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Abstract

Abstract

Neuroligins (NLs) are ubiquitous postsynaptic adhesion proteins that are essential for
synaptic maturation and function. Of the four NL isoforms expressed in the central nervous
system (CNS), NL4 is of particular interest since loss-of-function mutations of NL4 have
been associated with autism-related disorders in humans (Jamain et al., 2003). Furthermore,
NL4 knockout mice were found to show specific behavioral phenotypes that mimic those
observed in autism (Jamain et al., 2008). In the present study, the distribution of NL4 protein

was characterized in the mouse central nervous system (CNS) using a NL4 specific antibody.

The highest NL4 protein expression levels were observed in brainstem, spinal cord
and globus pallidus. At the synaptic level, NL4 is localized to a majority of inhibitory
postsynapses in the globus pallidus, brainstem and spinal cord, and to glycinergic synapses in
the brainstem and spinal cord (Hoon et al., 2011). Interestingly, NL4 is not exclusively
restricted to inhibitory postsynapses in the forebrain. In the hippocampus, NL4 equips both
inhibitory and excitatory synapse types, whereas in the barrel cortex NL4 seems to be

preferentially associated with excitatory synapses.

In order to study the role of NL4 at synapses, the consequences of NL4 deletion on
synapse number was examined. In the barrel cortex and hippocampus, the loss of NL4 did not
influence the density of excitatory or inhibitory synapses. Similarly, no differences were
observed in the number of glycinergic synapses in the spinal cord. The absence of an effect of
NL4-loss on the number of synapses in the CNS could potentially be explained by a
compensatory effect of one of the other NL isoforms. In line with this hypothesis, an
upregulation of NL2 and NL3 levels was observed in the somatosensory cortex of the NL4-

KO mice.
Interestingly, in the absence of NL4, the power of kainate-induced gamma oscillations

in area CA3 of the hippocampus was found to be substantially reduced. This phenotype

indicates a defect in the synaptic network between pyramidal cells and inhibitory interneurons
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in the hippocampus. Together, these data provide new insights into the physiological
consequences of NL4 loss in autism spectrum disorders, which may lead to an imbalance of
excitatory and inhibitory synaptic transmission in various brains regions, including the

hippocampus.
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Introduction

1. Introduction

1.1 Autism spectrum disorder

1.1.1 History of autism

Autism was first described during the first half of the twentieth century. Physicians
working on child developmental abnormalities tried to classify the different child psychoses.
One of these physicians, Leo Kanner, outlined the classic description of a so-called “early
infantile autism” (Kanner, 1943). He described eight-year-old children who were socially
impaired, mute and had automatic repetition of vocalization. In addition, these children were
intensively resistant to change in their own repetitive routines. One year later, Hans Asperger
described older children who were naive and inappropriate in their social interaction, had
good speech but used it for monologues on their own special interests and were absorbed in
their circumscribed interests. These children were close to being considered normal or
superiorly intelligent, but often had significant difficulties in specific learning tasks. Asperger
used the term “autistic” to describe the behavior he saw (Asperger, 1944). Approximately
twenty years later, these two types of “autism” were amalgamated into the same group of

neurodevelopmental disorders based on their overlapping symptoms.

Despite the extensive description of disease symptoms, no physical pathology was
observed in the brain of these children. Kanner therefore suggested that the children were
initially normal from a pathological point of view, but that they became emotionally damaged
due to parental detachment, lack of humor and strictness. Thus, autism became classified as a
psychiatric disorder that was caused by environmental factors during the development of the

child.

It was not until the 1980’s that autism became classified as a neurodevelopmental
disorder that may originate from or be facilitated by physiological dysfunctions. Today, the
descriptions of Kanner and Asperger have been greatly expanded upon, and autism is
considered to be composed of a wide spectrum of overlapping and non-overlapping

symptoms. “The Diagnostic and Statistical Manual of Mental Disorders, fourth edition”
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Introduction

defined autism-spectrum-disorder (ASD) as a neurodevelopmental disorder that is diagnosed
based on three main symptoms that are present at varying degrees of intensity:
(1) An impairment in social interaction skills, (2) a lack of appropriate language and

communication skills and (3) repetitive behavior and lack of imagination.

In other words, autism is not a single entity but a combination of clinical symptoms. In
addition to the three key elements of ASD as mentioned above, other clinical dysfunctions
can be observed, such as sensory and motor abnormalities, gastrointestinal dysfunction, and

sleep disturbance.

1.1.2 Prevalence of autism

About 1/88 children has been identified with ASDs in the USA according to the
Centers for Disease Control and Prevention (CDC) and the Developmental Disabilities
Monitoring (ADDM) network in 2008 (Baio, 2012). The prevalence of ASDs has been
increasing worldwide for unknown reasons. One possible explanation is that reporting of the
disorder has risen due to increasing awareness and an extension of clinical symptoms
belonging to the ASDs. Diagnosis of ASDs, as with many other psychiatric diseases, is
dependent on observations of behavior and cognition that can sometimes be subjective.
Similarly, clinical manifestations such as cognitive impairments can differ widely between
children suffering from the same disorder. This variability may lead to greatly varying
numbers of diagnoses depending on observer awareness. In addition, it has been suggested
that the increased prevalence could be due to modern day living practices. For example, it has
been reported that environmental toxins or parental age were associated with autism
(Kolevzon et al., 2007; Herbert, 2010; Landrigan, 2010), however there is currently
insufficient evidence to support this notion. Interestingly, the prevalence also differs across
the sexes. According to the last CDC report, one in 54 boys and one in 252 girls were

identified as having an ASD (Baio, 2012).

1.1.3 Pathology and anatomy

Brain development seems to be affected in ASD patients, especially brain volume
(Courchesne et al., 2003; Hazlett et al., 2005). An increase in brain volume was observed in

the frontal lobes and the anterior temporal regions (Courchesne et al., 2007). One theory
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proposes that in autism, short-range connections are increased, whereas longer-range
connections are reduced, as it has been observed that the volume of the corpus callosum is
decreased (Just et al., 2006). In terms of cellular abnormalities, some studies showed a
disruption of the cortical layer in the frontal lobe and a disorganization of the mini columnar
organization (Buxhoeveden et al., 2006). Furthermore, a decrease in the number of neurons
was observed in the amygdala, a region believed to be involved in emotion (Schumann and

Amaral, 2006).

1.1.4 Genetics and autism

Epidemiologic studies provide evidence for a genetic basis of ASDs. In the past ten
years, there has been an explosion of new potential gene candidates linked to ASDs that are
helping to understand the genetic components that contribute to the physiopathology of the
disease. Although the underlying genetic architecture of ASDs is still not well known, the
literature demonstrates that it is not a monogenic disorder with Mendelian inheritance, but
rather a group of complex genetic syndromes with risk deriving from genetic variations in
multiple genes, although in some rare cases, single gene mutations have been correlated with
ASDs. Interestingly, a noticeable correlation was observed between genes involved in ASDs
and those that code for synaptic proteins. A 1999 study on patients with ASD highlighted de
novo deletions of the Xp22 region on the X chromosome (Thomas et al., 1999), a region
including the neuroligin 4X gene. The synaptic protein neuroligin and its binding partner
neurexin function as synaptic cell adhesion molecules that also interact with intracellular
proteins. Mutations in neurexin or neuroligin function lead to cognitive disorders such as
ASDs (described in detail in section 1.4.4). Other synaptic candidates were observed in
patients and some familial cases of ASDs, such as neurexins or SHANK (described in section
1.4.3). These studies demonstrate a strong link between specific cases of ASD and proteins
involved in synaptic function. The second pathway of genes associated with ASDs are genes
encoding proteins that play a role in regulating synaptic protein synthesis, such as
TSCI1/TSC2, NF1, FMRP or PTEN. Mutations in these proteins lead to syndromic disorders
associated with ASDs, including tuberous sclerosis, neurofibromatosis, fragile X syndrome or
ASD with macrocephaly (Délen and Bear, 2008). These studies emphasized an involvement
of the synaptic architecture and activity in ASDs. The fact that loss or dysfunction of these

proteins in the brain can be directly associated with neurological disorders emphasizes the
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importance of synaptic integrity in the brain development process, especially during early

brain development.

1.2 Synaptic transmission in the central nervous system

1.2.1 Neurons communicate through synapses

The human brain is capable of higher cognitive processes like memory, emotions,
performance of precise and highly controlled movements and logical reasoning. There are
mainly two types of cells in the brain, neurons and glial cells. Due to their physiological
properties, neurons can generate electrical signals, known as action potentials, and these
signals can be propagated to others cells via contact points known as synapses {from the
Greek “syn-“ (“together”) and ‘“haptein” (“to clasp”), described by Sir Charles Scott
Sherrington in 1897}. Hundreds of billions of neurons are estimated to be interconnected by a
100 trillion synapses in the human brain. The degree of complexity present in the brain
requires the correct development and wiring of all of these neurons in the central nervous
system. Any perturbation in brain integrity can lead to severe functional impairment. Indeed,
from the earliest age of the development until death, neurons are programmed to make
connections with others cells from short to really long distances. Any alteration of the
connectivity can lead to neurodevelopmental disorders such as autism, epilepsy or

schizophrenia.

The function of synapses is to convert the presynaptic action potential into a signal
that the postsynaptic neuron or muscle fiber can identify. Based on the mechanism by which
this signal is transmitted, synapses are classified into two groups, chemical and electrical.
Electrical synapses consist of a mechanical and conductive junction between two neurons.
The electric signal is not transformed into a chemical signal as in the chemical synapse, but
travels from one cell to the other without processing by a narrow gap called the gap junction.
The chemical synapse is an asymmetrical cell contact area separated by a 20 nm wide
synaptic cleft. Signal transmission across these synapses is a unidirectional process, during
which an electrical signal arriving at the presynaptic terminal is converted into a chemical
signal or neurotransmitter, which then diffuses across the synaptic cleft to the postsynaptic

side, where it is converted back into an electrical signal. The pre-synaptic and the post-
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synaptic sides are each characterized by specific protein complexes that are required for their
particular function. Since this process and the accompanying protein complexes are central to

the experiments conducted in this thesis, they are described in more detail below.

The axonal electrical stimulation arrives in the presynaptic side, the active zone, where
the vesicles containing the neurotransmitters are present (Couteaux and Pécot-Dechavassine,
1973; Landis, 1988). This induces the opening of voltage-gated calcium channels, and the
resulting calcium influx triggers the exocytosis of vesicles containing neurotransmitters at the
presynaptic membrane (Sudhof, 2004). Neurotransmitter exocytosis requires specific
mechanisms and proteins involved in the vesicle release process and its regulation (Wojcik
and Brose, 2007). Neurotransmitters are commonly described as “Excitatory”, “Inhibitory” or
modulatory, depending on the outcome they trigger at the postsynaptic membrane. Glutamate
is the main excitatory neurotransmitter, while there are two main inhibitory neurotransmitters,
v-aminobutyric acid (GABA) and Glycine. At excitatory synapses, the vesicles that are filled
with glutamate contain the specific vesicular glutamate transporter (VGIuT) (reviewed in
Takamori, 2006) and at inhibitory synapses, the vesicular inhibitory amino acid transporter

(VIAAT) transports GABA and Glycine (Sagné et al., 1997; Wojcik et al., 2006).

The released neurotransmitters diffuse through the synaptic cleft, and bind to specific
receptors on the postsynaptic side. The postsynaptic side is electron-dense and composed of
clustered receptors associated with cytoplasmic proteins scaffolding proteins, and cell
adhesion proteins such as neuroligins (NLs) (Sheng and Hoogenraad, 2007). The binding of
neurotransmitter activates the receptors by modifying their conformation. The response
induced by the GABA or glutamate release at the synaptic cleft is processed at the
postsynaptic membrane by the ionotropic receptors (involving a transmembrane ion channel)
for the fast response and/or by the metabotropic receptors (involving a series of intracellular
events) for the modulatory response. The activation of ionotropic receptors (ligand-gated ion
channels) by glutamate or GABA determines if the synaptic response is excitatory or
inhibitory, respectively. At excitatory synapses, the activation of ionotropic receptors by
glutamate triggers a cation influx, leading to a membrane depolarization known as an
excitatory postsynaptic potential (EPSP). At inhibitory synapse, a chloride influx triggered in
response to the binding of GABA causes a membrane hyperpolarization known as an

inhibitory postsynaptic potential (IPSP) (Fritschy and Briinig, 2003; Mody and Pearce, 2004;
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Okabe, 2007). In addition, neurotransmitters can bind to metabotropic (G-protein coupled)
receptors, which then activate a series of intracellular signaling cascades. These cascades can
then for example indirectly result in the opening of an ion channel via a chemical second

messenger, the release of calcium from intracellular stores, and many other effects.

1.2.2 Excitatory and inhibitory postsynaptic architecture

The ultrastructure of excitatory and inhibitory synapses differs substantially, such that
they can be identified by electron microscopy using a classification according to Gray (Gray,
1959). Type 1 synapses (excitatory) are asymmetric with an extended postsynaptic electron
dense domain. Type 2 synapses (inhibitory) are symmetric and do not present this

postsynaptic electron dense domain.

Excitatory postsynaptic densities (PSDs) contain two types of ionotropic glutamate
receptors, NMDA (N-methyl-D-aspartic acid) and AMPA (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) receptors, named after the specific chemical agonist that they are
activated by (Moon et al., 1994; Okabe, 2007). AMPA receptors are composed of four types
of subunits, GluA1l, GluA2, GluA3, GluA4, that combine to form a tetramer. NMDA
receptors are composed of three subunits GluN1, GluN2, GluN3, and form a heterotetramer
between two obligatory GluN1 subunits and two GIluN2 subunits. Transmembrane AMPA
regulatory proteins (TARPs) that have been shown to interact with AMPA receptors are also
highly concentrated in the PSDs. Stargazin, one of the members of the TARP family, is
responsible for the clustering and the regulation of AMPA receptors at the postsynaptic
membrane (Chen et al., 2000). Furthermore, the PSD contains scaffolding proteins such as the
postsynaptic density protein of 95 kDa (PSD-95). PSD-95 is composed of PSD-95/disc
large/zona-occludens-1 (PDZ) domains followed by an src homology (SH3) and a guanylate
kinase domain (reviewed in Kim and Sheng, 2004). The first two PDZ domains mediate the
interaction with NMDA receptors and voltage-gated potassium channels, and the third
domain can interact with members of the neuroligin family of synaptic adhesion molecules

(Kornau et al., 1995; Kim et al., 1995a; Irie et al., 1997).

