpress APP or are exposed to AfB-
oligomers show synaptic depression, a loss of dendritic spines and a reduced
capacity for synaptic plasticity (Kamenetz et al.,, 2003; Lacor et al., 2007; Walsh
et al,, 2002; Mucke & Selkoe, 2012). For all these effects to occur NMDA-receptor
(NMDAR) activity is required (Kamenetz et al., 2003; Kessels, Nabavi & Malinow,
2013; Shankar et al., 2007; Wei et al,, 2010). AB-oligomers trigger an NMDAR-
dependent signaling pathway that leads to synaptic depression through the
removal of AMPA-receptors (AMPARs) and NMDARs from synapses (Kamenetz
et al, 2003; Kessels, Nabavi & Malinow, 2013; Snyder et al.,, 2005). Interestingly,
a blockade of AMPAR endocytosis prevents the depletion of NMDARs and a loss
of spines (Hsieh et al., 2006; Miyamoto et al., 2016), suggesting that the removal
of AMPARs from synapses is critical for this pathway to induce synaptic failure.

Excitatory neurons of the mature hippocampus predominantly contain two types
of AMPARs in approximately equivalent amounts (Kessels et al., 2009): those
consisting of subunits GIuA1 and GIuA2 (GluA1/2s), and those consisting of
GluA2 and GIuA3 (GIuA2/3s) (Wenthold et al.,, 1996). GluAT-containing AMPARSs
are inserted into synapses upon the induction of long-term potentiation (LTP) in
brain slices (Hayashi et al., 2000) and play a prominent role in memory formation
(Mitsushima et al,, 2011; Rumpel et al., 2005). In contrast, GluA2/3s contribute
relatively little to synaptic currents, LTP or memory formation (Adamczyk et
al, 2012; Humeau et al, 2007; Lu et al, 2009; Meng, Zhang & Jia, 2003) and
have been implicated to participate in homeostatic scaling of synapse strength
(Makino & Malinow, 2011; Rial Verde et al.,, 2006). We here demonstrate that the
AMPAR subunit GIuA3 plays a major role in AD pathology by showing that mice
lacking GIuA3 are protected against AB-driven synaptic deficits, spine loss and
memory impairment.
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RESULTS

GluA3-deficient neurons are resistant against APB-mediated synaptic
depression. To assess whether the removal of AMPARs from synapses by AR
depends on AMPAR subunit composition, organotypic hippocampal slice cultures
were prepared from GluAT-deficient or GluA3-deficient mice and their wild-
type littermates. CA1 neurons were sparsely (<10%) infected with Sindbis virus
expressing APP__ . the B-secretase product of APP and precursor to AB, 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 pyramidal CA1 neurons simultaneously. We ascertained that the
majority of tdTomato expressing neurons produced APP_ .. 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
(Hayashi et al.,, 2000; Kamenetz et al., 2003; Kessels, Nabavi & Malinow, 2013).
Wild-type neurons that expressed APP_., ., showed decreased AMPAR currents
(p<0.01; Fig. TA) and reduced AMPA/NMDA ratios (p=0.03; Fig. 1C), which has
been shown to be caused by increased neuronal production of AR (Kamenetz et
al,, 2003; Kessels, Nabavi & Malinow, 2013). In CAT 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 APP_
expression failed to decrease synaptic AMPAR currents (p=0.6; Fig. TA 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 APP_ . -
synaptic AMPAR depression (p=0.07; 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 AMPARSs, but not of those containing GIuAT, is crucial for AB to
trigger synaptic AMPAR depression.

-induced

To assess the effect of AB on NMDARSs, we compared synaptic NMDAR currents
between pairs of APP_. . infected and nearby uninfected neurons (Fig. 2).
APP_..,, e€xpression led to a significant decrease in synaptic NMDAR currents
in wild-type CA1 neurons (p<0.07; Fig. 2A) and in GluA1-deficient CA1 neurons
(p=0.02), but not in those lacking GIUAS (p>0.9; Fig. 2A and C). These data indicate
that neurons are only susceptible to AB-mediated NMDAR depression when they
express AMPAR subunit GIuA3. Digital subtraction of currents before and after
wash-in of the specific GIUN2B blocker Ro 25-6981 permitted measurement of

the relative contribution of GIuUN2A and GIuN2B to the NMDAR currents. The
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relative contribution of GIUN2A and GIuN2B to total NMDAR currents was not
altered by the absence of GluA1 or GIUA3 (Fig. 2B). As previously shown (Kessels,
Nabavi & Malinow, 2013), APP__ - expression in wild-type neurons selectively
affected NMDAR currents mediated by GIuN2B (p=0.01; Fig. 2B and E) and not
those mediated by GIUN2A (p=0.4; Fig. 2B and D). APP . . expression in GIuA3-
deficient neurons failed to reduce NMDAR currents independently of whether
they contained GIuN2A (p=0.6; Fig. 2B and D) or GIuN2B (p=0.3; Fig. 2B and E).
In GluA1-deficient neurons both GIUN2A (p=0.02) and GIuN2B (p=0.03) NMDAR
currents were significantly reduced upon APP_. -expression (Fig. 2B to E),
suggesting that the presence of GIUAT protects synapses from an AB-mediated
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Fig. 1. GluA3-deficient neurons are resistant against AB-mediated synaptic AMPAR depression. (A-
D) Dual whole-cell recordings of APP_ infected and neighboring uninfected CA1 neurons from
organotypic slices of wt mice (black), GIuA3-KO littermate mice (blue), or GluA1-KO littermate mice
(red). (A) Example traces (top) and dot plots (bottom) of paired EPSC recordings (open dots) with
averages denoted as filled dots (wt: n=27; GIUA3-KO: n=27; GIuA1-KO: n=31). Genotype x APP__, -
p<0.01 (two-way ANOVA). Scale bars: 20 ms and 50pA. (B) Fold change in AMPAR currents upon
APP_..,,, expression, calculated as the average log2-transformed ratio of EPSC recorded from APP . -
infected over EPSC from neighboring uninfected neuron. (C) AMPA/NMDA ratios of uninfected and
APP..., infected neurons (wt: n=18; GIuA3-KO: n=18; GIuA1-KO: n=20); Genotype x APP . - p=0.3 (two-
way ANOVA). (D) Fold change in AMPA/NMDA ratios upon APP_ . = 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.
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Fig. 2. GluA3-deficient neurons are resistant against AB-mediated synaptic NMDAR depression. (A-
E) Dual whole-cell recordings of APP_, . infected and neighboring uninfected CAT neurons from
organotypic slices of wt mice (black), GIUA3-KO littermate mice (blue), or GIuAT-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; GIuA3-KO: n=16; GIuA1-KO: n=17). Genotype x APP__, -
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 GIuN2A and GIuN2B contributing NMDAR currents. Scale bars: 20 ms and 50pA. (C)
Fold change in total NMDAR, (D) GIuN2A and (E) GIuN2B currents upon APP__ .~ expression, calculated
as the average log2-transformed ratio of EPSC recorded from APP_  -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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reduction in synaptic GIuUN2A currents. A proportional decrease in AMPAR (Fig.
1B) and NMDAR (Fig. 2C) currents in APP ., -expressing GluA1-deficient neurons
corresponds with their unchanged AMPA/NMDA ratio (Fig. 1D).

AB-mediated synapse loss depends on the presence of GIuA3. The number of
AMPARs at a synapse correlates well with the synapse size and the spine size
(Matsuzaki et al., 2001). To examine whether AB selectively targets a specific
subtype of synapses harboring GluA3-containing AMPARSs, we analyzed spine
densities, spine size and miniature EPSC (mEPSC) events in AB-overproducing
neurons. We assessed AB-induced spine loss by expressing APP . . together with
the cytosolic marker tdTomato in CA1 neurons of organotypic slices. As a control
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Fig. 3. GluA3-deficient neurons are resistant against AB-mediated spine loss. (A-D) Spine and mEPSC
analysis of CA1 neurons in organotypic slices from wild-type (black) or GIuA3-KO mice (blue). (A, top)
Example images of wt and GIuA3-KO dendrites expressing APP_ . or APP_ . Scale bar: 5 ym. (A,
bottom) APP. . expression reduced spine density in wild-type but not GIuA3-KO neurons without
changing the average spine head diameter. (wt, APP_,,: =20 and APP_ : n=13; GIUA3-KO, APP__,:
n=26; APP_.. - n=19). (B) Distribution of spine head diameters in APP_  versus APP_. expressing
wt or GIuA3-KO neurons. (C, top) Example mEPSC traces of wt and GIuA3-KO neurons with or without
APP_,,,,expression. Scale bar: 3 sec, 10 pA. (C, bottom) APP_ ., -expression reduced mEPSC frequency
in wild-type but not GIuA3-KO neurons without changing average mEPSC amplitude. (wt, APP_
n=24 and uninf: n=25; GIuA3-KO, APP_.. - n=21 and uninf: n=22). (D) APP., changed the normalized
distribution of MEPSC amplitudes of wt but not of GIuA3-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.
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we expressed APP_. ., the a-secretase product of APP, which does not produce
AB, and did not affect spine density, mEPSC frequency or mEPSC amplitude (Fig.
S2). The spine density at apical dendrites was significantly lower in APP
expressing wild-type CA1 neurons compared to APP_ ., infected ones (p=0.01;
Fig. 3A). The loss of spines in APP ., -expressing CAT 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 APP .
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 APP_ . -expressing neurons have a
slightly smaller proportion of synapses with large AMPAR current amplitudes.

cT100

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). APP_...,
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 APP__ _-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 APP_ -
expressing wild-type neurons (p=0.2), and did not change upon APP_. .
expression (p=0.2; Fig. 3C). These findings indicate that AB triggers a reduction
in synaptic AMPAR currents and a loss of spines, only when GIUA3 is present.
Combined with previous reports that show that AMPAR endocytosis is required
for the synaptotoxic effects of AR (Hsieh et al., 2006; Miyamoto et al.,, 2016), our
data imply that the active removal of GluA3-containing AMPARs by AR (but not
the genetic deficiency of GIuA3) leads to a loss of spines.

GluA3-deficient neurons are insensitive to the AB-mediated blockade of LTP.
AB-oligomers are capable of blocking NMDAR-dependent LTP (Walsh et al., 2002).
To assess whether GluA3-deficient neurons are susceptible to the AB-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 (Humeau et al., 2007) or larger
(Meng, Zhang & Jia, 2003) 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

154 Chapter 6



A wi
Control medium AP medium ——— Before TBS
—— After TBS

|

2.5 -e- Control medium

-o- A} medium

a 2.04

7]

i 151

£10

5]

Z0.51

0.0 . : . ,
0 20 40 60 80
Time (min)
B GIuA3-KO
Control medium AB medium Before TBS
After TBS

|

-e- Control medium
~o~ AB medium

0 20 40 60 80

Time (min)

C AB medium

_ 08 * * mm wt LTP pathway

= T 1 ¥Z wtcntr. pathway
o g086 mm GluA3-KO LTP pathway
D S ¥7# GluA3-KO cntr. pathway
O&04
He
%é 0.2

g 0.0

0.2
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cell line that produces AR in oligomeric form, or with control medium (Podlisny
et al., 1995). The incubation of slices with 1 nM of oligomeric AB blocked LTP in
wild-type slices (p=0.03; Fig. 4A), but failed to block LTP in GluA3-deficient slices
(p=0.8; Fig. 4B). In the presence of AB-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 AB-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
(PSTdE9) transgenes produce high levels of AB,, and are used as a mouse model
for familial AD (Savonenko et al., 2005). An immunostaining for AR shows that
these APP/PS1-transgenic mice started to develop plaques in the CAT 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 AB-load correspond
with location-specific patterns of spine loss (Siskova et al., 2014), spine analysis
was performed on oblique CA1 dendrites in both SR and SLM. Indeed, whereas
the spine density remained unaffected in the SR (p=0.6; Fig. 5C and D and Fig.
S4B), we did observe a reduced spine density in the SLM (p<0.07; Fig. 5 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 CAT 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. 5/ and J). In APP/
PST mice that were GluA3-deficient 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 AR accumulation was unaffected in the absence of
GIuA3. As we observed in organotypic slice cultures, GluA3-deficient CA1 neurons

Fig. 5. APP/PS1 mice that lack GIuA3 develop AB plaques but do not show spine loss. (A,B) Examples
of 6E10 staining (left) and average mean plaque load of 6 month (A) and 12 month (B) APP/PS1 mice
(n=4 mice for all groups) demonstrate that more AB plaques were formed in the stratum lacunosum-
moleculare (SLM) than in the stratum radiatum (SR). PCL, pyramidal cell layer; MO, molecular layer of
the dendate gyrus. (C,D) Example images (left) and average spine density (right) of CA1 dendrites in
the SR was similar in dendrites of 6 month (C, wt=18; APP/PS1=24; GluA3-KO=18; APP/PS1/GIuA3-
KO=18) and 12 month old APP/PST mice (D, wt=24; APP/PS1=24; GIuA3-KO=12; APP/PS1/GIuA3-
KO=18) Scale bar: 2 um. (E,F) Example images (left) and average spine density (right) was lower in APP/
PS1-expressing SLM dendrites provided that they expressed GIuA3 for both 6 month (E, wt=18; APP/
PS1=24; GluA3-K0=18; APP/PS1/GIuA3-K0O=18) and 12 month (F, wt=24; APP/PS1=24; GIuA3-KO=12;
APP/PS1/GIuA3-KO=18) old mice. Scale bar: 2 um. (G,H) Mean spine head diameter was unaffected
in 6 month (G) and 12 month (H) old APP/PST mice. (I,J) Spine head size normalized distribution was
unaffected in 6 month (/) and 12 month (J) old APP/PST mice. Data are mean +SEM. Statistics: two-way
ANOVA with post-hoc Sidak test (A-H), or K-S test (I,J). * indicates p<0.05.
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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 GIUA3.

