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Résumeé

Les synapses sont des nanomachines qui transferent, intégrent et stockent I'information dans les
circuits neuronaux. Leur fonctionnement repose sur des réseaux d'interactions moléculaires dont la
composition et la dynamique fagonnent la transmission synaptique et I'architecture des circuits, et
dont les altérations sont une cause majeure de troubles neurologiques. Un nombre croissant d’études
indiquent que chez ’lhomme, et en particulier dans le néocortex, les synapses présentent un degré
supplémentaire de spécialisation contribuant au développement et au fonctionnement de circuits
complexes qui sous-tendent les capacités cognitives humaines. Dans ce travail de these, jai
caractérisé le réle de la protéine caténine delta-2 (CTNND2), un composant des complexes
cadhérines/caténines exprimé essentiellement dans le cerveau. CTNND2 est liée a I'évolution
humaine de par son interaction avec SRGAP2C (Slit-Robo Rho GTPase-activating protein 2C), une
protéine spécifiguement humaine qui contribue notamment a lallongement de la période de
maturation synaptique chez ’lhomme, et les mutations de CTNND2 sont impliquées dans des troubles
neurodéveloppementaux séveres. En inactivant de maniere éparse CTNND2 dans les neurones
pyramidaux de la couche 2/3 du cortex somatosensoriel de souris, nous avons montré que CTNND2
opeére a la fois aux synapses excitatrices et inhibitrices in vivo. Chez les souris jeunes, la déficience
en CTNND2 accélere le développement des synapses excitatrices, perturbe I'équilibre
excitation/inhibition et augmente |'excitabilité neuronale intrinseque, ce qui illustre une rupture des
mécanismes de rétrocontrble homéostatique. Cette phase d’hyperexcitabilité et d’hyperexcitation
juvénile est suivie, chez I’adulte, d’'une perte de connections synaptiques prématurée compatible avec
la diminution de l'activité corticale, laltération des processus mnésiques et cognitifs et la
dégénérescence progressive des dendrites observés dans d’autres études. L’analyse du réseau
d’interactions de CTNND2 a I'aide d’un crible protéomique nous a permis de mieux comprendre
comment CTNND2 régulait le développement des synapses excitatrices, des synapses inhibitrices et
I'excitabilité neuronale. Elle a également mis en évidence un lien étroit avec d’autres métronomes du
développement synaptique dont les mutations accélérent la maturation synaptique dans certaines
formes d’autisme et de déficiences intellectuelles. Ainsi, CTNND2 est une protéine synaptique au
carrefour du développement neuronal, de la neurodégénéscence et de I'évolution humaine qui
détermine la temporalité de la synaptogénese, limite I'excitatibilté et conditionne le maintien a long-

terme des structures neuronales.



Summary

Synapses are nanomachines that transfer, integrate and store information in brain circuits. Their
function relies on molecular interaction networks whose composition and dynamics shape synaptic
transmission and circuit architecture, and whose alterations are a prominent cause of neurological
disorders. A growing body of evidence indicates that synapses specialized in humans, especially in
the human neocortex, which contributes to the formation and function of complex circuits that
underlie human cognitive abilities. During my doctoral work, | characterized the role of catenin delta-
2 (CTNND2), a component of cadherin/catenin complexes that is mainly expressed in the brain.
CTNND?2 is linked to human evolution through its interaction with SRGAP2C (Slit-Robo Rho GTPase-
activating protein 2C), a human-specific protein that contributes to the protraction of the period of
synaptic maturation in the human brain, and its mutations are involved in severe neurodevelopmental
disorders. Using sparse inactivation of CTNND2 in layer 2/3 pyramidal neurons of the mouse
somatosensory cortex, we demonstrate that CTNND2 operates at both excitatory and inhibitory
synapses in vivo. In young mice, CTNND2 deficiency accelerates the development of excitatory
synapses, disrupts the balance between excitation and inhibition, and increases intrinsic neuronal
excitability, which illustrates a failure of homeostatic feedback mechanisms. The phase of juvenile
hyperexcitability and hyperexcitation is followed by a premature loss of synaptic connections in adult
mice, which is compatible with the progressive degeneration of dendrites and with memory and
cognitive impairments observed in other studies. Proteomic analysis of CTNND2 interaction network
provided critical insights into CTNND2 function in the regulation of excitatory synapses, inhibitory
synapses and neuronal excitability. It also uncovered a close link with other metronomes of synaptic
development whose mutations in autism and intellectual disabilities accelerate synaptic maturation.
Thus, CTNND?2 is a synaptic protein at the crossroad of neurodevelopment, neurodegeneration and
human evolution that determines the timing of synaptogenesis, limits excitability and is necessary for
the long-term maintenance of neuronal structures.
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CHAPTER 1 — GENERAL INTRODUCTON






CHAPTER 1.1 The brain and neuronal communication

The nervous system enables animals to receive and respond to environmental cues in a coordinated
manner. In vertebrates, the computational center of the nervous system is the brain. The cell type
central to this computational power are neurons, which specialize to integrate and relay information
and to subsequently generate an appropriate response. In the brain there is a multitude of neuronal
subtypes, each characterized either by having a defined class of neurotransmitter or through distinct
morphological, molecular or functional characteristics. The largest functional difference between
neuronal subtypes is arguably found between excitatory and inhibitory neurons (the latter often
referred to as interneurons), that respectively enhance or inhibit activity in other cells.

Tuft

dendrites  neck Synaptic vesicles

Pre-synapse

oblique
apical
dendrites

Neurotransmitters oy Post-synapse
dendritic

shaft

basal
dendrites

axon

FIGURE 1 Neuron, dendrite and synapse morphology. (A) Adult layer 2/3 cortical pyramidal neuron electroporated with a
fluorescent filler. Labels indicate different cellular compartments. Cortical pyramidal neurons typically have a main apical dendrite
that extends towards the cortical surface but bifurcates before it reaches layer 1 to form the tuft. Basal dendrites originate from
the cell body or soma and branch extensively. A single axon projects from the soma downwards and branches extensively to
reach multiple target areas in the brain. The somato-dendritic and axonal compartments are separated by the axon initial segment
(AIS). Note that the axon continues outside the image and some of the dendrites were cut during sample preparation. (B) A
segment of an oblique apical dendrite with dendritic spines protruding from the dendritic shaft. The spine head is connected to
the shaft via a spine neck of variable thickness. Various spine morphologies illustrate spine diversity. (C) Schematic illustration
of a chemical synapse. The pre-synapse contains vesicles filled with neurotransmitters which fuse with the pre-synaptic
membrane to release the neurotransmitters into the synaptic cleft. Here they bind to post-synaptic receptors which induces a
postsynaptic response

All neuronal subtypes have in common that they are highly polarized cells with a cell body or soma
from which multiple dendrites and a single axon protrude (Figure 1A). The soma and dendrites
together form the somato-dendritic compartment that receives and integrates information, whereas
the axon functions as a sender. Dendrites can be highly branched and morphologically complex but
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only extend locally from the soma. The axon can project locally but also to distant targets within the
nervous system and it branches extensively within its target areas. The somato-dendritic and axonal
compartment of the cell are separated by the axon initial segment (AIS) which is located at the start
of the axon (Figure 1A). This segment acts (1) as a barrier for intracellular transport and thus strongly
contributes to cellular polarization and (2) as site of action potential initiation. Action potentials (APs)
are strong, rapid and transitory changes of the cell’s membrane potential that propagate along the
axonal cell membrane. They form an all-or-nothing output signal generated by the neuron in response
to integrated inputs it receives. As such AP generation is heavily regulated through for instance
specific inhibition of the AIS and down-regulation of neuronal intrinsic excitability, its likelihood to fire
and AP in response to a given stimulus.

Neuron are highly interconnected with one another and form complex functional networks via
synapses. Synapses are intercellular junctions that mediate neuronal communication through synaptic
transmission. In the central nervous system (CNS) two classes of synapses coexist: (1) electrical
synapses, in which signals are transmitted in the form of ion currents that flow from one neuron to
another via gap junctions, protein complexes that physically connect the cytoplasm of two cells; and
(2) chemical synapses, that essentially are transcellular multimolecular machineries (Figure 1C). On
one cell, the presynaptic compartment or pre-synapse is filled with vesicles containing
neurotransmitters and highly specialized to release a chemical signal (neurotransmitter) in response
to action potentials (Stdhof, 2012). This pre-synapse is closely opposed to the post-synaptic
compartment or post-synapse on the other cell, separated only by a narrow and protein dense
synaptic cleft between the two membranes. During synaptic transmission, neurotransmitters are
released from the pre-synapse into the cleft and activate receptors that are located on the
postsynaptic cell membrane. This leads to a local influx of ions and thus a change of voltage across
the membrane of the receiving cell. The vast majority of chemical synapses connect the axon of one
neuron with the dendrite of another (axo-dendritic synapses). Most pre-synapses are situated all along
the length of an axon forming varicosities or en passant boutons. Post-synapses on the receiving cell
are located either on dendritic spines (small protrusions of the dendritic membrane (Figure 1B)), the
dendritic shaft, the membrane of the soma (axo-somatic synapses) or, in the case of axo-axonal
synapses, the axon initial segment.

At any given time, a neuron receives a vast multitude of synaptic signals. These signals are
integrated by amplitude, polarity and timing at different scales: the post-synaptic compartment, within
a dendrite and within the larger somato-dendritic compartment. If the integrated signal adds up to
reach the AP threshold, the neuron fires an action potential and thus transmits the information to
other cells within its network. Neuronal excitability and synaptic transmission thus form the basis of

neural communication and consequently brain function, behavior and cognition.



CHAPTER 1.2 The cortex

The brain processes information from the environment through the creation of representations of the
world and subsequently using these representations to produce perception and behavior. For that,
separate regions of the brain have distinct functional specializations but are interconnected to form
complex processing pathways. The neocortex, for instance, is the region which coordinates sensory
perception, motor planning and association processing, enabling animals to perform complex tasks
and giving us humans our unique cognitive abilities. Within the cortex, sensory modalities (e.g.
somatosensory vs auditory or visual) are anatomically segregated into distinct areas (Brodmann,
1909) (Figure 2A). Yet the cellular organization between areas is broadly similar, suggesting the
existence of a canonical cortical circuit or organizational theme employing similar strategies to

process multiple types of sensory information (Harris and Shepherd, 2015; Jabaudon, 2017).

The cortex is radially organized into six histologically distinct layers, formed by varying densities of
highly specialized neuronal subtypes (Fig. 2A+D). Excitatory projection neurons constitute about 80%
of the neurons in the cortex and send their axons to distal targets. They are classified according to
their axonal innervation pattern and further subdivided based on regional and laminar location or
morphological characteristics (Greig et al.,, 2013; Harris and Shepherd, 2015) (Figure 2D). For
instance, layer 2/3 pyramidal neurons (pyramidal because of the shape of their soma) of the
somatosensory cortex are intratelencephalic projecting neurons (IT; telencephalon: neocortex + basal
ganglia) (Harris and Shepherd, 2015). Their axons primarily innervate cortical targets including the
same functional area in the contralateral hemisphere (Figure 2A), enabling bilateral integration of
information (Greig et al., 2013; Harris and Shepherd, 2015).

Excitatory projection neurons are interconnected in an excitatory cortical circuit (Figure 2B) that
mediates information flow through the cortex and is modulated by local inhibitory circuits as well as
intricate long-range feedback circuits (Jabaudon, 2017). Briefly, sensory information from the
periphery is relayed by the thalamus mostly to cortical Layer 4. Layer 4 granular cells form the main
entry point into the cortical circuit and act as a gateway. Within the cortex, sensory information is
then integrated with other cortical and subcortical inputs, predominantly by layer 2/3 pyramidal
neurons. Principal neurons of Layer 5 are the main output neurons of the cortical circuit and send
their axon into subcerebral regions like the spinal cord (Figure 2A+B), relaying integrated information
to initiate behavior. (Jabaudon, 2017)
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FIGURE 2 Organization and neuronal subtypes of the cortex. (A) Schematic representation of the mouse cortex. Left: the different
sensory modalities occupy distinct areas of the neocortex, here the primary areas per modality are indicated on the left
hemisphere. A1: primary auditory cortex; M1: primary motor cortex; S1: primary somatosensory cortex; V1. primary visual cortex.
Right: Coronal (*) and sagittal (*) views of long rage axonal pathways of 3 classes of projection neurons. Layer 2/3 (L2/3, green)
pyramidal neurons project within the cortex to the same or contralateral hemisphere. Deep layer projection neurons target
subcortical areas such as the thalamus (corticothalamic neurons, Layer 6, blue) and subcerebral targets as the hindbrain or
spinal cord (corticospinal neurons, Layer 5, purple). (B) Simplified schematic of the excitatory cortical circuits. Sensory
information from the periphery is relayed by the thalamus to the cortex. Thalamic axons innervate the granular layer 4 which
forms the gateway to the neocortical circuit. Layer 2/3 neurons integrate sensory information with other thalamic and cortical
inputs. Output neurons in layer 5 project to subcortical or subcerebral targets. (C) Cortical interneuron diversity and pyramidal
cell innervation. Distinct interneurons show targeting specificity and create local inhibitory circuits. The pyramidal cells somatic
region is targeted by parvalbumin (PV) or cholecystokinin (CCK) expressing neurons. Chandelier cells target the AIS. Somatostatin
(SST) interneurons innervate the dendritic domain. Vasoactive intestinal peptide (VIP) synapse onto other interneurons. Reelin
(RELN) positive cells use volume transmission to induce slow inhibition in superficial layers. (D) Morphology of excitatory neurons
of the somatosensory cortex. Pyramidal cells (L2/3, L4, L5) have a main apical dendrite that reaches layer 1 where it branches
extensively (tuft). Layer 4 star pyramidal cells have apical dendrites but lack the tuft. Similarly, the apical dendrite of Layer 6
neurons lacks the tuft and only extends into L4/5. Layer 4 spiny stellate cells lack the apical dendrite altogether. Classifying
according to their axonal projections: intratelencephalic projection neurons (IT) project their axons within the cortex and basal
ganglia; subcortical projection neurons (L5) project to subcerebral targets and cortical thalamic neurons (L6) projecting to the
thalamus. (Adapted from A-B (Jabaudon, 2017), C (Wamsley and Fishell, 2017) and D (Oberlaender et al., 2012a))



At each step of the excitatory cortical circuit, the information flow is gated, shaped and modulated
by local inhibitory circuits (Roux and Buzsaki, 2015). These are formed by a diverse population of
interneurons, that are traditionally broadly classified by their expression of at least one of the following
neurochemical markers: parvalbumin (PV), somatostatin (SST), cholecystokinin (CCK), vasoactive
intestinal peptide (VIP) and reelin (RELN). Interneurons exhibit crucial control over cortical excitation
through processes such as feedforward and feedback inhibition (mediated by CCK*, PV* and SST*
interneurons respectively), dis-inhibition mediated by VIP-expressing cells (targeting other
interneurons) and slow-acting volume inhibition induced by non-synaptic neurotransmitter release
from RELNT cells (Huang and Paul, 2019; Wamsley and Fishell, 2017). An important characteristic of
cortical inhibitory circuits is the subcellular specificity by which distinct interneuron subtypes target
excitatory pyramidal neurons (Fig 2C) (Wamsley and Fishell, 2017). Somata of pyramidal neurons are
innervated by PV* or CCK* basket cells, whereas the AIS is specifically targeted by chandelier cells
and the dendritic compartments are targeted by SST- and RELN-expressing interneurons (reviewed
in Huang & Paul, 2019).