The inhibitory postsynaptic ultrastructure is composed of the ionotropic GABA, and

glycine receptors that form chloride-permeable channels and are both heteropentamers. In
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mature neurons, the activation of the chloride channel produces a hyperpolarization of the
postsynaptic membrane. GABA R subunits are encoded by 19 different genes that have been
grouped into eight subclasses based on sequence homology: Six a, three 3, three vy, one 9, €,
0, t and three Q subunits (Luscher et al., 2011). The large number of GABA R subunits gives
them an immense structural and physiological diversity. The subunit y2 is required for the
clustering of GABA,Rs at the postsynaptic membrane (Essrich et al., 1998). Glycinergic
receptors are composed of five subunits, i.e. four o and one [3 subunit. The heteromeric a.1f3
glycine receptors are the most widely distributed in the brain and the spinal cord (Lynch,
2008). Glycine receptors act in the same manner as GABA,Rs by creating a postsynaptic
IPSP. At inhibitory synapses, there are no electron dense regions at the postsynaptic
membrane, although certain proteins have been shown to be specifically present there. One of
these proteins, gephyrin, clusters glycine receptors at the postsynaptic membrane (Meyer et
al., 1995). Collybistin, a brain specific intracellular GDP/GTP-exchange factor, is able to
attach gephyrin to the membrane by linking gephyrin and membrane lipids (Kins et al., 2000;
Harvey et al., 2004; Kalscheuer et al., 2009). Gephyrin colocalizes specifically with GABA,R
in different brain regions and moreover, deletion of gephyrin results in a reduction of

GABA,R clusters in cultured neurons and brain sections (Kneussel et al., 1999).

1.2.3 Synaptogenesis and synaptic maturation

The formation of synapses, termed synaptogenesis, is the final step in the early
development of the central nervous system. Synaptogenesis consists of several different steps.
The axon growth cone seeks its target; a process controlled by chemoattraction or
chemorepulsion stimuli such as Ephrins or Netrin. The next step is the differentiation of pre-
and postsynaptic membrane specializations following the initial contact between the growth
cone and its target. This synapse maturation consists of an upregulation of proteins targeted to
the presynaptic side to assemble the presynaptic release machinery, as well as clustering of
postsynaptic receptors by synaptic cell adhesion proteins. These cell adhesion proteins, which
are present on both sides of the synapse, are required for synapse assembly and maintenance

of synaptic cleft integrity (Gerrow and El-Husseini, 2006).
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1.3 Neural oscillations

1.3.1 Role of network oscillations

Neurons in the brain belong to a network and receive information from many different
sources, all of which influence the response that each cell then produces. Neurons receive
information through the different synapses present at their dendrites, cell body and axon.
Depending on the type and the localization of these synapses, they can differentially influence
the responses that the neurons are producing. Moreover, neurons can induce feedback
connections that result in a synchronization of the neurons firing. A synchronous activity of a
large population of neurons can lead to neural oscillations that can be observed by

electroencephalography.

Consciousness, attention, perception and memory are thought to be dependent on this
oscillatory network activity. Neurons are able to synchronize while firing and induce a
rhythm. Oscillations can be detected in several brain regions such as the cortex, hippocampus,
olfactory bulb and thalamus. In some cases, an ultra-synchronization of the neurons can lead
to pathological disorders such as epilepsy. The neural oscillations are divided into frequency
bands from the slow delta range (0,5 — 3 Hz) and theta range (3 — 8Hz), to medium range
alpha (8 — 12Hz) and beta (13 — 30Hz) oscillations, fast gamma oscillations (30 — 80Hz) and
ultrafast ripple oscillations (80 — 200 Hz). Each frequency range has been correlated with
different brain states, and a band can characterize more than one state of consciousness. For
example, the theta range is characteristic for an exploratory behavior as well as for rapid eye

movement (REM) sleep.

1.3.2 Gamma range oscillations

The gamma oscillations (30 — 80 Hz) are closely correlated with higher brain
functions. They are proposed to be involved in sensory processing and memory formation
(Lisman and Idiart, 1995). Gamma oscillations can be detected in all cortical areas and in the
hippocampus, where their amplitude is higher than in any other brain region. In the
hippocampus, gamma oscillations have been correlated with specific behavior conditions such
as exploratory behavior (Bragin et al., 1995), and performance during working memory tasks

is modulated by the gamma oscillations (Fuchs et al., 2007).
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1.3.3 Induction of gamma oscillations in the hippocampus

Gamma oscillations can be induced by several methods in the hippocampus in vitro.
These include electrical stimulation (Whittington et al., 1995) and chemical stimulation with
agonists of metabotropic  glutamate receptors (mGluRs) (such as ((s)-3,5-
dihydroxyphenylglycine (DHPG)), muscarinic acetylcholine receptors (mAChRs) (such as
carbachol) and kainate receptors (such as kainate) (Whittington et al., 1995; Fisahn et al.,
1998; Gillies et al., 2002; Fisahn et al., 2004). Multiple mechanistic pathways appear to be
involved in the generation of gamma oscillations in vitro. Oscillations induced by activation
of kainate receptors and mGluRs are dependent principally on GABAergic inhibition
mediated by GABA, receptors, since they can be blocked by application of bicuculline but
cannot be inhibited by AMPA receptor antagonists (Whittington et al., 1995; Fisahn et al.,
2004). In contrast, the oscillations induced by Carbachol can be blocked by both AMPA
receptor and GABA, receptor antagonists, implying that they are dependent on both
excitatory and inhibitory pathways (Fisahn et al., 1998). This difference may be explained by
the receptor distribution in the network, since mGluRs and kainate receptors are present on
interneurons, whereas the mAChRs are localized on hippocampal pyramidal cells (van Hooft

et al., 2000; Fisahn et al., 2002; 2004).

1.3.4 Cells involved in gamma oscillations

The hippocampus is divided between the dentate gyrus and the Ammon’s horn field
(Cornu Ammonis), which is subdivided into four parts the Cornu Ammonis 1-4 (CA1-4). The
hippocampal circuit consists of a tri-synaptic neuronal circuit. In the first part of this circuit,
axons arrive from the entorhinal cortex and form synapses onto the granule cells of the
dentate gyrus (perforant path). The granule cell axons project to area CA3 and form synapses
onto the dendrites of CA3 pyramidal cells (mossy fiber path). The axons from these
pyramidal cells in turn project to and synapse onto the dendrites of the CA1 pyramidal cells
(Schaeffer collateral path). Finally, these cells send axons into the subiculum or the entorhinal
cortex, where they exit the hippocampal circuitry. The CA3 and CA1 network architecture is

similar to that of the cortex, with excitatory principal neurons that process, store and retrieve
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the information and local inhibitory interneurons that modulate this processing (Treves and

Rolls, 1994).

Inhibitory interneurons are classified according to the soma shape and localization and
to specific protein expression such as parvalbumin (PV) or calbindin. The generation of
gamma oscillations depends on the inhibitory function of certain subsets of these GABAergic
interneurons (Fisahn et al., 2004), including the fast spiking PV positive basket cells. These
cells are abundant in the hippocampus (Freund and Buzsaki, 1996), present in the pyramidal
cell layer of CA1 and CA3, and connected to the perisomatic region of the pyramidal cells
(Cobb et al., 1995; Miles et al., 1996). The fast spiking phenotype of the PV basket cells
allows them to fire at similar frequencies as their excitatory input (Jonas et al., 2004). Other
PV positive interneurons with a different shape can fire in the gamma range, such as the axo-
axonic cells and the bistratified cells (Héjos et al., 2004; Gloveli et al., 2005; Gulyds et al.,
2010). Other GABAergic interneurons such as the oriens/lacunosum-moleculare cells fire in a
slower range (H4jos et al., 2004; Gloveli et al., 2005). Further GABAergic cell types might be
involved in the propagation of oscillations in the hippocampus, such as the trilaminar cell
(Gloveli et al., 2005), and cholesystokinin positive cells can modulate oscillations (Freund

and Katona, 2007; Tukker et al., 2007).

1.3.5 Hippocampal circuitry involved in gamma oscillations

The CA3 region is a useful model system to study gamma oscillations in vitro due to
the amplitude of the oscillations, which is significantly higher than in CAl. CA3 pyramidal
cells receive afferents from the dentate gyrus, the entorhinal cortex and from other CA3
pyramidal cells, and they are also closely connected to and modulated by local inhibitory
circuits. Generation of oscillations is dependent on the synaptic contact and the axonal
collaterals between the pyramidal cells and the inhibitory interneurons that allow feedforward
and feedback inhibition mechanisms, which are required for the generation of the oscillation
(Mann et al., 2005b; Hdjos and Paulsen, 2009). The application of kainate depolarizes
inhibitory interneurons and causes them to fire in a range that synchronizes the pyramidal
cells (Fisahn et al., 2004). The activated pyramidal cells, in turn, excite the interneurons
(Glickfeld and Scanziani, 2006). The excitatory input from the pyramidal cells is located on

the dendritic spines, whereas the inhibitory inputs can be present on the soma, axon or the
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dendritic shaft. The different localization of inhibitory synapses reflects the variety of
inhibitory interneurons in the hippocampus: PV positive baskets cells preferentially form
synapses onto the soma of the pyramidal cells, whereas somatostatin positive interneurons
preferentially synapse onto the axon initial segment of these cells for a modularity effect on

the neuron response to the stimulus (Freund, 2003; Mann and Paulsen, 2007).

1.4 Neuroligin and synapse function

1.4.1 Synaptic cell adhesion proteins

The synaptic communication required to induce neural oscillations depends on close
interaction between the excitatory pyramidal cells and the inhibitory interneurons. Synapse
integrity, in turn, is necessary for efficient neurotransmission and depends on the proper
functioning of processes like synaptogenesis and synapse maturation. Cell adhesion proteins
have been identified to play key roles in these processes. Synaptic cell adhesion proteins are
pre- and postsynaptic transmembrane proteins that bridge the synaptic cleft and interact with
each other to form direct contacts between pre- and postsynaptic neurons. These molecules
are believed to be essential for the establishment, maturation and plasticity of synapses, and
they are able to activate and recruit synaptic proteins required for synapse function (Missler et
al., 2012). Several adhesion proteins have been identified at synapses, including the neurexin
(NX) neuroligin (NL) complex (Ichtchenko et al., 1995; 1996), Ig-domain proteins such as the
SynCAMs, leucine-rich repeat proteins (LRRTMs), and receptor tyrosine kinases and
phosphatases. The importance of studying NX-NL complexes became particularly clear when
mutations in genes coding for these proteins were found to be associated with several

neuropsychiatric disorders such as autism (Jamain et al., 2003; Sudhof, 2008).

1.4.2 Function of the neuroligin-neurexin complex

NL and NX are type I transmembrane proteins, composed of an N-terminal
extracellular domain and a transmembrane domain followed by a C-terminal intracellular
domain. Three NX genes are present in the mammalian genome, with two promoters that
induce the synthesis of a long a-isoform and a short -isoform (Tabuchi and Sudhof, 2002).

NXs can be spliced into over a thousand isoforms (Boucard et al., 2005). The extracellular
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domain of a-NX is composed of six laminin, NX, sex-hormone-binding protein (LNS)
domains (Rudenko et al., 1999) and three epidermal growth factor (EGF)-like domains, while
B-NX only contains the sixth LNS domain without EGF-like sequences (Missler and Sudhof,
1998). NXs are considered to be presynaptic but one study emphasized a potential role at the
postsynaptic side (Taniguchi et al., 2007). The intracellular domain of NX contains a PDZ-
binding domain that can interact with presynaptic scaffolding proteins (Craig and Kang, 2007,
Sudhof, 2008; Krueger et al., 2012). The intracellular complex formed by NX induces the
stabilization of nascent presynaptic terminals (Sankaranarayanan et al., 2003). Indeed, 3-NX
binds to calcium/calmodulin-dependent serine protein kinase (CASK), which forms a
macromolecular complex with voltage-gated Ca®* channels (Butz et al., 1998; Maximov et al.,

1999).

NLs were initially discovered as NX ligands (Ichtchenko et al., 1995) and are
composed of an extracellular N-terminal acetylcholinesterase-like domain, a glycosylated
linker region that connects to the transmembrane domain and a short C-terminal region with a
PDZ-binding domain. The acetylcholinesterase-like domain is inactive in NL because of the
lack of the complete catalytic triad in the active site (Comoletti et al., 2003; Dean et al.,
2003). NL1-3 are alternatively spliced at a single conserved position (site A), and NL1 can be
spliced at a second site (site B) (Ichtchenko et al., 1996; Boucard et al., 2005). NLs form
dimers through their extracellular domain (Comoletti et al., 2003), and this dimerization is

required for the association with neurexins (Dean et al., 2003).

NL and NX interact with each other through their extracellular domain. This
interaction takes place between the acetylcholinesterase-like domain of NL and the
membrane-proximal LNS domain of NX (the sixth LNS domain in a-NX and the only one in
B-NX) (Krueger et al., 2012). The details of the interaction between NX and NL have been
elucidated by the analysis of crystal structures of NX-NL complexes. NLs create a central
dimer and two NX monomers bind to two identical surfaces of the NL dimer to form a
heterotetramer (Arac et al., 2007; Comoletti et al., 2007; Fabrichny et al., 2007). The binding
between NX and NL is Ca**-mediated and can be modulated by pH or ionic strength (Chen et
al., 2007; Reissner et al., 2008).
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In rodents, there are four NLs isoforms, NL1-4 (Ichtchenko et al., 1995; 1996; Jamain
et al., 2008) whereas in humans, there are five, NL1-3, NL4X and NL4Y (Jamain et al.,
2003). Localization of NL1-3 mRNA by in situ hybridization demonstrated a ubiquitous
expression throughout the brain (Varoqueaux et al., 2006). This mRNA expression, like the
expression of NL4 protein, is detectable from the early postnatal stages until adult stages
(Varoqueaux et al., 2006; Jamain et al., 2008). Interestingly, the NL isoforms in rodents are
localized to different subtypes of synapses. NL1 is localized specifically to glutamatergic
synapses (Song et al., 1999), whereas NL2 is present at inhibitory synapses (Varoqueaux et
al., 2004). The distribution of NL3 is still unclear. It has been show that this isoform can be
present at excitatory and inhibitory synapses in cultured neurons (Budreck and Scheiffele,
2007; Levinson et al., 2010), but no in vivo data have been published to support this. The
distribution and the function of NL4 have not yet been studied at central nervous system

synapses.