In addition to AR plaque and spine pathology, APP/PST mice show cognitive
deficits and premature mortality. In our colony the survival rate of APP/PST1 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/PST 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. 6F). 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/PST transgenes in the absence of GIUA3.
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 GIuA3 renders APP/
PS1 mice susceptible to memory impairment.

DISCUSSION

We studied the influence of AMPAR subunit composition on ABR-mediated
synapto-toxicity in three different model systems. Firstly we showed that synaptic
depression and spine loss in APP_  -overexpressing CA1 neurons of organotypic
slices require GIUA3 expression. Secondly, exogenously added AB-oligomers
block LTP in acutely isolated brain slices of wild-type mice, but not of GIUA3-
deficient mice. Finally, increased mortality, contextual fear memory deficits and
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spine loss in APP/PST1-transgenic mice are absent when they lack GIuA3. Our data
indicate that GluA3-containing AMPARs play a central role in these AB-mediated
deficits. The increased mortality of APP/PS1 transgenic mice appears related to
the occurrence of epileptic seizures and not to neurodegeneration (Scharfman,
2012). It will be interesting to assess whether GIUA3 is also required for seizure
generation in APP/PST mice.

How AB-oligomers initiate synaptic deficits remains largely unclear. AB-oligomers
have a broad range of binding partners at the surface of neurons (Rahman et
al,, 2015), and a number of these partners have been proposed to be necessary
for inducing pathological effects (Benilova, Karran & De, 2012; Mucke & Selkoe,
2012). Although GIuA3 may be another candidate AR receptor, we consider the
possibility that GIuA3 is not so much responsible for the induction, but rather
for the expression of AB-driven synaptic deficits. We propose a model where AB-
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 GIuA2/3 AMPARs from synapses
is PICK1, an adaptor protein that selectively interacts with GIluA2 and GIuA3. The
phosphorylation of the GIuA2 or GIUA3 c-tail by protein kinase Ca (PKCa) permits
PICK1 to bind, leading to AMPAR endocytosis (Kim et al,, 20071; Terashima et al.,
2008). Notably, PICK1 as well as PKCa are necessary for AB-mediated synaptic
depression to take place (Alfonso et al., 2014; Alfonso et al,, 2016). The PICK1-
dependent removal of AMPARs from the surface by AB was shown to be more
prominent for GluA2 than for GIuA1 (Alfonso et al., 2014), suggesting that AB-
oligomers particularly trigger the endocytosis of GIuA2/3s. The removal of GIuA3-
containing receptors by AB as a mechanism of action is supported by our finding
that AMPAR currents are similarly reduced in neurons lacking GIuA3 as in wild-
type neurons expressing APP__ . (i.e. similar mini EPSC frequency and AMPAR/
NMDAR ratio). Other effects of AB, including synaptic NMDAR depression, spine
loss, LTP blockade, memory impairment and premature mortality did not fully
mimic the lack of GIUAS3, 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 GIuA3 is required for these effects to occur.
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GluA3-containing AMPARs have been proposed to be involved in the homeostatic
scaling of synapse strength (Makino & Malinow, 2011; Rial Verde et al., 2006).
In such a scenario, neurons that are deprived of synaptic input increase their
synaptic GluA2/3 levels, and 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 (Megill et al, 2015; Jang & Chung, 2016). Possibly AB-
oligomers mediate a persistent synaptic downscaling by reducing the levels of
GluA2/3s at synapses irrespective of the history of neuronal activity. Alternatively,
AB-oligomers may trigger an increased neuronal network activity (Verret et al,,
2012) to which neurons respond by lowering synaptic GluA2/3 levels. However,
the consequences of an excess deposition of AR are not limited to the loss of
synaptic AMPAR levels. Our observation that other AB-driven effects are not
observed in GluA3-deficient mice is consistent with the notion that the removal of
AMPARSs from synapses is one of the first critical steps in AB pathogenesis (Hsieh
et al., 2006; Miyamoto et al., 2016), followed or accompanied by the collateral
removal of GluA1/2s and GluN2B-containing NMDARs and the disintegration of
the synapse. Possibly GIuA2/3s play a role in the stabilization of spine structures,
for instance through their interaction with N-cadherins at synapses (Saglietti
et al, 2007; Silverman et al, 2007). Alternatively, the endocytosis of GIuA3-
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 AB to remove GIluA2/3s from synapses may be an attractive approach to
prevent all AB-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 AB.
Interestingly, a recent study that screened for gene expression profiles associated
with mild cognitive impairment (MCI), a clinical transition stage between aging
and AD dementia (Boyle et al,, 2006), found that among the genes that showed
a strong negative correlation with cognitive performance were genes encoding
glutamate receptors GIuA3 and GIuN2B (Berchtold et al., 2014). It is tempting to
speculate that people with relatively low levels of GIUA3 and GIuN2B expression
are less likely to develop MCI despite the presence of AB-oligomers. Along these
lines, a mentally active brain would theoretically provide a reduced susceptibility
for MCI, since learning behavior and sensory experiences trigger the delivery of
GluA1-containing AMPARs to synapses (Mitsushima et al., 2011; Rumpel et al,
2005) and the subsequent homeostatic removal of synaptic GluA2/3s (Makino
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& Malinow, 2011; Rial Verde et al.,, 2006). Future experiments may reveal under
which physiological conditions the levels of GIUA3 change in neurons, and
whether differences in the expression levels of GIuA3 determine the severity of
AD-symptoms.
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EXPERIMENTAL PROCEDURES

Mice. GluA3-deficient (Gria3tm1Dgen/Mmnc; MMRRC, Davis, CA), APPswe/
PS1dE9 mice (Savonenko et al., 2005) (kindly provided by Dr. Elly Hol), and Thy1-
eYFP mice (B6.Cg-Tg(Thy1-YFP)HJrs/J; Jackson, Bar Harbor, USA) were at least
6 times backcrossed to c57bl6 mice. GluAT-deficient mice were in a ¢57bl6/129
hybrid background and were a kind gift from Dr. R. Huganir (Kim et al.,, 2005).
GIuA3 is an X-linked gene; for behavioral experiments only male GIuA3”" and
littermate GIuA3*Y were used. For electrophysiology both male GIuUA3”Y and
GluA3*Y and female GIuA3” and GIuA3** littermates were used; female GIuA3*"
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 (Stoppini, Buchs & Muller,
1991) and used after 7-12 days in culture for electrophysiology or after 13-15
days in culture for spine analysis. Constructs of APP-CT100+tdTomato, APP-
CT84+tdTomato, GFP-GIuA3(i) and GFP-GIuA3(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 NaHCO,, 83 mM NaCl, 2.5 mM KCI, 3.3 mM MgS0,, and 0.5 mM CacCl,)
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at a thickness of 350 uym and transferred to a recovery chamber containing
oxygenated artificial cerebrospinal fluid (ACSF) containing 11 mM glucose, 1 mM
MgCl,, and 2 mM CaCl,. Slices were maintained at 34°C for 45 min and then at
room temperature for 45 min.

Preparation of AR oligomers. Chinese hamster ovary (CHO) cells stably
transfected with APP751(V717F) mutation, referred to as 7PA2 cells (Podlisny
et al., 1995), were a gift from Dr. Edward Koo. 7PA2 cells 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 AB 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 AB, and AB,, 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 AB oligomers.

Electrophysiology. Organotypic hippocampal slices were perfused with artificial
CSF (ACSF, in mM: 118 NaCl, 2.5 KCI, 26 NaHCO,, 1 NaH,PO,, 4 MgCl,, 4 CaCl,,
20 glucose) gassed with 95%0,/5%C0,). Whole-cell recordings were made with
3 - 5 MQ pipettes, (R, ... <20 MQ, and R, > 10 x R_..) filled with internal
solution containing (in mM): 115 CsMeSO,, 20 CsCl, 10 HEPES, 2.5 MgCl,, 4
Na,ATP, 0.4 Na-GTP, 10 Na-Phosphocreatine, 0.6 EGTA. Miniature EPSCs were
recorded at -60 mV with TTX (1 uM) and picrotoxin (50 uM) added to the bath. For
evoked recordings, a cut was made between CAT and CA3, and picrotoxin (50 uM)
and 2-chloroadenosine (4 uM; 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 um down the apical dendrite, 100 um apart, and
200 pm 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, T mM
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MgCl,, 2 mM CacCl,, and 100 pM picrotoxin (pH 7.4). Extracellular field potentials
were recorded in the SR with glass electrodes (1.5-2.5 MQ) containing ACSF.
Field excitatory postsynaptic potentials (fEPSPs) were evoked by stimulating
independent afferents by placing bipolar stimulation electrodes 150 um down the
apical dendrites, and 150-200 pm laterally in opposite directions. AR or control
medium was added to the perfusion for 20 minutes during the acquisition of
a stable baseline prior to LTP induction. LTP was induced by applying 4 trains
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 forthe 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 970 nm. Optical z-sections were captured every 0.75 um of apical dendrites
approximately 180 um 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 Imaged software (http://fiji.sc).

ApB 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 -80°C. The brains were sliced into 10 pm 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).
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Images of the CA1 (10x magnified, 1392x1040, pixel size 0.65um?) were obtained
using a fluorescence microscope (Leica DM-RE, 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 GIuA3-KO littermates were included as negative controls (Fig. S4A).

For spine analysis: coronal 50 um-thick slices were prepared from the fixed brains
of Thyl-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 Il 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 (GIuA37Y) 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 (Kopec et al., 2007). Absence of movement for at least 1
second was considered as freezing. Experiments were conducted blind to the
genotype of the mice.

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 AB) 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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Figure S1. Sindbis virus expression does not affect membrane resistance of neurons and allows dual
APP_,,,/tdTomato expression. (A) Average membrane and series resistance of whole-cell patch-
clamped CAT neurons expressing tdTomato+APP_ . (gray; n = 24) and uninfected WT neurons (black;
n = 24) 24 h after infection, GFP+APP__ -expressing (light blue; n = 13) and uninfected (dark blue;
n = 15) GluA3-KO neurons 24 h after infection. The mean membrane resistance indicates that Sindbis-
driven APP__. - expression did not compromise neuronal health. Data are mean + SEM. Statistics: two-
tailed unpaired t test. (B, Left) Sample images of an individual neuron and a population of CA1 neurons
in an organotypic slice infected with Sindbis virus expressing APP . /tdTomato and immunostained
for AB (6E10 antibody). [Scale bars: 20 pm (Left) and 100 um (Right).] (Right) The majority of tdTomato-
expressing CAT neurons (total: n = 144) showed positive staining for AB.
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Figure S2. Expression of APP ., does not affect spine density or mEPSCs. (A, Left) Sample two-photon
images of apical CA1 dendrites expressing tdTomato or tdTomato+APP_,,. (Scale bar: 3 pm.) (Right)
The average spine density was not different in CA1 pyramidal neurons expressing tdTomato (n = 11)
or tdTomato+APP ., (n = 11). (B, Left) Sample mEPSC traces of WT neurons with or without APP_,
expression. (Scale bar: 3's, 10 pA.) (Right) APP__,, expression did not affect mean mEPSC frequency
or amplitude in WT neurons (uninfected, n = 17; CT84, n = 14). Data are mean + SEM. Statistics: two-
tailed unpaired t test.