Cortical network activity, and thus cortical processing, depends on the interplay of excitation to
propagate neuronal firing and inhibition to limit and shape propagation in time and space (Borg-
Graham et al 1998; Salinas and Sejnowski 2000, Wang 2001; Haider et al 2006). This is commonly
referred to as excitatory-inhibitory (E/) balance (also called E/I ratio), a term which is somehow
controversial as balance usually implies equal magnitudes, which does not apply here. For lack of a
better word, the term is used to describe the relative levels of excitation and inhibition both on the
neuronal network level and on the level of single neurons. On the single-neuron level it can refer to
the relative numbers of synapses or the relative magnitudes of individual excitatory and inhibitory
inputs (Froemke, 2015). Acute experimental manipulations of the global E/I ratio that selectively
decrease either inhibition or excitation result in a shift of cortical activity to a hyperexcitable
(epileptiform) or silent (comatose) state (Sanchez-Vives et al., 2010; Yizhar et al., 2011), thus

demonstrating the importance of the E/I balance for cortical function.
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Cortical development

The formation of cortical circuits involves the generation of cortical cells from progenitors, their
migration and morphogenesis (i.e., extension of axon and dendrites) and subsequent establishment
of connectivity (i.e., synapse formation) (Figure 3A 1-4). These processes are governed by intrinsic
(e.g., differential gene expression) and extrinsic (e.g., input from thalamocortical afferents and
spontaneous neuronal activity) factors that shape cortical circuits far into postnatal development
(Greig et al., 2013; Jabaudon, 2017; Loépez-Bendito and Molnar, 2003; Silva et al., 2019).
Corticogenesis starts with the expansion of the neuroepithelium by symmetric divisions of
neuroepithelial stem cells (NESCs). Around embryonic day (E) 11.5 in mice and post-conception week
(pcw) 8 in humans, radial glia cells (RG) derive from this founder population of NESCs and form the
ventricular zone, where they will divide asymmetrically to self-renew and give rise to outer radial glia
(oRG; cell bodies in the subventricular zone), intermediate progenitors and excitatory neurons (Figure
3A). Already at this early stage, morphogen gradients regulate the expression of transcription factors
that pattern the distinct cortical areas (Cadwell et al., 2019).

Excitatory cortical neurons are born successively between E10 and 18.5 in mice (pcw8 and pcw24
in humans) (Farhy-Tselnicker and Allen, 2018; Klingler et al., 2021). They are produced through
asymmetric division of RG (direct neurogenesis) or from intermediate progenitors and outer RG
(indirect neurogenesis) that reside in the subventricular zone (SVZ) (Figure 3A). Newborn neurons then
proceed to populate the cortical plate in an inside-out manner with early-born neurons forming the
deep layers and later-born neurons migrating past them to progressively form the superficial layers
(Gilmore and Herrup, 1997). For this radial migration (Figure 3A-2) neurons use radial glia processes
that span the cortical plate as scaffolds (G6tz et al., 2002; Kriegstein and Alvarez-Buylla, 2009). While
migrating, they acquire their axon-dendrite polarization (Xu et al., 2015) and begin to develop
morphologically (neuritogenesis; see Figure 3A-3; reviewed in (Barnes and Polleux, 2009; Cadwell et
al., 2019).

In parallel to excitatory neuronal migration and maturation, once excitatory neurogenesis is
complete (PO in rodents), radial glia switch from a neurogenic to a gliogenic differentiation program
and differentiate to astrocytes (Kriegstein and Alvarez-Buylla, 2009; Noctor et al., 2008). Newborn
astrocytes retain proliferative potential and expand in numbers well into postnatal development until
they are evenly distributed across the cortical layers and areas, each occupying their own non-

overlapping space by the fourth postnatal week (Ge et al., 2012). (Farhy-Tselnicker and Allen, 2018)
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FIGURE 3 Cortical development. (A) Summary
of cortical excitatory neurogenesis, migration
and maturation. Cortical excitatory neurons
are born in an inside out manner (deep layer
neurons first, upper layer neurons later) from
progenitors lining the ventricular zone (1').
They migrate radially along aRG processes
into the cortical plate (2) and morphologically
develop once they have reached their final
position  (3).  Neuronal morphogenesis,

synaptogenesis (4) and refinement of
connectivity extend into postnatal
development. Here a deep layer cortical
neuron can be followed through its

development (arrow). CP, cortical plate; (S)VZ,
(sub)ventricular zone; E, embryonic day; pcw,
post-conception week; a/bRG, apical/basal
radial glia; N, neuron; IN, interneuron; WM,
white matter. (adapted from Klingler et al.,
2021) (B) Cortical interneurons are generated
from stem cells in the medial ganglionic
eminence (MGE) and the caudal ganglionic
eminence (CGE) and migrate tangential into
the cortical plate. This is followed by radial
migration to populate the developing cortical
layers where upon reaching their final position
during postnatal development, they establish

their distinct morphology and synaptic
contacts. In  parallel their transcriptional
identity and physiological attributes are

acquired (adapted from Wamsley & Fishell,
2017).

In contrast to excitatory neurons and astrocytes, cortical interneurons are formed from progenitors

in one of three proliferative zones that line the ventricles - the medial, caudal and lateral ganglionic

eminences (MGE, CGE and LGE, respectively) - and migrate tangentially into the cortical plate

between E11 and PO, where they disperse radially to populate the nascent cortical layers (Fishell and

Kepecs, 2020; Wamsley and Fishell, 2017) (Figure 3B). Upon reaching their target location,

interneurons mature, are recruited into cortical circuits, and their diversity becomes evident through

distinct morphologies, connectivity and marker expression pattern (Figure 2C + 3B). (Silva et al., 2019;

Wamsley and Fishell, 2017)

In the first weeks of postnatal development (in rodents), cortical neurons begin to establish

connectivity. The formation of functional cortical circuits require axons to find their way to their

appropriate target area (axon guidance — for a comprehensive review see Chédotal, 2019), the
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connection of appropriate synaptic partners (synapse specificity — see chapter 2 and 3), the assembly
of functional synapses (synaptogenesis — see chapter 2) and their maturation and subsequent activity-
dependent circuit refinement (see chapter 2). Like the formation of cortical layers, circuit formation
also follows an inside-out gradient. This is reflected by the successive critical periods of circuit
refinement in deep cortical layers vs upper layers (e.g., in the rodent somatosensory cortex P4 and
P16 are correlated with the end of the critical periods for structural plasticity of thalamocortical inputs
to layer IV and that of lateral connections between layer ll/lll pyramidal neurons respectively
(Erzurumlu and Gaspar, 2012)). Generally, the inside-out manner of development means that during
postnatal development various stages of neuronal and circuit development co-exist and thus could
be differentially affected by environmental stimuli (Crair and Malenka, 1995; Fox and Wong, 2005;
Jabaudon, 2017; Oberlaender et al., 2012b).

FIGURE 4 Heterochrony of human cortical development.
Macaque Chimpanzee Synapse formation and circuit refinement is protracted in

hominids and even more in humans, relative to life span and
" Human ‘ in absolute duration (to enable comparison here indicated as
2 pseudo time). (adapted from Libé-Philippot & Vanderhaeghen,
Q.
< 2021)
c
>
7
Birth Adult

Pseudotime

Humans, compared to other species, display heterochrony of cortical development: while overall
the processes of cortical formation are conserved, in humans they span over a different timescale
(Figure 4) (reviewed in lwata & Vanderhaeghen, 2020; Libé-Philippot & Vanderhaeghen, 2021). This
is most evident in the protracted maturation of cortical neurons and glia cells, that results in neoteny,
the retention of juvenile traits over longer time-scales (Petanjek et al., 2011; Sousa et al., 2017). In
humans, maturation of cortical neurons, including morphogenesis and synapse development, take
up several years instead of months in macaque or weeks in mice (Huttenlocher, 1979; Petanjek et
al., 2011). This is also reflected in a protracted gene expression profile of genes involved in
synaptogenesis (Liu et al., 2012; Zhu et al., 2018b). Even when human neurons are transplanted as
single cells in a mouse brain, they follow their own prolonged developmental timeline (Linaro et al.,
2019), suggesting the involvement of neuron-intrinsic mechanisms governing their developmental
timing. The protracted development has been proposed to play a major role in the development of
human cognitive abilities, as it allows for extended critical periods of plasticity and thus for more

environmental influence on brain development (Bufill et al., 2011; Sherwood and Gomez-Robles,



2017). Interestingly, altered developmental time courses seem to be a part of the pathophysiology of
neurodevelopmental disorders such as autism spectrum disorders (ASD) and schizophrenia (Forrest
et al., 2018).
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CHAPTER 2 - SYNAPSES
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CHAPTER 2 Synapses

The term synapse was first introduced in 1897 by Charles Sherrington to re-name what Santiago
Ramoén y Cajal had called nervous articulations and defined as a structure through which neurons
could communicate without being continuous (Foster and C.S Sherrington, 1897; Sotelo, 2020). Cajal
also postulated that the dendritic protrusions, which came to be known as dendritic spines, were
points of contact between two neurons that facilitate diverse connections with axons from many
different sources. But the existence of chemical synapses (and its presence on spines) was
unambiguously demonstrated only in the 1950s using electron microscopy (Palay, 1956). These early
anatomical studies also first described the structure that chemical synapses across different nervous
tissue have in common: The closely opposed vesicle-filled pre-synaptic terminal and the post-
synaptic membrane, separated only by a narrow synaptic cleft (Palay, 1956). Today we know that,
although there is a common theme to the architecture of chemical synapses, they are highly
structurally and molecularly diverse. Functionally, chemical synapses can be subdivided into two
general classes: excitatory and inhibitory synapses. Within both classes, synapses are further
identified based on the identity of pre- and post-synaptic cells, the neurotransmitters used, their
subcellular localization, their molecular composition and organization or their electrophysiological
properties. Here | will introduce the two broad subclasses relevant for this thesis, namely
glutamatergic excitatory and GABAergic inhibitory synapses, which are also arguably the most
studied synaptic subtypes and form the majority of synapses in the cortex.

On principal cells of the mature mammalian cortex, GABAergic inhibitory synapses are found on the
dendritic shaft, the cell body, the AlS as well as on dendritic spines (van Versendaal and Levelt, 2016;
Villa et al., 2016). In contrast, the vast majority of glutamatergic excitatory synapses are formed
between axons and dendritic spines, small actin-rich protrusions from the dendritic shaft (see Figure
1B) (Yuste and Bonhoeffer, 2004). Spines are composed of a bulbous head that is connected to the
shaft by a narrow neck (Arellano et al., 2007; Harris and Weinberg, 2012) and can exhibit a large
range of variability in size and shape from thin filopodia like spines to spines with a thin neck but a
large spine head that are called mushroom spines (Berry and Nedivi, 2017; Runge et al., 2020).
Spines compartmentalize biochemical and electrical synaptic signals, with the neck acting as
diffusional barrier that isolates the spine head from its parent dendrite (Adrian et al., 2017; Alvarez
and Sabatini, 2007; Tennesen et al., 2014; Yasuda, 2017). In addition, spine necks are thought to
filter the electrical component of synaptic signals and amplify spine head depolarization (Harnett et
al.,, 2012; Tennesen and N&agerl, 2016; Yuste, 2013) (but see Popovic et al., 2015; Takasaki &
Sabatini, 2014). The introduction of two-photon microscopy for live in vivo neuroimaging in the 90es
(Denk and Svoboda, 1997) has revealed that spines exhibit an incredible capacity for structural
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remodeling even in the mature nervous system (Grutzendler et al., 2002; Trachtenberg et al., 2002).
Most spines are dynamic throughout the life of an animal, exhibiting changes in size, shape or even
complete turnover in response to the animal’s experience and environment (reviewed in Holtmaat and
Svoboda, 2009; Runge et al., 2020). Changes in spine size, shape and lifetime can be used to
investigate changes in synaptic strength or maturation (reviewed in Berry & Nedivi, 2017 & Bhatt et
al., 2009 and see below).

In addition to the post-synaptic specialization, spines can contain various intracellular organelles
as well as ribosomes and endosomes enabling local protein synthesis and membrane and receptor
trafficking respectively (Bailey et al., 2015). Some spines also harbor an inhibitory postsynaptic
specialization. These spines, termed dually innervated spines, exist especially in the upper layers of
the cortex (Kubota et al., 2007) and host about 40% of inhibitory synapses in basal dendrites (Gemin
et al, 2021). The presence of an inhibitory specialization further reinforces signal com-
partmentalization in these spines (see Annex 2; Gemin et al., 2021)

CHAPTER 2.1 Synaptic ultrastructure and transmission

Synaptic transmission at both excitatory and inhibitory synapses is operated and tightly regulated by
the molecular machineries of the pre-synapse, synaptic cleft and post-synapse acting in concert
(Figure 5A). While pre-synaptic organization and composition is canonical, postsynaptic membranes
are highly divers (Boyken et al., 2013; Stdhof, 2012)

The pre-synaptic active zone

On the presynaptic side, action potentials trigger the release of synaptic vesicles containing
neurotransmitters. The type of neurotransmitter released depends on presynaptic cell type and the
expression of distinct synthesizing enzymes and vesicular transporters that load the transmitter into
the synaptic vesicles. Vesicle exocytosis is restricted to a small pre-synaptic membrane domain called
the active zone, where a subset of vesicles, the readily releasable vesicles, are docked to the
membrane (Kaeser and Regehr, 2017). Fusion of vesicles with the pre-synaptic membrane is
executed by SNARE proteins and triggered by Ca?* influx and binding to synaptotagmin upon action
potential arrival (Jahn and Fasshauer, 2012). Central to the pre-synaptic machinery are RIM and
Munc13 proteins that localize to sites of vesicle fusion where they are essential to the priming and
docking of synaptic vesicles (Figure 5B) (Augustin et al., 1999; Kaeser and Regehr, 2017; Schoch et
al., 2002; Tang et al., 2016; Varoqueaux et al., 2002) and RIM proteins tether Ca* channels to release
sites via RIM binding proteins (Acuna et al., 2015; Han et al., 2011; Hibino et al., 2002). Other
components of the active zone such as the large multidomain proteins Bassoon and Piccolo,
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Synapsins, the ELKS family members and Liprin-a are thought to have scaffolding as well as
regulatory functions (Schoch and Gundelfinger, 2006; Sudhof, 2012). In addition, many other
proteins, including cytoskeletal elements and adaptors, trans-membrane proteins - exemplified by
Neurexins (Sudhof, 2017) - and ion channels are present at, though not necessarily restricted to, the

active zone (Boyken et al., 2013). (Figure 5B)
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FIGURE 5 The protein machinery of chemical synapses. (A) Overview of a chemical synapse with the pre-synaptic
machinery or active zone in green, the synaptic cleft machinery in orange and the post-synaptic density highlighted in
blue. Note that here the post-synapse is depicted on a dendritic spine, as it is the case for the majority of excitatory
synapses. Inhibitory post-synapses however can be formed on the dendritic shaft, spines (and spine neck) or the
membrane of the soma and AIS. (B) Patterning (top) and molecular components (bottom) of the presynaptic active
zone. Color code from light to dark indicate the evidence for patterning. (C) Side view of the protein complex of the
synaptic cleft. Composition and function of the synaptic cleft machinery will be discussed in the following chapter. (D)
Excitatory glutamatergic post-synapse: (Top) Patterning of the PSD seen from the side and the top and (bottom)
schematic illustration of the molecular composition of the PSD. The excitatory PSD is layered vertically with receptors
and transmembrane proteins intracellularly linking to a PDZ scaffold that in turn links to signaling proteins and the
cytoskeleton. (E) Inhibitory GABAergic post-synapse: Receptors and cell adhesion molecules dynamically interact with
the hexagonal gephyrin lattice that in turn mediates the interaction with signaling proteins and the cytoskeleton.
(adapted from Arendt, 2020, Biederer et al., 2017)
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The synaptic cleft

The second compartment of the synapse is the synaptic cleft — the 24nm wide extracellular space
between the pre- and post-synaptic membrane (Luci¢ et al., 2005) (Figure 5C). Despite its name, the
cleft is not empty but a rather protein-rich environment that contains extracellular matrix, secreted
proteins and cell adhesion molecules (CAMs) that form trans-synaptic interactions (Burette et al.,
2012; Gray, 1959; LucCi¢ et al., 2005; Yuzaki, 2018; Zuber et al., 2005). Interactions occurring in the
cleft are thought to have the ability to modulate and instruct synapse development, maturation and
function (De Wit and Ghosh, 2016). | will discuss CAMs and their role at excitatory and inhibitory

synapses in more detail in Chapter 3.