To understand the function of the NL-NX complex, several studies involving
overexpression of NLs in non-neuronal cells showed that NLs induce the formation of pre-
synapses in contacting co-cultured neurons (Scheiffele et al., 2000; Graf et al., 2004). In
cultured neurons, overexpression of NXs and NLs induces an increase in synapse number
(Prange et al., 2004; Chubykin et al., 2007). However, the analysis of triple knockout mice
lacking all three a-NXs (Missler et al., 2003) or NL1-3 (Varoqueaux et al., 2006) did not
reveal any dramatic changes in synapse numbers in the brain in vivo. Rather, genetic deletion
of NL1-3 impaired synapse function by reducing GABAergic/glycinergic and glutamatergic
synaptic transmission in the brainstem (Varoqueaux et al., 2006). These findings indicated
that the NX-NL complex is not essential for synapse formation but crucial for synapse
maturation. Accordingly, single deletion of NL1 impairs spontaneous excitatory postsynaptic
currents (EPSCs) (NMDA and AMPA receptor) (Chubykin et al., 2007; Mondin et al., 2011),
(Shipman et al., 2011) and the lack of NL2 resulted in a reduction of IPSCs (Chubykin et al.,
2007; Fu and Vicini, 2009; Poulopoulos et al., 2009; Jedlicka et al., 2011); (Gibson et al.,
2009). On the other hand, overexpression of NL1 or NL2 in vitro induces an increase of
NMDAR EPSCs (Chubykin et al., 2007; Ko et al., 2009) and IPSCs, respectively (Hines et
al., 2008; Fu and Vicini, 2009). These data indicate that NLs are important for synapse

maturation, plasticity and maintenance (Krueger et al., 2012).
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All NL isoforms contain a C-terminal intracellular domain that consists of a conserved
cytoplasmic PDZ-binding motif that is able to recruit postsynaptic scaffold proteins such as
PSD-95, synaptic scaffolding molecule (S-SCAM) and thus, indirectly, glutamate receptors
(Figure 1.1) (Baudouin and Scheiffele, 2010; Krueger et al., 2012). At inhibitory synapses,
NLs can recruit the inhibitory scaffolding protein gephyrin and collybistin, and, through the
activation of this complex, GABA,R and GlyR (Figure 1.1) (Meyer et al., 1995; Graf et al.,
2004; Poulopoulos et al., 2009). The NX-NL complex also plays a role in synapse
stabilization, physically stabilizing the nascent synapse (Chen et al., 2010; Arstikaitis et al.,
2011). The early interaction between 3-NX and NL1 can recruit further NL.1 molecules that
diffuse in the plasma membrane (Barrow et al., 2009), which in turn stabilizes dendritic
filopodia (Chen et al., 2010; Arstikaitis et al., 2011). The scaffolding protein PSD-95 is then
recruited to sites of contact between -NX and NL1 by a conserved cytoplasmic PDZ-binding
motif present in all NLs (Figure 1.1) (Irie et al., 1997; Hirao et al., 1998; Meyer et al., 2004;
Heine et al., 2008; Barrow et al., 2009; Mondin et al., 2011). NL1 and PSD-95 are mutually
dependent with regard to their localization, since the knockdown of PSD-95 decreases NL1 at
the synapse (Levinson et al., 2010). The binding of NL1 to PSD-95 induces the recruitment of
functional AMPARSs by trapping them from the membrane diffusible AMPAR pool. The
clustering of receptors at the postsynapse probably involves auxiliary proteins associated with
AMPARs, such as stargazin (Figure 1.1) (Heine et al., 2008; Mondin et al., 2011).
Interestingly, NMDARSs are recruited to the synapse by a mechanism that does not involve
PSD-95 but instead depends on NMDARs pre-clustered with NL1. This mechanism involves
PDZ-domain scaffolding proteins such as S-SCAM (Figure 1.1) (Barrow et al., 2009). In
certain experimental settings, the B-NX-NL1 complex is sufficient to recruit AMPARs and

NMDARSs to the nascent synapses and to contribute to their maturation.
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Figure 1.1: Synaptic organization of neurexin neuroligin interactions at (a) excitatory
synapses and (b) inhibitory synapses (adapted from Krueger et al., 2012). The neurexin
neuroligin bridging is shown in yellow (neurexin) and red or green (neuroligin). The
scaffolding proteins that interact with neuroligin are shown in purple, pink, blue and brown.
Abbreviations: AMPAR, AMPA receptor; Cb, collybistin, GAGAAR, GABA, receptor; NL,
neuroligin, NMDAR, NMDA receptor; NX, neurexin; PDZ, PSD-95/disc-
large/zonaoccludens-1 domain; PSD-95, postsynaptic density protein of 95 kDa; S-SCAM,
synaptic scaffolding molecule; VIAAT, vesicular GABA/glycine transporter; VGIuT,
vesicular glutamate transporter.

At inhibitory synapses, the interaction between NXs and NL2 induces clustering of
NL2 (Papadopoulos et al., 2008), which then leads to recruitment of the inhibitory scaffolding
protein gephyrin (Figure 1.1) (Graf et al., 2004). NL2 is further capable of interacting with an
intracellular membrane protein called collybistin, which binds and accumulates gephyrin at
the synapses (Papadopoulos et al., 2008; Poulopoulos et al., 2009). The complex formed by
NL2-gephryin-collybistin can recruit GABA,Rs and GlyRs to the inhibitory postsynaptic
membrane for synaptic maturation (Figure 1.1). NL2 can also cluster GABA,R at synapses in
the absence of gephyrin or collybistin, but the underlying mechanism is still unknown (Dong
et al., 2007; Fu and Vicini, 2009; Hoon et al., 2009). The NL2-gephyrin-collybistin complex
was observed at inhibitory perisomatic synapses (Figure 1.2) (Poulopoulos et al., 2009) and
on inhibitory axo-dendritic synapses. NL2 can bind the scaffolding protein S-SCAM, which
in turn can recruit -dystroglycan (Figure 1.2) (Sumita et al., 2007). Indeed, GABA,R
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subtypes differ between perisomatic and dendritic synapses, and P-dystroglycan could play a
key role in the GABA R clustering at different synapses (Panzanelli et al., 2011). NL2 is not
present at all inhibitory postsynapses, and for some synapses, such as the inhibitory distal
axo-dendritic synapses in pyramidal cells, loss of NL2 does not affect their function (Gibson
et al., 2009). It is possible that other NL isoforms or some other adhesion molecules are

involved in the formation and function of these synapses.
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Figure 1.2: Schematic diagram of the anatomical connectivity with the neuroligins (NLs)
isoforms present at each synapse between pyramidal cells (grey) and selected interneuron
subtypes (pink and green) within the CA3 network.

Concerning NL3, the density of synapses and their physiological function have been
studied using NL3 knockout mice, and no changes were observed in synapse number or

synaptic transmission in the hippocampus and the barrel cortex (Tabuchi et al., 2007).

These studies cumulatively indicate that although NX-NL complexes are sufficient to
trigger synapses formation in vitro, they are not essential for synapse formation in vivo, where
they may be more relevant for the maturation and maintenance of synapses (Ichtchenko et al.,

1996; Irie et al., 1997, GARNER et al., 2002).
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1.4.3 Role of neuroligins at mature synapses

In addition to its role in synapse development, the NX-NL complex is believed to be
functionally important for mature synapses. In the amygdala, during normal development and
plasticity, NMDAR-mediated transmission is dependent on NL1 (Kim et al., 2008; Jung et al.,
2010). Further, the deletion of NL1 impairs LTP in the CAl region of the hippocampus
(Blundell et al., 2010; Dahlhaus et al., 2010). The deficit of NL1 in the amygdala of rat is
accompanied by behavioral deficits in learning and memory (Kim et al., 2008), and a deficit

was observed in a memory task in the NL1 knockout mice (Blundell et al., 2010).

1.4.4 Role of neuroligins in neurodevelopmental disorders

Mutations in the NL3 and NL4 genes have been identified in patients with ASD,
Asperger syndrome and mental retardation (Jamain et al., 2003; Laumonnier et al., 2004; Yan
et al., 2005). In one family, a single amino acid substitution was observed in NL3, which
modifies an arginine residue into a cysteine (R451C) in the extracellular domain of the
protein (Jamain et al., 2003). This mutation has been shown to induce the partial retention of

the protein at the endoplasmic reticulum (Jamain et al., 2003; Comoletti et al., 2004).

While to date only one mutation in NL3 has been directly associated with autism, at
least ten separate mutations in the NL4 gene were linked to ASDs (Jamain et al., 2003;
Laumonnier et al., 2004; Yan et al., 2005; Zhang et al., 2009). One of these mutations is a
frameshift mutation (1186insT) that induces a premature termination of the protein (Jamain et
al., 2003). Several other studies highlighted missense mutations in the acetylcholinesterase
and cytoplasmic domains (Yan et al., 2005). Another study found that a two base pair deletion
of the NL4 gene was discovered in ASD patient, and this mutation led to a truncation of the
C-terminal transmembrane domain (Laumonnier et al., 2004). A further study based on a NL4
human mutation (R87W) associated with classical ASD showed that this mutation induced
the retention of the NL4 protein in the endoplasmic reticulum in non-neuronal cells and
neurons, and this abolished the functionality of NL4 in synapse formation and function
(Zhang et al., 2009). Finally, one NL4 mutation was found in a case of mental retardation

without any correlation with ASD (Laumonnier et al., 2004).
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Overall, mutations in NL3 and NL4 explain less than 0.1% of all ASD diagnoses
(Jamain et al., 2003; Laumonnier et al., 2004; Vincent et al., 2004; Gauthier et al., 2005; Yan
et al., 2005; Buxbaum, 2009). Interestingly, however additional genes encoding synaptic
proteins seem to be mutated in ASD (Persico and Bourgeron, 2006; Sudhof, 2008; Bourgeron,
2009), including the genes encoding the postsynaptic scaffolding proteins SHANK?2 and
SHANK3 (Durand et al., 2007; Berkel et al., 2010), as well as members of the presynaptic
neurexin family (Kim et al., 2008; Gauthier et al., 2011). These findings imply that
abnormalities in synapse development and function may be a common mechanism in ASDs,
and that the study of synaptic proteins, and particularly of NL4, is likely to provide useful

insights into the general principles underlying autism.

1.4.5 Role of neuroligins in ASD using animals models

Further insights into the role of neuroligins in ASD can be obtained by using NL
mutant mouse models to assess the effect of alterations in NL expression on morphological,

physiological and behavioral phenotypes related to autism.

One such model is the NL3 knockout mouse. These mice showed a deregulation of
ultrasound vocalization, as well as a lack of social novelty preference that is characteristic of
some forms of ASDs (Radyushkin et al., 2009). Moreover, A NL3 Arg451Cys (R451C)
knock-in mouse was generated to mimic the NL3 mutation described in individuals with an
ASD (Tabuchi et al., 2009). Interestingly, this mutation was found to be a NL3 gain of
function mutation in mouse (Tabuchi et al., 2009). These mice showed an impairment in
social interaction (Tabuchi et al., 2009), an increased synaptic inhibition in the somatosensory
cortex and strikingly, as well as an enhancement of excitatory synaptic transmission and a
change in the glutamate receptor composition of synapses in the hippocampus, together with
an increase in the branching in the stratum radiatum (str. rad) of the hippocampus CAl
region (Tabuchi et al., 2007; Etherton et al., 2011). These findings provided the first evidence
that a NL mutation can act by different mechanisms at different synapses, depending on the

synaptic context.
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Like the NL3 mutant mice, NL4-KO mice provide a valuable model for studying the
role of NL4 in autism-related phenotypes. Indeed, NL4-KO mice show selective perturbations
in social interaction and ultrasonic vocalizations, which are thought to mimic the impairments
in social interaction and social communication observed in ASDs (Jamain et al., 2008). By
Western blot, it was observed that the NL4 protein is expressed everywhere throughout the
rodent central nervous system, and that the total volume of the brain, especially of the
brainstem and the cerebellum, is slightly decreased in the NL4-KO mice (Jamain et al., 2008).
The expression level of NL4 protein in the central nervous system is substantially lower than
that of the three others isoforms, making up only 3% of the total NLs in adult mice
(Varoqueaux et al., 2006). However, prior to this thesis work, the detailed localization of the
NL4 protein in the central nervous system, as well as the consequences of NL4 deletion on

synapse density and physiology, was unknown.

The NL4 gene is conserved in most vertebrates, but the mouse NL4 gene is highly
divergent from other species, although it maintains the same properties, such as its ability to
bind NX (Bolliger et al., 2008). This phenomenon may be explained by the fact that NL4 is
less stringently controlled by evolution, since the NL4-KO has rather mild consequences,

even in humans where its loss causes comparatively moderate neurodevelopmental deficits

(Bolliger et al., 2008).

In summary, the function of NL4 in the brain is still rather enigmatic. Indeed, no in
vivo studies have been performed so far to determine the localization and synaptic distribution
of NL4 in the brain, and even less is known concerning the effects of the deletion of NL4 on

synapse, neuron and brain function.

1.5 Aim of the present study

The primary aim of the present study was to explore the specific expression and
distribution of NL4 in the central nervous system, and to examine the role of this protein in

the establishment, function and maintenance of neural networks.

Specifically, the localization of NL4 in the rodent brain was studied using

immunostaining methods and the functional consequences of NL4 deletion in mice were
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examined, focusing on those brain regions that are relevant for the study of autism. In
different brain areas, the effects of NL4 loss on synapse density and the levels of others
synaptic proteins were investigated. Moreover, the involvement of NL4 in modulating neural

network function was studied in the hippocampus.

Taken together, this study is the first to investigate the localization and the role of NL4

in a morphologically intact model system.
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2. Materials and Methods

2.1 Animals

For this study, neuroligin 4 knockout (NL4-KO) mice and wild type (WT) littermate
controls (Jamain et al., 2008) were used and bred on a C57BL/6 background in the animal
facility of the Max Planck Institute for Experimental Medicine. Mice used in experiments
were age and sex matched. Tail biopsies were taken from each animal used in experiments to
ensure correct allocation of genotype. This investigation was carried out in agreement with
the guidelines for the welfare of experimental animals issued by the Federal Government of

Germany and the Max Planck Society.