170 Chapter 6



A
wi GIuA3-KO Before TBS
—— AfterTBS
et \\‘//—”
No medium
25 - wit
- GIUA3-KO
a 2.0
w
@15
£10
=3
Z05
0.0 :
0 20 40 60 80
Time (min)
Control medium
- wit
-e- GIUA3-KO

o] 20 40 60 80
Time (min)

B AB medium

254 control pathway o wt
-+~ GIuA3-KO
o 2.04
&
o 1.5
€10 it A
E 1.0 fmmapeng iy =
Z 0.5
0.0 . - - v
0 20 40 60 80
Time (min)
No medium
254 control pathway - Wt
—e- GIUA3-KO
a 2.04
w
{151
£ 1.0 {umatts Smin g
i<}
Z 0.5
0.0 v : : .
0 20 40 60 80
Time (min)
Control medium
2.54 control pathway - wt
- GIUA3-KO
o 2.0
7]
151
E 1.04
o
Z 0.5
0.0 . . . .
0 20 40 60 80

Time (min)

Figure S3. GluA3—deficient CA1 neurons have increased spine head size in the SLM. Shown are the
average spine head diameter (Upper) and the normalized distribution of spine head sizes (Lower) of
CA1 pyramidal neurons in WT (black) and GIuA3-KO (blue) littermate mice. (A) SR dendrites expressing
APP_,,, + tdTomato in organotypic hippocampal slices as in Fig. 3A. (B and C) SLM dendrites in 6-mo-
old mice as in Fig. 6G (B) and in 12-mo-old mice as in Fig. 5H (C). Data are mean + SEM. Statistics:
two-tailed unpaired t tests for spine diameter and K-S test for spine size distributions. *P < 0.05.
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Figure S4. GIuA3-KO slices show normal pathway-specific LTP. (A) Sample LTP traces (Top; scale bar:
10 ms, 0.2 mV) and peak LTP responses (Middle and Bottom) show LTP with similar magnitude in the
absence of medium (WT, n = 11; GIuA3-KO, n = 6) and in the presence of control medium (WT, n = 6;
GIuA3-KO, n = 8) in WT and GIuA3-KO slices. (B) The control pathways of the LTP experiments shown
in Fig. 4 remained stable over time in AB medium (WT, n = 5; GIuA3-KO n = 8) (Top), in the absence
of medium (WT, n = 6; GIuA3-KO, n = 6) (Middle), and in control medium (WT, n = 3; GIuA3-KO, n = 3)
(Bottom), demonstrating that the LTP was specific for the stimulated pathway. Data are mean + SEM.
Statistics: two-tailed unpaired t test over the last 10 min of the recording.
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Figure S5. Control experiments for plaque load analysis and spine size analysis in the CAT of aged
mice. (A) 6E10 staining in 6-mo-old (Left) and 12-mo-old (Right) WT and GIuA3-KO mice without the
APP/PS1 transgenes confirmed an absence of plaque formation. (Scale bar: 250 pm.) (B) Confocal
image of a hippocampal slice of a Thy1-eYFP mouse depicting the regions where spine density was
quantified. (Scale bar: 250 um.) (C) Comparison of two different spine-size analyses showed that the
average spine head diameter was less sensitive than spine volume to variation in fluorescence intensity
reflected as the spine brightness (background-subtracted and corrected for fluorescence levels in
the dendritic shaft). (Left) Confocal images of a CA1 dendrite obtained with different levels of laser
intensity. Arrowheads indicate the spines analyzed. (Scale bar: 2 um.) (Right) Spine head diameter and
spine fluorescence (after background fluorescence subtraction) normalized to the value at 6% laser
intensity plotted against laser intensity (n = 5 spines). Data are mean + SEM.

. wit
50 - * == APP/PS1
M ' [ 1mmGIuA3-KO
40 == APP/PS1 GIuA3-KO
g
N 307
o
o
L 201
> 10-
0-

Figure S6. Freezing levels during fear-memory retrieval 24 h after conditioning in 3-mo-old littermates
(WT,n=11; APP/PS1,n = 10; GIuA3-KO, n = 7; APP/PS1/GIuA3-KO, n = 11) show memory impairment in
APP/PS1 mice that is not seen in APP/PS1 GIuA3-KO mice. Statistics: Two-way ANOVA with post hoc
Sidak comparisons. *P < 0.05.
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ABSTRACT

Amyloid-B (AB) 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 AB (0AB) degrade synapses and impair memory formation.
A key initial step in 0AB-driven synaptic dysfunction is the suppression of AMPA-
type glutamate receptor (AMPAR) mediated synaptic transmission. We here
show that oAR initiates synaptotoxicity by selectively targeting synapses that
contain AMPAR subunit GIuA3. Through mutagenesis of recombinant GIuA3 we
demonstrate that the PDZ-binding motif at the carboxy terminal end of GIuA3 is
critically involved in oAB-driven synaptic depression. This PDZ-binding domain
regulates the cycling of AMPARs in and out of synapses. When GRIP binds this
domain, AMPARSs are allowed to accumulate in intracellular vesicles and to enter
synapses. Upon serine phosphorylation of this PDZ-binding motif by PKCa, GRIP
binding is lost and PICK1 binds, which triggers the endocytosis of AMPARs. We
could prevent oAB-induced synaptic depression and spine loss by blocking either
the binding of GRIP to GIuA3, or phosphorylation at serine 885 of GIuA3. Our data
indicate that oAB induces the removal of AMPARs from synapses and that this
requires PKCa phosphorylation of the GIuUA3 subunit at serine 885. We propose
that oAB cause synaptic deficits by corrupting the constitutive cycling of GIuA3-
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, Scheffet al. 2003, Coleman et al. 2003). Progressing synaptopathology in AD
patients is most likely caused by the accumulation of soluble oligomeric amyloid-
beta (0AB). Studies using AD animal models demonstrate that oA 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 0AB 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 oAB can be a valid strategy to prevent AD symptoms.

For oAB-mediated synapse loss to occur, AMPA-type glutamate receptors
(AMPARSs) play a central role. AMPARSs, which are responsible for fast synaptic
transmission, are composed of four different subunits: glutamate receptor
subunits GIuAT to 4 (Diering et al. 2018). In excitatory neurons of the hippocampus,
the majority of AMPARs consist of either GIuA1/2 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 AMPARSs
(Kopec et al. 2007). In contrast, GluA2/3s enter synapses independent of synaptic
activity and constitutively cycle into synapses to replace GluA1/2s (McCormack
etal. 2006, Shietal. 2007). 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. GIuA1/2 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.
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GluA2 and GIuA3 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. 2007, 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 GIuA2
or GIUA3 c-tail is determined by protein kinase C-alpha (PKCa) phosphorylation
of a serine residue within the PDZ-binding motif (Daw et al. 2000, Chung et al.
2000, Lin et al. 2007). Interestingly, PICKT and GRIP regulate AMPAR trafficking
during NMDA-receptor (NMDAR) dependent LTD. Upon the induction of NMDAR-
dependent LTD, PKCa phosphorylation of the GIuA2 and GIUuA3 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 oAB corrupts PICK1/GRIP
mediated trafficking of AMPARSs. Firstly, the oAB-driven synaptic depression
critically depends on PICK1 (Alfonso, S. et al. 2014). Secondly, PKCa activation
is required for the synaptotoxic effects of oAB to occur (Alfonso, S. |. et al. 2016).
Third, expression of GluA2-homomeric AMPARs with a mutation within their PDZ
domain that prevents PICKT mediated AMPAR endocytosis, is sufficient to block
oAB-driven spine loss (Hsieh et al. 2006, Fiuza et al. 2017).

We previously demonstrated that all oAB-driven effects on synapses and
memories are dependent on GIuA3. CAT neurons that lack GIuA3, and only
express GluA1/2s, are fully resistant to oAB-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 oAB remains
unclear. In this study we show that oAB-driven synaptic depression and spine loss
critically depends on protein interactions at the PDZ-binding domain in the GIuA3
c-tail. Our experiments implicate PKCa-dependent removal of synaptic GIuA3-
containing AMPARs from synapses as a key event in oAB-induced synaptotoxicity.
We conclude that oAB causes cognitive decline by corrupting the trafficking of
synaptic GluA3-containing AMPARs.
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RESULTS

oA suppresses cAMP-driven potentiation of synapses

To examine the effects of 0AB on synapses, we use Sindbis viral vectors
express APP__. ., the B-secretase product of APP and precursor to AB, in ~10%
of CA1 pyramidal neurons of organotypic hippocampal slice cultures. In this
model system, APP_.  expression causes reliable synaptic depression as a
consequence of the formation of 0ABs (Kamenetz et al. 2003, Kessels et al.
2013). 20-52 hrs after infection with viral vectors expressing APP__ ~ 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), APP_,,, expression caused synaptic depression
of AMPAR currents (figure 1A). We previously showed that APP__ -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 AMPARSs 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 oAB-driven synaptic depression is more evident when GIuA3 has
switched to its active state, synaptic currents were recorded in the presence of
adenylyl cyclase activator forskolin. The degree of synaptic depression through
APP .. ,expression was similar in the presence of forskolin (figure 1A,B). APP__. -
expression did not change AMPA/NMDA ratio’s (figure 1C,D), which is consistent
with previous observations that oAB 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
APP ..., €xpressing neurons (Figure 1C,D). These data indicate that a rise in
cAMP fails to potentiate AMPAR currents when neurons overproduce oAR. Since
the effect of cAMP on AMPAR currents is largely dependent on GIUA3 (Gutierrez-
Castellanos et al. 2017, Renner et al. 2017), these data support the notion that
0AR preferentially acts on GluA3-containing AMPARs. These results suggest that
APP__ _-expression either removes GluA3-containing AMPARs from synapses or

CT100
prevents the activation of channel function of GluA3-containing AMPARs.
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Figure 1. Neuronal expression of APP_  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 APP_, .
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 APP . .
expressing neurons (blocked) and neighboring uninfected neurons (white) in the presence FSK. (C)
Sample traces of AMPA (-60mV) and NMDAR (+40mV) EPSCs of APP_ .~ expressing neurons in the
presence or absence of FSK. (D) AMPAR/NMDA ratio was unaffected by APP_ . APP__ expression
prevented the FSK-induced increased AMPA/NMDA ratio (uninf. n=10, APP, n=15, uninf.+FSK n=17,
APP__+FSK n=18). Data are mean + SEM. *P < 0.05.
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GluA3 expression sensitizes neurons to effects of 0AB on synapses

To assess whether the oAB-driven synaptic depression requires GIuA3 expression
in CA1 neurons, we infected CA1 neurons with sindbis virus expressing GFP-GIUA3
with or without APP_., . 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-GIuA3 infected and
neighboring uninfected GluA3-deficient neurons. We note that GluA3-containing
AMPARSs obligatorily exist as heteromers (Coleman, S. K. et al. 2016), and that viral

180 Chapter 7



A GFP-GIUA3,,,, B GFP-GIUA3, ., Cg 8- I GFP-GIUA3, .,
[ GFP-GIUA3
NO APPCT100 APPCT100 g +APP KBs7A
$ 6 CT100
<
!
2]
24
o s
"4 & 2
s oF B :
LL
CNVE

[ Uninfected

D E F 18
GFP-GIUA3, ., ~ e * B GFP-GIUA3,,,;,
T S 154 1 I GFP-GlUA3,,,
NoAPPCTmOW > Yt . +APP_
E
o
APPoro, WA 5 g 9]
< i
3 B @ 6
« o o
5sec UEJ uE_I 3 7
0
G .
—— Uninfected 3007 120,15 , 14 E‘ Uninfected
---- GFP-GIUA3,, ' R 121 GFP-GluA3, 4,7,
L ~ 2§ 1.0
. o .07
% 200 It oL
| (@) 4 »n ¢ 0.8
1 73] o v a s
'. & iy <2067
n|| <1007 ,@: . < % 0.4 -
<
: ) Z Ky Z 02
& <
25 0 T T 1 0.0 -
ms 0 100 200 300
| J [ Uninfected
— Uninfected 300 p=0.55 o 1.4 7 8 GFP-GIuA3,,,,,
T GFP—G|UA3K887A — ¢ 1.2 +APPCT100
| +APP Y L, =3
\ CT100 & ’ <é_¢5 10
% 200 - o, —9
= ’ O c
0 ’ » ¢ 0.8
n ° S oS
o ’ W o 0.6
Y1004 oo, ol g
E [ ] g ° ° s E 04
< S 8 <2
/ g < o, 0.2
r_ 1& 0 7 e . . 0.0
0 100 200 300

AMPA EPSC uninf. (pA)