The post-synaptic density

On the post synaptic side, the post synaptic density (PSD) is positioned opposite of the presynaptic
active zone (Figure 5A). There is considerable variation in composition between the PSDs of different
synapse types and the overall molecular compositions of excitatory and inhibitory PSDs is profoundly
different (Boyken et al., 2013; Moss and Smart, 2001; Sanes and Lichtman, 2001). Yet, all post-
synapses have some organizational principles in common: they all use adhesion based differentiation
(see chapter 3) and scaffold-based assembly of receptors and signalling proteins into tightly packed
molecular machineries that rely on transient interactions (reviewed in Choquet and Triller, 2013;
Fritschy et al.,, 2012; Okabe, 2007; Sheng and Hoogenraad, 2007; Sheng and Kim, 2011). An
emerging idea based on recent in vitro biochemical studies (Feng et al., 2019; Milovanovic and De
Camilli, 2017) suggest that PSD machineries may be best understood as membrane-less organelles
or condensates that form through multivalency driven liquid-liquid phase separation (Figure 6) (Chen
et al., 2020). With reference to the membrane, they are organized in three dimensions: Individual
components of the PSD are differentially positioned perpendicularly to the cell membrane, forming a
laminar organization with receptors and adhesion proteins at the surface, scaffold proteins beneath
and signalling proteins facing the cytosolic side and linking to the cytoskeleton (reviewed in Sheng &
Kim, 2011). Some PSD components also exhibit distinct lateral subsynaptic distributions forming so
called nanodomains within the post-synapse (see upper panel Figure 5 B+D) (MacGillavry et al., 2013;
Pennacchietti et al., 2017; Specht et al., 2013). At both excitatory and inhibitory synapses, pre- and
post-synaptic nanodomains can align trans-synaptically, creating nanocolumns across the synaptic
cleft (reviewed in Biederer et al., 2017) which are thought to ensure efficiency of synaptic transmission
as they align post-synaptic receptors with vesicle release sites (Biederer et al., 2017; Tang et al.,
2016). Importantly, the number and size of nanodomains vary between synapses and are subject to
change in response to activity (reviewed in Biederer et al., 2017). Excitatory and inhibitory post-
synapses have further in common that they are highly dynamic and undergo continuously remodelling

over the timescale of minutes to days (Choquet and Triller, 2013). The abundance, activity, distribution
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and mobility of the individual PSD components are dynamically regulated by post-translational
modifications (particularly phosphorylation), local translation, protein degradation and alterations in
protein synthesis as well as targeted trafficking to and from the synapse (Choquet and Triller, 2013;
Holt et al., 2019; Sheng and Hoogenraad, 2007). Cytosolic components diffuse in and out of the PSD
at varying rates and transmembrane proteins, including receptors, diffuse between synaptic and
extra-synaptic compartment of the membrane (Choquet and Triller, 2013). The dynamic nature of the
synapse not only allows for the turnover and recycling of its molecular components but also for
dynamic scaling of synaptic strength in response to activity, generally referred to as synaptic plasticity.
At the post-synapse, plasticity can be expressed through a vast array of molecular mechanisms
(reviewed in Alvarez-Castelao & Schuman, 2015; Citri & Malenka, 2008; Spence & Soderling, 2015;
Woolfrey & Dell’Acqua, 2015) that ultimately lead to changes in the number, distribution or biophysical
properties of post-synaptic receptors (Diering and Huganir, 2018). These can coincide with changes
in structural parameters (structural plasticity; e.g., change in spine, bouton or PSD size) during long
term plasticity. Thereby the area of the PSD is proportional to its number of receptors (Nusser et al.,
1997). As a result, synaptic strength correlates with PSD size and spine head volume (Holler et al.,
2021).
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Excitatory post-synaptic densities

On principal cells, excitatory post-synapses (Figure 5D) are localized to the head of dendritic spines
and their PSD consists of a dense and rich network of interacting proteins formed by protein-protein
interactions (Kim and Sheng, 2004). Glutamate released into the synaptic cleft acts upon ionotropic
and metabotropic glutamate receptors (iGluRs and mGIluRs respectively). Whereas mGluRs are G-
protein-coupled receptors that have a role in various intracellular signal transduction pathways, iGIuRs
are ligand-gated ion channels and the main actors of excitatory synaptic transmission. iGluRs can be
subdivided into N-methyl-D-aspartate (NMDA) receptors, a—amino-3-hydroxy-5methylisoxazole-4-
propionate-type glutamate receptors (AMPARs) and kainate receptors (KARs). During basal synaptic
transmission, AMPARSs are the main charge carriers, permitting the influx mainly of sodium ions upon
glutamate binding and thus inducing fast depolarization of the postsynaptic membrane (Reiner and
Levitz, 2018). NMDARs on the other hand are blocked by extracellular Mg?* at resting membrane
potential which is released when the post-synaptic membrane is depolarized. Additionally, NMDAR
signalling requires co-agonist binding. NMDARs can therefore act as coincidence detectors opening
only once all conditions (membrane depolarization and agonist binding) are met. When open,
NMDARs are non-selective cation channels allowing the influx of Ca®* and Na®* ions and the flow of
K* ions out of the cells. NMDAR mediated Ca?* influx and the intracellular signalling it triggers, is
critical for synaptic plasticity, the activity dependent change in synaptic strength (Reiner and Levitz,
2018). In addition to the glutamate receptors, various types of cell adhesion molecules, receptor
tyrosine kinases, ion channels and G-protein-coupled receptors localize to the post-synaptic
membrane and participate in post-synaptic signalling (Stefen et al., 2016).

Receptor and transmembrane protein surface expression and lateral distribution is inter-
dependently regulated through their intra- and extracellular interactions (Fossati and Charrier, 2021).
Intracellular scaffold proteins contain multiple protein-protein interaction domains that accommodates
parallel interactions and enable them to form the dense protein network of the PSD (Figure 7) (Sheng
and Kim, 2011). At mature glutamatergic PSDs the core scaffold is formed by postsynaptic density
protein 95 (PSD-95), guanylate kinase-associated protein (GKAP), SH3-domain and ankyrin-repeat
domain protein (SHANK) and Homer (Sheng and Kim, 2011), which in vitro have been demonstrated
to condensate together by phase separation (Zeng et al., 2018). Scaffold proteins can be represented
by various family members and splice variants which is thought to contribute to synapse diversity
(Sheng and Hoogenraad, 2007). PSD-95, which belongs to the membrane-associated guanylate
kinase protein family (MAGUKS), provides direct binding sites to neurotransmitter receptors and many
adhesion proteins (Sheng and Kim, 2011; Won et al., 2017). Interestingly, the number of PSD-95
largely exceeds receptor and CAM numbers in the PSD (Sheng and Hoogenraad, 2007), suggesting
that during baseline transmission ample scaffold slots are unfilled which provides the means for fast
up or down scaling of AMPAR numbers during synaptic plasticity (Opazo et al., 2012).
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Scaffold proteins recruit various cytoplasmic signalling proteins to the PSD such as kinases,
phosphatases and small GTPases, which regulate actin dynamics, as well as their effectors, GTP-
exchange factors (GEFs) and GTPase activating proteins (GAPs) (Sheng and Kim, 2011). Of these,
CaMKllo/B and the Ras/Rab1 GTPase activating protein SYNGAP1 are especially abundant at the
PSD. The two CaMKIl isoforms are Ca?‘/calmodulin dependent kinases that are regulated by
autoinhibition and best studied for their role in synaptic plasticity, where NMDAR dependent activation
of CaMKIl is at the beginning of signalling cascades that lead to the expression of long term
potentiation (Herring and Nicoll, 2016). Together CaMKllo. and B are by far the most abundant proteins
of the excitatory post-synapse, exceeding PSD95 by a ten-fold (Sheng and Hoogenraad, 2007).
SYNGAP1 is comparable in numbers to PSD-95 family members (Sheng and Hoogenraad, 2007) with
which it condensate in vitro in a phosphorylation dependent manner (Zeng et al., 2018). SYNGAP1
operates within a complex network of signalling cascades that ultimately regulates synaptic strength
at baseline and following neuronal activity (Gamache et al., 2020). Both SYNGAP1 and CaMKlla
translocate in and out of dendritic spines in a synapse activity dependent manner (Araki et al., 2015;
Merrill et al., 2005; Strack et al.,, 1997). Importantly, although SHANK and SYNGAP are core
components of the PSD, their mutation actually increases excitation (Aceti et al., 2015; Clement et
al., 2012; Peixoto et al., 2016, 2019; Rumbaugh et al., 2006), showing that they function as negative
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regulators of excitatory transmission and illustrating how excitatory synapses have a build-in capacity
for auto-regulation.

Inhibitory post-synaptic densities

In contrast to excitatory synapses, the postsynaptic specializations of GABAergic inhibitory synapses
(Figure 4E) appears less elaborate (Sheng and Kim, 2011), but is also less understood (Chiu et al.,
2019). The main neurotransmitter receptors at inhibitory post-synapses in the brain are y-
aminobutyric acid (GABA) type A receptors (GABAaR). Functionally, GABAAR act as ligand-gated ion
channels that mediate inhibitory currents carried mainly by chloride (Farrant and Nusser, 2005).
GABAergic transmission is shaped by transmembrane auxiliary subunits of GABAAR as well as by
intracellular interaction with the proteins of the inhibitory PSD. Over the last decade auxiliary subunits
such as Lhfpl4/GAHRL and Shisa7 have been described to regulate receptor trafficking and modulate
their functional properties (Han et al., 2021; Wu et al., 2019; Yamasaki et al., 2017). Intracellularly,
Gephyrin has been identified as the main component of the inhibitory scaffold, interacting directly with
GABAA receptors, trapping it to the synaptic membrane (Groeneweg et al., 2018; Kneussel and Betz,
2000; Tyagarajan and Fritschy, 2014). Gephyrin molecules cluster to form a sub-membranous
scaffold, similar in form to a hexagonal lattice (Figure 4E) (Saiyed et al., 2007). Gephyrin clustering
and its interaction with receptors, is intricately regulated by phosphorylation (Battaglia et al., 2018;
Niwa et al., 2019; Pizzarelli et al., 2020; Tyagarajan et al., 2011a). Gephyrin further undergoes other
posttranslational modification among which palmitoylation, that allows for plasma membrane
anchoring and is thought to stabilizes gephyrin scaffolds at synaptic membranes. Preventing gephyrin
palmitoylation leads to mis-localized clusters of gephyrin outside of synapses (Dejanovic et al., 2014).
While gephyrin unquestionable forms the predominant scaffold, S-SCAM (synaptic scaffolding
molecule; or MAGI-2, membrane associated guanylate kinase inverted-2) is a second bona fide
scaffold protein at inhibitory synapses (Sumita et al., 2007). Interestingly, S-SCAM also localizes to
excitatory synapses where it interacts with transmembrane AMPAR receptor regulatory protein
(TARP), GKAP, the cell adhesion molecule neuroligin1 and other excitatory PSD components
(Danielson et al., 2012b, 2012a). Similarly, at inhibitory synapses S-SCAM interacts with the inhibitory
CAM neuroligin2 (NIgn2) and links it to the dystroglycan complex (or dystrophin-glycoprotein complex;
DGC) and the immunoglobulin superfamily member IgSFOb (Woo et al., 2013). In hippocampal
neurons, IgSF9b seems to localize in a separate subsynaptic domains than the
GABAR/gephyrin/NIgn2 complex which suggests that S-SCAM may form a bridge between
functionally distinct subdomains of the inhibitory synapse post-synapse (Woo et al., 2013). Another,
more recent addition to the list of possible inhibitory scaffolds are InSyn1 and InSyn2, previously
unknown proteins that were identified in a proximity screen of gephyrin (Uezu et al., 2016).
Interestingly, deletion of InSyn1 specifically affects the distribution of dystroglycan complex (and vice
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versa (Uezu et al., 2019)) but not of gephyrin at inhibitory synapses (Uezu et al., 2016). How the DGC-
INSyn1 complex relates to the gephyrin scaffold is however still largely unknown.

Furthermore, various proteins that link the inhibitory scaffold to the cytoskeleton and intracellular
signalling have been identified (Chiu et al., 2013; Pizzarelli et al., 2020). Among them, the Rho-GEF
collybistin is probably best characterized. Collybistin directly binds Gephyrin (Kins et al., 2000;
Papadopoulos et al., 2007) and can mediate its localization to the membrane through interaction with
the a1 subunit of GABAAR, Nign2 or through direct lipid binding (which is regulated by collybistin
autoinhibition) (Kins et al., 2000; Papadopoulos et al., 2007; Reddy-Alla et al., 2010; Soykan et al.,
2014). It is further involved in the remodelling of the subsynaptic cytoskeleton via the small Rho
GTPase Cdc42 (Tyagarajan et al., 2011b; Xiang et al., 2006). However, the collybistin knock-out has
no obvious phenotype in the cortex (Papadopoulos et al., 2007). Other gephyrin binding partners
such as the actin-associated proteins profilin and VASP/Mena (Giesemann et al., 2003) are thought
to regulate the anchoring of the scaffold to the cytoskeleton. This anchoring is crucial for PSD stability
as pharmacological disruption of either F-actin or microtubules decreases the levels of gephyrin and
receptors at synapses and increases receptor mobility (as shown for GlyR in Charrier et al., 2006).

It is noteworthy, that several inhibitory PSD components show only relatively subtle and often
selective phenotypes when depleted: Nign2, despite being present at virtually all inhibitory synapses,
only affects perisomatic synapses when depleted in hippocampal neurons (Poulopoulos et al., 2009).
GluD1, a member of the glutamate receptor delta family, localizes to, and is required for the formation
of, inhibitory synapses between SST* interneurons and layer 2/3 cortical pyramidal neurons (see
annex 1; Fossati et al., 2019). Similarly, Slit3, a newly recognized CAM at inhibitory synapses, when
depleted, showed specific loss of subpopulations of inhibitory synapses in the hippocampus
(Takahashi et al., 2012). This illustrates that although there has been considerable progress to our
knowledge of inhibitory post-synapses in recent years (Krueger-Burg et al., 2017), we are only starting
to understand the molecular diversity underlying different inhibitory synapse subtypes.