2.2 Immunohistochemistry

2.2.1 Tissue Preparation

Immunohistochemistry was carried out on 8 to 12 week old WT and NL4-KO mice.
Animals were deeply anesthetized with Isofluorane (DeltaSelect) and then rapidly
decapitated. The whole brain was removed carefully from the skull. For spinal cord
dissection, hydraulic expulsion was used (Chéry and de Koninck, 1999). Briefly, the spinal
cord was expelled out of the lumbar region using a syringe containing phosphate buffered
saline (PBS). Sections of the extracted spinal cord were taken from the thoracic part to the

sacral part.

Spinal cord and brain were then quickly frozen in a -35°C isopentane bath (Carl-Roth). Brains
were subsequently mounted on a specimen disc and embedded in Tissue-Tek® using a
cryostat (Leica), and sagittal or coronal brains sections (14 pum) were cut. The sections were

directly mounted on glass slides and dried for 30 min at room temperature.
Fixation was performed using two different methods. In order to label postsynaptic

proteins, slides were submerged in a -20°C methanol bath for 5 min (Schneider Gasser et al.,

2006). In order to co-label post- and presynaptic proteins, the sections were immersed in 4%
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paraformaldehyde (PFA, SERVA Electrophoresis) in 0.1 M PB for 10 min and then heated to
95°C for 30 min in a sodium citrate buffer (10 mM Sodium Citrate, 0.05% Tween 20, pHS8)
(Papadopoulos et al., 2008). Each antibody was tested with both methods and thereafter used
with the method yielding the better specific staining.

2.2.2 Immunostaining

Following fixation and subsequent washing steps, the sections were blocked with 5%
goat serum and 0.1% Triton X-100 (Roche Applied Science) for 1 h at room temperature.
This blocking solution was also used for the primary and secondary antibody incubations. The
dilutions that were used for the primary and the secondary antibodies are indicated in Table
2.1 and Table 2.2. Incubation of the primary antibodies was carried out at 4°C overnight,
followed by incubation with secondary antibodies for 2 h at room temperature, with 3 x 5 min
washes using PBS between every step. Lastly, sections were mounted using a water based-

mounting medium (Polysciences Inc.).

2.2.3 Image capture and analysis

Global NL4 localization in the brain was characterized by capturing low-
magnification brain overview images with a binocular (Leica MZ16) (Figure 3.1, 3.2, 3.3).
High magnification single-plane confocal images were recorded using a TCS-SP2 or TCS-
SP5 inverted confocal microscope (Leica Microsystems) and taken with a 63X objective (N.A
1.4). A digital zoom factor of 1 was used for protein localization within a brain region area,
while a zoom factor of 8 was used for the high magnification images that were necessary for
synaptic quantification or analysis of colocalization with other synaptic markers.

The figures presented in this work were processed using Photoshop CS5 (Adobe). The
only modification from the original data was to readjust the brightness, contrast and tonal
range of the images. The same settings were always applied to matched pairs of WT and

NL4-KO mice.

For quantification and colocalization experiments, images were processed using Image

J (http://rsbweb.nih.gov/ij/) (Figure 2.1). For each picture, a threshold was first defined to

generate a binary image. This threshold was defined by determining two points from a
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histogram illustrating the distribution of the pixel intensity. The first point, B, was the
background pixel intensity (defined as the intensity with the largest number of pixels). The
second point, M, was the maximum pixel intensity. The following mathematical formula was

then applied to calculate the individual image threshold:

Threshold = B + ((M-B) x Factor)

The factor present in the formula was defined based on empirical initial observations,

but always remained the same across experiments for a given antibody labeling.

Once the binarized images had been obtained, an algorithm called Watershed
Segmentation was applied, which automatically separates particles that are touching after
application of the threshold. Finally, the command ‘Analyze Particles’ was used to count the
number of particles per image that were considered to be synapses. A synapse was defined to

be a particle that consisted of 30 or more adjoining pixels (1.75 pum).

For colocalization experiments, the threshold was evaluated separately for each
channel (488 or 555 nm) according to the method describe above. An Image J plugin called
Colocalization was used. This plugin made it possible to manually set the threshold for every
channel. Pixels were considered to be colocalized if the intensity value in both channels
corresponded to the value of the threshold or higher. Colocalized pixels were indicated in
white on the image, with the maximum intensity value for an 8 bit image (255). The number

of colocalized particles consisting of at least 15 adjoining pixels was counted.

Since the number of synaptic puncta in many images was very high, a certain number
of puncta were likely to colocalize by random coincidence. To control for this effect, one of
the images (488 or 555 nm channel) was rotated by 90°, and the number of randomly
colocalized particles was determined as above. To obtain the final number of colocalized
particles, the number of colocalized particles due to random coincidence after rotation was

subtracted from our obtained calculated value to assess the true colocalization.
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A. Determination of the threshold

B M

Threshold = B + ((M-B) X factor)

threshold

0

Count: 262144 Min: 1
Mean: 22.212 Max: 255

B. Number of cluster per picture

gephyrin puncta in hippocampus CA1
str. I-m

Figure 2.1: Quantification of puncta numbers and percentage of colocalization between
two synaptic markers. (A) Histogram of the pixel intensity distribution used to set a
threshold (left) with the mathematical formula used to calculate this threshold (right). (B)
Illustration of the method used for puncta quantification. Single channel images were
binarized according to the threshold set above, and particle numbers were then evaluated. (C)
illustration of the method used for colocalization of two channels. Both channels are binarized
according to the threshold set previously. Subsequently, the two channels are merged, and a
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binarized image is generated from the merged image. This binarized image includes all pixels
that are positive in both individual channels in the same location of the image.

2.3 SDS PAGE and Western immunoblotting

2.3.1 Preparation of the homogenate

Mice were sacrificed by rapid decapitation, brains were removed from the skull and
placed in ice-cold high sucrose dissection buffer (87 mM NaCl, 2.5 mM KCI, 1.25 mM
KH,PO,; 25 mM NaCO,, 0.5 mM CaCl,, 7 mM MgCl,, 75 mM Sucrose, 10 mM Glucose, 1.3
mM ascorbic acid, supplemented with protease inhibitors, Calbiochem). The brains were then
transferred into a mouse brain matrix (Braintree Scientific) and 1 mm coronal sections were
sectioned and immediately frozen on dry ice. The brain sections were then thawed and
specific regions of interest were rapidly isolated (somatosensory cortex, hippocampus,
striatum and brainstem). The brain regions were then frozen in liquid nitrogen and stored at -
80°C until they were homogenized in SDS lysis buffer (containing 1% protease inhibitors)

using an all-glass dounce homogenizer (0.013-0.064 mm clearance, Kontes Glass Co.).

2.3.2 SDS-PAGE and immunoblotting

Total protein concentration of each brain sample was determined using a BCA assay
(Pierce). A protein concentration corresponding to 5-10 ug per sample was loaded for SDS-
PAGE. Proteins were denatured by heating to 95 °C in Laemmli buffer (2% SDS, 62.5 mM
Tris, 10% glycerol, 1% [(-mercaptoethanol, 0.01% bromophenol blue, pH 6.8) for 5 min.
Samples were resolved on 10% SDS-PAGE gels, transferred onto nitrocellulose membranes
by wet transfer and stained for total protein using a Memcode assay (Pierce). After evaluation
of the total protein concentration per sample, nitrocellulose membranes were blocked in 50%
LiCor blocking buffer (LiCor Biosciences) in PBS for 1 h and were incubated with primary
antibodies in primary antibody dilution buffer (50% LiCor blocking buffer and 0.1% Tween-
20 in PBS) under agitation at 4°C overnight. After washing using 0.1% Tween-20 in PBS,
membranes were incubated with secondary antibodies in secondary antibody dilution buffer
(50% LiCor blocking buffer, 0.1% Tween-20 and 0.01% SDS in PBS) under agitation for 1 h
at room temperature. Blots were then washed as previously and scanned on an Odyssey

Infrared Imager (LiCor Biosciences). Signal intensity for each sample was quantified using
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the Odyssey 2.0 software. Sample intensity value was normalized to the total protein loading
value of that sample lane by comparison to the Memcode assay data. In addition, results were

then normalized to the average blot value to correct for the variance between blots.

2.4 Antibodies

2.4.1 Primary antibodies

Table 2.1: Primary antibodies used for this project: ‘Antigen’ refers to the protein against
which the antibody was raised. ‘Type’ refers to whether the antibody was polyclonal (i.e.
containing a heterogeneous complex mixture of antibodies of different affinity) or
monoclonal (i.e. a obtained from a single hybridoma cell line and therefore containing only
antibodies with an identical epitope affinity). ‘Host’ refers to the species from which the
antibody was taken via serum (for the polyclonal antibodies) or immune cells (for the
monoclonal). The columns ‘immunohistochemistry’ (IHC) and ‘western blots’ describe the
working dilution used for each type of experiment in this study. The last column gives the
name of the company from which the antibodies were purchased.

Antigen Type Host IHC Western ~ Company
Blot

NL4 Polyclonal Rabbit 1/1000  1/2000

Gephyrin Monoclonal Mouse 1/1000 Synaptic Systems
(3bl11)

PSD-95 Monoclonal Mouse 1/3000 Neuromab
(K28/43)

GlyR Monoclonal Mouse 1/600 Synaptic Systems
(mAb4a)

GlyRal subunit Monoclonal Mouse 1/800 Synaptic Systems
(mAb2b)

GABAaRy2 Polyclonal Guinea  1/3000 Kindly provided by

subunit Pig Prof. Dr. Fritschy

GluR6/7 subunit Monoclonal Rabbit 1/1000 Millipore
(NL904)

GluA2 Monoclonal Mouse 1/1000 Millipore
(6C4)

GIuN1 (NMDA- Monoclonal Mouse 1/1000 Synaptic Systems
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Receptor 1) (M68)

VIAAT Polyclonal Guinea  1/500 Synaptic Systems
Pig

VGIuT1 Polyclonal Guinea  1/2000 Synaptic Systems
Pig

VGIuT2 Polyclonal Guinea  1/1000 Synaptic Systems
Pig

2.4.2 Secondary antibodies

Table 2.2: Secondary antibodies used in this study

Antigen Conjugated dye Host IHC Westerns Blots Company
Alexa fluor 488 nm or

Rabbit Goat 1/1200 Molecular Probes
555 nm
Alexa fluor 488 nm or

Mouse Goat 1/1200 Molecular Probes
555 nm
Alexa fluor 488 nm or

Guinea Pig Goat 1/1200 Molecular Probes
555 nm

Rabbit Alexa fluor 680 nm Goat 1/2000 Invitrogen

Mouse IRDye 800CW Goat 1/2000 Rockland

2.5 Electrophysiology

2.5.1 Preparation of acute slices

Postnatal day 18-23 mice (P18-23) were anesthetized with Isofluorane (DeltaSelect)
and decapitated. Brains were removed from the skull and placed into an ice-cold sucrose-
based slicing solution (230 mM Sucrose, 26 mM NaHCO;, 2 mM KCI, 1 mM KH,OP,, 1 mM
MgCl,x6H,0, 10 mM Glucose, 0.5 mM CACIL,) and oxygenated with carbogen gas. Axial
brain sections (400 um thick) were obtained using a vibratome (Leica VT1200S). During the

cutting procedure, the tissue was oxygenated with carbogen and immersed in ice-cold

40



Materials and Methods

sucrose-based solution. The sections were transferred to a holding chamber and maintained
under interface conditions with recording solution (ACSF: 120 mM NaCl, 26 mM NaHCO;, 1
mM KH,PO,, 2 mM KCI, 2 mM MgCl,x6H,0, 10 mM Glucose, 2 mM CaCl,). Before

recording, sections were allowed to recover for 1 h.

2.5.2 Gamma oscillations under interface conditions

After slicing, brain sections were kept floating on the surface of the extracellular
recording solution saturated with carbogen gas. Network activity was evaluated by recording
extracellular field potentials. Hippocampal slices were placed in an interface recording
chamber (BSC-BU Base Unit with the BSC-HT Haas Top, Harvard Apparatus). Slices were
placed on a nylon mesh at the interface of a stream of extracellular recording solution and a
stream of warm, moist carbogen gas. The temperature of the stream was controlled to be at
33°C. Extracellular recording electrodes with a resistance between 1.5-2.5 MQ2 were filled
with extracellular recording solution and placed in the hippocampal pyramidal cell layers of
CA3 and CAI. Extracellular field potentials were recorded with a 700B amplifier (Axon,
Molecular Devices) and the Digidata 1440 A data acquisition system (Axon, Molecular
Devices). During the recordings, a Bessel filter at 3 kHz and a gain of 100 was applied. To
induce gamma oscillations, 100 nM kainate was applied in extracellular recording solution.
Oscillatory activity could be recorded 10 min after the start of kainate application. For each
slice, baseline field potentials were recorded for 30 min during ACSF application, followed
by recording of gamma-oscillation field-potentials during application of ACSF + 100 nM
kainate for 30 min. Data were analyzed using Axograph X software (Axon Instruments).
Traces were filtered at 100 kHz and the power spectrum was calculated for 10-min epochs
(last 10 min of each recording) of recorded field activity. The baseline power spectrum was
subtracted from the power spectrum induced by kainate. Frequency and the power of the
maximum peak were evaluated. The value determined by the peak in the power spectrum was

calculated according to the gamma oscillatory frequency band (25 — 45 Hz).

2.6 Statistics

Statistical analyses were performed using unpaired, two-tailed Student’s T-test.

Variance is expressed as the standard error of the mean.
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3. Results

3.1 Optimization of NL4 immunohistochemistry

In order to detect NL4 in the CNS, we generated an anti-NL4 rabbit polyclonal
antibody. The antibody is targeted against the extracellular fragment of NL4 between the
esterase domain and the transmembrane domain (Jamain et al., 2008). The specificity of the
antibody was tested by comparing the labeling obtained from WT brain and spinal cord
sections with corresponding samples from the NL4 deletion mutant. A detection threshold
was set for each brain region in order to eliminate any remaining non-specific background as
seen in the NL4-KO mice. Using this procedure, conditions were obtained in which
immunohistochemical NL4 staining was reproducibly observed in the different brain regions
of the WT but not in the NL4-KO control (see methods Materials and Methods, section 2.2).
As illustrated in Figure 3.1, the antibody conditions used for this project allowed for specific
and reproducible staining in the WT that was not detected in the KO sections (Figure 3.1 A-
O).
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Figure 3.1: Immunoreactivity of neuroligin 4 in the brain (A) and the spinal cord (B-C).
(A) Sagittal section of an adult mouse brain immunostained for NL4; showing that NL4 is
widely immunoreactive throughout the brain. NL4 staining is more intense in some areas €.g.
the brainstem. This staining is absent in the NL4-KO mouse (inset). (B) NL4 is also
immunoreactive in the spinal cord, except for the most superficial laminae of the dorsal horn.
Again, NL4 staining is absent in NL4-KO. (C) Under high magnification, punctate NL4
staining is observed in the spinal cord, reminiscent of the staining pattern observed with
classical synaptic labeling. Puncta observed in WT mice are absent in NL4-KO mice,
indicating specific NL4 staining.