Figure 2. Neuronal expression of GIuA3 is sufficient for oA 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). (AB) GFP-
GIUuA3 expressing GIUA3-KO neurons showed no significant synaptic depression (n=18). (C,D) GFP-
GIUA3+APP_ . . expressing GIUA3-KO neurons did show significant synaptic depression (n=19). (E)
Example mEPSC traces of GIUA3-KO neurons with or without APP ., - and/or GFP-GIUA3 expression.
(F) Only the combined expression of GFP-GIUA3 with APP__, “lowered mEPSC frequency, (G) but not
mEPSC amplitude (GFP+APP . .. n=29, uninf. n=24; GFP-GIUA3 n=30, uninf. n=29; GFP-GIUA3+APP_
n= 27, uninf. n= 29). (H) Example images of GIuA3-KO apical dendrites expressing GFP (left) or GFP-
GIuA3 (right) with or without APP_ . (scale bar: 5 um). (I) APP_. . lowered GFP-containing spine
density only when GFP-GIuA3 was co-expressed (GFP n=19, GFP+APP n=15, GFP-GIuA3 n=25, GFP-
GIUA3+APP_. . n=29). (FG,l) Data are mean + SEM. *P < 0.01.
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overexpression of GFP-GIUA3 in GluA3-deficient neurons results in the presence
of GluA2/3 heteromers at synapses (Renner et al. 2017). GFP-GIuA3 expression by
itself did not significantly change eEPSC amplitudes (Figure 2 A,B), indicating that
increasing GIUA3 levels does not affect synaptic currents. When we co-expressed
APP ..., @ 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-GIuA3 alone. A clearer picture
emerged when we recorded miniature excitatory post-synaptic currents (mEPSCs)
from uninfected and nearby infected GluA3-knockout neurons expressing GFP-
GIuA3 with or without APP . .~ As previously shown (Reinders et al. 2016), GIuA3-
deficient CA1 neurons are fully resistant to APP__ -driven reductions in mEPSCs
(Fig. 2 E,F,G). Whereas GFP-GIUA3 expression had no effect on average mEPSC
amplitude or mEPSC frequency, co-expression of APP . resulted in a reduction
in MEPSC frequency (Fig. 2 E,F,G). These data indicate that GFP-GIUA3 expression
renders CA1 neurons sensitive for APP_ . -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 APP__ . expressing
wild-type, but not GluA3-deficient CAT neurons (chapter 1; figure 3 and S2),
indicating GluA3-deficient neurons are resistant to oAB-mediated spine loss. We
next assessed whether neuronal GIuA3 expression is required for oAB 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 CAT neurons expressing GFP-
GIuA3 and observed that the majority of spines contained detectable levels of
GFP (figure TH,1), indicating that recombinantly expressed GIUA3 was present at
most spines of apical CA1 dendrites. Co-expression of APP__. ~and GFP-GIUA3
significantly decreased the number of GFP-containing spines (figure 1H,I). These
data suggest that neuronal expression of GIUA3 is sufficient for oAB to cause a
loss of GluA3-containing synapses.

Interaction between GRIP and GluA3 is required for oAB effects on
synapses.

Having established that expressing recombinant GIuA3 sensitizes GIUA3-
deficient CA1 neurons for oAB-driven synapse loss, we used this model system
to investigate whether GRIP interaction with the PDZ binding domain of the
GIuA3 c-tail is necessary for this sensitization. We repeated the experiments
with a recombinant GFP-GIUAS in which a serine at position 885 in its c-terminal
PDZ-binding domain is substituted by an alanine (GFP-GIuA3 Similarly as

8885A)'
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(A) Schematic of recombinant GFP-GIUA3,,,., and its inability to interact with GRIP (figure STA). (B) Example images of
GIuA3-KO dendrites expressing GFP-GIUA3., without (left) or with APP__  (right) (scale bar: 5 pm). (C) GFP-GIUA3 .,
expressing GIUA3-KO dendrites showed a low density of GFP-containing spines which was unchanged by APP_ . co-
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expressing GFP-GIUA3,., with or without APP_ . ~(scale bar: 5 s, 20 pA). (E) GFP-GIUA3,,, with or without APP_ . did
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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-GIUA3,,, expressing GIUA3-KO neurons compared to uninfected
controls. Open dots denote averages, filled dots represent pairs of EPSC responses (n=17). (1,J) same as G,H for GFP-
GIuA3...,+APP n=16). Data are mean + SEM.

Figure 3. Neuronal expression of GIuA3 .,
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observed for GluA2 (Dong et al. 1997, Osten et al. 2000), this mutation prevented
interaction between GRIP and GFP-GIUA3_., (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-GIUA3,,., expressing CA1 neurons
compared with those expressing unmutated GFP-GIUA3 (figure S1B), and the
signal of GFP-GIUA3,,., could only be detected in ~half the proportion of spines
(figure 3B,C). Upon expression of GFP-GIUA3_, ., 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 APP_ . with GFP-GIUAS,, ., did not sensitize these neurons for
spine loss (figure 3 B,C) or synaptic depression upon co-expression of APP_.
(figure 3 D-J). These results indicate that GRIP-GIUAS interaction is required for
OAR to cause a loss of synapses. Most likely, GRIP dependent stable insertion of
GluA2/3s into synapses is required to sensitize a neuron for oAB.

Preventing S885 phosphorylation of GluA3 completely blocks oAB-
induced synapse loss.

We next determined the effect of disabling GIuA3 S885 phosphorylation on 0AR-
mediated synaptic depression. The S885 residue lies within the ESVKI sequence,
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 (GIuA3, . ,) prevents phosphorylation of this site, while
the ability of GRIP to interact with GFP-GIUA3, ., is maintained (Figure S1A). The
GFP levels in GFP-GIUAS, ., expressing CAT apical dendrites and spines were
similar to those in GFP-GIUA3 expressing ones (figure ST B). The expression of
GFP-GIUA3, 4, in GIUAS deficient neurons had no effect on GFP-containing spine
density (figure 4 B,C), mEPSC frequency (figure 4 D,E) or eEPSC amplitude (figure
4 G,H), although mEPSC amplitude was on average decreased (figure 4F). Co-
expression of APP ... 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 41,J). These data indicate that oAB is unable
to induce synaptic depression or spine loss in neurons when they express GFP-
GIUA3,,,,,, suggesting oAB corrupts synapses through phosphorylation of the
GluA3 c-tail at S885.
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Figure 4. Neuronal expression of GIuA3, ;.. does not sensitize GluA3-KO neurons to 0AB.

(A) Schematic of recombinant GFP-GIUA3, ., and its disrupted PKCa interacting domain. (B) Example
images of GIuA3-KO dendrites expressing GFP-GIUA3, . without (left) and with APP__,  (right) (scale
bar: 5 um). (C) Density of GFP-containing spines on GFP-GIUA3, ., expressing GluA3-KO dendrites was
unchangedby APP_ .  co-expression (GFP-GIUA3,,,,, n=31, GFP-GIUA3,,,  +APP . n=27).(D) Example
mMEPSC traces of GIuA3-KO neurons expressing GFP-GIUA3, ., with or without APP_ . (scale bar: 5s,
20 pA). (E) Expression of GFP-GIUA3, ., with or without APP_ - did not affect mEPSC frequency. (F)
GFP-GIUuA3,,,, expression lowered mEPSC amplitude but not when APP_,, ~was co-expressed (uninf
n=23, GFP-GIUA3,,,, n=28; uninfected n=27, GFP-GIUA3,,,,, + APP__ - 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-GIUA3,,,,, expression in GIuA3-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- GIUuA3, .., +APP (n=14). Data are mean + SEM. *P < 0.05.
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OApB removes synaptic GluA3-AMPARs

We next aimed to directly assess whether oAR 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 APP ., expression would lower the levels of synaptic GIuA3, this would
decrease the fraction of immobile surface GIUA3 on dendritic spines. GIUA3 was
tagged with a pH-sensitive form of GFP (Super Ecliptic pHIuorin, SEP), enabling
to distinguish between surface receptors, which display green fluorescence,
and intracellular receptors, which show no fluorescence (Kopec et al. 2006).
GluA3-deficient CAT neurons of organotypic hippocampal slices were infected
with sindbis expressing SEP-GIUA3 and ~48 hours later fluorescent signals were
analyzed using 2-photon laser scanning microscopy. During the FRAP experiment,
the SEP-GIUAS 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-GIUA3 which interchanged with non-bleached SEP-GIUA3
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-GIUAS as a proxy for the level of synaptically incorporated SEP-
GIuA3. 30 minutes after bleaching, the recovery of SEP-GIUA3 signal reached 45%,
indicating that on average ~55% of recombinant GIuA3 at the spine surface was
immobilized at synapses (figure 5 A). Co-expression of SEP-GIUA3 with APP .
did not alter the speed of FRAP, indicating no effect of oAB-production on lateral
diffusion of SEP-GIUA3 across the membrane surface (figure 5 C). However,
APP . ,-éxpression significantly increased the level of SEP-GIUA3 recovery to
~60% measured 30 min after bleaching (figure 5 B), consistent with 40% immobile
SEP-GIUAS at spines. These results indicate that APP__, -
the amount of synaptic GIUA3 by ~27%, suggesting 0ARB triggers the removal of
GluA2/3s from synapses.

expression reduces

To examine whether the removal of GIUA3 from synapses depends on its
phosphorylation at S885, we analyzed FRAP on spines of GluA3-deficient neurons
expressing SEP-GIUAS, ... The FRAP of SEP-GIUA3,,,,, was similar to that of
SEP-GIUA3, 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 APP .. with SEP-GIUA3 did

CT100 K887A
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not alter the speed of recovery, indicating no effect on lateral movement speed of
SEP-GIUA3, ., across the membrane surface (figure 5 E). In sharp contrast to
unmutated SEP-GIUA3 APP_..  did not effectively lower the level of immobilized
SEP-GIUAS, ., signal (figure 5 D and S2 C). These experiments demonstrate that
oAB removes GluA3-containing AMPARs from synapses through PKCa
phosphorylation of GIUA3 at S885.
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Figure 5. GIuA3, . prevents APP__ -induced GluA3 mobilization on spines. (A) Time series of an
SEP-GIuA3 expressing dendritic spine before and after fluorescence bleaching (scale bar: 1 um). (B)
FRAP of dendritic spines expressing SEP-GIUA3 (black, n=22) was lower but (C) equally fast as those
expressing SEP-GIUA3+APP . . (grey, n=22). (D) FRAP and its speed (E) in dendritic GIuA3-KO spines
expressing SEP-GIUA3, ., (dark green, n=12) was similar to that of SEP-GIuA3 (green, n=13 (figure S2

C) and unaffected by APP_, - co-expression. Data are mean + SEM. *P < 0.05.
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DISCUSSION

We investigated the role of AMPAR subunit GIUA3 in the effects of 0AB on
synapses. We found that GluA3-deficient neurons, which are resistant against
the effect of oAB (Reinders et al. 2016), were re-sensitized to oAB after viral
expression of GFP-GIUAS. Since this Sindbis mediated expression is relatively
fast (<48 hrs), it is unlikely that GluA3-deficient neurons became resistant to
O0AB as a consequence of compensatory adjustments during early development.
These experiments also indicate that cAB-mediated synaptic depression requires
GIuA3 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 oAB appears therefore fully dictated by the presence of
GIuA3 at these spines. Our results are therefore in line with a model in which 0AB-
mediated effects originate at synapses rather than at the glia-mediated pruning
machinery [review (Hong et al. 2016)].

Virally expressed GFP-GIUA3 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
GIluA1/2s by inactive GluA2/3s may theoretically result in synaptic depression.
Indeed, overexpression of GFP-GIUA3 in CA1 neurons of wild-type rats resulted
in synaptic depression (Shi et al. 2001) and also in our experiments GFP-GIUA3
overexpression in GluA3-ko neurons resulted in a small, albeit non-significant,
synaptic weakening.

We found that for oAB to cause synaptic depression, GIUA3 needs to be present
at synapses. GluA3-deficient neurons were not re-sensitized to oABR when
reconstituted with a mutant GIUA3 that fails to reach synapses because of its
inability to interact with GRIP (GFP-GIUA3_.,). We tested another mutant, which
cannot be phosphorylated by PKCa but interacted with GRIP and was incorporated
into synapses at similar levels as unmutated GIUA3 (GIuA3, ). These properties
of GIuA3 are in line with studies showing that a homologous mutation in GIuA2
(GIUA2,,,) prevents PKCa-induced c-tail phosphorylation without disrupting
GluA2-GRIP interactions (Chung et al. 2000, Seidenman et al. 2003). The GIuA3
mutant completely alleviated APP

K887A

K887A

crooinduced removal of GIUA3 from synapses,
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implying that oAB triggers PICKT-mediated endocytosis of synaptic GIuA3. Our
results are in line with a model in which 0AB triggers increased PKCa catalytic
activity at synapses (Alfonso, S. |. et al. 2016), thereby promoting PICK1-mediated
AMPAR endocytosis. Increased PKCa 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 GIuA2/3 increase
while GIuA1/2s levels decrease in synapses of neurons deprived of sensory input
(Makino, Malinow 2011). In GluA2/3 enriched synapses oA triggers excessive
GluA2/3 endocytosis resulting in synaptic weakening and ultimately loss of
spines. This spine loss may account for the observed oAB-driven reduction in
NMDARs and GluA1-containing AMPARs (Reinders et al. 2016). It is also possible
that GluAT-containing AMPARs are removed from synapses through a different
oAB-driven mechanism (Guntupalli et al. 2017, Zhang et al. 2017).