For both excitatory and inhibitory synapses, the emerging picture from studies of their proteome over
the last two decades, is one of a high degree of molecular diversity and a vast functional and structural
synaptic diversity that arises from combinatorial expression of synaptic proteins (Grant and Fransén,
2020; Nusser, 2018). However, a comprehensive proteomic descriptions of specific synapse types is
still lacking, even though first steps towards a systematic mapping of synaptic diversity are being
taken (Cizeron et al., 2020; Curran et al., 2021; Zhu et al., 2018a). Studies like these will considerably
aid our understanding of circuit function in health and disease.
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CHAPTER 2.2 Synapse development

Synaptogenesis of excitatory and inhibitory synapses in the rodent cortex occurs in early postnatal
development. Both synapse types are generated at a high rate that peaks around P14 (Blue and
Parnavelas, 1983a, 1983b; Gonzalez-Lozano et al., 2016; Li et al., 2010) and generates an excess
of synapses. This developmental synapse formation is genetically determined as demonstrated by
the formation of the majority of synapses when neurotransmitter release is blocked (Sando et al.,
2017; Sigler et al., 2017; Verhage et al., 2000). A large proportion of the newly formed synapses are
subsequently eliminated or pruned during the activity-dependent refinement of cortical circuits.
Synapse numbers stabilize between P21 and P28 at adult levels (Figure 8) (Blue and Parnavelas,
19834, 1983b; Li et al., 2010).
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FIGURE 8 Developmental timeline in mice. Key developmental processes in the rodent cortex from embryonic stages
to the end of the first month of life. Processes are represented as a colored bar, with the gradient in color intensity
marking the beginning, peak, and end of the process. (adapted from Farhy-Tselnicker & Allen, 2018)

Spinogenesis

Excitatory synapse formation on principal cells is initiated by the formation of contacts between
filopodia extending from dendrites and axon segments of the pre-synaptic cell. An important aspect
of excitatory synapse development is therefore spinogenesis, the formation of dendritic spines prior
to (or partially concurrent with) synapse formation. Immature dendrites form highly mobile filopodia
that are functional precursors of spines (reviewed in Okabe, 2020; Runge et al., 2020). These filopodia
are mostly transient structures and only a small fraction will contact an axon to form nascent synapses
and subsequently differentiate into spines (Knott et al., 2006; Okabe et al., 2001). How filopodia
formation is initiated and directed is however largely unclear. Extrinsic signals such as brain-derived

neurotrophic factor (BDNF) signaling (Ji et al., 2005) or the local release of neurotransmitters (Kwon
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and Sabatini, 2011; Oh et al., 2016) are thought to be important, as well as the interplay between
membrane lipids and actin nucleation factors (Saarikangas et al., 2010), including GTPase signaling
and the clustering of the membrane-associated signaling Bin/amphiphysin/Rvs (BAR)-domain
proteins (reviewed in Hotulainen & Saarikangas, 2016; Okabe, 2020). BAR-domain proteins are
multidomain scaffolding proteins that bind phosphoinositides (in particular Pl1(4,5)P. and PI(3,4,5)Ps)
via a slightly curved lipid binding interface formed by their BAR domains and further contain domains
that enable them to act in actin cytoskeleton remodeling (Carlson et al., 2011; Coutinho-Budd et al.,
2012; Mattila et al., 2007). Clustering of these proteins, probably induced by the formation of
phosphoinositides containing lipid rafts (Hotulainen and Saarikangas, 2016), results in membrane
curvature (Coutinho-Budd et al., 2012; Mattila et al., 2007). Thereby, inverse (I)-BAR and inverse Fes-
Cip1 homology (IF)-BAR proteins, such as in respectively the Missing-in-Metastasis (MIM) proteins
and in slit-robo GTPase activation (SRGAP) proteins, promote negative, concave curvatures of the
membrane and are involved in the formation of protrusions from the plasma membrane (Coutinho-
Budd et al., 2012; Mattila et al., 2007). In cultured neurons, both the expression levels of SRGAP3
and MIM positively correlate with the density of filopodia formed (Carlson et al., 2011; Saarikangas et
al., 2015). MIM accumulation was shown to occur prior to actin polymerization at the site of filopodia
outgrowth (Saarikangas et al., 2015). These observations strongly implicate BAR-domain proteins in
the initiation of filopodia formation. However, the upstream signaling events, despite the likely
involvement of BDNF and glutamate, remain little understood (Hotulainen and Saarikangas, 2016;
Okabe, 2020).

Synapse formation and maturation

Formation of both inhibitory and excitatory synapses is generally thought to involve the following
sequential phases: (1) The establishment of an initial contact between appropriate synaptic partners.
(2) The assembly of pre- and post-synaptic machineries to form nascent synapses and subsequently
(3) synaptic specification or maturation (Figure 9) (Stidhof, 2018). Key to the formation of nascent
synapses are so called synaptic organizers, cell adhesion molecules (CAMs) (Sudhof, 2018) or
secreted neuronal or glial proteins (Farhy-Tselnicker and Allen, 2018; Yuzaki, 2018), that ensure
appropriate connectivity (synapse specificity) during the formation of initial contacts and coordinate
bidirectionally the assembly of synaptic machinery (see chapter 3; reviewed in Sidhof, 2018, 2021).
Generally, synapse assembly is thought to be facilitated by co-trafficking of synaptic components
from the soma to the synapse. For example, SAP102 and NMDA receptors (Sans et al., 2005;
Washbourne, 2015; Washbourne et al., 2002, 2004) as well as PSD-95, GKAP and Shank (Gerrow

et al., 2006) are known to be co-trafficked as preassembled packages and inserted into synapses
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together. However, the signaling pathways that initiate synapse assembly remain poorly understood

and might vary between specific synapses and the trans-synaptic organizers present.
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Newly formed excitatory synapses are initially functionally silent and convert into active synapses
over time through the incorporation of AMPAR (Hanse et al., 2013). The conversion from silent to
active synapses is promoted by astrocytes through the secretion of Gpc4 and 6 which recruit GluA1
to nascent synapses (Allen et al., 2012). GluA1 containing AMPAR are permeable to Ca?*-ions and
thus allow for high levels of synaptic plasticity (Henley and Wilkinson, 2016). Subsequently, at specific
times in each cortical layer and promoted by astrocyte-secreted Chordin-like 1 (Blanco-Suarez et al.,
2018), a switch from calcium-permeable to GluA2-containing calcium-impermeable AMPARSs occurs
and contributes to the maturation and stabilization of excitatory synapses (Brill and Huguenard, 2008;
Gonzalez-Lozano et al., 2016; Kumar et al., 2002). The AMPAR subunit shift is also reflected in the
expression pattern of AMPAR subunits in vivo: cortical GIuA1 expression peaks during the first
postnatal week and then remains constant throughout adulthood (Gonzalez-Lozano et al., 2016;
Martin et al., 1998), while the expression of GIUA2 increases only around P14 (Brill and Huguenard,
2008; Gonzalez-Lozano et al., 2016) coincident with synapse maturation. Similarly, NMDARs are
developmentally regulated and the GIUN2A/GIUN2B ratio increases during development through
activity- or experience-dependent regulation (reviewed in Yashiro & Philpot, 2008). The shift in
NMDAR subunits allows for further AMPAR incorporation in the synapse, which is initially restricted
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by GIUN2B expression (Gray et al., 2011; Hall et al., 2007). The PSD95 protein family also sees an
early expression of SAP102 that gradually declines and is replaced by PSD95 coincident with synapse
maturation and spine stabilization (Lambert et al., 2017; Petralia et al., 2005; Zheng et al., 2011).
Together this shows that the maturation of excitatory synapses is intricately orchestrated by
astrocytes and involves structural and functional changes that are intimately related to the generation
of a mature profile of post-synaptic receptors and neurotransmission.

Similarly, the expression of inhibitory synapse proteins increases in early postnatal development
(Gonzalez-Lozano et al., 2016) and a shift in GABAAR subunit expression can be observed, where
the a3 subunit is expressed at birth and is replaced by a1 during development (Laurie et al., 1992;
Taketo and Yoshioka, 2000). However, the role of the early expression of a3 containing receptor
expression for the formation and function of individual inhibitory synapses remains unclear. Likewise,
although astrocytes and their secreted factors are known to induce the formation of both excitatory
and inhibitory synapses in culture, their precise involvement in inhibitory synapse formation and
maturation remains to be elucidated (reviewed in Farhy-Tselnicker and Allen, 2018).

Activity-dependent circuit refinement

After the period of intense synapse formation in early postnatal development, cortical circuits undergo
periods of experience- and activity-dependent refinement that include the elimination or pruning of
excess or inappropriate synaptic connections and the maturation and stabilization of remaining
synapses. These critical periods of enhanced circuit plasticity tune the circuit to best represent
environmental stimuli and are under precise, circuit-specific temporal control (Hensch, 2005; Wilton
et al., 2019). For instance, the critical period at L4-L.2/3 synapses ranges from P11 to P13, while that
of L2/3-L2/3 opens at P13 and closes around P16 (Erzurumlu and Gaspar, 2012; Wen and Barth,
2011). Even though the onset and length of critical periods are strongly influenced by the maturation
of GABAergic interneurons (reviewed in Hensch, 2005; Marin, 2016), the molecular signaling
pathways underlying critical periods are still an active area of research. Importantly, early hyperactivity
or an elevated E/I ratio disrupts critical period plasticity and is thought to contribute to cognitive and
behavioral impairment observed in neurodevelopmental disorders such as autism spectrum disorder
and schizophrenia (Krol and Feng, 2018; Marin, 2016; Sun et al., 2018)

An important aspect of developmental circuit refinement is physiological elimination of synapses.
Synapse elimination and the processes that govern it are best understood in systems other than the
cortex, including the cerebellum (Kano and Hashimoto, 2009; Uesaka and Kano, 2018), the
neuromuscular junction (Sanes and Lichtman, 1999) and retinal inputs in the visual system (reviewed
in Chen and Regehr, 2000). On the one hand cell-intrinsic mechanisms such as the activation of the
ubiquitin-proteasome system or expression of repulsive cues like semaphorins have been
demonstrated to play a role in developmental synapse elimination (reviewed in Riccomagno and
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Kolodkin, 2015), while on the other hand neuron-glia interactions are also thought to be heavily
implicated, with the impairment of astrocyte or microglia function leading to profound pruning deficits
(reviewed in Wilton et al., 2019).

Synapses are not only made and eliminated developmentally, but remain highly dynamic in mature
circuits where they undergo activity-dependent changes in efficacy and morphology but also
continuously turn over. Thus, while most neurons and their long-range axonal and dendritic structures
are stable in the mature brain, their synaptic connections are often not. In the cortex, based on live-
imaging of spines, approximately 40% of excitatory synapses are thought to have a short life span
and turn-over every 5 days, while 60% remain stable throughout life (Attardo et al., 2015).
Interestingly, in the hippocampus, spine turn-over seems to be a lot higher with nearly 100% of spines
turning over every 2 weeks (Attardo et al., 2015; Pfeiffer et al., 2018), thereby likely reflecting the
function of the hippocampus — in contrast to the cortex — as a highly dynamic structure designed to
encode and process new memories, but not as a long-term repository of information (Frankland and
Bontempi, 2005). Similarly, inhibitory synapses are subject to dynamic turn-over throughout life, being
assembled and removed repeatedly at varying rates (Villa et al., 2016; Wierenga, 2017). Especially,
inhibitory synapses on dually innervated spines (DiS) seem to exhibit extensive turn-over that is in
stark contrast to the stable nature of the excitatory synapse on the same spines and could thus
provide flexible and input-specific gating of excitatory transmission (Villa et al., 2016 and see also
annex 2 Gemin et al., 2021). De novo synapse formation and circuit refinement in response to activity
are thus prevalent in adults — albeit at different rates in different brain area’s - and is thought to be
essential for continued learning in adulthood (Kasai et al., 2010). However, whether the molecular

mechanisms here are the same as during developmental synaptogenesis remains unclear.
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Chapter 2.3 Synapse Evolution

Evolution of the vertebrate synapse

Across the animal kingdom, we find a large diversity of synapses that generally use similar
organizational and development themes, which suggests common evolutionary origins. It is likely that
the pre- and post-synaptic machineries have separate evolutionary origin: The presynaptic vesicle
release machinery is also used by unicellular organisms to release chemicals into their environment
and thus likely emerged through modification of this machinery (Arendt, 2020; Emes and Grant, 2012).
By contrast, the evolutionary history of the post-synapse seems to be more complex. It has been
postulated that the post-synapse has developed from a combination of signalling machineries that
over the course of evolution have been co-opted into synaptic function (Arendt, 2020; Emes and
Grant, 2012). Support for this is coming from comparative genomic and proteomic studies across
evolutionary distant species, that show that most of the postsynaptic proteome was present in
unicellular eukaryotes and some even in early prokaryotes, both predating the emergence of synapses
and neurons in metazoans (Ryan and Grant, 2009) (Figure 10). So are structural features of ligand-
gated ion channels (Bocquet et al., 2007), including the glutamate binding domain (Janovjak et al.,
2011), conserved between present day vertebrates and prokaryotes and homologs of PSD95, Homer
and Shank as well as CaMKIl (Alié and Manuél, 2010; Sakarya et al., 2007) can be found in
choanoflagellates, unicellular eukaryotes and close relatives of animals (Burkhardt and Sprecher,
2017). Together suggesting the presence of a simple receptor-to-transcriptome signalling pathways
the common ancestor with prokaryotes and an extension of the postsynaptic proteome in early
eukaryotes (Figure 10) (Emes and Grant, 2012). It is likely that synaptic proteins initially were
functionally diverse and gradually co-opted into a proto-synapse (Emes and Grant, 2012). Once co-
opted into the early metazoan synapses, postsynaptic proteins subsequently increased in number
and evolved along the different animal lineages (Figure 10) (Burkhardt and Sprecher, 2017; Emes and
Grant, 2012). In the vertebrate lineage, two whole genome duplications occurred approximately 550
million years ago (mya) (Figure 10) (Van De Peer et al., 2009) and led to what is called vertebrate
expansion of the synaptic proteome. Generally, gene duplication are known to allow for rapid
diversification as there is a relief of selective pressure through the duplication (Hurles, 2004). This is
very dramatically illustrated by these whole genome duplications which multiplied the components of
the synaptic proteome and ultimately produced greater diversity through sub-functionalization of the
paralogs created (Grant, 2016). For example, while invertebrates possess a homolog of PSD95 called
disc large (DIg), the vertebrate PSD95 family includes four members (inlet Figure 10). Within this
protein family the first whole genome duplication is thought have permitted a functional separation of
the paralogs. Deletion of SAP97 and PSD95 in mice cause severe phenotypes (non-viable and strong
learning impairment respectively), while the PSD93 and SAP102 KOs have relatively mild impairments
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in complex learning tasks (Nithianantharajah et al., 2013). Interestingly, the vertebrate expansion pre-
dates the emergence of large and anatomically diverse nervous systems of vertebrates and likely was
instrumental for the generation of synapse diversity and concomitant neuronal and brain region
diversity we see today in vertebrates (Ryan and Grant, 2009).
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FIGURE 10 Molecular evolution of the synapse. Early versions of the postsynaptic proteins arose in prokaryotes and
unicellular eukaryotes, were coopted into synapses and evolved into invertebrate and vertebrate synaptic machineries.
The red arrow indicates the two genome duplications that lead to the vertebrate expansion in the synaptic proteome
approximately 550 mya. (Below) Evolutionary tree of the vertebrate MAGUK protein family. The two sequential whole
genome duplications (1R and 2R) resulted in the four vertebrate paralogs SAP-97, PSD95, PSD-93 and SAP102 followed
by functional and structural diversification of each protein. Following duplication, the accumulation of sequence diversity
in each paralog resulted in functional and structural diversification of each protein. Genome duplication similarly increased
the complexity of many other PSP gene families in vertebrates. (adapted from Emes & Grant, 2012; Grant, 2016)

It is further noteworthy that to date we know a lot less about the evolutionary history of inhibitory
synapses. On the one hand the inhibitory pre-synapse are essentially the same as that of other
synapse types (except for transmitter synthesizing enzymes and vesicular transporters) which
suggests a common origin and subsequent diversification in neuron types (Arendt, 2020). In line with
this are various reports of co-transmission in vertebrates (reviewed in Tritsch et al., 2016). On the
other hand, the inhibitory post-synapse is vastly different from excitatory PSDs (see above) and are
thought to have originated separately, possibly as modulatory synapses onto otherwise glutamate
responsive neurons (Arendt, 2020). Here as well, the pleiotropic nature of gephyrin (functioning both
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as inhibitory postsynaptic scaffold in neurons and as enzyme within the molybdenum cofactor
biosynthesis in astrocytes and other tissues (Tyagarajan and Fritschy, 2014)) hints towards a co-
opting of the protein into synaptic function over the course of evolution.