Scale bars: A and B =500 pm, C =1 pm

3.2 Distribution of neuroligin 4 in the brain

NL4 mapping is a crucial step in understanding the role and function of the protein in
the CNS. In the mouse CNS, NL4 is detected in spinal cord, superior colliculus, thalamus,
substantia nigra, brainstem, hippocampus, and cortex at different degrees of intensity (Figure
3.1A). In contrast, no specific staining was detected in the olfactory bulb, cerebellum (Figure
3.1A) and amygdala (Figure 3.2D). The highest labeling of NL4 in the brain is observed in
the brainstem (Figure 3.1A). The protein is widely immunoreactive in the spinal cord within
laminae II to X (Figure 3.1B). At high magnification, NL4 labeling appears to be clustered in
the brainstem (Figure 3.1C).
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Bregma 0.38 mm@linteraural 3.70 mm Bregma -0.10 mmj@interaural 2.86 mm Bregma -0.94 mm

; |
Bregma -1.58 m . Bregma -2.92 mm@linteraural -2.32 mm Bregma -6.12 mm
Figure 3.2: NL4 distribution in coronal brain sections. (A-E) NL4 labeling is detectable in
the cortical layer IV with increased intensity in the primary somatosensory cortex that
corresponds to the barrel field (B-D). NL4 is present in the basal ganglia, and specifically in
the ventral pallidum (A), globus pallidus (B) and the substantia nigra (E). In the hippocampus
(D), NL4 is present in CAl, more precisely in the stratum lacunosum moleculare. The
strongest staining intensity was found in the brainstem (F), where NL4 is widely
immunoreactive.
Abbreviations: VP, ventral pallidum; LGP, lateral globus pallidus; S1BF, primary
somatosensory cortex barrel field; str. I-m, CA1 stratum lacunosum moleculare; Rt, reticular
thalamic nucleus; VPL, ventral posterior nucleus; SNR, substantia nigra reticular part.
Interaural and Bregma refer to the stereotaxic coordinate of each brain (Franklin, 2001).
Scale bar = 500 pm

NL4 protein immunoreactivity differs depending on the specific brain region
examined (Figure 3.2). In the cortex, NL4 is localized primarily to layer IV, with a
particularly prominent staining in the barrel field in layer IV of the primary somatosensory
cortex (Figure 3.2A-D). In the hippocampus, NL4 is labeled mainly in a specific layer of

CAl, the stratum lacunosum moleculare (str. I-m) (Figure 3.2D). Interestingly, NL4 is also
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localized to a group of nuclei that belong to the basal ganglia; indeed the protein is
immunoreactive in the ventral pallidum (VP) (Figure 3.2A), lateral globus pallidus (LGP)
(Figure 3.2B-C) and substantia nigra (SNR) (Figure 3.2E). NL4 protein is also present in
some thalamic nuclei such as the reticular thalamic nucleus (Rt) and the ventral posterior
nucleus (VPL) (Figure 3.2C-D). In the brainstem, NL4 labeling is ubiquitous (Figure 2F) and

has the strongest staining intensity compared to the rest of the brain (Figure 1A).

3.2.1 Specific synaptic localization of NL4

Earlier studies have shown that in the brain, the NL1 isoform is specifically localized
at excitatory postsynapses (Song et al., 1999) and the NL2 isoform is specifically localized at
inhibitory postsynapses (Varoqueaux et al., 2004). However, the synaptic localization of NL4
remains to be defined, and this knowledge is necessary to understand the function of the

protein.

For our synaptic localization experiments, four different brain regions were chosen
according to the NL4 staining specificity and intensity, the types of synapses present and the
potential correlation to behavioral deficits relevant to autism. (1) The barrel cortex was
selected for the specificity of the staining, and because it is a useful model system to
investigate plasticity in primary sensory cortex. (2) The CA1 str. [-m of the hippocampus was
selected for the specific NL4 labeling, the well-studied synaptic architecture and the role in
behaviors such as memory consolidation. Finally, (3) the globus pallidus and (4) the
brainstem were selected because they both strongly express NL4 and mainly contain
inhibitory synapses, and recent work showed that NL4 plays a functional role at glycinergic

synapses in the retina (Hoon et al., 2011).

A series of colocalization experiments were carried out with postsynaptic scaffolding
proteins to determine if NL4 is specifically segregated to certain synaptic subtypes.
Gephyrin was used as a marker for inhibitory postsynapses and PSD-95 as a marker for
excitatory postsynapses. For the majority of the brain regions, the global pattern of NL4
immunoreactivity resembled that of gephyrin labeling, indicating inhibitory synaptic

localization (Figure 3.3).
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A globus pallidus

gephyrin

B somatosensory primary cortex
gephyrin

C hippocampus
gephyrin

D brainstem
gephyrin

Figure 3.3: NL4 localization matches gephyrin labeling. Comparison of
immunofluorescence detection of NL4 (green) with gephyrin (GABAergic postsynaptic
marker) (red) and PSD-95 localization (glutamatergic postsynaptic marker) (blue). (A) NL4
immunoreactivity in the globus pallidus matches that of gephyrin, indicating that NL4 is
immunoreactive preferentially in the same regions as gephyrin. The PSD-95 labeling in this
region is weaker compared to the caudate putamen. (B) In the cortex, PSD-95 labeling is
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ubiquitous in the entire cortical layers, whereas gephyrin and NL4 labeling is observed
predominantly in the barrel cortex. (C) The CA1l stratum lacunosum moleculare strongly
contains NL4 and gephyrin, while the same layer in CA3 contains only gephyrin. PSD-95 is
strongest in CA1 stratum oriens and radiatum. (D) In the whole brainstem, NL4 and gephyrin
labeling also match in terms of intensity and localization, whereas PSD-95 staining is weaker.
Scale Bar: 500 ym

In the globus pallidus (Figure 3.3A), the NL4 labeling matched precisely with the
gephyrin localization. In contrast, the PSD-95 labeling was weaker in this region, especially
compared to the caudate putamen, which strongly contains the excitatory synapse scaffolding
protein. In the layer IV of the primary somatosensory cortex (Figure 3.3B), gephyrin and NL4
are labeled in the barrel field, whereas PSD-95 immunoreactivity is present in all cortical
layers. In this area, NL4 labeling overlaps with both PSD-95 and gephyrin staining. In the
hippocampus (Figure 3.3C), the NL4 localization did not correspond with the strongest
PSD95 labeling, which is higher in the str. or and str. rad of CA1, whereas NL4 is weakly but
widely labeled in the whole hippocampus with the strongest intensity in CA1 str. [-m. The
NL4 immunoreactivity matches with that of gephyrin staining, but interestingly, gephyrin is
labeled in the CA3 str. [-m whereas NL4 is not. In the brainstem (Figure 3.3D), NL4 shares
the same pattern of immunoreactivity as gephyrin. PSD-95 labeling was found to be relatively
weak in the whole brainstem compared to the forebrain areas. Some sparse immunoreactivity

was found in the brainstem, but this did not colocalize with the NL4 labeling.

Having observed colocalization between NL4 and gephyrin in all brain regions
studied, it was crucial to know whether NLL4 was present at inhibitory synapses and therefore
colocalized with gephyrin at single synapses. Here, high magnification images of single
synaptic density clusters or puncta were captured using the same postsynaptic scaffolding

proteins as markers as described above.

The first observation at this magnification (63X zoom 8) was that the pattern of NL4
labeling differs noticeably from one brain region to the other. Indeed, in the barrel cortex and
the hippocampus (Figure 3.4A and B), the staining is much more diffuse and corresponds
more to small puncta rather than dense clusters. In contrast, in the brainstem and the globus
pallidus (Figure 3.4C and D) the NL4 staining corresponds to dense dispersed clusters.

In the barrel cortex (Figure 3.4A), 72% + 11.51% of NL4 puncta colocalize with PSD-95,
whereas only 29.45% + 5.7% of the NL4 clusters are localized with the gephyrin puncta.
Gephyrin and NL4 in the somatosensory cortex are both localized specifically in layer IV of
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cortex, whereas the PSD-95 staining was found in all the cortical layers (Figure 3.3A). Thus,
the overlap of NL4 and gephyrin immunoreactivity at the global level does not necessarily
predict a colocalization at the synaptic level, emphasizing the importance of NL4 localization

at this level.
NL4 colocalized in the bar-
’ rel Cortex with
o PSD-95 | gephyrin
% 72.35 29.45
- SEM | 11.51 5.7
NL4 colocalized in the str.
I-m with
e PSD-95 | gephyrin
il % | 48.64 | 55.32
SEM | 4.52 9.89
{0 ; NL4 colocalized in the glo-
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T - SEM | 6.45 6.02

A barrel cortex
NL4

. % .
=
«Q
(]
2
& E

(o)

hippocampus CA1 str. I-m

NL4

Merge
g

o

globus pallidus

%

R g 2

D brainstem

NL4 colocalized in the
brainstem with

: PSD-95| gephyrin
gephyrin % 18.94 79.08
SEM 2.82 0.92

vy %

Figure 3.4: NL4 is associated with excitatory and inhibitory synapses depending on the
brain region. Confocal images showing colocalization of NL4 (green) immunoreactivity in
four different brain regions with PSD-95 (glutamatergic postsynaptic marker) (red) or
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gephyrin (GABAergic postsynaptic marker) (red). Tables on the right show quantification of
the degree of colocalization, obtained by evaluating the NL4 clusters (set by a threshold) for
colocalization with PSD-95 or gephyrin (set by a threshold) (n=4 pairs). (A) NL4 is present at
excitatory postsynapses in the barrel cortex but not in the others brain regions. (B) NL4 is
colocalized with PSD-95 and with gephyrin in the hippocampus. (C-D) NL4 is present at
inhibitory postsynapses in the globus pallidus and the brainstem.

Scale bars: overview = 10 pym; detail = 1 ym

Interestingly, in the CA1 str. [-m of the hippocampus, NL4 appears to be colocalized
with both PSD-95 and gephyrin, indeed 48.64% + 4.52% of the NL4 puncta colocalize with
PSD-95 and 55.32% + 9.89% with gephyrin. This indicates that NL4 protein in that particular

region is localized at excitatory and inhibitory synapses (Figure 3.4B).

In the globus pallidus (Figure 3.4C), where the NL4 labeling is clustered, 74.18% =+
6.02% of NL4 clusters colocalize with gephyrin. On the other hand, only 14.97% + 6.45% of
NL4 puncta in the globus pallidus are colocalized with PSD-95.

In the brainstem (Figure 3.4D), 79.08% + 0.92% of NL4 puncta are localized with
gephyrin, whereas only 18.94% =+ 2.82% of the puncta are localized with PSD-95. Gephyrin
immunolabeling corresponds to that of NL4 in the globus pallidus (Figure 3.3A) and the
brainstem (Figure 3.3D). It should be noted that both brain regions weakly express PSD-95,

and therefore the analysis was carried out with relatively few PSD-95 puncta.

These data indicate that N4 is present at both excitatory and inhibitory synapses, and
demonstrates for the first time that NL4 may not only be present at inhibitory synapses, but

also at excitatory synapses in specific brain regions.

3.2.2 Characterization of NL4-containing synapses

Having established that NL4 is colocalized with gephyrin and PSD-95 at inhibitory
and excitatory postsynapses, the next step was to identify the pre- and post-synaptic
machinery present at the NL4-positive synapses. Identification of the exact composition of the
NL4-containing synapses is an essential step to understand the function of the protein.

Utilizing a series of antibodies (Table 2.1), the characterization of NL4-positive

synapses was performed in the brain regions that were already mentioned above.
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The presynaptic element was identifiable by the presence of vesicle transporters which
carry neurotransmitters into vesicles. The excitatory presynaptic staining was carried out
using anti-VGIuT1 and anti-VGIuT?2 antibodies. These antibodies showed a complementary
degree of labeling, since the two transporters mark specific separate synaptic input pathways
in several of the brain regions under study such as the barrel cortex (Liguz-Lecznar and
Skangiel-Kramska, 2007). To label the inhibitory presynaptic side, an anti-VIAAT antibody

was used.

In order to identify if NL4 was present at AMPAR, NMDAR or GABAR-containing
synapses, receptor-specific immunohistochemistry was carried out. Specifically, AMPAR
were labeled using an antibody raised against the subunit GluA2, and NMDAR were labeled
with an antibody targeted against the GIuN1 subunit. An antibody raised against the subunit
v2 of the GABA,R was used to stain GABA,R, as the y2 subunit is a core component of a
majority of GABA,R (Fritschy and Mohler, 1995) and is required for GABA,R clustering at
the synapse (Essrich et al., 1998).

In the following three sections, NLL4 synaptic subtype is described according to the

synaptic markers with which the protein colocalizes.