The 0AB mediated effects on synapses through the removal of synaptic GIuA2/3
AMPARSs, 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 oAB show striking similarities. To induce synaptic depression, LFS and
0AB 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, 0AB could act on the removal of GIuA3-AMPAR as a trigger
for synapse weakening and/or removal during NMDAR-induced LTD.

How removal of synaptic GluA3-containing AMPARSs can lead to spine breakdown
is unclear. Possibly the response of neurons to oAB 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 oAB-rich context, excessive
metabotropic NMDAR activation could cause local PICK1-mediated lysosomal
targeting of synaptic GIuA2/3s, initiating the elimination of synapse and spines.
Further study on lysosomal targeting of GluA2/3s may offer more insight on how
0AB induces the depletion of synapses.
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Our results imply that not all synapses have equal susceptibility for oAB-mediated
synaptic depression; while synapses having GluA3-containing AMPARs are
susceptible, those lacking GIuA3, only containing GluA1-containing AMPARs, are
resistant. The selective targeting of GluA3-enriched synapses could fit a scenario
where PICK1-mediated endocytosis specifically targets GIluA2/3 and not so much
GIluA1/2s. Several studies that manipulate PICK1 function observed that GIuA2
levels were decreased, while GIuA1 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 GIuA3 in our model system
leads to the formation of non-rectifying AMPARSs, i.e. GIluA2/3 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 GIuA2 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 oAB can disrupt constitutive AMPAR cycling by inducing
excessive removal of GluA3-containing AMPARs from synapses. Our data indicate
that the removal of synaptic GIuA3 is a key event in the mechanism by which oAR
causes synaptic deficits. Further study on synaptic GIuA3-AMPAR removal as a
trigger for synapse and spine breakdown has the potential to reveal therapeutical
targets against the detrimental effects of 0AR.

METHODS

Mice

The Gria3-deficient (GIuA3-KO) and wild-type littermate colony was
established from C57BI/6 x 129P2-Gria3tm1Dgen/Mmnc mutant ancestors
(RRID:MMRRC_030969-UNC) (MMRRC, Davis, CA), which were at least 20 times
backcrossed to C57BI/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)
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Organotypic hippocampal slice preparation and exogenous protein
expression

Organotypic hippocampal slices were prepared from P6-8 mice as described
previously (Stoppinietal. 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, APP . .
and GFP- or SEP-tagged rat GIUA3 (flip), GIuA3,., and GIUA3,,,, the 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 NaHCO,, 1 NaH,PO,, supplemented with 4 MgCl,,
4 CaCl,, 20 glucose at 27°C, gassed with 95%0,/5%CO,. Patch recording pipettes
were filled with internal solution containing (in mM): 115 CsMeSO,, 20 CsCl, 10
HEPES, 2.5 MgCl,, 4 Na,ATPF, 0.4 Na-GTP, 10 Na-Phosphocreatine, 0.6 EGTA.
Whole-cell recordings in were made with 2.5-4.5 MQ pipettes (R_____ < 20 MQ,
and R, > 10x R, ...). Where indicated, forskolin (50 pM; Sigma) was added to
the perfusion solution and during mEPSC recordings, TTX (1 uM; Tocris) and
picrotoxin (100 uM; Sigma) were added. During evoked recordings, a cut was
made between CA1 and CA3, and picrotoxin (50 uM) was added to the bath.
2-chloroadenosine was purposefully omitted as it may reduce the inactive state
of GIUA3-AMPAR by upregulating cAMP (Rebola et al. 2003). Two stimulating
electrodes, (two-contact Pt/Ir cluster electrode, Frederick Haer), were placed
between 100-200 um down the apical dendrite and 100-300 pm 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.
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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 20x objective. During imaging, slices were kept under constant perfusion
of aCSF (in mM: 118 NaCl, 2.5 KClI, 26 NaHCO,, 1 NaH,PO,, supplemented with
4 MgCl,, 4 CaCl,, 20 glucose) at 30°C, gassed with 95%0,/5%CO,. For spine
densities, apical dendrites were imaged ~180 pm from the cell body (pixel size
x,y,z 0.05 x 0.05 x 0.75pum). 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-GIUA3 into
dendrites, the soma and >150um apical dendrite were captured (pixel size x,y,z
0.3 x 0.3 x 0.75um). The same laser power was used in each condition. The ratio
between mean fluorescence intensity of the dendrite (150pum from the soma) and
soma was manually quantified. For photobleaching experiments, apical dendrites
were imaged 150-250um from the cell body (pixel size x,y,z 0.05 x 0.05 x 0.5um).
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 GIuA3 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 GIuA3,
GIUA3,.,, or GIUA3, ., using PEI 2500. The amount of DNA used for transfection
with GIuA3 constructs was optimized based on protein expression levels
beforehand. After ~48 hours, cells were harvested in T ml of a 2% Triton X-100
ice-cold immunoprecipitation buffer (25mM HEPES/NaOH, pH7.4, 150 mM NacCl)
containing 2% Triton X-100 and EDTA-free protease inhibitor cocktail (Roche).
The resulting samples were incubated for 1 h at 4°C and spun down twice at
20800 x g for 10 min at 4°C. Anti-Grip (4 ug ABN27, Millipore) was added to the
supernatants and incubated overnight at 4°C. The next day, protein A/G PLUS-
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agarose beads (40 pL; Santa Cruz Biotechnology, Inc.) were added for 1 h at 4°C
and washed 4 times with immunoprecipitation buffer containing 1% Triton X-100.
Proteins were eluted in SDS sample buffer (55 pL), 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 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 goat-anti-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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SUPPLEMENTAL FIGURES
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Figure S1. GIUA3,,., disables GIuA3-GRIP interaction and impairs GFP-GIUA3 transportation along
dendrites. (A) Blots from GRIP-V5Ps on HEK cells expressing GFP-GluA3 and/or GRIP-V5, demonstrating
the inability of GIuA3,,,, to bind GRIP-V5. (B) Sample images of GIuA3-KO dendrites expressing GFP-
GIUA3 GFP-GIUA3,., or GFP-GIUA3, ... (soma and dendrites have equal look up tables, scale bar: 10
um). (C) Relative to somatic GFP-GIuA3,,, (n=19), the dendritic signal intensity was lower compared

to GFP-GIUA3 (n=20) and GFP-GIUA3,,, (n=20). Data are mean * SEM. *P < 0.001.
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DISCUSSION

Adapting to an ever-changing world is crucial for survival. Underlying this capacity
to constantly adapt are learning and memory, which allow for the storage and
retrieval of information. The modulation of synaptic plasticity is crucial for
memory and learning, and this is intrinsically linked to glutamate receptors. These
receptors bind to the main excitatory neurotransmitter in the brain, glutamate.
AMPA receptors, one of the subtypes of glutamate receptors, are composed
of four types of subunits, GIuA1 to GluA4. Whilst GIuAT and GIuA2 are heavily
studied, GluA3 is still quite understudied. This thesis tackled the lack of knowledge
regarding this AMPA receptor subunit by looking at its role in synaptic plasticity
and synaptic dysfunction in two different brain structures: the hippocampus and
the cerebellum.

We show that the GIuA3 AMPA receptor subunit is involved in crucial cerebellar
motor learning, and that this newly uncovered GluA3-mediated mechanism defies
some long-established rules regarding the potentiation of the pf-PC synapse. We
propose GIUA3 as a major player in hippocampal memory retrieval. We see how
the rules proposed for the cerebellum are opposite to the rules uncovered for the
hippocampus regarding the GIuAT and GIuA3 subunits of the AMPA receptors,
in learning. We then see the GIUA3 subunit's role in rendering the synapses
susceptible to amyloid-B, a peptide crucially involved in Alzheimer's disease.
Lastly, we elaborate on these topics for future directions.

8.0 Summary Discussion

In Chapter 1, we aimed at briefly describing the neural bases for learning and
memory. We take behavior as a starting point; because behavior is driven by brain
activity, changes in behavior likely correspond to changes inside the brain; learning
and memory are expressed as changes in the synaptic connections between
neurons. We start by describing the brain and its structure, and then deepening
to the level of the synapse. We explore synaptic plasticity and transmission, and
look at how strengthening and weakening of synapses gives rise to changes
in memory and learning. We focus our attention at the glutamatergic activity,
namely at the AMPA receptors. We then look at these concepts in the cerebellum,
looking at its function in adaptation. We explore the topics of LTP and LTD and the
pf-PC synapse. We then shift to the hippocampus, looking at its role in encoding
and retrieval of memories, and emphasizing the influence of arousal and stress
in learning. Lastly, we review the expression of Alzheimer's disease in the brain,
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emphasizing the impact on synaptic transmission, plasticity and memory
dysfunction.

Wethenreviewedtherole of the cerebelluminlocomotion, describing the cerebellar
modules and networks involved. In Chapter 2, we took the perspective of neuro-
anatomical and clinical reports as well as cell-specific rodent studies to describe
the different modules and networks of the cerebellum involved in the preparation,
performance, adaptation and consolidation of locomotion, highlighting their
individual contribution to interlimb coordination and to the accuracy, efficiency
and regularity of locomotion patterns. We completed this chapter by stressing
how the modular organization of the spinocerebellum, responsible for locomotion
control, contrasts with that of the vestibulocerebellum, which controls VOR
adaptation.

In the next chapter, we used this cerebellar learning task, VOR, to analyze the
effect of GCs manipulations, serving additionally as a validation tool of the VOR
paradigm. We showed in Chapter 3 different GCs manipulations that didn't impact
VOR adaptation. These results raised a substantial number of questions and
partially strengthened the idea from previous studies that a minority of functionally
intact GCs is sufficient for the maintenance of basic motor performance.

In Chapter 4, we explored the role of the GIuA3 AMPARSs subunit in cerebellar
motor learning. In this chapter, we reveal that adaptation of compensatory eye
movements, one of the most widely studied forms of cerebellar motor learning, is
dependent on GluA3-containing AMPARs in PCs of the cerebellum. We elegantly
demonstrate that the induction and expression of pf-PC LTP is triggered by a
rise in cAMP through Epac-mediated activation of postsynaptic GluA3-containing
AMPARSs, involving a change in conductance and open probability of the GIUA3
subunit channel.

We then shifted our focus to the hippocampus. In Chapter 5, we explored the
physiological role of the newly identified GluA3-dependent form of synaptic
plasticity in the CA1 region of the hippocampus. We also show that GIUA3-
dependent currents are increased by B-AR activation during arousal. In addition,
we found that GluAS3-plasticity in the hippocampus regulates the capacity to
retrieve a memory.

In Chapters 6 and 7, we looked at the role of the GIUA3 subunit in Alzheimer’s
Disease (AD). We reveal that GluA3-containing AMPARs play a central role in
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the AB-mediated deficits exhibited in AD-mouse models. In Chapter 6, we show
the influence of AMPAR subunit composition on AB-mediated synaptotoxicity in
three different model systems, namely: a) synaptic depression and spine loss
in APP__,-overexpressing CAT neurons of organotypic slices; b) block LTP by
in exogenously added AB-oligomers in acutely isolated brain slices of wild-type
mice, but not of GluA3-deficient mice; and c) increased mortality, contextual
fear memory deficits and spine loss in APP/PST-transgenic mice when GIuA3
is present in the synapses, but not in its absence. In Chapter 7, we extend these
findings and reveal that oligomeric AB induces the removal of AMPARs from
synapses, requiring the PKCa phosphorylation of the GIuA3 subunit at serine
885. We propose that oligomeric AR causes synaptic deficits by corrupting the
trafficking of GluA3-containing AMPA-receptors at synapses.

8.1 GluA3-mediated synaptic plasticity in the cerebellum

The cerebellum plays an important role in motor learning, most notably
participating in the required adjustment to changes in sensorimotor connections.
It contributes to the adaptation to the environment by coordinating, planning and
tuning motion to the situation ahead. It works as a fine-tuner, constantly adapting
to external input.