Human synapse evolution

While the synaptic proteome is overall conserved among vertebrates (Grant, 2016), human synapses
show specificities that are likely to contribute to the human specific cognitive abilities. Compared to
non-human primates, human cortical synapses are more numerous, with human layer 2/3 cortical
neurons exhibiting more elaborate dendritic trees (Deitcher et al., 2017; Mohan et al., 2015) and an
increased number and density of dendritic spines and synapses per cell (Benavides-Piccione et al.,
2002; DeFelipe et al., 2002; Elston et al., 2001). They mature over a protracted timescale (Petanjek
et al., 2011) and seem to follow distinct learning rules during plasticity (Mansvelder et al., 2019). But
what are the molecular underpinnings of these human-specific traits? One likely mechanism is the
change in spatiotemporal expression of synaptic genes through altered transcriptomic regulation
mediated by changes in noncoding DNA, microRNAs and human accelerated regions (HARs; of which
30% are predicted as enhancers) (Sousa et al., 2017), but also changes in the coding sequence of
synaptic proteins are likely implicated. A specific focus in recent years has been on large segmental
genome duplication that include known neuronal genes and occurred in the human lineage during
the divergence from the chimpanzee lineage (Dennis and Eichler, 2016; Sudmant et al., 2010).
Among these human-specific genes, the SLIT-ROBO-Rho-GTPase 2 (SRGAP2) paralogs (Figure 11)
have been extensively studied in the lab (Charrier et al., 2012; Fossati et al., 2016) and remains the
only humans specific duplication implicated at synapses so far. The ancestral SRGAP2A is highly
expressed in the developing brain of all mammals (Bacon et al., 2009; Guerrier et al., 2009) and
underwent a series of duplications in the human lineage giving rise to three human specific paralogs
SRGAP2B, C and D (Dennis et al., 2012). Out of the paralogs, SRGAP2C became rapidly fixed in the
human genome (Dennis et al., 2012) and is thus likely functionally relevant in humans. SRGAP2C
expresses a truncated protein that corresponds to the F-BAR domain of SRGAP2A in which the last
49 c-terminal amino acids are replaced by 7 unique amino acids (Figure 11) (Dennis et al., 2012).
When SRGAP2C is expressed in mouse cortical pyramidal neurons in vivo, this leads to the
emergence of human-specific synaptic traits, including increased synaptic density and protracted
synaptic maturation of both excitatory and inhibitory synapses (preserving the E/I ratio) (Charrier et
al., 2012; Fossati et al., 2016). Interestingly, SRGAP2C expression phenocopies the constitutive
knockout of Srgap?2a, suggesting that it functions as a dominant negative paralog (Charrier et al.,
2012). The truncated SRGAP2C F-BAR domain retained its ability to dimerize with the F-BAR domain
of SRGAP2A, thereby targeting the heterodimer for proteolytic degradation (Schmidt et al., 2019).
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FIGURE 11 The human specific duplications of SRGAP2A. (A) The ancestral SRGAP2A, present in all mammals, was specifically
duplicated in the human lineage to form human paralogs SRGAP2B and SRGAP2C. (B) SRGAP2A contains three distinct protein
domains and promotes the maturation of excitatory synapses and inhibitory synapses through an interaction with Homer1 and
gephyrin respectively. Through its Rho-GAP domain and Rac1, SRGAP2A limits synapse density. In humans, the partial
duplication of SRGAP2A generated a truncated protein, that lacks the last C-terminal 49 amino acids of the F-BAR. A second
duplication and subsequent sequence diversification led to the human-specific paralogs SRGAP2B and SRGAP2C. Binding of
SRGAP2C to SRGAP2A inhibits all functions of SRGAP2A. (D) Expressing SRGAP2C in rodent cortical neurons results in the
emergence of human-like characteristics of synapse development: the increase in synaptic density and protracted synaptic
maturation. (adapted from Schmidt et al., 2019)

Understanding how the (partial) inhibition of SRGAP2A leads to the emergence of human traits thus
requires the understanding SRGAP2A function and interaction network at synapses. So far we know
that during synapse development, SRGAP2A acts a negative regulator of excitatory and inhibitory
synapse density through its Rac1-specific GAP domain, promoting their maturation through its ability
to bind both Homer1 at excitatory synapses and Gephyrin at inhibitory synapses with its class | EVH1
binding domain embedded in its F-BAR domain and its SH3 domain respectively (Figure 11) (Charrier
et al., 2012; Fossati et al., 2016; Guez-Haddad et al., 2015; Okada et al., 2011). Further investigating
the interaction network of SRGAP2 and other human-specific mutation will contribute to our
understanding of human-specific regulations of synapse and has the potential to provide further
insights in the pathophysiology of, and human vulnerability to, neurological disorders.
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CHAPTER 3 — CELL ADHESION MOLECULES AT SYNAPSES
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Chapter 3.1 Synaptic cell adhesion molecules

Cell adhesion molecules (CAMs; also called synaptic adhesion molecules or SAMs) are embedded in
the synaptic membranes and an integral part of the synaptic cleft machinery. Generally, CAMs are
tethered to membranes either by transmembrane segments or a GPl-anchor. They mediate cell-cell
adhesion via extracellular interactions and, in the case of transmembrane CAMs, bind intercellularly
to scaffolding and signaling proteins as well as the cytoskeleton. Neurons express a great diversity of
CAMs from a large number of protein families (Figure 12) (Stdhof, 2018, 2021). The most extensively
studied among these are: Neurexins and neuroligins, cadherins and proto-cadherins, leucine rich
repeat transmembrane proteins (LRRTMs), SynCAMs, Ephrin/Eph-Receptors, and teneurins
(reviewed in Dalva et al., 2007; de Wit & Ghosh, 2014; De Wit & Ghosh, 2016; Sitidhof, 2018, 2021).
Each of the CAM protein families exhibit substantial molecular diversity, which arises either through
the large size of the underlying gene family (e.g., cadherins) or through alternative splicing of a more
limited number of genes (e.g., neurexin). Together this gives rise to a staggering number of total cell
adhesion molecules, most of which remain to be characterized with regard to their expression pattern

and putative role at synapses (Rudenko, 2017; Stdhof, 2018).
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Originally, understanding of CAMs at the synapse was limited to their adhesive function, providing a
structural link between pre- and post-synapse. This was typically assessed through their ability to
aggregate cells in cell-based assays, combined with pull down in synaptic fraction, as well as synaptic
localization in electron or light microscopy. In addition, CAMs were thought to have a dedicated trans-
synaptic partner, with the typical example being pre-synaptic neurexins interacting with post-synaptic
neuroligins (Song et al., 1999). However, over the last decade this view has been challenged and
dramatically expanded to a more nuanced view, in which some CAMs can have multiple partners in
cis and trans (reviewed in Chamma & Thoumine, 2018; De Wit & Ghosh, 2016a; Rudenko, 2017;
Sudhof, 2021) giving rise to a complex synaptic cleft interaction network that involves considerable
cross-talk between adhesive systems (Figure 12) (Sudhof, 2018). Neurexins (NRXs), for instance, are
now known to interact with a wide array of structurally diverse partners across the synaptic cleft,
depending on the expression of neurexin splice variants, which likely contributes to the specification
of synapses (Gomez et al., 2021; Sudhof, 2017). Cis-interactions of CAMs are often regulatory in
nature: promoting, inhibiting or modulating the strength of trans interactions. For example, the cis
binding of the GPI-anchored protein MDGA1 to neuroligin2 (NLGN2) inhibits the trans NLGN2-NRX
interaction (Gangwar et al., 2017). Some CAMs extracellularly interact with proteins that are secreted
by neurons (e.g., cerebellins and pentraxins) or glia (e.g., Hevin) and can serve as extracellular
scaffolds, trapping CAMs or neurotransmitter receptors at the synapse (reviewed in Yuzaki, 2018). At
cerebellar excitatory synapses, Cerebellin1 (Cbin1) secreted from the axon bridge postsynaptic
glutamate receptor delta 2 (GluD2) and presynaptic neurexin to form a trans-synaptic interaction
required for the maintenance and the plasticity of synapses formed onto Purkinje cells by parallel
fibers (Matsuda et al., 2010; Uemura et al., 2010). A similar interaction triad spanning the synaptic
cleft is formed at cortical inhibitory synapses by GluD1, Cbln4 and presynaptic neurexins (see annex
1; Fossati et al., 2019). Therefore trans-synaptic interactions can be mediated by proteins other than
canonical CAMs, like glutamate receptors (Fossati and Charrier, 2021) or metabotropic g-protein
coupled receptors (GPCRs) such as Latrophilins and BAls (reviewed in Stidhof, 2018a, 2021; and
see Kakegawa et al., 2015; Sando & Sudhof, 2021; Sigoillot et al., 2015), thereby further adding to
the myriad of possible interactions in the synaptic cleft.
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Chapter 3.2 Cell adhesion molecules in synapse development

Trans-synaptic cell adhesion has been recognized early on to play key roles during the different stages
of synapse development (Figure 13) (Favuzzi and Rico, 2018; Jang et al., 2017; Kim et al., 2021;
Sudhof, 2018, 2021; Yuzaki, 2018). CAMs and their secreted interaction partners mediate the
establishment of initial cell-cell contacts and formation of nascent synapses by serving as cell-cell
recognition tags, permissive adhesion substrates or repulsive signals, that specify cellular and sub-
cellular connectivity in concert with guidance cues (Sanes and Zipursky, 2020). They act as
synaptogenic nucleating factors (also referred to as synaptic organizers), inducing the clustering of
pre- and post-synaptic machineries to promote synapse differentiation and maturation. Even in later
stages of synapse development, CAMs are thought to be involved in the activity-dependent
stabilization and elimination of synapses and thus refinement of circuits (Sudhof, 2021). Throughout
development, specific CAMs might have all or just a subset of these functions, and different CAMs
likely work in concert to form individual synapses and shape specific synaptic properties. For example,
the combinatorial expression of protocadherins that exhibit very strict isoform binding specificity in
their homophilic trans interactions, is thought to aid target selections by providing a molecular
recognition code and aiding self-avoidance during early synaptic development without having
synapse inducing properties themselves (reviewed in De Wit & Ghosh, 2016; Lefebvre et al., 2012;
Sanes & Zipursky, 2020; Takeichi, 2007).

Whether or not a protein has synaptogenic properties can be tested with co-culture assays, where
distinct CAM are expressed in non-neuronal cells (e.g., COS and HEK cells) to assess their ability to
form a pre- or post-synaptic differentiation in co-cultured neurons. Pioneering studies demonstrated
that expression of neuroligin1 in non-neuronal cells could induce neuronal pre-synaptic differentiation
in co-cultured neurons (Scheiffele et al., 2000), while heterologous expression of neurexin can induce
the differentiation of GABAergic and glutamatergic postsynaptic membrane (Graf et al., 2004).

To date, most of the synaptic CAMs identified (Figure 12) have been tested similarly and nearly all
have been shown to be capable of inducing heterologous synapse formation (reviewed in De Wit &
Ghosh, 2016; Sudhof, 2018). However, when assessed through genetic depletion in vivo, very few
actually seem to be required for synapse formation on a large scale (reviewed in Stdhof, 2021). For
example, the deletion of latrophilins or BAI isoforms in mice produces a severe decrease in the
formation of specific synapses in the hippocampus, cerebellum and olfactory bulb (Sando and
Sudhof, 2021; Sigoillot et al., 2015). In contrast, neurexin deletions lead to little synapse loss in vivo
but impair synaptic transmission through either impaired per-synaptic Ca®*-channel recruitment (Luo
et al., 2020) or impaired endocannabinoid signaling (Anderson et al., 2015) depending on the cellular
context. This illustrates that, even though most of the individual CAMs might not be required for
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synapse formation or maintenance in vivo, they play a key role in synapse maturation, serving as
synapse organizers and conferring synapse-specific properties (Stidhof, 2021) (see below).
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FIGURE 13 CAM function in synapse development. Schematic of nascent synapses (left), mature synapses (center), and
synapses elimination (right). At nascent synapses, CAMs such as latrophiling establish initial cell-cell contact and initiate signaling
cascades that lead to synapse formation. Subsequently CAMs organize synapse assembly and shape synaptic properties to
promotes synapse maturation. During activity dependent refinement of circuits, synapse elimination is likely mediated by a
weakening of CAM interactions leading to a disruption of synaptic processes. (adapted from Sudhof, 2021).

Taken together with the promiscuity of synapse formation in co-culture assays, the lack of synapse
formation phenotypes for most CAMs suggests that individual synapses are formed and shaped by
multiple CAMs acting in concert. Therefore, the challenge therefore remains to unravel the exact
combinatorial code and the choreography of specific trans-synaptic interactions acting during the
development of discrete neural circuits. This will require comprehensive spatiotemporal
transcriptomic, proteomic and cell or circuit-specific gene expression studies throughout
development, combined with rigorous functional studies in vivo. In a tour de force, Rico and
colleagues used transcriptomics to identify cell surface and secreted proteins selectively expressed
by specific subtypes of cortical interneurons during the peak of synaptogenesis (Favuzzi et al., 2019).
Their study significantly advanced our understanding of the molecular code that determines the
specificity, cellular (inhibitory neuron subtype) and subcellular (dendritic, perisomatic, AlS), of
inhibitory connectivity onto cortical pyramidal neurons. Recent development in proteomic approaches
(e.g. proximity biotinylation, cell-surface profiling, synaptosome-specific proteomics) also open new
perspective to understand the wiring of synaptic connections (e.g., Allen & Eroglu, 2017; Apéstolo &
de Wit, 2019; J. Li et al., 2020; Schreiner et al., 2017; Spence et al., 2019; Takano & Soderling, 2021;
Xu et al., 2021). Another major challenge will be to understand the signaling pathways activated by
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distinct CAMs to induce and specify the assembly and the functional properties of synapses (but see
Fossati et al., 2019; Sando & Sudhof, 2021).

Chapter 3.3 Cell adhesion molecules shape synapse function

Many of the synaptic CAMs are persistently expressed in the mature nervous system. CAM
interactomes are multi-molecular, trans-synaptic complexes that in addition to extracellular partners
include a wide array of intracellular interactors including scaffold proteins, intracellular signaling
proteins and ion channels. For example, at inhibitory post-synapses Neuroligin 2 (NLGN2) forms a
complex with collybistin, gephyrin and other proteins that anchor GABAAR at the synapse and
regulate GABAergic transmission (Ali et al., 2020; Krueger-Burg et al., 2017). CAM complexes like
these function as structural links, stabilizing protein machineries both on pre- and post-synaptic sides
and as bi-directional trans-synaptic signaling complexes, making CAMs crucial actors in orchestrating
synapse structure, function and plasticity throughout the life of a synapse (reviewed in Jang et al.,
2017; Shinoe & Goda, 2015; Stdhof, 2018a; Yamagata et al., 2003). As cleft spanning organizers of
synaptic molecular content, CAMs are thought to be prime candidates for instructing the (sub)-
synaptic alignment of pre- and post-synaptic machineries (Biederer et al., 2017; Haas et al., 2018).
Indeed, several CAMs (e.g., N-cadherin (Elste and Benson, 2006), cadherin-10 (Smith et al., 2017),
EphB2 and SynCAM1 (Perez de Arce et al., 2015)) exhibit distinct distributions within synaptic
membranes. Loss of a trans-synaptic interaction can lead to mis-alignment of active zones and PSDs,
as shown for remaining parallel fiber-Purkinje cell synapses of Cbin1 KO mice (Hirai et al., 2005). In
addition, persistent CAM expression is likely to be required for the regulation of synaptic turnover
(Attardo et al., 2015; Kasai et al., 2010) in much the same fashion as synapse formation and circuit
refinement is during development (see above).

During plasticity, modulation of adhesion (and thus CAM complexes) is needed to allow for
structural plasticity to occur, to trans-synaptically communicate structural changes and to
subsequently stabilize the structural changes that express plasticity. That requires reorganization of
the synaptic cleft evident in the changes in the number of synaptically localized CAMs during plasticity
paradigms: For instance, cadherin (Bozdagi et al., 2000) and neuroligin (Schapitz et al., 2010)
numbers at synaptic membranes are increased after LTP expression. Synaptic activity induced
accumulation or reduction in CAM numbers at synaptic membranes are the result of altered stability
of interactions or targeted trafficking to and from the synapse regulated by posttranslational
modifications. For instance, the increase in neuroligin1 numbers at excitatory PSDs is mediated by
CAMKII phosphorylation of their cytoplasmic tails (Bemben et al., 2014) and also levels of presynaptic
B-neurexin1 at inhibitory synapses rises in response to neural activity due to an increase in stability

(or suppressed dynamics) at the pre-synaptic membrane (Fu and Huang, 2010). Other changes upon
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activity, such as the re-organization or establishment of synaptic nanocolumns are also thought to be
mediated by CAMs (Biederer et al., 2017).