3.2.2.1 NL4 is present at inhibitory synapses in the globus pallidus and brainstem

In the globus pallidus, NL4 is ubiquitously immunoreactive (Figure 3.3). A series of
colocalization experiments to determine if NL4 in this region is segregated to a synaptic
subtype were carried out. NL4 was not observed to be apposing the excitatory presynaptic
marker VGIuT2 (11.7%) (Figure 3.5B-C). It is important to note that no VGIuTlI
immunoreactivity was detected in the entire globus pallidus. At the postsynaptic side, NL4
was not observed to be colocalized with GluA2 (10.08%) or GIuN1 (8.08%) (Figure 3.5E-F).
These two observations support the notion that in the globus pallidus, NL4 is absent from
excitatory synapses. NL4 was more apposed to VIAAT (27.89% + 6.54%) (Figure 3.5A) than
VGIuT2 (11,7% + 0.91%) (Figure 3.5C), and NL4 colocalizes extensively with the GABA,R
subunit y2 (71.01% += 4.97%) (Figure 3.5D). Together with the gephyrin experiments in
which NL4 extensively colocalized with this inhibitory synapse marker (Figure 3.4C), these

results further indicate the presence of NL4 at inhibitory postsynapses in the globus pallidus.
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In the brainstem, the region with the highest NL4 staining intensity (Figure 3.1A),
NL4 staining was observed as big clusters (Figure 3.6). In this region NL4 is also mainly
apposed to VIAAT (48.01% + 2.92%) (Figure 3.6 A) as compared to VGIuT1 (8.39% =+
4.11%) (Figure 3.6B) and VGLuT2 (19.82% + 5.45%) (Figure 3.6C). At the postsynaptic
side, NL4 was found mainly to be present at GABA,R clusters (55.6% + 5.66%) (Figure
3.6D) and almost no colocalization was observed with AMPAR (5.26% + 0.62%) (Figure
3.6E) and NMDAR (9.75% + 2.24%) (Figure 3.6F). These data support the notion that NL4 is

only present at inhibitory synapses in the brainstem.
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VGIUT 2

NL4 puncta apposed to NL4 puncta apposed to NL4 puncta apposed to
VIAAT VGIUT 1 VGIuT 2
% 27.89 % 0 % 11.7
SEM 6.54 SEM 0 SEM 0.91
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Figure 3.5: Localization of NL4 in the globus pallidus. To further characterize the
distribution of NL4 in the globus pallidus, immunolabelings were carried out for NL4
together with inhibitory (VIAAT) (A) and excitatory (B, C) (VGIuT1 and 2) presynapse
markers, as well as with inhibitory (GABA RY2 for the GABA,R) (D) and excitatory (GluA2
for AMPAR and GIuN1 for the NMDAR) (E, F) postsynapse markers. Tables below figures
show quantification of the degree of colocalization, obtained by evaluating NL4 clusters (set
by a threshold) and their colocalization with the different synaptic markers tested (set by a
threshold) (n=3 pairs). In the globus pallidus, NL4 is mainly apposed to VIAAT on the
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presynaptic side. At the postsynaptic side, NL4 colocalizes extensively with the ubiquitous
GABA, receptor subunit GABA ,RY2.
Scale bars: overview = 10 pm; detail = 1 ym

VGIuT 2

NL4 puncta apposed to NL4 puncta apposed to NL4 puncta apposed to
VIAAT VGIuT 1 VGIUT 2
% 48.01 % 8.39 % 19.82
SEM 2.92 SEM 4.1 SEM 5.45

GABAR 12

NL4 puncta colocalized NL4 puncta colocalized NL4 puncta colocalized
with GABA R y2 with GluA2 with GluN1
% 55.6 % 5.26 % 9.75
SEM 5.66 SEM 0.62 SEM 2.24

Figure 3.6: Localization of NL4 in the brainstem. To further characterize the distribution
of NL4 in the brainstem, immunolabelings were carried out for NL4 together with inhibitory
(VIAAT) (A) and excitatory (B, C) (VGIuTI1 and 2) presynapse markers, as well as with
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inhibitory (GABA,RY2 for the GABA,R) (D) and excitatory (GluA2 for AMPAR and GIuN1
for the NMDAR) (E, F) postsynapse markers. Tables below figures show quantification of the
degree of colocalization, obtained by evaluating NL4 clusters (set by a threshold) and their
colocalization with the different synaptic markers tested (set by a threshold) (n=3 pairs). In
the brainstem, NL4 is mainly apposed to VIAAT on the presynaptic side. At the postsynaptic
side, NL4 colocalizes extensively with the ubiquitous GABA,, receptor subunit GABA ,RY2.
Scale bars: overview = 10 pm; detail = 1 ym

Remarkably, the percentage of NL4 puncta that colocalize with GABA,R was found
to be higher in the globus pallidus (71.01% = 4.97%) (Figure 3.5D) than in the brainstem
(55.6% + 5.66%) (Figure 3.6D). Unlike in the globus pallidus, inhibitory neurotransmission in
the brainstem is mediated by both GABA and glycine synapses. In those CNS regions, both
GABA and glycine can be released by the same synapses (Smith et al., 2000). Therefore, an
additional question regarding the brainstem was to what extent NL4 is localized at glycinergic
synapses. To identify glycinergic synapses, immunohistochemistry for the glycine receptor

(GlyR) was carried out. GlyR are pentameric ionotropic receptors that have four o subunits

and a single [} subunit. In the brainstem, NL4 is present at a major fraction of the a1 subunit-
containing GlyR (Figure 3.7A). Triple labeling for NL4, GABA,R and GlyR revealed that in
the brainstem, NL4 is mainly colocalized with the GlyR and less with the GABA,R (Figure
3.7B).

GABA,R 12 GlyR o1

NL4 - GABA R 12 NL4 - GIyR o1 NL4 - GABA,R 12 - GIyR

al

Figure 3.7: NL4 is associated with GABA,y2 and GlyRal receptor subunits in
brainstem. Confocal images showing NL4 immunoreactivity in brainstem coronal sections.
(A) Combined immunofluorescence detection of GlyRal subunit (red) and NL4 (green)
shows that NL4 colocalizes extensively with GlyRal clusters, one of the subunits of the
glycine receptor in the brainstem. (B) Combined immunofluorescence detection of
GABA RY2 (red) and GlyRal subunit (blue) with NL4 (green) shows that NL4 colocalizes
with GABA, receptor and glycine receptor with a preference for the glycine receptor in the
brainstem.

Scale bars: (A) overview = 10 ym; (A, B) detail = 1 ym
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In summary, NL4 is present at inhibitory synapses in the brainstem and globus
pallidus. The protein was found to be localized preferentially to glycinergic synapses in the
brainstem but in the absence of glycinergic synapses, as in the globus pallidus, NL4

preferentially colocalizes with GABA R.

3.2.2.2 NL4 is present at excitatory synapses in the barrel cortex

In the barrel cortex, NL4 labeling was observed as faint puncta (Figure 3.8). NL4 was
mostly apposed to VGIuT1 (41.49% + 12.04%) (Figure 3.8B) as compared to VGIuT2
(10.25% + 1.32%) (Figure 3.8C) or VIAAT (8.54% +2.58%) (Figure 3.8A). Together, these
results from the presynaptic marker apposition experiments indicate that NL4 in the barrel
cortex is present at excitatory synapses. However, colocalization experiments with
postsynaptic markers did not emphasize the presence of NL4 with any of the main synaptic
receptors. Only 22.78% =+ 4.67% of the NL4 puncta are localized with GABA,R (Figure
3.8D), 22.14% + 1.43% colocalize with AMPAR (Figure 3.8E), and 20.04% + 1.47% are
present at NMDAR containing structures (Figure 3.8F). These results, together with the PSD-
95 staining (Figure 3.4A), indicate that NL4 in the barrel cortex is present at a specific but as
yet unidentified excitatory subtype of synapses, based on colocalization with PSD95 and
VGIuT1. Unfortunately, identification of the receptors that colocalize with NL4 in this brain

region was not possible.
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VGIuT 2

NL4 puncta apposed to NL4 puncta apposed to NL4 puncta apposed to
VIAAT VGIUT 1 VGIUT 2
% 8.54 % 41.49 % 10.25
SEM 2.68 SEM 12.04 SEM 1.32

GABAR 72

NL4 puncta colocalized NL4 puncta colocalized NL4 puncta colocalized
with GABA R 72 with GIuA2 with GIuN1
% 22.78 % 22.14 % 20.04
SEM 4.67 SEM 1.43 SEM 1.47

Figure 3.8: Localization of NL4 in the barrel cortex. To further characterize the
distribution of NL4 in the barrel cortex, immunolabelings were carried out for NL4 together
with inhibitory (VIAAT) (A) and excitatory (B, C) (VGIuT1 and 2) presynapse markers, as
well as with inhibitory (GABA,RYy2 for the GABA,R) (D) and excitatory (GluA2 for
AMPAR and GIluN1 for the NMDAR) (E, F) postsynapse markers. The tables below the
figures show quantification of the degree of colocalization, obtained by evaluating NL4
clusters (set by a threshold) and their colocalization with the different synaptic markers tested
(set by a threshold) (n=3 pairs). In the barrel cortex, NL4 is mainly apposed to VGIuT1 as
compared to the others presynaptic markers, indicating the presence of NL4 at excitatory
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synapses. None of the labelings for postsynaptic colocalization showed NL4 to be colocalized
in this study.
Scale bars: overview = 10 pm; detail = 1 ym

3.2.2.3 NL4 is present at excitatory and inhibitory synapses in the hippocampus

NL4 staining was detected in the hippocampus CAl str. [-m (Figure 3.3C). The
labeling was punctate and dense in this layer (Figure 3.9). Double immunolabeling
experiments in the hippocampus revealed that NL4 is mainly apposed to VGIuT1 (33.34% +
9%) (Figure 3.9B) and VIAAT (25.35% + 2.51%) (Figure 3.9A), as compared to VGIuT2
(4.94% + 1.68%) (Figure 3.9C). At the postsynaptic side, NL4 is colocalized to a greater
extent with the GABA,RY2 subunit present in GABA,R (42.23% + 14.06%) (Figure 3.9)
than with NMDAR (16.19% + 1.29%) (Figure 3.9F) and AMPAR (4.22% =+ 1.9%) (Figure
3.9E). Together with the PSD-95 and gephyrin labelings, showing that NL4 colocalizes with
both markers (Figure 3.4B), these data indicate that in the hippocampus CA1 str. [-m NL4
could is present at both excitatory and inhibitory synapses. As in the barrel cortex, the

receptors that equip NL4 excitatory synapses in hippocampus remain to be found.
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VGIUT 2

NL4 puncta apposed to NL4 puncta apposed to NL4 puncta apposed to
VIAAT VGIuT 1 VGIUT 2
% 25.35 % 33.34 % 4.94
SEM 2.51 SEM 9 SEM 1.68

GABA,R 12

NL4 puncta colocalized NL4 puncta colocalized NL4 puncta colocalized
with GABA,R y2 with GluA2 with GluN1
% 42.23 % 4.22 % 16.19
SEM 14.06 SEM 1.9 SEM 1.29

Figure 3.9: Localization of NL4 in the hippocampus (CA1 stratum lacunosum moleculare
(str. l-m)). To further characterize the distribution of NL4 in the hippocampus,
immunolabelings were carried out for NL4 and inhibitory (VIAAT) (A) and excitatory (B, C)
(VGIuT1 and 2) presynapse markers, and for inhibitory (GABA,RY2 for the GABA,R) (D)
and excitatory (GluA2 for AMPAR and GluN1 for the NMDAR) (E, F) postsynapse markers.
Tables below figures show quantification of the degree of colocalization; obtained by
evaluating NL4 clusters (set by a threshold) and their colocalization with the different
synaptic markers tested (set by a threshold) (n = 3 pairs). In the hippocampus, NL4 is mainly
apposed to VGIuT1 as compared to the other presynaptic markers, indicating the presence of
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NL4 at excitatory synapses. At the postsynaptic side, I found that approximately half of the
NL4 puncta colocalize with the GABA ,RY2 subunit of GABA, receptors. Both quantification
results indicate that NL4 in the hippocampus is present at excitatory and inhibitory synapses.
Scale bars: overview = 10 pym; detail = 1 ym

3.3 Characterization of NL4 deletion mutant mice

3.3.1 NL4 knockout mice show no alteration in synaptic circuitry

To examine if the deletion of NL4 in mice results in aberrant synaptogenesis, a
detailed analysis of synapse densities was performed in two regions expressing NL4, the
primary somatosensory cortex layer IV (barrel cortex) and CA1 str. [-m. NL4. Synaptic cell
adhesion proteins are thought to be involved in initial synaptogenesis and in the maturation of
synapses. If NL4 were involved in initial synaptogenesis, its deletion would lead to a change
in synapse density in specific brain regions. To quantify synapse density, immunolabelings
utilizing postsynaptic markers were carried out in pairs of WT and NL4-KO mice (Figure
3.10). Specifically, immunostaining of barrel cortex and CA1l str. I-m for the postsynaptic
markers gephyrin and PSD-95 was carried out (Figure 3.10A). No differences were observed
in the density of PSD-95 (54 puncta/100um® for WT and 58 puncta/100um® for the NL4-KO)
and gephyrin puncta (44 puncta/100um” for the WT and 46 puncta/100um® for the NL4-KO)
in the barrel cortex (Figure 3.10B). Similarly, in the hippocampus, no significant difference
was observed in PSD-95 (92 puncta/100um’ for the WT and 87 puncta/100um® for the NL4-
KO) or in gephyrin puncta (63 puncta/100um’ for the WT and 77 puncta/100um? for the NL4-
KO) (Figure 3.10B). Both synaptic markers were present at equal quantities in the NL4-KO
and WT mice (Figure 3.10B). Therefore, the loss of NL4 does not appear to affect

synaptogenesis in the barrel cortex or in the hippocampus.

The ratio of excitatory to inhibitory synapses is crucial for neuronal network function.
In the barrel cortex, the ratio of PSD95 puncta to gephyrin puncta was 1.23 + 0.13 in the WT
and 1.28 + 0.2 in the NL4-KO animals (Figure 3.10D). In the hippocampus the corresponding
ratio was 1.53 £ 0.2 in the WT and 1.23 £+ 0.17 in the NL4-KO mouse (Figure 3.10D). Even
though a trend towards lower ratios was found in the hippocampus, no significant differences
were observed. It is possible, though, that with an increased sample number a significant

difference might be obtained.
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Figure 3.10: No alterations in excitatory and inhibitory synapse density in the NL4-KO
barrel cortex or hippocampus. Confocal images showing PSD-95 and gephyrin
immunoreactivity in the barrel cortex and CAl stratum lacunosum moleculare of
hippocampal coronal sections. (A, B) Immunostaining of PSD-95 for excitatory synapses and
gephyrin for inhibitory synapses was used to quantify the synapse density in barrel cortex (A)
and hippocampus (B) of WT and NL4-KO mice. (C) No significant changes were observed in
the density of PSD-95 or gephyrin puncta in the barrel cortex and hippocampus of NL4
knockout mice, or (D) in the ratio of PSD-95 puncta versus gephyrin puncta in these brains
regions (n = 6 pairs) Error bars represent SEM.