Among the different players in cerebellar learning, cerebellar granule cells are
known to play a pivotal role. As we've reviewed and seen in Chapter 3, they form
the input layer of the cerebellum and supply Purkinje cells with the contextual
information necessary for motor learning. In the same chapter, we reported five
transgenic mouse models targeting granule cell function that show no significant
effect on VOR adaptation, a well-known type of cerebellar learning. Several
explanations were suggested for these negative effects. It also gave support to
the notion that non-significant results are relevant to understand and interpret
experiments and should be seen as equally publishable. Finally, it provided a
validation for the VOR adaptation protocol used on later chapters.

As emphasized in Chapter 2, in another particular cerebellar-involving task
as locomotion, the cerebellum generates the appropriate patterns of the
limb movements, dynamically regulates balance, and makes the necessary
adjustments to the posture. The role of the cerebellum in locomotor activity is
undeniable and not restricted to itself as a single activity. Several studies have
shown that locomotion and arousal impact both sensory-evoked responses
and spontaneous activity across mouse sensory cortices, with important
consequences for sensory perception (e.g. Niell and Stryker, 2010; Ayaz et al,
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2013; Bennett, Arroyo and Hestrin, 2013; Schneider, Nelson and Mooney, 2014;
Zhou et al, 2014; McGinley et al, 2015; Vinck et al,, 2015; Williamson et al., 2015).
Albergaria and colleagues add an interesting contribution to the role of locomotor
activity in the modulation of another cerebellar learning task, namely during eye
blink conditioning (Albergaria et al., 2018). These authors saw that an increase in
locomotor speed in head-fixed mice was associated with earlier onset of learning
and trial-by-trial enhancement of learned responses. Moreover, eyelid responses
evoked by optogenetic stimulation of mossy fiber terminals within the cerebellar
cortex were also shown to be modulated by locomotion. This led the authors to
conclude that locomotor activity modulates the delay of eyeblink conditioning,
suggesting a novel role for behavioral state modulation in associative learning
involving locomotor activity.

In Chapter 2 we also saw how PCs of the cerebellum are crucial players for
cerebellar motor learning; the manipulation of PC in rodents leads to irregular
and smaller movements of different body parts, including the limbs and the eyes.
Several studies have dug into the role of PCs in cerebellar learning tasks, as in
eye-blink conditioning for example (Jirenhed and Hesslow, 2016), or locomotion
(Machado et al,, 2015). In this last article, it has been shown that there’s a specific
failure to predict the consequences of movement across joints, limbs, and body in
the Purkinje cell degeneration mouse (pcd), a mutant with postnatal degeneration
of virtually all cerebellar PCs (Mullen, Eicher and Sidman, 1976; Machado et al,
2015).

These findings are not surprising, considering that PCs form the sole output of
the cerebellar cortex. It has previously been shown that synaptic plasticity at the
pf-PC fiber crucially contributes to motor learning (Schonewille et al.,, 2010). Here
we see that the pf-PC synapse requires plasticity of GluA3-containing AMPARSs.
When GluA3-containing AMPA receptors were selectively removed from PCs or
when we pharmacologically blocked the pathway leading to GIuA3 plasticity in-
Vvivo, it severely impaired the ability to adapt to the VOR, particularly to the phase-
reversal adaptation. This ultimately reflected as an impaired ability to maintain
a learned vestibular response in the absence of the visual cue when the GIUA3
AMPAR subunit is not present in the synapses.
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8.1.1 Potentiation at the pf-PC synapse: the LTP-LTD debate

In Chapter 4 we show that LTP at pf-PC synapses is a required mechanism for
cerebellar motor learning, in particular for VOR adaptation. We observed that
LTP at the pf-PC synapse, but not LTD, requires plasticity of GluA3-containing
AMPARs. This provides the first link between GluA3-dependent LTP and behavioral
learning in general. We show that GluA3-dependent synaptic potentiation at pf-PC
synapses can occur upon a rise in the cellular level of cAMP. We also show that
this cAMP-driven synaptic potentiation does not require an insertion of GIUA3-
containing AMPARs at the surface of spines, nor does it influence the lateral
mobility of GluA3-containing AMPAR. Indeed, cAMP increases channel function
of GluA3-containing AMPARs. When GluA3-contaning AMPARs were targeted at
the level of the synapse, no structural changes or firing differences were found in
awake behaving mice. Though the basal transmission was reduced in PCs lacking
GIuA3 (both in the global GIuA3-KO mice and the cell-specific KO mice), this deficit
was probably not the reason for the impairment of LTP or of motor learning, since
acutely inhibiting GluA3-plasticity prevented both LTP and motor learning without
affecting basal transmission. It was therefore proposed that, in GIuUA3-KO mice,
the reduced basal transmission is the consequence of a prolonged deficit in LTP.

For cerebellar motor learning, LTD at the pf-PC synapse has been considered the
dominant plasticity mechanism (Linden and Connor, 1995; Ito, 2002), promoting
adaptation of cerebellar learning behaviors as VOR and eye-blink conditioning (De
Zeeuw et al, 1998; Ito, 2001; Feil et al, 2003; Boyden et al, 2006). LTP at the
pf-PC synapse, on the other hand, has been associated with the extinction of
learned associations in previously trained animals (Medina et al, 2000; Han et
al, 2007; Schonewille et al, 2010). This reversible change in synaptic efficacy
resulting from pf-LTD and pf-LTP is suggested to be the resetting mechanism for
motor learning (Sejnowski, 1977a, 1977b; Medina et al,, 2000; Houk and Wise,
2015). Indeed, some evidence from fish and rat cerebellum studies demonstrated
that pf-LTD and pf-LTP can reverse each other (Lev-Ram et al, 2003; Han et al,
2007). However, our data indicate that LTP is not the reverse process of LTD on
a mechanistic level. While LTD involves endocytosis (or removal from synapse)
of AMPARs (Man et al., 2000), at least at the short-term scale of tens of minutes,
LTP through activation of GluA3-plasticity did not involve trafficking but mainly
a prominent increase in open-channel probability of GluA3-containing receptors.
This suggests that in the case of GIuA3, changes in channel properties are the
predominant mechanism to produce synaptic potentiation. These findings reject/
disprove the previously described idea that LTP is mechanistically the opposite of
LTD at pf to PC synapses (Jorntell and Hansel, 2006).
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An increasing amount of studies has been challenging the prominent role of LTD
in motor learning (e.g. Schonewille et al., 2011; Hesslow et al,, 2013). Indeed, in
Chapter 3 we reveal that the adaptation to the VOR was shown to critically depend
on LTP, not LTD, at the pf-PC synapse. Through the use of specific knockout mice
in which GIuA3 was specifically knocked out from their PC, we were able to show
that the absence of GIUA3 in PCs is necessary for learning. This connects the
observation that VOR learning depends on GIuA3 with the finding that LTP at pf-
PC synapses requires GIuA3 plasticity, showing that VOR learning depends on
GIuA3 specifically in these cells.

Previous studies have proposed a role for cerebellar LTP in the context of
bidirectional gain modulation (Boyden et al,, 2006). According to this hypothesis,
gain-down modulation of the eye movements requires pf-PC LTP, suggesting,
conversely, that gain-up modulation would require LTD. Here we show that this
hypothesis doesn't fit our results. According to the bidirectional gain modulation
hypothesis, one would expect that GIuUA3-KO mice would show impaired gain-
down modulation with integral gain-up adaptation. Our results show that the
absence of GIuA3 specifically in PCs most significantly impairs gain-up and
phase modulation, supporting an opposite kind of role for GluA3-dependent LTP.
Others have proposed a possible role in cerebellar motor learning of LTP at the pf-
PC synapse, making use of various cell-specific mouse mutant studies (Kramer
et al, 2007; Schonewille et al., 2010; Peter et al, 2016). Direct evidence for LTP at
the pf-PC synapse is brought in by Schonewille and colleagues (Schonewille et
al, 2010), corroborating our results. These authors created a mutant mouse in
which calcineurin activity is selectively impaired in PCs (L7-PP2B). They observed,
besides deficits in gain decreases, profound deficits in VOR gain increases and
a virtual absence of phase reversal learning, while the acquisition of conditioned
eyeblink responses and their timing were also affected. By comparison, the
behavioral deficits of the potentiation-deficient L7-PP2B mice exceed those of
the depression-deficient kinase mutants both during VOR adaptation and eyeblink
conditioning (De Zeeuw et al., 1998; Feil et al., 2003; Koekkoek et al., 2003; Hansel
etal, 2006).

A recent study threw some more arguments into this mix and suggested that
potentiation in PCs complements other forms of cerebellar plasticity in controlling
synaptic input strengths and excitability in a dynamic manner (Boele et al., 2018);
according to this view, the cerebellum uses these plasticity mechanisms to shape
the spike activity patterns of the inhibitory PC output required for motor learning.
Though we didn't look at this directly, in Chapter 4 we were able to shed a light
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on more downstream PC processes than those tackled in the studies mentioned
above (see Gao, van Beugen and De Zeeuw, 2012 for a comprehensive review)
by targeting GluA3-containing AMPAR at the level of the synapse itself. This
targeting allowed us to observe that the basal transmission was reduced in
PCs lacking GIuA3, with no evidence of structural changes or firing differences,
leading to the proposal that the reduced basal transmission in GIUA3-KO mice is
the consequence of a prolonged deficit in LTP, reinforcing both the role of GIuA3
and of LTP.

8.1.2 The cAMP synergy

Postsynaptic GluA3-dependent synaptic potentiation was shown to be dependent
on a rise in cAMP. In Chapter 4 we go even further and uncover Epac as the
intermediary factor that translates a rise in cCAMP into synaptic potentiation of
GluA3-containing AMPARs in PCs. More specifically, Epac activation was revealed
as being responsible for the postsynaptic LTP at the pf-PC synapse through
activation of GluA3-containing AMPARs; absence of Epac-dependent synaptic
potentiation without any change in basal transmission is sufficient to impair
learning capabilities.

The finding that an Epac-mediated change in single channel conductance and
open probability of GluA2/3-containing AMPARs may underlie LTP at the pf-PC
synapse raises the question how this change in AMPAR configuration comes
about. Interestingly, under basal conditions the distribution of GluA3-containing
AMPAR openings seems to be biased towards the lowest conductance state
opening, in which only two out of four ligand binding domains (LBDs) present
in the AMPAR tetramer are activated by AMPA. Since GluA3-containing AMPARs
predominantly consist of two GIuA3 and two GIuA2 subunits, only the GIuA2 LBDs
may effectively bind glutamate under basal conditions. Epac activation may trigger
a conformational change in the two GIUA3 subunits present in each tetramer, such
that they become responsive to glutamate binding at the LBD, as suggested by
the observation that enhancing cAMP levels exerts GluA3-containing receptors to
produce higher conductance openings, which resembles the behavior of GIUAT-
containing receptors.

As we've seen, a rise in intracellular cAMP produces synaptic potentiation by
increasing the open-channel probability of the GIUA3 subunit. This points to a
new model for GluA3-dependent synaptic plasticity. It is widely accepted that
intracellular calcium signaling is a key mechanism for LTP induction in PCs
(Coesmans et al,, 2004; van Woerden et al, 2009). It lacks to be explained how
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low calcium signals in PCs are translated into activation of adenylyl cyclase to
raise cAMP levels. Interestingly, it has been shown that the titanic activity of
parallel fibers required for LTP induction produces local calcium increases that
are dependent on low-threshold CaV3.1 T-type calcium channels (Hildebrand
et al, 2009). Moreover, blockage or global deletion of these channels inhibits
LTP induction and motor learning (Ly et al, 2013). An interesting candidate to
convert calcium activity in a rise in cAMP could be AdcyT, a calcium/calmodulin-
dependent adenylyl cyclase (Masada et al., 2012).

Therefore, in Chapter 4 we increase the range of PC plasticity processes already
known to depend on cAMP such as presynaptic plasticity (Chen and Regehr,
1997; Kaneko and Takahashi, 2004; Lev-Ram et al, 2002), intrinsic plasticity
(Belmeguenai et al, 2010) or plasticity at inhibitory synapses (Mitoma and
Konishi, 1996). This raises the interesting possibility that Epac2 and/or cAMP in
their pre- and postsynaptic domains operate in a synergistic fashion to control
synaptic plasticity (Le Guen and De Zeeuw, 2010; Wang et al,, 2014). Likewise,
the induction protocol of LTP produces an increase in intrinsic excitability in PCs,
via cAMP-mediated PKA modulation of SK potassium channels (Belmeguenai et
al, 2010). Since this change in intrinsic excitability occurs at least partly as a
secondary process following tetanic PF stimulation, LTP at the pf to PC synapse
may act as a feed-forward amplifier of synaptic inputs to modulate firing rate in
PCs via cAMP production. Finally, it should be noted that rebound potentiation
at the molecular layer interneuron to PC synapse, which occurs following PC
depolarization, is also mediated by cAMP-mediated PKA modulation (Hirano and
Kawaguchi, 2012). Together, these findings point towards a central role of cCAMP
following induction of pf to PC LTPR, regulating multiple forms of plasticity with
different identities and natures in a synergistic fashion (Gao et al., 2012).