Several CAMs including neurologin1 (Peixoto et al., 2012) and N-cadherin (Restituito et al., 2011)
are known substrates of extracellular proteases that cleave off their extracellular domain in an NMDAR
dependent manner (Peixoto et al., 2012; Suzuki et al., 2012). The proteolytic cleavage of CAMs —
also referred to as ectodomain shedding — disrupts trans-synaptic interactions and releases the
cleaved ectodomain as a bio-active fragment (Shinoe and Goda, 2015). Although irreversible,
shedding is thought to be highly regulated and seems to affect only a sub-population of synaptic
CAMs (Restituito et al., 2011), thus providing the means for a rapid decrease in adhesion that is
sufficient to enable the expression of plasticity as it for instance allows for a higher receptor mobility
and thus reorganization of the synaptic membrane (Shinoe and Goda, 2015). CAMs also have the
potential to influence functional properties of synapses through direct interaction with receptors or
involvement in the initiation of intracellular signaling cascades that lead to the expression of plasticity.
For example, postsynaptic EphBs bind and modulate the activity of NMDARSs, interact with AMPARs
and induce kinase-dependent changes in dendritic spine morphology (reviewed in Hruska & Dalva,
2012)

Ultimately, proper synaptic adhesion and transsynaptic signaling by CAMs is crucial to brain function
which is illustrated by the implication of CAM dysfunction in various neurological and neuropsychiatric
disorders in humans (Chowdhury et al., 2021; Taylor et al., 2020). Yet, despite advances in genomics
and proteomics enabling the analysis of cell type-specific repertoires, mapping the enormous
molecular diversity of CAMs, their combinatorial expression and distinct effects on synapses remains
a challenge (Sudhof, 2018; De Wit and Ghosh, 2016).
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Chapter 3.4 Cadherin-catenin complexes at the synapse

The cadherin superfamily is a large, highly evolutionary conserved protein family that encompasses
over 100 members and is generally subdivided into major cadherins (including classic cadherins),
protocadherins and cadherin-related proteins (Gul et al., 2017). With a few exceptions, all cadherins
are single-spanning transmembrane proteins with variable numbers of cadherin repeats in their
extracellular domain. Via these domains they engage in trans-cellular Ca®* dependent and
preferentially homophilic interactions that are essential to various processes including cell-cell
adhesion and recognition, tissue morphogenesis and integrity (reviewed in Hirano & Takeichi, 2012),
as illustrated by the implication of cadherin dysregulation in a variety of metastatic cancers (Hirohashi,
1998; Kaszak et al., 2020; Kourtidis et al., 2017; Mendonsa et al., 2018).
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FIGURE 14 Cadherin/catenin complex. (A) An overview of vertebrate catenins. Most vertebrates have 12 genes that encode
different types of catenins which can be subdivided into beta-catenins, p120 subfamily of catenins, Plakophilins and alpha-
catenins. beta-catenins, p120-catenins and plakophilins are Armadillo-repeat domain proteins (depicted here in a grossly
simplified form in different shades of blue). The number of armadillo-repeats varies between 9-12 depending on the catenin
(each repeat is 42 amino acids in length). Armadillo repeats mediate various protein-protein interactions including Cadherin
binding. Additionally, several of these catenins harbor other protein-protein interaction domains that are not depicted here, such
as PDZ binding motive or coiled-coil domains, nuclear localization and export sequences as well as sequences that are
responsive to canonical WNT signaling. The last family of catenins are the F-actin binding proteins alpha-catenins that are
structurally very different to the other catenins harboring a dimerization, mechanosensitive and F-actin binding domain. The N-
terminal dimerization domain engages mutually exclusive with beta-catenin  (heteromeric) or alpha-catenin (homomeric). (B)
Model of the cadherin-catenin complex. p120 catenins, beta-catenin and (indirectly) alpha-catenins associate with classical
cadherins. Thereby beta-catenin interacts with the distal cytoplasmic tail of cadherin. Alpha catenin family members indirectly
bind to cadherins through beta-catenin (or plakoglobin, not depicted here) and thereby link cadherins to the actin cytoskeleton.
The four p120 catenins (including CTNND2) bind in a competitive manner to the juxtamembrane domain of cadherins. EC:
ectodomain, JMD: juxtamembrane domain, CBD: catenin binding domain. (adapted from Ishiyama et al., 2010)
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The subfamily of type | and Il classic cadherins comprises 18 members in humans (type |: Cdh1-4
and Cdh15; type II: Cdh5-12, Cdh18-20, Cdh22 and Cdh24) and includes the prototypical E-cadherin
(CDH1) as well as N-cadherin (CDH2), which has been extensively studied in the neuronal context
(reviewed in Hirano & Takeichi, 2012). Classic cadherins are characterized by five extracellular
cadherin repeats (EC domains) and a highly conserved intracellular domain that binds members of
the catenin protein family to form F-actin linked cell adhesion complexes termed cadherin-catenin
complexes (Figure 14) (Takeichi, 2007; Takeichi M., 1988). A key characteristic of these complexes
is that the adhesion strength they provide can be readily modified either by virtue of relatively weak
extracellular interactions and changes in calcium levels or by flexible intracellular interactions with, or
mediated by, catenins that can be regulated by post-translational modifications (Brigidi and Bamji,
2011). Based on sequence homology, catenins are subdivided into 4 subfamilies named after
representative members: a-catenin, B-catenins, p120-catenins and plakophilins (Figure 14A).
Plakophilins preferentially interact with desmosomal cadherins and are thus not thought to be a part
of the cadherin-catenin complex, however they are included here because they are so closely related
to p120 catenins that they are sometimes classified together under the umbrella name &-catenins
(Gul et al.,, 2017). Among the catenins, members of the B-catenin and p120-catenin subfamilies
contain armadillo (ARM) domains that directly bind to the cytoplasmic tail of cadherins, whereas a-
catenins are F-actin binding proteins that are structurally related to vinculin and rely on B-catenin for
cadherin association (reviewed in Gul et al., 2017; Han & Yap, 2013). In vertebrates, the a-catenin
subfamily consists of aE-, aN- and aT-catenins, where E designates epithelial, N neuronal and T
testis. They form a heterodimer with B-catenin (that constitutively binds the extended cytoplasmic tail
of classic cadherins, Figure 14B) and at the same time either directly or indirectly (via other actin
binding proteins) interacts with actin filaments (Desai et al., 2013), thus forming a bridge between the
cadherin-complex and the actin cytoskeleton. In addition, unbound a-catenin homodimers have a
strong affinity with F-actin and are thought to suppress Arp2/3 mediated actin polymerization
(reviewed in Takeichi, 2018). Both a-catenin in complex with B-catenin and cadherins, as well as a-
catenin homodimers are needed for stable and strong cadherin mediated cell adhesion (Bianchini et
al.,, 2015). The B-catenin subfamily consists of B-catenin and y-catenin (also called plakoglobin or
junction plakoglobin/JUP). In mammals, B-catenin exerts dual functions in cell adhesion and signaling.
Besides its structural role in cadherin-catenin complex, where it is required for trans-interactions of
cadherins (Benson and Tanaka, 1998), B-catenin is key for the canonical Wnt/B-catenin signaling
pathway, an important signaling cascade regulating, for example, cell fate decisions in development.
Briefly, in response to WNT, cytoplasmic B-catenin accumulates and translocates to the nucleus,
where it interacts with transcription factors to modulate gene expression (reviewed in Valenta et al.,

2012). The second member of the vertebrate B-catenin subfamily, y-catenin, does not seem to have
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a nuclear signaling function, but in contrast to B-catenin, strongly interacts with desmosomal
cadherins and is essential for the formation of desmosomes (reviewed in Hirano & Takeichi, 2012).
The p120 catenin subfamily comprises four members: p120 catenin (61-catenin or CTNND1), ARVCF
(armadillo repeat gene deleted in velocardiofacial syndrome), CTNND2 (62-catenin, 6-catenin, NPRAP
or neurojungin) and p0071, also known as plakophilin-4 (PKP4). In contrast to B-catenin, that has 12
ARM repeats, p120 catenin family members have only nine ARM repeats, that are interrupted by a 60
amino-acid linker between the 5" and 6" ARM repeat (Ishiyama and Ikura, 2012). This structure
enables them to bind to a juxtamembrane domain within the cytoplasmic tail of cadherins (Figure
ZC1B) and thereby regulate the stability of cadherin complexes by preventing cadherin endocytosis
(Cadwell et al., 2016; Ishiyama et al., 2010; Tai et al., 2007). CTNND2, ARVCF and p0071, unlike
p120 catenin, have a C-terminal PDZ-binding domain (Arikkath and Reichardt, 2008; Laura et al.,
2002; Yuan et al., 2015). In addition, all four members are thought to modulate actin through the
regulation of Rho family GTPases and p120-catenin has been shown to interact with and regulate the
microtubule cytoskeleton. (reviewed in Kourtidis et al., 2013; McCrea & Park, 2007)

The cadherin-catenin complex in synapse development

In the developing nervous system, cadherin-based adhesion is thought to play diverse roles at various
developmental stages, including neural tube and neuroepithelial layer formation, cell migration, axon
pathfinding, neuronal morphogenesis and circuit formation (for comprehensive reviews see Friedman
et al., 2015; Hirano & Takeichi, 2012). Particularly, cadherin function in circuit formation is well
described. Most type | Cadherins (including N-Cadherin) are broadly expressed in the CNS (Hirano
and Takeichi, 2012; Redies, 2000), whereas type || Cadherins show distinct and partially overlapping
expression patterns across brain areas, and their combinatorial expression contributes to neuronal
circuit development by providing a general adhesion code of distinct brain areas (Figure 15A)
(reviewed in Chowdhury et al., 2021; Sanes & Zipursky, 2020). This code was long thought to mostly
rely on homophilic trans-recognition of cadherins (Hirano and Takeichi, 2012). However, type Il classic
cadherins have been shown to also engage in heterophilic trans-interactions with varying binding
affinities, creating specificity subgroups that are thought to further complexify the adhesion code
(Brasch et al., 2018). The biological role of these heterophilic interactions, however, have so far been
little explored (but see Basu et al., 2017; Brasch et al., 2018). To date, one of the best-elucidated
examples of circuit organization mediated by cadherins is the direction-sensitive circuit of the mouse
retina, where appropriate connectivity is established by combinatorial expression of CHD6-10 and
CHD18 (Duan et al., 2018; Sanes and Zipursky, 2020). CHD6 deletion in mice also impairs axon-
target matching for a subset of retinal ganglion cell whose axons overshoot their normal target in
subcortical visual nuclei and instead innervate inappropriate visual nuclei (Osterhout et al., 2011),
illustrating how targeting of long-range connectivity can be regulated by Cadherins. It has to be noted
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though, that despite their function in target recognition, cadherins have been shown to have no
synaptogenic function themselves (Scheiffele et al., 2000). Instead, they are thought to provide
permissive adhesion necessary for initial contact and synapse formation (Figure 15B), illustrated by
the need of cadherin presence for the synaptogenic function of Neuroligin1, SynCAM1 and LRRTM2
(Aiga et al., 2011; Stan et al., 2010; Yamagata et al., 2018).
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FIGURE 15 Cadherin/catenin complex in synapse development. (A) Cadherin adhesion code hypothesis. Each neuron expresses
a specific set of cadherins, providing an adhesion code. Through the preferential homophilic and selective heterophilic trans-
interaction of cadherins, synaptic partner selection is restricted. The cadherin code is thought to provide area specificity of
synaptic targeting. (B) Classical cadherins in synapse formation. Cadherins mediate initial contacts between dendritic filopodia
and axons followed by synapse assembly mediated by synaptogenic CAMs. (C) In mature synapses cadherins are accumulated
at the outer rim of the synapse. (adapted from Hirano & Takeichi, 2012)

Cadherin-adhesion is further thought to play a crucial role in spine morphogenesis and spine stability.
Cadherin signaling confers structural stability to developing spines or filopodia and promotes spine
maturation by locally slowing down actin turnover and thereby increasing F-actin accumulation (also
called a cadherin clutch) (Chazeau et al., 2015). In accordance with this, spine motility is abnormally
increased in the absence of a-catenin (Abe et al., 2004). Furthermore, disruption of the cadherin-
catenin complex in hippocampal cultures either reduces spine density or interferes with spine
maturation (Mendez et al., 2010; Okuda et al., 2007; Saglietti et al., 2007; Togashi et al., 2002), while
overexpression of some members of the complex increased spine density and/or promoted spine
maturation (Abe et al., 2004; Mendez et al., 2010; Yu and Malenka, 2004). CTNNDZ2, a protein almost
exclusively expressed in the brain, has also been implicated in the development of dendritic spines
but with contrasting results (e.g., Arikkath et al., 2009; Matter et al., 2009; Turner et al., 2015; Yuan
et al., 2015, but see Yuan & Arikkath, 2017).
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Cadherin-catenin complex in synapse function

Once synapses have formed, cadherin-catenin complexes localize at or adjacent to the PSD and
active zone (Figure 15C) (Elste and Benson, 2006; Smith et al., 2017; Uchida et al., 1996). N-
cadherins can interact in cis and trans with GluA2-containing AMPARSs, which is thought to stabilize
AMPAR in the postsynaptic membrane and proposed to promote spine morphogenesis (Saglietti et
al., 2007). In line with this, increasing cadherin function by inhibiting N-cadherin internalization
increases MEPSC frequency (Murase et al., 2002; Tai et al., 2007). Some of the catenins (B-catenin
and CTNND2) have also been shown to directly bind to excitatory scaffold proteins (Ide et al., 1999;
Jones et al., 2002; Nishimura et al., 2002; Yuan et al., 2015). However, at this point it is unclear how
cadherin-catenin complexes regulate synaptic transmission, as functional studies have produced
diverging results. In vitro studied in hippocampal neurons have shown that interfering with the
cadherin-catenin complex reduces mEPSC amplitude (Okuda et al., 2007) or decreases mEPSC
frequency and pre-synaptic vesicle release probability, either with (Saglietti et al., 2007) or without
(Vitureira et al., 2012) affecting spine density. Postsynaptic B-catenin, independent of N-Cadherin,
has furthermore been demonstrated to be required for trans-synaptic homeostatic scaling of
transmission (Okuda et al., 2007; Vitureira et al., 2012). Interestingly, post-synaptic p-catenin or N-
cadherin overexpression is not sufficient to significantly increase excitatory synaptic transmission
(Okuda et al., 2007; Vitureira et al., 2012). By contrast, in upper layer cortical neurons in vivo (or ex
vivo), pre-synaptic, but not post-synaptic B-catenin gain of function (through the expression of a
degradation-resistant p-catenin mutant) increases spine density and glutamatergic synaptic
transmission (Li et al., 2017). In the same cells, late embryonic knock-out of B-catenin lead to reduced
MEPSC frequency at P21 but not at earlier developmental timepoints (Li et al., 2017). So far it is not
known if these discrepancies depend on differences between in vitro and in vivo experiments and/or
between hippocampal and cortical neuron specificities.

Synaptic activity, in turn, has been demonstrated to affect cadherin-catenin complexes (reviewed
in Arikkath & Reichardt, 2008; Friedman et al., 2015; Hirano & Takeichi, 2012; Tai et al., 2008). Upon
strong synaptic activity, cadherins temporarily re-localize from the periphery of the synapse to the
center (Yam et al., 2013) and their synaptic accumulation increases along with the association of a-
catenin, B-catenin and CTNND2 with the complex (Abe et al., 2004; Brigidi et al., 2014; Murase et
al., 2002). B-catenin has been shown to locally redistribute to active spines from neighboring spines
and to promote spine growth of active and shrinkage of inactive spines in a cadherin-dependent

manner, suggesting activity-dependent inter-spine competition of cadherin-catenin complexes (Bian
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et al., 2015). Furthermore, the sensitivity of cadherins to extracellular calcium has the potential to
modulate their adhesive properties and lead to decreased adhesion upon strong synaptic activity (Tai
et al., 2008). Similarly, extracellular proteolysis of N-cadherin by matrix metalloproteinases decreases
cadherin-adhesion and allows spine enlargement during LTP (Monea et al., 2006; Uemura et al.,
2006). Activity-dependent cleavage of the cytosolic tail of cadherin might also be important in this
context (Uemura et al.,, 2006). Notably, mice carrying a conditional deletion of N-cadherin in
hippocampal neurons cannot maintain LTP nor the spine head enlargement following potentiation,
suggesting that N-cadherin is required for the stabilization of structural changes following plasticity
(Bozdagi et al., 2010; Mendez et al., 2010). The interaction between CTNND2 and N-cadherin likely
plays an important role here. In hippocampal neurons in vitro, increased binding of CTNND2 to
cadherin in response to enhanced activity is required for activity-induced stabilization of N-cadherin
at synapses, spine enlargement and insertion of AMPARSs into the synaptic membrane (Brigidi et al.,
2014). Conversely, enhanced endocytosis of N-cadherin has been implicated in LTD (Tai et al., 2007,
2008).