Scale Bar = 1 mm
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In the retina, a small decrease of GlyRal positive puncta was observed in the NL4-
KO mice (Hoon et al., 2011). Here, the same analysis was carried out in the spinal cord to
investigate the consequences of NL4 deletion because NL4 is strongly immunoreactive in the
spinal cord (Figure 3.1A). Immunolabelings for the GlyR al subunit did not show any major
changes in the staining between WT and NL4-KO (Figure 3.11A). Furthermore, no changes
were observed in the glycinergic synapse density between the WT (15 puncta/100um®) and
the NL4-KO (16 puncta/100um?) mice (Figure 3.11B).

A Figure 3.11: No alterations in
glycinergic synapse density in the
NL4-KO spinal cord. (A)
Representative labeling of a subset of
GlyR synapses (GlyRal) used to
compare the synapse density in WT
and NL4-KO mice in the dorsal horn
of the spinal cord. (B) No significant
changes were observed in the
glycinergic synapse number in the
spinal cord of NL4 knockout mice (n
= 5 pairs). Error bars represent SEM.
Scale Bar = 1 mm
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10

Number of puncta/100 um? of spinal cord

NL4-KO

Together these data indicate that deletion of NL4 in the CNS does not disturb the
density of any synapse subtype in which NL4 is present. The observation that the loss of NL4
does not result in aberrant synapse number or composition may indicate that loss of NL4
function can be compensated for by increases in the expression levels of other NL isoforms

with similar function.
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3.3.2 Upregulation of neuroligins isoforms as a consequence of the NLL4 knockout

To test if the loss of NL4 in KO mice is compensated by an upregulation of the
expression of other NLs, I performed a quantitative immunoblot using NL isoform-specific
antibodies and tissue from adult WT and NL4-KO mice (illustrated Figure 3.12A). The levels
of NL1-3 protein expression were the same in globus pallidus and brainstem of NL4-KO and
control mice. However, in the hippocampus, a trend towards an upregulation of NL2 was
observed (114.8% + 7.6% in the NL4-KO, normalized to the WT levels) (Figure 3.12B). In
the barrel cortex, a small but significant upregulation of NL2 (117.6% + 3.6%) and NL3
(119.6% + 6.6%) was observed in NL4-KO compared to the control levels (p < 0.05, paired
Student’s test) (Figure 3.12B).

WT NL4-KO WT NL4-KO WT NL4-KO

NL1 | — — NL2 | (- — NL3 | s ——

B
WT KO

AVE SEM AVE SEM p-value n

Neuroligin 1
barrel cortex 100.0 3.8 99.4 2.6 0.882 20
hippocampus 100.0 3.2 92.2 4.0 0.158 21
globus pallidus 100.0 10.6 91.0 10.7 0.584 1
brainstem 100.0 4.8 100.0 5.1 0.996 12

Neuroligin 2
barrel cortex 100.0 3.9 117.6 3.6 0.002 21
hippocampus 100.0 3.3 114.8 7.6 0.091 16
globus pallidus 100.0 4.7 93.7 6.1 0.407 9
brainstem 100.0 5.4 99.6 43 0.931 11

Neuroligin 3
barrel cortex 100.0 4.1 119.6 6.6 0.007 10
hippocampus 100.0 3.7 104.8 4.5 0.407 18
globus pallidus 100.0 7 94.7 6.0 0.659 10
brainstem 100.0 4.7 97.0 5.4 0.617 12

Figure 3.12: Upregulation of NL2 and NL3 in the absence of NL4. Quantitative
immunoblot analysis of neuroligin isoforms 1-3 in tissue from adult WT and NL4-KO mice.
(A) Sample immunoblotting of NL1, NL2 and NL3 in barrel cortex of WT and NL4-KO
mice. (B) Quantification of NL1-3 in different brain regions of WT and NL4-KO mice,
normalized to WT levels. Significant differences (p < 0.05, paired Student’s t-test) are
highlighted in red; trends (p < 0.1, paired Student’s t-test) are highlighted in orange. ‘n’ refers
to the number of WT/NL4-KO pairs analyzed.
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3.3.3 NL4-KO mice have strongly reduced gamma oscillations in CA3

The above results indicate that NL4 might not play a role in initial synaptogenesis.
Another role that has been proposed for NLs is in the maturation of synapses (Varoqueaux et
al., 2006). According to this model, NL4 might influence the composition of synapses by
affecting receptor clustering (Hoon et al., 2011), and NL4 deletion might therefore disturb
synapse function and network activity, e.g. in the hippocampus and the barrel cortex. Based
on the fact that NL4-KOs show no signs of aberrant synapse formation or of alterations in
glutamatergic or GABAergic postsynapses in the brain (Figure 3.10). I expected that effects
of NL4 deletion at the level of synaptic function would be difficult to reliably assess
electrophysiologically. Consequently, electrophysiological analysis was focused on network
function in hippocampus. In this brain region, global neuronal activity can be recorded by
inducing oscillations such as the ones belonging to the gamma range. Gamma oscillations in
the hippocampus can be induced by the application of kainate. In the present study, the
generation and maintenance of kainate-induced gamma oscillations was analyzed in NL4-KO
animals and WT littermate controls.

Oscillation measurements were done under interface conditions, in which the slice was
kept at the interface below a flow of artificial cerebral spinal fluid (ACSF). Oscillations in the
gamma frequency range were induced pharmacologically by kainate application in the ACSF
solution (100 nM kainate). Under these conditions, oscillations were induced within 10 min
after drug application. Long-lasting and stable rhythmic activity was induced in the
hippocampal slices and recorded in CA3 (Figure 3.13A) and CAl. Gamma oscillations
induced in CA1 region in the hippocampus are known to be weaker than the ones present in
CA3, and under the conditions used in this study, the amplitude of oscillations in CA1 was
too low to allow for reliable quantification after baseline subtraction. Therefore, only data for

oscillations in area CA3 are shown.

Oscillatory activity in CA3 could be induced with 100 nM kainate with an amplitude
of around 200 pV. Application of 100 nM kainate induced gamma oscillations with
significantly smaller power in the NL4-KO mice compared to the control (Figure 3.13B). The
power of the maximum peak was 43.93 + 12.9 uV*/Hz for the NL4-KO mice and 119.75 +
8,36 qu/Hz for the control (n = 6 pairs, 3 slices per animal, p < 0.05, paired Student’s test)
(Figure 3.12C). Furthermore, the frequency of the maximum peak in the power spectrum was

not significantly different in the NL4-KO mice as compared to the control (33.56 + 1.44 Hz in
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NL4-KO, 33.79 + 1.14 Hz for WT) (Figure 3.13D). These data indicate that the neuronal

network involved in hippocampal gamma oscillation is impaired in NL4-KO mice.
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Figure 3.13: Reduced hippocampal gamma oscillations in NL4 knockout mice. (A)
Gamma oscillations were induced by the application of 100 nM kainate under interface
conditions. (B) The power of the oscillations in NL4-KO hippocampal slices was reduced as
by the power spectrum from wild type (WT) (grey) and NL4 mutant mice (black). The power
spectrum shows the reduced gamma oscillation power in the NL4 KO as recorded from the
CA3b region of the hippocampus in the presence of 100 nM kainate. (C) Quantification of the
power of the maximum peak revealed a significant decrease in power in mutant slices (black)
as compared to control (grey) animals. Significant differences (p < 0.05, paired Student’s t-
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test) are marked with an asterisk. (D) The mean frequency of the maximum power peak was
not changed in the NL4-KO slices as compared to control slices (n = 6 pairs, average of 3
slices per animal). Error bars represent SEM.
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4. Discussion

NLs are ubiquitous postsynaptic adhesion proteins that are believed to be essential for
synapse maturation and function. Mutations of NL4 have been associated with autism-related
disorders in humans. Furthermore, NL4-KO mice were found to show specific behavioral
phenotypes that mimic those observed in autism in humans (Jamain et al., 2008). In the
present study, the distribution of NL4 was characterized in the mouse CNS. The highest NL4
protein expression levels were observed in brainstem and spinal cord (Figure 3.1). Detailed
analysis demonstrated that NL4 is localized to a majority of glycinergic postsynapses in the
brainstem and spinal cord (Figure 3.7) (Hoon et al., 2011). Moreover, NL4 was found to be
localized at inhibitory, GABAergic synapses in the globus pallidus (Figure 3.5). Interestingly,
NLA4 is not exclusively localized to inhibitory synapses. Instead, its synaptic localization and
corresponding interaction partners appear to be dependent on the brain region. Specifically,
NL4 was also found at excitatory synapses in the barrel cortex (Figure 3.8), and in the

hippocampus NL4 is localized to both inhibitory and excitatory synapse types (Figure 3.9).

To investigate the role of NL4 at synapses, the consequences of NL4 deletion on
synaptogenesis were studied. In the barrel cortex and hippocampus, the loss of NL4 did not
influence the density of excitatory or inhibitory synapses (Figure 3.10). Although it was
shown previously that the density of glycinergic receptors slightly decreases in the retina of
NL4-KO mice (Hoon et al., 2011), no such change was found in the spinal cord (Figure 3.11).
Since no alterations in synaptic density were observed in any of the screened brain regions, it
is likely that other NL isoforms or cell adhesion proteins may compensate for the deletion of
NL4. Accordingly, a localized compensatory change in the expression of NL2 and NL3 in the
barrel cortex of NL4-KO mouse was found (Figure 3.12). Since the lack of NL4 did not
appear to have an effect on the total number of synapses, the next step of investigation was to
look at the maturation and functionality of the existing synapses. To this end, gamma
oscillations were induced in the hippocampus. Interestingly, in the absence of NL4, the power
of gamma oscillations in the hippocampus was greatly reduced (Figure 3.13). Together, these
data provide new important insights into the physiological consequences of NL4 loss in

autism spectrum disorders.
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4.1 Characterization of NL4 distribution by immunohistochemistry

The determination of the NL4 immunoreactivity pattern is a key step towards the
characterization of NL4 function and a prerequisite for the identification of the brain regions
involved in the ASD-related functions of NL4. In order to achieve this, morphological
analyzes were performed to examine the distribution pattern of NL4 throughout the brain and

spinal cord (Figure 3.1) using immunohistochemistry.

4.1.1 Methodological considerations for NL.4 immunohistochemistry

Studies based on immunohistochemistry are critically dependent on the quality of
antibodies available and on the exact immunostaining protocols used. Prior to this study, no
protocols had been established for the use of NL4 antibodies in immunostaining procedures.
It was therefore necessary to first characterize and validate the methodology applied here. The
antibody used was a polyclonal antibody directed against the extracellular domain of NL4.
Like many antibodies against postsynaptic proteins (Schneider Gasser et al., 2006), this
antibody did not work with conventionally perfused tissue sections. Instead, a fast brain
extraction without perfusion was used, followed by weaker fixation using either methanol or
PFA and subsequent antigen retrieval. The validity of these labelings was established by the
absence of a specific signal in NL4 mutant mice (Figure 3.1). For all subsequent experiments,
a NL4 knock out control was used in parallel to the WT tissue to ensure specificity. Image
processing parameters were set such that no signal was visible in the NL4-KO section, and
the same settings were applied to WT brain sections (including signal amplification value for
confocal image acquisition and threshold for the quantification) (Figure 3.1). This stringent
approach ensured that specific NL4 staining could be reliably identified even in those brain
regions where the signal was relatively faint and diffuse [such as in some areas as barrel

cortex and hippocampus (Figure 3.4A-B)].

One complication arising from the fixation conditions required to obtain reliable NL4
staining was that these conditions were not optimal for co-labeling with certain other markers,
such as VIAAT and VGIuT. The fixation required for the optimal NL4 immunostaining, i.e.
methanol fixation, was not adequate for labeling with presynaptic markers and some
postsynaptic markers. Compromises were found that permitted the observation of NL4 with a

presynaptic marker. However, these compromises inevitably resulted in some sacrifices
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regarding the quality of the immunostaining. Quantification of data from the colocalization
experiments in some cases resulted in a small percentage of artificially or non-specifically
apposed or colocalized puncta due to these experimental limitations. Nevertheless, results
obtained from these experiments provided important data on the colocalization or apposition

of presynaptic markers with NL4 as discussed below.

4.1.2 Distribution of neuroligin 4 in regions of the central nervous system that are
relevant for ASDs

In autistic individuals, anatomical abnormalities have been reported in several brain
areas, such as reduced numbers of Purkinje cells in the cerebellum and increased cell packing
density in the limbic system (Bauman and Kemper, 2005). Correlating NL4 protein
immunoreactivity with equivalent regions in the mouse brain would be an important first step

in elucidating the role of NL4 in ASDs.

One of the most prominent areas that display clear NL4 labeling is layer IV of the
cortex (Figure 3.2B-D), with an intense staining observed in the barrel field of the primary
somatosensory area. The barrel cortex in rodents is the region of the somatosensory cortex
that processes sensory information arriving from the whiskers. Whisking allows rodents to
screen their habitat and to perform complex orientation and discrimination tasks (Brecht et al.,
1997; Diamond et al., 2008), and tactile information from the whiskers is relayed through
defined pathways to the primary somatosensory cortex. The neurons of layer IV are arranged
in functional units called barrels, each of which processes tactile input principally from a
single whisker. This sensory pathway offers unique opportunities for linking the architecture
of specific synaptic microcircuits to cortical sensory processing, and it may provide the

opportunity to study the function of NL4 in a particular microcircuit.

The observation that NL4 is immunoreactive highly in somatosensory cortex is
interesting, since individuals with autism are known to have alterations in sensory processing.
Using psychophysical ratings and functional magnetic resonance imaging (fMRI) to
investigate responses to somatosensory stimulation in humans, it was shown that patients with
ASD have diminished responses to pleasant and neutral stimuli and exaggerated responses to

unpleasant stimuli (Cascio et al., 2012). Therefore, the barrel cortex in NL4-KO mice may be
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a useful model system for studying correlations between alterations in synaptic architecture

and functionality and disturbances in somatosensory processing in future studies.

Another region that showed prominent NL4 Ilabeling was the hippocampus.
Interestingly, several post-mortem studies on autistic brains have emphasized the
hippocampus as being one of the seats of morphological changes in ASD (Bauman and
Kemper, 2003; Schumann et al., 2004; Halpain et al., 2005). Moreover, mice with an autism-
related NL3 knock-in [NL3R*'C] mutation show a distinct phenotype in the CA1 region of
the hippocampus, including an increased dendritic extension, altered structure of synapses in
the str. rad, increased AMPAR-mediated excitatory synaptic transmission, a dramatic
alteration of NMDAR -mediated synaptic response kinetics and a twofold up-regulation of
NMDARSs containing GluN2B subunits (Etherton et al., 2011). These results indicate that
specific circuitry impairments in the hippocampus, and specifically those due to mutation of

NLs, may be involved in the pathogenesis of ASDs.