8.2 A mechanism for memory retrieval: evidence from GluA3-
plasticity in the hippocampus

In line with the findings of Chapter 4, we uncovered a new type of synaptic plasticity
in the hippocampus that also depends on GIuA3 (Renner et al,, 2017). In Chapter 5
we show that GluA3-plasticity is activated under physiological conditions, i.e., upon
fear conditioning. We further demonstrate that while GIuA3 does not contribute to
memory formation, it does control the ability to recall a memory.
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GluA3-containing AMPARs, long thought to contribute little to synaptic and
extrasynaptic AMPAR currents in hippocampal neurons (Andrasfalvy et al,
2003; Lu et al, 2013), are present at synapses, specifically on the cell surface
(Renner et al. 2017). Whereas under basal conditions GluA3-containing AMPARs
are electrically quiet in CA1 neurons, GluA3-mediated currents become visible
when intracellular cAMP levels are increased. As seen in both the cerebellum
and the hippocampus, the increased currents are a consequence of an improved
capacity of glutamate to open the AMPAR channel. Upon a rise in cAMP, newly
formed GluA3-containing AMPARs showed increased currents at both synaptic
and extrasynaptic sites without a change in GIuA3 levels at synapses or at the
cell surface. These ideas are in line with the AMPAR subunit-specific rules for
synaptic plasticity: unlike GluA1-containing AMPARs, GluA3-containing AMPARs
do not require LTP-like activity to traffic onto the cell surface and into synapses
(Kessels et al., 2009; Makino and Malinow, 2009; Shi et al., 2001).

It's very tempting to speculate further on a broad and basic role of the GIUA3
AMPAR subunit. Whereas the role of GIuAT in synaptic plasticity and learning
is well established, the role of GluA3-containing AMPARs has remained fairly
unclear up until the publication of the articles presented in this thesis. Among the
theories on the relevance of having two different types of AMPARs in excitatory
neurons, it has been proposed, through indirect evidence, that GluA2/3s replace
GluA1/2s in an activity-independent manner (Shi et al, 2001). This constitutive
process of activity-independent synaptic AMPAR exchange was hypothesized
to be necessary for consolidation and stabilization of memories (McCormack
et al, 2006; Takahashi et al,, 2003; Kessels and Malinow, 2009). We propose a
role of GIUA3 in memory retrieval. We agree with the idea that, taken the role of
GIuAT in forming memories, GIUA3 would stabilize those memories; we argue that
this replacement of GluA1s by GluA3s would probably serve to free the GIuAT-
containing receptors for the formation of new memories. We speculate further
and suggest that, though GIuA3-KO mice have no issues forming a memory (since
they have GluATs), in these mice their memories are always switched on: without
GIUuAS, they cannot store their memory “offline”. As seen above, in wild-type mice,
GluA1s are gradually replaced by GluA3s. After replacement, the levels of cAMP
(and the levels of NE) determine whether the memory is switched on or switched
off. Itis in fact already known that NE promotes memory retrieval [referencel], and
we think that the GIuA3 subunit constitutes a large part of the reason NE does so.
Therefore, we propose a crucial role of GIUA3 in enabling a memory to be silenced
and stored offline, as well as bringing such memory back again when necessary
by increasing NE levels.
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We can also speculate that GIuUA3 may help in behavioral flexibility. This idea
derives directly from what we detailed above: when you cannot silence a previous
memory, it will be difficult to change your behavior. A mechanism for behavior
flexibility seems necessary when we look at tasks that require a capacity to
change patterns and behaviors in response to the environment, like it happens in
cerebellar learning. The GIUA3 AMPAR subunit would serve, in this model, as an
auxiliary tool for change.

8.2.1 The contrasts between GluA3-mediated plasticity in the
hippocampus and in the cerebellum

Chapters 4 and 5 emphasized the newly discovered mechanisms of GIUA3-
mediated plasticity in the cerebellum and hippocampus respectively. The way
this subunit revealed itself in each of these structures was striking: whilst in the
hippocampus the GIUA3 subunit did not contribute to memory formation at all,
the absence of this subunit in the cerebellum renders the synapses unable to
learn. Reversely, GIUAT in the hippocampus is essential for learning, whilst in the
cerebellum is not at all.

As the cerebellum deals with procedural learning and the hippocampus with
declarative learning, we can speculate on the distinct roles of this subunit in these
two different types of learning. Indeed, cerebellar learning involves a constant
adjustment to changes, which suggests that cerebellar synapses have to be
prone to be adjusted and tuned; they can't be too rigid. Hippocampal learning, on
the other hand, deals with declarative memories, that shouldn't be easily changed;
they have to stay stale. This view supports our previous suggestion of a role of
GIuA3 in adaptive behavior, in which the synapses have to react and respond to a
change of rules.

A finding that supports further the model we propose here, has to do with how
GIuA1 is also distinctively present in these two types of learning and structures.
We saw that no compensatory mechanism is able to overcome the declarative
memory deficits observed in GIluAT KO mice (Feyder et al., 2007; Humeau et al,
2007). In contrast, GIuAT-KO mice learned to adapt their VOR virtually identically
to wild-type littermates. This finding suggests two possible scenarios: either
PCs synapse are capable to compensate for the absence of GIuAT through a
mechanism that is not present in hippocampal pyramidal or amygdalar cells, or
GIuAT is not involved in this form of learning at all. With the evidence presented
here, none of these possibilities can be unequivocally discarded. Yet, these
findings in GIuAT-KO mice emphasize the insufficiency of compensation in the
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GIluA3-KOs; the fact that their PCs could not compensate for the absence of GIUA3
to overcome the lack of LTP and the learning deficits highlights the importance of
GIuA3 for PC synaptic plasticity and motor learning. Taken together, the picture
emerges that the learning rules for AMPAR-mediated plasticity in PCs are inverted
compared with those in the hippocampus: cerebellar LTP and learning do not
require GIuA1, but depend on plasticity of GluA3-containing AMPARs. We strongly
suggest that this has to do indeed with the different types of requisites necessary
for these two types of learning.

The mechanism through which GluA3-mediated plasticity happened in these
two structures proved to also show some differences: whilst cerebellar GIuA3-
mediated plasticity is Epac/Rap1 dependent, hippocampal GluA3-mediated
plasticity was not dependent on Epac/Rap1, but instead on Ras (Renner et al,
2017). It might be that Epac/Rap1’s path is suitable for a more procedural type of
learning as we see in the cerebellum, and that this way doesn't suit hippocampal
memory formations paths. A possible explanation for this could well be that Epac/
Rap1 versus Ras makes the difference between a persistent change (LTP in PCs)
and a transient change (GIuA3 in CA1) respectively. While Ras and Rap1 trigger
similar downstream (Erk) signaling pathways, they do so with different temporal
patterns (Li et al, 2016). This would translate into activating a transient (Ras) or a
persistent (Rap1) form of GluA3-plasticity, which suggests different functions to
this subunit contingent on the cell type and brain region in which it is expressed.

Relevant differences between GluA1- and GluA3-mediated plasticity
GluAT-containing AMPA receptors are well understood, and known to play a key
role in several forms of experience-dependent plasticity, synaptic plasticity and
memory formation (Kessels and Malinow, 2009). Since the interaction between
GIuAT- and GluA3-mediated plasticity points more and more to a synergy, it is
important to understand their differences and contrasts in order to get a clear
picture. A summary of these points is presented.

First, in the hippocampus, GluAT-containing AMPARs are inserted into synapses
upon induction of LTP or formation of fear memories. In contrast, GluA3-containing
AMPARs traffic into synapses in the absence of activity and are present at the
synapse in an inactive state under basal conditions.

Second, in contrast to the short cytoplasmic tails (C-tails) of GIuA2 or GIUA3, the
GIuA1 subunit has a long C-tail that contains several unique phosphorylation sites
by which trafficking of GIuA1 to synapses can be regulated.
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Third, GluA1-dependent synaptic plasticity is mediated by active trafficking (Shi et
al, 2007; Makino and Malinow, 2011) as well as by changes in conductance and
open probability at the single receptor level (Benke et al, 1998; Derkach, Barria
and Soderling, 1999); GluA3-dependent plasticity, in its turn, does not involve
activity-dependent trafficking but an increase in open-channel probability of
GluA3-containing receptors.

Fourth, another contrast between GluA1- and GluA3-containing AMPA receptors
regards their opening mechanism. Whilst GluA1-containing AMPARs open their
channels independently of cAMP levels, GluA3-containing AMPARs open their
channels upon the increase of intracellular cAMP levels, suggesting that this type
of AMPAR channel plasticity is an exclusive feature of GIUAS.

Fifth, in the cerebellum, the presence of GIuAT in the PCs was neither essential for
the induction of long-term changes (LTD or LTP) nor there were signs of deficits
in motor performance or motor learning in the GIUAT-KO mice. At the same time,
in the hippocampus, no compensatory mechanism was able to overcome the
declarative memory deficits observed in these mice (Feyder et al, 2007; Humeau
et al, 2007). The possible role of GIUAT in the cerebellum only became indirectly
apparent when, compared to the single GIuA1-KO, the double GIuA1/GIuA3-KO
mice (lacking both GIuA1 and GIuA3 subunits globally) virtually completely lacked
glutamatergic currents in PCs; besides this, the double L7-GIuA1/GIuA3-KO
(lacking both GIuA1 and GIuA3 subunits specifically in the PCs) showed signs of
ataxia and motor learning deficits. Given that the single GIuA3-KO did not show
any sign of motor deficit, these findings indicate that GluAT-containing AMPAR in
PCs do contribute to cerebellar motor performance but that their absence can be
compensated for by GluA3-containing AMPARs. Speculatively, and alternatively,
GIuAT in PCs may be required to maintain a basal synaptic transmission, while
not being involved in motor learning.

8.3 GluA3-mediated synaptic susceptibility to amyloid-8

Though we couldn’t pinpoint exactly the role of GIUA3 in the hippocampus,
both behaviorally and functionally, we saw in Chapter 6 that the presence of
this subunit at synapses contributed to their susceptibility to amyloid-B. GIuA3-
deficient neurons displayed resistance against the effects of oligomeric AB, and
the removal of GluA3-containing AMPARs was seen to be a crucial step in the
expression of Alzheimer's disease and its related cognitive symptoms. To our
knowledge, this is the first evidence that not all synapses are equally vulnerable
to AB - only those that contain GIuA3.
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Activity-dependent recruitment of synaptic AMPA receptors in the processes of
synaptic plasticity underlying learning and memory has been shown extensively
before (Nicol and Malenka, 1999; Kandel, 2001). We have seen previously that
GluA3-containing AMPARs have been proposed to gradually replace GIuAT-
containing AMPARs at synapses after experience-dependent plasticity (Takahashi,
Svoboda and Malinow, 2003; McCormack, Stornetta and Zhu, 2006), validating
a role for GIUA3 in the homeostatic scaling of synapse strength (Kessels and
Malinow, 2009; Makino and Malinow, 2011). Neurons that are more active,
that receive more experience/synaptic input, will display increased synaptic
enrichment of GIuAT and a lower number of GIUA3. Conversely, deprivation of
synaptic input will increase neuronal synaptic GIuA3 levels and decrease GIuAT
levels (Rial Verde et al., 2006; Makino and Malinow, 2011). With all this evidence
combined with the finding that GIUA3 synapses are susceptible to the effects
of AB, one can predict that a way to prevent the effects of AD-dementia: to keep
synapses active by providing more experience-driven synaptic input.

Related to this, it has been shown that there is a significant decrease in GIUA3
synaptosomes concentration in AD tissue of the hippocampus, proposing a
correlation between GIuA3 and cognitive impairment (Bereczki et al, 2018). This
supports the observations of reductions of AMPAR trafficking with synaptic and
cognitive disturbances (Henley and Wilkinson, 2013).

Lastly, we've seen that GIUAS3 is important for memory retrieval. Recently it has
been shown that memory failure in early AD models reflects an impairment in
memory retrieval (Roy et al, 2016) and not in memory formation per se. This
finding fits beautifully with our conclusions regarding the vulnerability of GIUA3
to the effects of AB. The GIuA3 involvement could explain the memory retrieval
issues displayed by AD patients.