Together, the data summarized here paint a picture of cadherins and catenins as multifunctional
proteins involved in cell adhesion and signaling in brain development and function. The loss of function
of a number of cadherin-catenin complex members, such a CTNND2 and a2-catenin as well as
several type Il cadherins with more restricted expression during development (CDH7,8,9,10,12,15
and 18), have been linked to neurodevelopmental disorders, thus underscoring the importance of this
complex for brain development and function (Hirano and Takeichi, 2012; Pagnamenta et al., 2011;
Redies et al., 2012; Turner et al., 2015).

So far, most studies have focused on major members of the neuronal cadherin-catenin complex
and have been carried out in dissociated hippocampal neurons in culture. Therefore, a lot of the
molecular complexity and cell-specific differences have received relatively little attention. However,
different compositions of the cadherin-catenin complex are actually likely to exhibit different
behaviors. For example, CDH8 but not N-cadherin is selectively removed from hippocampal synapses
upon activity (Huntley et al., 2012). Catenins add another layer of complexity because it can be difficult
to discern which aspects of their loss or gain of function phenotype rely on cell adhesion and which
do not. In addition, cadherins and catenins have mostly been studied at excitatory synapses, keeping
their function at inhibitory synapses little explored. We know that N-cadherin is selectively lost from
GABAergic synapses during hippocampal development while catenin expression persists (Benson
and Tanaka, 1998), suggesting that other cadherins take over. In line with this, the deletion of some

cadherins specifically affects GABAergic synapse development (Mossink et al., 2021; Nikitczuk et al.,
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2014) and cadherin 10 localizes to both excitatory and inhibitory synapses in the cortex and
remarkably affects both synapse types in opposite direction when depleted (Smith et al., 2017).
Together, this data suggests a role for cadherins and catenins much beyond the regulation of synaptic
excitation, and shows that despite more than three decades of research into cadherins we are only
beginning to understand the physiological roles of cadherin-adhesion in synapse development and

function.
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AIM OF THIS THESIS

In the lab we are interested in the human specific regulation of molecular pathways in synapse
development and function in the neocortex. We aim to elucidate fundamental principles that are
common to all mammals and uncover regulations that are specific to human synapses. The human-
specific duplication of SRGAP2, a gene implicated in synapse development and function, forms an
entry point here. The focus of this thesis is on one of the major partners of SRGAP2 that we have
identified in a proteomic screen and that is implicated in neurological disorder in humans: Catenin-82
(CTNND2).

With this thesis | aim to

o describe the role of CTNND2 in the development and maintenance of cortical synapses

o assess CTNND2 in neuronal and synaptic function

o elucidated the social network of CTNND2 at synapses to provide a mechanistic
understanding of CTNND2 function in neurons

o contribute to a better understanding of the implication of CTNND2 in human

neurodevelopmental disorders and neurodegeneration
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CHAPTER 4 —CTNND2 moderates synaptic excitation and
neuronal excitability during postnatal development

in the neocortex.
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during postnatal development in the neocortex.
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MANUSCRIPT IN PREPARATION

ABSTRACT

Vulnerability to neurodevelopmental disorders increased during human evolution. Yet little is known
about the molecular pathways that link evolution and brain diseases. Here we identified catenin delta-
2 (CTNND2) as a binding partner of SRGAP2C, a human-specific protein that slows down synaptic
maturation and increases cortical connectivity. CTNND2 is a cadherin-binding protein whose
mutations cause intellectual disability in the Cri-du-Chat syndrome and sever autism. Using sparse in
utero manipulations of layer 2/3 cortical pyramidal neurons, we demonstrate that CTNND2 deficiency
disrupts excitation/inhibition coordination and increases neuronal excitability in juvenile mice, and then
leads to precocious synapse loss during adulthood. Proteomic analysis highlighted a core
postsynaptic complex that constrains excitatory activity during the period of synaptic maturation.
Thus, CTNND2 is a multifunction protein at the crossroad of neurodevelopmental disorders and
human evolution, whose loss of function causes a failure of neuronal homeostasis and whose
interaction with SRGAP2C might contribute to human synaptic neoteny and long-term persistence.
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INTRODUCTION

During human evolution, cortical pyramidal neurons have specialized to mature over longer time
scales, receive a greater number of synaptic inputs, and integrate more information (Benavides-
Piccione et al., 2002; DeFelipe, 2011; Elston et al., 2001; Eyal et al.,, 2016; Gidon et al., 2020;
Huttenlocher, 1979; Kalmbach et al., 2018; Lourenco and Bacci, 2017; Mansvelder et al., 2019;
Mohan et al., 2015; Petanjek et al., 2011; Sousa et al., 2017; Szegedi et al., 2016; Testa-Silva et al.,
2010, 2014). Despite the increased density of synapses formed along dendrites (Benavides-Piccione
et al., 2002; Elston et al., 2001), the ratio between the number of excitatory and inhibitory synapses
(E/I ratio) is overall stable across species (DeFelipe, 2011), and E/I alterations are a primary cause of
human neurodevelopmental disorders (Forrest et al., 2018; Mullins et al., 2016; Nelson and Valakh,
2015; Tang et al., 2021). Thus, the mechanisms that control the E/I ratio and neuronal excitability are
under strong evolutionary pressure. We reasoned that investigating molecular pathways linked to
human evolution could highlight crucial mechanisms of neuronal homeostasis and improve our
understanding of the human brain and its diseases.

A key mechanism of evolutionary innovation is gene duplication (Ohno, 1970) which can affect
gene dosage or create new genes with unique function as a result of partial duplication, gene fusion
or following the accumulation of mutations in the duplicate. Among the few human-specific genes
that have been identified (Fortna et al., 2004; Libé-Philippot and Vanderhaeghen, 2021; Sudmant et
al., 2010), SRGAP2C is thus far unique in its implication in synaptic development and connectivity
(Charrier et al., 2012; Fossati et al., 2016; Schmidt et al., 2019, 2021). SRGAP2C is the product of
large segmental duplications that occurred about 3.3-2.4 million years ago, at a time that coincides
with the emergence of the genus Homo (Dennis et al., 2012, 2017). It encodes a truncated copy of
the ancestral protein SRGAP2A, a postsynaptic protein conserved in mammals that localizes to
excitatory and inhibitory synapses and promotes their maturation (Charrier et al., 2012; Fossati et al.,
2016). SRGAP2C antagonizes the function of SRGAP2A, and thereby delays synaptic maturation and
increases synaptic density (Charrier et al., 2012; Fossati et al., 2016; Schmidt et al., 2019), two
features that characterize human cortical pyramidal neurons compared to mouse or monkey neurons
(Benavides-Piccione et al., 2002; Elston et al., 2001; Huttenlocher, 1979; Petanjek et al., 2011). Thus
far, the cellular and molecular pathways regulated by SRGAP2 proteins remain largely unknown.

In the present study, we identify catenin delta-2 (CTNND2) as a binding partner of the human-
specific protein SRGAP2C. CTNND2 belongs to the delta subfamily of the catenin superfamily and is
a component of the cadherin-catenin complex. It was first identified in a yeast-2-hybrid screen as a
binding partner of presenilin-1 (PS1) (Zhou et al., 1997), the most frequently mutated gene in familial
Alzheimer’s disease. CTNNDZ2 is implicated in the Cri du Chat syndrome, where its hemizygous loss
causes intellectual disability (ID) (Medina et al., 2000). Point mutations in CTNND2 have also been
implicated in severe forms of autism spectrum disorders (ASD) (Turner et al., 2015) and in epilepsy

65



(Van Rootselaar et al., 2017). In mice, ctnnd2 mutation impairs synaptic plasticity and memory (Israely
et al., 2004), and leads to progressive degeneration of dendritic and synaptic structures in adult mice
(Matter et al., 2009). CTNND2 has also been implicated in the development of excitatory synapses
and dendritic spines, the postsynaptic site of excitatory synapses in pyramidal neurons, but with
contrasting results (e.g. Arikkath et al., 2009; Matter et al., 2009; Turner et al., 2015; Yuan et al.,
2015, but see Yuan & Arikkath, 2017). By sparsely depleting CTNND2 in vivo in layer 2/3 pyramidal
neurons of the somatosensory cortex, we demonstrate that CTNND2 is a multifunction protein that
operates at excitatory synapses, at inhibitory synapses and in the control of neuronal intrinsic
excitability. In juvenile mice, CTNND2 depletion enhances excitatory synaptic transmission, disrupts
a subset of inhibitory synapses and causes hyperexcitability. Later in adult mice, CTNND2 inactivation
leads to a precocious loss of synapses. Proteomic and functional analyses further indicate that
CTNND2 forms a complex with the inhibitory postsynaptic organizer gephyrin and is required for the
synaptic recruitment of synGAP1, a major excitatory postsynaptic protein that limits synaptic
excitation and whose mutation in neurodevelopmental disorders shares important pathophysiological
features with CTNND2 (Aceti et al., 2015; Clement et al., 2012; Michaelson et al., 2018; Rumbaugh
et al., 2006).

RESULTS

CTNND?2 is a binding partner of the human-specific protein SRGAP2C,

The inhibition of ancestral SRGAP2A by human-specific SRGAP2C provides a unigue framework to
investigate SRGAP2 molecular network using proteomic approaches in mice (Figure 16A). We isolated
protein complexes enriched in synaptic membranes using subcellular fractionation from postnatal day
(P)15 mouse brains, performed co-immunoprecipitation using anti-SRGAP2 antibodies and identified
SRGAP2A partners in maturing synapses using liquid chromatography tandem MS (LC-MS/MS)-
based proteomics (Figure 16B). We identified CTNND2 among the 10% most enriched proteins
relative to their molecular weight in SRGAP2A complexes, among known partners such as SRGAP3,
SRGAP1 and homer1 (Coutinho-Budd et al., 2012; Fossati et al., 2016) (Figure 16C). CTNND2
encodes a 132 kDa protein expressed almost exclusively in the brain and most highly in the cortex
(https://gtexportal.org/home/gene/CTNND2) whose expression peaks during postnatal development

(Ho et al., 2000). It contains a N-terminal coiled-coil domain, 10 armadillo repeats, which mediates
binding to cadherins, and a C-terminal tail containing a PDZ binding matif (Figure 16D). Using co-
immunoprecipitation in heterologous HEK cells, we found that CTNND2 directly interacts not only
with SRGAP2A but also with the human-specific protein SRGAP2C (Figure 16E). CTNND2 implication
in brain diseases and human-specific molecular networks suggested a key role in neurons and at

synapses.
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FIGURE 16 CTNND2 is a main interactor of SRGAP2 at synapses. (A) Human-specific SRGAP2C inhibits
SRGAP2A.(B) Schematic of the experimental workflow used for mass spectrometry analysis. ColP, co-immunoprecipitation; o-
, anti-; LC-MS/MS, liquid chromatography followed by tandem mass spectrometry. (C) Graph illustrating the most abundant
partners of SRGAP2 identified in LC-MS/MS depending on their relative rank (1 = most abundant; O = least abundant) and the
number of peptides detected per 100 kDa (Only proteins with > 15 peptide per 100 kDa are represented). (D) CTNND2 protein
domain structure. (C) CTNND2-GFP co-immunoprecipitates with HA-tagged SRGAP2A and human specific SRGAP2C in HEK

CTNND2 promotes inhibitory synapse formation but limits spine density in juvenile mice

Despite CTNND2 implication in cognitive function and brain disorders, its subcellular localization in
neurons remains elusive. Using immunocytochemistry in dissociated cortical neurons cultured for 18
days in vitro (DIV), we found that endogenous CTNND2 forms clusters associated with the vast
majority of excitatory synapses labelled with PSD-95 (79% + 4%, Figure 17A-B). Remarkably,
CTNND2 was also accumulated in a large fraction of inhibitory synapses labelled with gephyrin (67%
+ 3%, Figure 17A-B). This dual localization is atypical: excitatory and inhibitory synapses are built of
almost distinct sets of proteins (Krueger-Burg et al., 2017; Sheng and Kim, 2011; Tyagarajan and
Fritschy, 2014) and only few postsynaptic proteins have been shown to localize or operate at both
types of synapses in the same neurons (Budreck and Scheiffele, 2007; Fossati et al., 2016; Moon et
al., 2008; Smith et al., 2017). These proteins are in pole position for excitation/inhibition coordination.
Therefore, we decided to assess the function of CTNND2 at both types of synapses. To that aim, we
designed shRNAs that prevent the expression of all CTNND2 isoforms, (shCtnnd2, Figure S1), which
so far has not been possible using mutant mouse lines (Israely et al., 2004; discussed in Figure S1).
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FIGURE 17 CTNND2 regulates excitatory and inhibitory synapses in opposite direction. (A) Confocal images of primary cortical
neurons cultured for 18 days in vitro immunostained for endogenous CTNND2 and the excitatory or inhibitory postsynaptic
markers PSD95 and Gephyrin (GPHN). CTNND2 clusters associates with the majority of PSD95 and Gephyrin clusters
(arrowheads). Scale bar: 5 um. (B) Boxplot with individual datapoints showing the fraction of PSD95 or Gephyrin clusters
associated with CTNND2 (association index). Nespes = 18; Nepun = 16 cells. (C) In utero electroporation (IUE) at embryonic day
14.5-15.5 allows the sparse targeting of layer 2/3 cortical pyramidal neurons (L2/3 CPN). Arrow indicates oblique apical
dendrites. Scale bar: 50 um. (D) Representative segments of dendrites expressing shControl, shCtnnd2, shCtnnd2 together
with an shCtnnd2-resistant CTNND2* (rescue), or overexpressing CTNND2 (Ctnnd2 OE) along with mVenus in juvenile mice
(P21-P23). Scale bar: 2um. (E) Quantifications of dendritic spine density in the conditions described in D. Nshcontrol = 38; Nshctnnaz
= 33; Npescue = 23; Ncna2 oe = 22 dendrites (1 dendrite per cell was analyzed). Dashed line indicates median of shControl
condition. (F-G) Same as D-E but for gephyrin clusters in neurons expressing tdTomato to visualize neuronal contour (outlined
by dashed lines) and EGFP-GPHN to visualize Gephyrin clusters. Nshcontrol = 471; Nsncinnde = 36; NRrescue = 33; Ncinndz o = 38. ns:
p>0.05 *: p<0.01 and ***: p < 0.001, one-way ANOVA followed by Tukey's multiple comparisons test.

To assess the function of CTNND2 at excitatory synapses in vivo, we used cortex-directed in utero
electroporation (IUE) at embryonic days (E) 14.5 — 15.5 (Figure 17C), which allows the sparse genetic
manipulation of layer 2/3 cortical pyramidal neurons (CPNs). We co-expressed shBNAs with the
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fluorescent protein mVenus to visualize neuronal morphology and dendritic spines, which can be used
as proxy for excitatory synapses (Harris and Stevens, 1989; Holler et al., 2021), and quantified spine
density in oblique apical dendrites in the somatosensory cortex using high-resolution confocal
microscopy. In juvenile mice (postnatal day (P) 21), CTNND2-depleted neurons exhibited a higher
density of dendritic spines than neurons expressing a control shRNA (114.6% + 3.8% of shControl;
Figure 17D-E). Normal spine density was rescued by co-electroporating shCtnnd2 with an shRNA-
resistant ctnnd2 variant (96 + 3.7% of control) and CTNND2 overexpression reduced spine density
(59 + 4% of control; Figure 17D-E), indicating that CTNND2 limits spine density. To examine the
consequences of ctnnd2 knock-down (KD) on inhibitory synapses, we electroporated low levels of
fluorescent (EGFP-tagged) gephyrin, along with a soluble red fluorescent protein to visualize neuronal
morphology (Figure 17F). This approach has been shown to reliably label inhibitory synapses without
affecting synaptic development or function (Chen et al., 2012; Fossati et al., 2016; Gemin et al., 2021;
van Versendaal et al., 2012). In contrast to dendritic spines, CTNND2 depletion decreased the density
of gephyrin clusters (78.8 = 2.5% of control, Figure 17F-G). Normal density was rescued by co-
expression of the shRNA-resistant construct (98 + 4% of control). CTNND2 overexpression did not
significantly increase gephyrin cluster density, although a trend was observed (105 + 3.7%; Figure
17F-G). Morphological parameters of dendritic spines and gephyrin clusters did not differ between
the conditions (data not shown). These results indicate that CTNND2 is required for the formation and
maintenance of some inhibitory synapses and that the loss of CTNND2 has opposite effect on
excitatory and inhibitory synapses.

CTNND?2 depletion increases spine density in juveniles but leads to spine loss in adults

Since CTNND2 has been implicated in both neurodevelopmental and neurodegenerative disorders
(Lu et al., 2016; Medina et al., 2000; Van Rootselaar et al., 2017; Turner et al., 2015), we hypothesized
that the consequences of CTNND2 inactivation could vary over time. We examined the consequences
of Ctnnd2 knockdown at two other developmental time points: P10, which corresponds to the peak
of synaptogenesis, and P77, when mice have reached adulthood (Figure 18A). In control mice, the
density of dendritic spines strongly increased between P10 and P21 (from 0.49 + 0.03 to 1.69 = 0.04
spine. um') and then remained stable in adults (1.68 + 0.08 spine. um™', Figure 18B). In Ctnnd2-KD
neurons, spine density was similar to control at P10 (0.53 + 0.03 spine. um™'). The increase in spine
density between P10 and P21 was faster than in control neurons, and overshot control level by P21.
In adult mice however, spine density in Ctnnd2-KD neurons was lower than in juvenile neurons and
adult control neurons 81.5% + 3.6% of control, Figure 18B), suggesting a premature loss of synapses.
These results reconcile previous observations from other groups that CTNND2 limits spine density in
young neurons (Arikkath et al., 2009; Brigidi et al., 2014) and is required for the maintenance of
dendrites and dendritic spines in adult mice (Matter et al., 2009). Together, they suggest that CTNND2
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deficiency leads to an initial phase of hyperexcitation and hyperconnectivity followed by synapse

degeneration.

A FIGURE 18 CTNND2 deficiency increases spine
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Loss of CTNND?Z increases the E/I ratio and intrinsic excitability in juvenile mice

We further investigated what happens at the juvenile stage, when the excess of dendritic spines and
the deficit in gephyrin clusters likely disrupts neuronal function. To test the physiological
consequences of CTNND2 inactivation on synaptic transmission, we performed whole-cell patch-
clamp recording in acute brain slices (P16-P20; Figure 19B) and compared synaptic transmission in
electroporated Ctnnd2-depleted neurons versus neighboring non-electroporated control neurons
(Figure 19A). We first examined miniature excitatory and inhibitory postsynaptic currents (MEPSCs
and mIPSCs, respectively). Loss of CTNND2 strongly increased the frequency of mEPSCs (140% +
12% of control, Figure 19C) without modifying their amplitude (108% + 6% of control, Figure 3D).
Together with the faster rise in spine density between P10 and P21, this suggests accelerated
synaptic formation and maturation leading to excessive excitatory activity. On the other hand, mIPSC
amplitude and frequency were not affected by Ctnnd2 KD (115 + 12% and 102 = 11% of control
respectively, Figure 19E-F). These results contrast with the deficit in gephyrin clusters in oblique apical
dendrites of CTNND2-deficient neurons. Since whole-cell patch clamp recordings mainly sample
proximal synapses, these results suggest that CTNND2 function in inhibition could be restricted to

subtypes of distal inhibitory synapses.
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FIGURE 19 Loss of CTNND2 increases the E/I ratio in CPNs. (A) Schematic: recording of electroporated layer 2/3 CPN
expressing tdTomato and the shRNA against CTNNDZ2 (blue) following in utero electroporation (IUE) and neighboring non-
electroporated control cells (gray) in acute brain slices from juvenile mice. (B) Representative traces of mEPSC and mIPSC
recordings in control and shCtnnd2 electroporated neurons. (C) Quantification of mEPSC frequency per cell and
Scatterplots (boxplot, right) or mean value from single pairs (scatterplot, right) in which electroporated shCtnnd2 and
control were recorded from the same slice. N = 12 in both conditions. (D) Same as C Quantification but for mEPSC
amplitude. (E - F) Same as (C-D) from mIPSCs. N = 11 in both conditions. (G) Evoked postsynaptic currents were recorded
in layer 2/3 CPNs by placing a stimulation electrode approximately 100 um above the cell body along the apical dendrite.
(H) Representative traces of elPSCs and eEPSCs for a control cell and an shCtnnd2 expressing neuron. (I - J) E/I ratio
calculated using the maximum amplitude (I) or the synaptic charge (J). Neontol = 11 and Nspcinngz = 16 cells. ns: p > 0.05;
*:p < 0.05 and **: p < 0.01, t-test (C-F) or Mann-Whitney test (I-J).
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To directly measure the ratio between excitatory and inhibitory transmission (E/I ratio) in oblique
apical dendrites, we placed a stimulation electrode ~100 um along the main apical dendrite (Figure
19G) and adjusted the stimulation strength to evoke a response of approximately 150 pA. We then
recorded evoked excitatory and inhibitory post synaptic currents (eéEPSC and elPSC) by clamping the
cell at -70 mV and +10 mV, respectively (Figure 19H). CTNND2 depletion strongly increased the E/I
ratio compared to control neurons (185% of maximum current amplitude in control neurons and 152%
of control synaptic charge over 50ms, Figure 19I-J). By contrast, neither the ratio between AMPA
receptor- and NMDA receptor-mediated synaptic transmission (AMPA/NMDA ratio), nor the paired
pulse ratio were affected by CTNND2 depletion in postsynaptic neurons (Figure S2).
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FIGURE 20 Depletion of CTNND2 increases the intrinsic excitability of CPNs. (A) Representative traces of action potentials
evoked with a 500pA current step in whole cell current clamp recordings in control (grey) and ctnnd2-deficient neurons
(shCtnnd2, blue). (B-E) Quantification of resting membrane (mem.) potential, spike threshold, spike frequency depending on
current injection (mean = SEM) and membrane resistance in control (grey) and shCtnnd2 expressing neurons (blue).
Neontroi= 13 cells, Nsncinnde = 16 cells. ns: p > 0.05; **: p < 0,01 and ***: p < 0,001, t-test.

Increases in E/I ratio are sometimes compensated by a decrease in neuronal intrinsic excitability to
preserve network activity (Nelson and Valakh, 2015). To test how Ctnnd2 KD affects intrinsic neuronal
properties, we performed current-clamp recordings and injected depolarizing current steps of 50 pA
intervals to evoke action potentials (Figure 20A), or a current ramp to determine the spike threshold.
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Although the resting membrane potential (Vm) and spike threshold (Th) did not differ between control
and KD neurons (Figure 20B: VMcontrol = -78 = 1 MV, VMsncinnaz = -76 = 1 mV, Figure 20C: Theontrol =
-37 £ 1 mV, Thsneimnaze = -35 + 1 mV), CTNND2 deficiency strongly increased the frequency of action
potential firing compared to control neurons (162 + 8% of control for 500 pA current injection, Figure
20D-E), reflecting a rise in membrane resistance (152 + 11% of control, Figure 20F). None of these
intrinsic excitability parameters were significantly changed when non-electroporated control neurons
were compared to neurons electroporated with a control shRNA (Figure S3). Collectively, our results
indicate that CTNND2 deficiency causes homeostatic failure in cortical juvenile neurons, increasing
synaptic excitation, decreasing inhibitory synapse number and ramping up intrinsic excitability.

SynGAPT and gephyrin are two of the main partners of CTNND2

How does CTNND2 operate in the juvenile brain? To address this question, we performed a proteomic
screen aimed at identifying CTNND2 social network at the synapse. We purified synaptic membranes
from P15 mouse brains using subcellular fractionation, performed co-immunoprecipitation using
either an anti-CTNND2 antibody or control immunoglobulins (IgGs), and identified CTNND2 partners
using LC-MS/MS (Figure 21A). Using a label-free semiquantitative approach based on the normalized
spectral abundance factor, we identified 322 proteins detected with at least 5 peptides and
significantly enriched in CTNND2 immuno-precipitates (Table S1). Among these, 238 proteins
(excluding known mitochondrial contaminants) were at least 4-fold enriched or exclusively detected
in CTNND2 complexes (Figure 21B) and 58 proteins were annotated for biological processes at the
synapse in SYNGO (SYNaptic Gene Ontologies database (Koopmans et al., 2019)) (Figure 21C). The
most represented processes included synapse organization and assembly, trans-synaptic
interactions, chemical synaptic transmission, regulation of neurotransmitter receptor level at synapses
and regulation of plasma membrane potentials, which is consistent with our morphological and
physiological results (Figure 21C). More specifically, members of the Cadherin/catenin superfamily
were highly represented among the main partners of CTNND2 (Figure 21B+D; Table S1), which was
expected. CTNND2 was also found in complex with other proteins involved in cell-cell interactions,
especially EphA4, and, albeit in lower amounts, neuroligin 3, neuroligin 41, neurexin 1 or IgSF8 (Figure
21D), suggesting widespread implication at cell-cell contacts. In agreement with the role of CTNND2
in neuronal excitability, potassium/sodium hyperpolarization-activated cyclic nucleotide-gated
channels (HCN1-4) and their accessory subunit Pex5l (Lewis et al., 2009; Santoro et al., 2004) were
highly represented among CTNND2 partners. However, the two most striking partners of CTNND2
were the excitatory postsynaptic protein SynGAP1 and the inhibitory scaffolding protein gephyrin,
which were among the most abundant proteins in CTNND2 protein complexes (Figure 21B+D.
Glutamatergic AMPA, NMDA and metabotropic receptor subunits, as well as GABAergic (Gagrb?2)
neurotransmitter receptor subunits were also found in complex with CTNND2, but in lower amounts
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(Figure 17D, Table S1). These data support the notion that CTNND2 operates and localizes at both

excitatory and inhibitory synapses.
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FIGURE 21 CTNND?2 interacts with key proteins of excitatory and inhibitory synapses. (A) Schematic of the experimental
workflow used for mass spectrometry analysis. (B) Relative distribution and abundance of proteins enriched in CTNND2
immunoprecipitates. Only proteins that were at least 4-fold enriched in CTNND2 vs control IP and whose p-value was < 0.05
based on three independent experiments are displayed. Cadherins and Catenins are shown in orange, Syngap1 and Gephyrin
are in red. (C) SYNGO gene ontology analysis of CTNND2 partners identified in LC-MS/MS. (D) Classes of proteins and
individual components standing out in CTNND2 protein complexes. Although not included in (B) due to our stringent threshold,
GluA2 was also abundant in CTNND@ complexes. (3-fold enrichment, p = 0.007, 32 peptides / 100 kDa, Table S1).
(E) Representative oblique dendritic segments of juvenile L2/3 CPNs expressing TdTomato and SYNGAP1-GFP together with
either shControl or the shCtnnd?2 following in utero electroporation (IUE). (G) Quantification of SYNGAP1-GFP accumulation in
dendritic spines. The fluorescence of SYNGAP1-GFP clusters was normalized TdTomato signals Neontrol = 17 dendrites, Nsnctnnaz
= 20 dendrites (1 dendrite per cell was analyzed), ***: p < 0,001, Mann-Whitney test.
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As mentioned before, Gephyrin is the main component of inhibitory postsynaptic scaffolds
(Krueger-Burg et al., 2017; Tyagarajan and Fritschy, 2014). It provides the skeleton for the formation
of dendritic inhibitory post-synapses and the recruitment of other major proteins such as GABAa
receptors, Neuroligin 2 or collybistin. Therefore, CTNND2 might promote the formation of some
dendritic inhibitory synapses (Figure 17F-G) through direct interaction with gephyrin. SynGAP1 is one
of the most abundant proteins of excitatory PSDs (Sheng and Hoogenraad, 2007). It is a GTPase-
activating protein for Ras and Rap (Gamache et al., 2020) and its major isoform synGAP1a directly
binds to PSD95, which is thought to limit the number of slots available for the recruitment of AMPA
receptors (Gamache et al., 2020; Walkup et al., 2016). Syngap? haploinsufficiency accelerates
excitatory synaptic maturation in mice (Clement et al., 2012) and, in humans, account for up to 1%
of non-syndromic ID (Gamache et al., 2020). Like CTNND2, SynGAP1 acts as a break on synaptic
transmission and its loss of function strongly increases the frequency of mMEPSCs in juvenile neurons
(Rumbaugh et al., 2006). To assess the interplay between CTNND2 and SynGAP1, we co-
electroporated in utero SynGAP1-GFP along with tdTomato and either shCtnnd2 or shControl, and
we analyzed SynGAP1 distribution in oblique apical dendrites of layer 2/3 CPNs at P21. We found
that CTNND2 deficiency led to a dramatic loss of synGAP1 in dendritic spines (44 + 9% of control,
Figure 21F+@), indicating that CTNND2 is required for the synaptic accumulation of SynGAP1 in these
neurons. Together these data provide important insights into the mechanisms underlying the dual role
of CTNND2 at excitatory and inhibitory synapses, and its implication in the control of neuronal

excitability.

DISCUSSION

We have shown that CTNND2 is a binding partner of the human-specific protein SRGAP2C that
accumulates at synapses. During postnatal development, CTNND2 slows excitatory synaptogenesis,
limits excitation and dampens intrinsic excitability in layer 2/3 CPNs. CTNND2 is also required for the
formation of a subpopulation of inhibitory synapse, likely by mediating the recruitment of the
postsynaptic organizer gephyrin at contact sites with specific subtypes of interneurons. As a
consequence, CTNND2 deficiency increased spine density and excitatory synaptic transmission,
decreased inhibitory synapse density and ramped up neuronal excitability, uncovering a pivotal role
of CTNND?2 in balancing excitation and inhibition and maintaining neuronal homeostasis. Remarkably,
excitatory hyperconnectivity in juvenile ctnnd2-deficient neurons was only temporary. The
consequences of CTNND2 inactivation on spine density reversed as mice aged and reached
adulthood, so that adult ctnnd2-deficient neurons had less spines than adult control neurons. Our
results are consistent with previous studies performed in young neurons in vitro (Arikkath et al., 2009;
Brigidi et al., 2014 but see Arikkath, 2009) and with the progressive retraction of dendrites and
dendritic spines in adult mice carrying a CTNND2 mutation (Matter et al., 2009). The parallel between
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the cellular phenotypes observed in adult mice following sparse ctnnd2 knockdown (here) and global
ctnnd2 mutation in a mouse model (Matter et al., 2009) indicate that CTNND2 function in the cortex
is mostly postsynaptic and cell autonomous. In mice carrying a ctnnd2 mutation, synaptic and
dendritic retraction is associated with deficits in cortical responsiveness and cognition (Israely et al.,
2004; Matter et al., 2009) and might be signs of neurodegeneration (Lu et al., 2016; Matter et al.,
2009). This hypothesis is supported by evidence that presenilin1 mutations implicated in familial
Alzheimer’s disease increase the processing of CTNND2 (Kim et al., 2006; Lu et al., 2016; Matter et
al., 2009; Zhou et al., 1997). Together, these data indicate that CTNND2Z is required to limit excitation
and excitability during synaptic maturation, and to ensure long-term maintenance of synaptic and
neuronal structures. Future experiments will determine whether spine loss in adult neurons results
from developmental excitotoxicity or if it is independent.

Biphasic developmental perturbations with early hyperactivity and faster synaptogenesis followed
by adult hypofunction have been observed with other major excitatory postsynaptic proteins involved
in ASD and ID: SynGAP1 and Shank3. SynGAP1 is present in high abundance in excitatory PSDs,
with a near stoichiometric ratio to PSD-