8.4 Future directions

This thesis has proposed roles for the GIUA3 AMPA receptor subunit in the
cerebellum and in the hippocampus, both in plasticity and dysfunction of synaptic
processes. It departed from a time at which the information regarding this AMPAR
subunit was limited; the outcome is groundbreaking and hopefully preceed much
work on this subunit and related topics.

While we advanced in understanding the roles of GluA3-mediated plasticity, the
mechanism through which these happen is still partly unknown. It remains to
be established, for example, what is the mechanism of transduction of the low
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calcium signals in PCs into activation of adenylyl cyclase to raise cCAMP levels.
As mentioned above, an interesting candidate to convert local calcium activity in
a rise in cAMP could be calcium/calmodulin-dependent adenylyl cyclase Adcy1
(Masada et al,, 2012). Future studies could address this topic.

It was out of the scope of this thesis to analyze the connection between stress
and learning in the cerebellum. It is worth to note that B-adrenergic receptors
are expressed in cerebellum (Nicholas, Hokfely and Pieribone, 1996). Moreover,
manipulation of noradrenergic inputs to the cerebellum has been shown to
interfere with cerebellum-dependent motor learning (McCormick and Thompson,
1982; Keller and Smith, 1983; Watson and McElligott, 1984; Pompeiano, 1998). It
has been shown before that noradrenaline is highly selective for the instructive
climbing fiber (cf) synapses (Carey and Regehr, 2009). As noradrenaline controls
the induction of associative plasticity at pf synapses through regulation of cf
inputs (Carey and Regehr, 2009), this raises the possibility that activity in locus
coeruleus neurons could dynamically regulate associative plasticity based on
behavioral context (Aston-Jones and Cohen, 2005). Dysregulation of the cerebellar
noradrenergic system could disrupt motor control and learning by interfering with
cf control of plasticity at the pf-PC synapse (Carey and Regehr, 2009).

Future structural studies on the GIUA3 subunit may reveal whether cAMP triggers
a putative conformational change within the subunit that allows either glutamate
to access the ligand binding site or glutamate binding to open the channel. The
activation of GluA3-plasticity by cAMP is fast - outside-out patches were pulled
from whole-cell configuration after allowing cAMP to flow inside the cell for less
than 10 seconds. We did not find evidence for cAMP to act directly onto GIuA3 or
via conventional cAMP pathways in the hippocampus (PKA, HCN channels), but
we did find that a blockade of Epac in PCs or Ras in CAT neurons prevents the
cAMP-driven activation of GluA3-plasticity. How Epac or Ras activation triggers
GluA3-plasticity remains to be established, requiring further study.

We showed that GluA3-dependent currents are increased by B-AR activation
during arousal. Other signaling pathways that lead to a rise in intracellular cAMP,
like those activated by dopamine or serotonin release, may theoretically also
lead to the activation of GluA3-plasticity. Besides the hippocampus, it's known
that 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, Milovanovic and Wolf,
2011; Schwenk et al, 2014), suggesting that GluA3-plasticity may be operative
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throughout the brain. Future studies can pursuit this line of thought. For instance,
GluA3-plasticity in the cortex may be responsible for EEG-alterations during sleep
(Steenland, Kim and Zhuo, 2008).

While we uncovered the role of GIUA3 in PC plasticity and cerebellar motor learning
in general, the role of GluAT-mediated plasticity in these cells is still fairly unknown.
We consider it would be relevant to explore further the role of this subunit in the
cerebellum. We saw that the presence of GIuAT in PCs was neither essential for the
induction of LTD or LTP nor were there overt signs of deficits in motor performance
or motor learning in the GIuA1-KO. Its possible role became only indirectly apparent,
when we observed that, in contrast to the single GluA1-KO, the double GIuAT/GIuA3-
KO lacked completely glutamatergic currents in PCs and that the double L7-GIuA1/
A3-KO showed significant signs of ataxia and deficits in motor learning. One can
speculate that perhaps its putative role can only be visible in certain physiological
situations (as it occurred with the GIuA3 role in the hippocampus). It is also possible
thatits possible role is not as relevant in the cerebellum due to the type of (procedural)
learning that occurs in this structure, in contrast with the (declarative) learning
occurring in the hippocampus. Further studies can shed some light on this subject.

Regarding AB's link to GIuA3, it remains unclear how AB-oligomers initiate synaptic
deficits, and it is worth to look at it in the future. AB-oligomers have a broad range
of binding partners at the surface of neurons (Rahman et al, 2015), and a number
of these partners have been proposed to be necessary for inducing pathological
effects (Benilova, Karran and De Strooper, 2012; Mucke and Selkoe, 2012). For the
expression of the AB-mediated effects we discussed here to occur, NMDAR activity
is required: AB-oligomers trigger an NMDAR-dependent signaling pathway that leads
to synaptic depression through the removal of both AMPARs and NMDARs from
synapses. Since a blockade of AMPAR endocytosis seems to prevent the depletion
of NMDARs from synapses and a loss of spines (Hsieh et al., 2007; T. Miyamoto et
al, 2016), this suggests that the removal of AMPARs from synapses is critical for
this pathway to induce synaptic failure. It might be interesting to look at whether
this critical step of NMDAR activation for the removal of AMPARs is independent
of the subunit composition or if it is actually the exact point of connection of the
GIUAS3 subunit. Here, the hypothesis would be that NMDAR activity leads to removal
of GIuA3; GIuA3 removal leads to loss of synapses and the loss of synapses leads
to the loss of NMDARs. An experimental way to partially test this idea was done in
Chapter 7, where we blocked the removal of GIuA3 from the synapses through the
engineering of a GIuA3 receptor that can't be trafficked out of the synapse. It might be
interesting to pursue further this line.
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Future experiments may also reveal under which physiological conditions the
levels of GIUA3 change in neurons, and whether differences in the expression
levels of GIUA3 determine the severity of AD-symptoms. For example, an active
brain could in theory reduce the susceptibility for the development of AD, since
learning and experiences potentiate the trafficking of GluAT1-containing AMPARs
to synapses (Rumpel et al, 2005; Mitsushima et al,, 2011) and the subsequent
removal of GluA3s (Rial Verde et al,, 2006; Makino and Malinow, 2011). Lowering
the levels of GluA3-containing AMPARs may reduce the vulnerability of neurons
for the effects of oligomeric AB. Due to its social relevance, we suggest this line
of study to be followed up in the future.

This thesis aimed at looking at the role of the GIUA3 AMPA receptor subunit, by
studying its role in two different structures, the cerebellum and the hippocampus,
both regarding synaptic plasticity and dysfunction. We believe that, whilst still many
questions remain, some lights were shed regarding this subunit and its role. The
discussion issued on basis of the work here presented shows the relevance of
this subunit and, more importantly, it raises very crucial questions for the topics of
memory and learning that can and should be followed. We are confident that future
studies issued following this work will bring relevant knowledge regarding memory
formation and synaptic vulnerability, both in conditions of health and disease.
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Abstract

The hippocampus and the cerebellum are two different brain regions that encode
different types of memories. Whilst the hippocampus deals with declarative
memory, the cerebellum is mainly involved in procedural memory.

In the cerebellum, granule cells give rise to parallel fibers, which form synaptic
points with Purkinje cells - the parallel fiber-Purkinje cell synapse. We found five
mutations in cerebellar granule cell that did not affect phase reversal, a type of
cerebellar learning. However, in looking at Purkinje cells whose GIUA3 subunit of
the AMPA receptors was knocked out, we saw an impairment of phase reversal
adaptation. We show, then, that the GIUA3 AMPA receptor subunit is involved
in crucial cerebellar motor learning. We also show that this GluA3-mediated
mechanism defies some long-established rules regarding the potentiation of the
parallel fiber-Purkinje cell synapse.

In the hippocampus, learning depends on the trafficking of GluA1-containing
AMPARs to synapses. GluA3-containing AMPARs, however, don't seem to
contribute much to synaptic currents, synaptic plasticity or learning, though
they are present. We found that, in the hippocampus, the GIUA3 subunit doesn't
contribute to memory formation but does control memory retrieval. We see how
the effects of knocking out GIuA3 reveal that the hippocampus AMPAR-mediated
rules for learning are opposite to the rules uncovered for the cerebellum regarding
the GIuAT and GIuA3 subunits of the AMPA receptors.

Lastly, we found that memories coded in the hippocampus are affected by
amyloid-B, and that its effects occur through the removal of GIUA3 from synapses.
We demonstrate GIUA3 subunit's role in rendering the synapses susceptible to
amyloid-B and how it requires PKCa phosphorylation of the GIUA3 subunit at
serine 885. We finally propose that AR causes synaptic deficits by corrupting the
constitutive cycling of GluA3-containing AMPA-receptors at synapses.
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Samenvatting

De hippocampus en het cerebellum zijn twee verschillende hersengebieden
die verschillende soorten herinneringen coderen. Terwijl de hippocampus zich
bezighoudt met declaratief geheugen, is het cerebellum voornamelijk betrokken
bij procedureel geheugen.

In het cerebellum ontspringen korrelcellen parallelle vezels, die synaptische
verbindingen maken met Purkinje-cellen - zijnde de parallelle vezel-Purkinje-
celsynaps. We vonden vijf mutaties in de cerebellaire korrelcellen die geen invloed
hadden op de faseomkering, een soort leren van het cerebellum. Kijkende naar
Purkinje-cellen waarvan de GluA3-subeenheid van de AMPA-receptoren was
uitgeschakeld, zagen we echter een verslechtering van faseomkering aanpassing.
We laten zien dat de GIuA3 AMPA-receptorsubeenheid betrokken is bij cerebellair
motorisch leren. We laten ook zien dat dit door GIuUA3 gemedieerde mechanisme
een aantal gevestigde regels tart met betrekking tot de versterking van de
parallelle vezel-Purkinje-celsynaps.

In de hippocampus is leren afhankelijk van het transport van GluA1-bevattende
AMPAR'’s naar synapsen. GluA3-bevattende AMPAR's lijken echter niet veel bij te
dragen aan synaptische stromingen, synaptische plasticiteit of leren, ondanks
hun aanwezigheid. We hebben geconstateerd dat in de hippocampus de GIuA3-
subeenheid niet bijdraagt aan geheugenvorming, maar wel aan het ophalen
van herinneringen. We zien hoe de effecten van het uitschakelen van GIuA3
onthullen dat de door AMPAR gemedieerde regels voor leren van de hippocampus
tegengesteld zijn aan de regels die voor het cerebellum zijn ontdekt, met betrekking
tot de GluA1- en GluA3-subeenheden van de AMPA-receptoren.

Ten slotte hebben we geconstateerd dat herinneringen gecodeerd in de
hippocampus worden beinvioed door amyloide-B en dat de effecten hiervan
optredendoormiddelvandeverwijdering van GluA3 uit synapsen. We demonstreren
de rol van GluA3-subeenheden bij het gevoelig maken van de synapsen voor
amyloide-B en hoe het PKCa-fosforylering van de GluA3-subeenheid bij serine
885 vereist. We stellen ten slotte voor dat Ap synaptische tekorten veroorzaakt
door de constitutieve cycli van GluA3-bevattende AMPA-receptoren bij synapsen
te verstoren.
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Propositions

1.

Different cerebellar modules and networks exert synergistic roles in the
preparation, performance, adaptation and consolidation of locomotion.
(this thesis)

Adaptation of compensatory eye movements is dependent on GIuA3-
containing AMPARs in Purkinje cells of the cerebellum.
(this thesis)

The GIuA3 subunit is a major player in memory retrieval.
(this thesis)

GluA3-containing AMPARs play a central role in the AB-mediated deficits
exhibited by Alzheimer's Disease.
(this thesis)

Lowering the neuronal or synaptic levels of GluA3-containing AMPARs may
reduce the vulnerability of neurons for the detrimental effects of oligomeric
AB in AD.

(this thesis)

(In the brain) “Nothing is lost, nothing is created, everything is transformed.”
— Lavoisier

(The story of how memory and learning work becomes) “Curiouser and
curiouser!”
— Alice in Wonderland

“Nothing great was ever achieved without enthusiasm.”
- R.W. Emerson

“In the realm of ideas everything depends on enthusiasm; in the real world
all rests on perseverance.”
- Johann Wolfgang von Goethe
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10. “Questions of science, science and progress, do not speak as loud as my
heart.”
- The Scientist, Coldplay

11. “It's opener, out there, in the wide, open air”
— Dr. Seuss, Oh, The Places You'll Go!
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