Strikingly, NL4 is specifically localized in the CA1 str. [-m, and is much less abundant
in the rest of the hippocampus (Figure 3.2D). A previous study showed strong NL4 gene
expression in the pyramidal cell layer of hippocampus (Jamain et al., 2008). Together these
data emphasize a role of NL4 at the distal dendrites of pyramidal cells in the hippocampus.
CA1 pyramidal cells receive two different inputs in the str. I-m. One of these is the excitatory
input from the perforant path of the entorhinal cortex. CA1 pyramidal cells activated by the
perforant path will in turn activate various inhibitory interneurons in area CAl. One class of
interneurons, the O-LM cells, receive excitatory EPSPs from pyramidal cell axons and
Schaffer collateral branches in the str. or (Lacaille et al., 1987; Ali and Thomson, 1998), and
in turn innervate the distal dendrites of pyramidal cells in the str. [-m to evoke IPSPs
(Maccaferri et al., 2000). Essentially, the direct cortical input from the perforant path excites
CAl pyramidal cells (Yeckel and Berger, 1990; Colbert and Levy, 1992; Yeckel and Berger,
1995), and at the same time activates interneurons present in the str. [-m, which in turn project
to CAl pyramidal cells (Empson and Heinemann, 1995a; 1995b; Remondes and Schuman,
2002). Given the importance of the prominent localization of NL4 within this circuitry, it will
be interesting to determine what the effect of loss of NL4 is on synapse density and function
in this region, and whether these changes may play any role in the genesis of autism-related

behavioral phenotypes. Indeed, previous studies showed NL2 to be localized at perisomatic
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synapses of pyramidal cells in the CA1 str. pyr, and deletion of NL2 induced a decrease in the
inhibitory synaptic density and decreased synaptic transmission from fast-spiking
interneurons (Gibson et al., 2009; Poulopoulos et al., 2009). Since NL2 plays a role in the
perisomatic inhibition in the hippocampus but has no effect on the synapses on distal
dendrites of pyramidal cells, NL4 could be a new candidate that modulates synaptogenesis or

synapse maturation on distal dendrites.

A third forebrain region that showed noticeable NL4 staining was the globus pallidus
(Figure 3.2B). The globus pallidus is a part of the basal ganglia, a group of nuclei that act as a
cohesive unit in voluntary motor control and procedural learning, and that are affected in
disorders such as obsessive compulsive disorder and Tourette syndrome. A significant
number of studies have linked structural and functional abnormalities in the basal ganglia and
associated corticostriatal circuits to the repetitive behaviors observed in individuals with
autism. Most of these studies have focused on the caudate and putamen, rather than on the
globus pallidus specifically. However, a recent study in a group of children with ASD showed
that repetitive and stereotyped behavior was associated with an increased volume in several
brain regions, including the right globus pallidus (with a trend for the left hemisphere) and
left and right putamen (Estes et al., 2011). Therefore, an understanding of the role of NL4 at
synapses in the globus pallidus may be highly relevant to the investigation of repetitive and

stereotyped behaviors in the NL4 mouse model of autism.

In addition, from a basic neuroscience perspective, one of the interesting aspects of
studying NL4 in the globus pallidus is its unusually high density of inhibitory synapses. Most
of the pallidal neurons are very large, PV-positive GABAergic interneurons, with very large
dendritic arborisations. The primary inputs to the globus pallidus are GABAergic inhibitory
afferents from the putamen, and therefore the vast majority of the synapses present in the
globus pallidus are GABAergic (Difiglia and Rafols, 1988). There is very little local
connectivity, and the excitatory glutamatergic inputs from the subthalamic nucleus are sparse.
Less than 10% of synapses onto the globus pallidus are excitatory (Falls et al., 1983; Kita and
Kitai, 1987; Shink and Smith, 1995). Given that NL4 is almost exclusively localized to
inhibitory synapses in the retina, spinal cord and brainstem, the globus pallidus provides the

perfect system to study the role of NL4 at inhibitory synapses in the forebrain.
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Perhaps the most prominent and intense NL4 staining in the CNS was observed in the
brainstem (Figure 3.2F). Among its many functions, the brainstem is a relay for auditory
information that transits through the cochlear nuclei and superior olivary complex of the
brainstem. Among other sensory disturbances, autistic patients often exhibit a hypersensitivity
to auditory stimuli (Rubenstein and Merzenich, 2003). In part, these disturbances are thought
to be due to the poor development of cortical tonotopic maps in these patients, but it is likely
that other relays in the auditory pathway are also altered. For example, an investigation of
neuronal morphology in the auditory brainstem of individuals with ASDs revealed that
neurons in the medial superior olive were smaller and rounder than in controls (Kulesza et al.,
2011). In the same study, analysis of the human superior olivary complex, an important
auditory brainstem center, revealed a decreased number of neurons in five nuclei of the

complex in individuals with ASD (Kulesza et al., 2011).

In rodents, the hearing system is very well studied. In the brainstem, most of the
synapses present are inhibitory and co-release GABA and glycine from the same presynaptic
terminals in the superior olivary complex (Smith et al., 2000). Therefore, studying the role of
NL4 in the brainstem may provide a useful model for the study of abnormalities in sensory
processing in autism. For example, it is conceivable that the abnormalities in communication
observed in NL4-KO mice, such as the longer response latency to female calls (Jamain et al.,
2008), may be partially due to altered sensory processing. The selective vocalization
impairment could potentially be explained by a different signal modulation in the hearing
system of the brainstem. In the brainstem, the superior paraolivary nucleus is involved in
encoding rhythmic sound patterns important for the detection of communication, such as
animal vocalizations and speech signals (Felix et al., 2011). Any defect in the process of
encoding a sound could lead to misinterpretation of the signal and cause the selective
impairment found in NL4-KO mice. Such selective and local impairment was previously
observed in the retina, in which NL4 deletion causes a subtle impairment in the visual circuit

(Hoon et al., 2011).

Interestingly, NL4 protein was not detectable by immunostaining in the cerebellum
(Figure 3.2F) and amygdala (Figure 3.2C-D), two brain regions that have also been
implicated in the pathogenesis of autism. In the cerebellum, a wide range of morphological

alterations have been reported in autistic patients (Bauman and Kemper, 2005), and in at least
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a subset of individuals with ASDs, screening of ASD gene candidates identified a number of
cerebellar genes. Moreover, abnormalities involving GABA, glutamate and acetylcholine
have been observed in the cerebellum of subjects with autism (Fatemi et al., 2012). The
second important area devoid of NL4 staining is the amygdala, a component of the limbic
system that has a primordial role in the processing and memory of emotional reactions.
Disturbances in an amygdala-based network may contribute to autistic deficits in socio-

emotional learning and memory (Goh and Peterson, 2012).

There are several possible explanations for the apparent absence of NL4 from these autism-
related brain regions. It is conceivable that NL4 is present at levels too low to be detectable by
immunostaining with the methodology described here. Alternatively, NL4 may not be
relevant for those aspects of the autism phenotype that involve the cerebellum and amygdala.
Given the phenotypic heterogeneity of the autism spectrum, it is very likely that different
molecular mechanisms are responsible for different autism traits. Other proteins such as NL3

or SHANK?2 might play a key role in the cerebellum and the amygdala instead.

4.1.3 Correlation between localization of NL4 protein and mRNA

One surprising aspect that arose from the global characterization of NL4
immunostaining was that the pattern of NL4 protein immunoreactivity appears to be
substantially different from the pattern of NL4 mRNA expression and regional protein levels
as determined previously by immunoblotting (Figure 3.1) (Jamain et al., 2008). The NL4-KO
mice used in this study include a gene trap insertion within the first intron of NL4 that leads
to the expression of beta-galactosidase under the control of the endogenous NL4 promoter.
Using XGAL staining in these mice, it was shown that the highest level of NL4 gene
expression is in olfactory bulb, striatum, cortex and hippocampus, with lower expression in
the brainstem. These results were supported by immunoblotting using the same antibody as

the one used here for immunohistochemistry (Jamain et al., 2008).

In contrast, immunostaining using a NL4 specific antibody revealed robust labeling in
the brainstem, and lower immunoreactivity levels in olfactory bulb, striatum, cortex and
hippocampus (Figure 3.1). Therefore, while the overall expression pattern of mRNA and

protein is consistent, there was little correlation between the labeling intensities observed
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upon X-Gal staining in the NL4-KO and NL4 stainings. There are several possibilities to
explain these findings. It is known that mRNA and protein levels do not always correlate,
since protein levels can be regulated at the posttranscriptional level through regulation of
local protein synthesis or protein turnover (Greenbaum et al., 2003). Moreover, the lacZ
reporter gene may not entirely reflect the normal gene expression levels. The relationship
between mRNA and protein immunoreactivity is very likely to be different between soluble
X-Gal and a membrane protein such as NL4. To further address this question, the localization
of endogenous NL4 mRNA would need to be investigated by in situ hybridization. As regards
the Western blot based NL4 localization data, the threshold level used to image specific brain
regions might be too low in our immunostaining due to the low protein concentration,

resulting in no detection of the protein.

4.2 Postsynaptic architecture of NL4 positive synapses

After identifying the regional distribution of NL4, the localization of NL4 was
analyzed at the level of neuronal microarchitecture. Based on the data presented here, it
appears that NL4, like the other NLs, shows a predominantly synaptic localization. It is
important to note that the possibility cannot be excluded that a small fraction of NL4 might be
expressed in non-neuronal cells or in extrasynaptic areas of neurons, which would explain
why two types of NL4 labeling were found at high magnification, a faint and diffuse staining
on the one hand versus dense punctate labeling on the other hand. However, the
immunohistochemistry data presented here, showing that the majority of NL4 protein is
present at synaptic structures, are in accordance with findings from a previous study, showing
that NL4 was enriched in synaptic plasma membranes preparations from whole brain

homogenates (Jamain et al., 2008).

A prerequisite to understanding the function of NL4 at synapses is to identify the
synaptic subset that NL4 is localized to. The first key question regarding the precise synaptic
localization of NL4 was to determine whether NL4 is present primarily at excitatory or
inhibitory synapses. The relative proportion of excitatory and inhibitory synaptic input
received by a neuron, or excitatory/inhibitory (E/I) balance, determines its level of activity,
and thus its function within a given neural circuit. In recent years, a number of

neuropsychiatric diseases, including ASDs and some forms of mental retardation, have been
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attributed to shifts in E/I balance (Rubenstein and Merzenich, 2003; Cornew et al., 2011). It is
known that some NL isoforms localize selectively to excitatory or inhibitory synapses, with
NL1 present only at excitatory synapses (Song et al., 1999) and NL2 at inhibitory synapses
(Varoqueaux et al., 2004). The NL3 isoform has been shown to be present at both synapse
types in vitro (Budreck and Scheiffele, 2007; Levinson et al., 2010) and an in vivo study on
NL3 mutant mice demonstrated effects of the mutation on both excitatory and inhibitory
synapses (Etherton et al., 2011). The particular localization of the different NLs isoforms is
very likely to be associated with subtle alterations of synapse microarchitecture in the
respective knockouts animals, underlining the importance of localizing the NL4 protein at the

synaptic level.

In order to determine whether NL4 is localized at excitatory vs. inhibitory synapses, a
selection of marker proteins was used to identify specific synaptic pathways and synaptic
components. Presynaptic vesicular neurotransmitter transporters (VGIuT1, VGIuT2, VIAAT)
were used to distinguish excitatory from inhibitory presynapses. PSD-95 was used as a
marker protein to reveal the presence of NL4 at excitatory postsynapse specializations.
Gephyrin served as a corresponding marker for inhibitory postsynapses. To further
characterize the NL4-containing synapses, the colocalization of NL4 with postsynaptic
receptors was determined, such as AMPAR (specifically GluA2), NMDAR (specifically
GluN1) and GABA,R (specifically the y2 subunit).

4.2.1 Global immunoreactivity pattern of NL4 in relationship to gephyrin and PSD95

One striking observation from the co-staining of NL4 with gephyrin and PSD95 was
that, at low magnification, the global pattern of immunoreactivity of NL4 corresponded very
closely to that of gephyrin (Figure 3.3). In contrast, in the regions of highest NL4 labeling, the
globus pallidus (Figure 3.3A) and the brainstem (Figure 3.3B), PSD-95 is almost absent.
These data would indicate at first glance that NL4 immunoreactivity correlates with the

density of inhibitory synapses, but not the density of excitatory synapses.
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4.2.2 NL4 in the globus pallidus and brainstem

In the globus pallidus, NL4 clusters are preferentially colocalized with gephyrin
puncta (75%) (Figure 3.4C) and are absent from the PSD-95 puncta. In accordance with these
findings, NL4 puncta are mainly apposed to VIAAT (28%) as compared to VGIuT2 (11%),
and they colocalize with GABA,R (71%) (Figure 3.5). Similarly, in the brainstem, NL4 is
present at inhibitory synapses and mainly colocalizes with gephyrin (80%) (Figure 3.4D) and
GABARY2 (55%) (Figure 3.6D). It should be noted that the data on the VIAAT and VGIuT
apposition with NL4 were not entirely convincing in terms of percentage colocalization
throughout this study due to experimental limitations. As described above, compromise
fixation conditions were necessary for colocalization of NL4 and presynaptic markers, and
under these conditions, immunostaining was sub-optimal for all markers. Nevertheless, results

from this experiment provide a trend regarding the presynaptic marker apposed to NL4.

These findings are consistent with results obtained previously for NL4 localization in
other brain regions. NL4, like all others NLs, contains a PDZ-binding domain (Irie et al.,
1997; Poulopoulos et al., 2009) as well as a gephyrin-binding motif (Poulopoulos et al., 2009)
and can therefore, in principle associate with excitatory and inhibitory postsynaptic scaffolds.
However, it is known that other, more selective binding partners can determine the specific
localization of individual NLs. For example, NL2 can specifically activate the small GTPase
collybistin, which specifically binds to the inhibitory postsynaptic scaffold, and complexes
formed by the interaction of NL2, gephyrin and collybistin are sufficient for the clustering of
inhibitory neurotransmitter receptors such as GABA,R (Poulopoulos et al., 2009). In the
same study, it was demonstrated that NL4, but not NL1 or NL3, shares with NL2 the ability
to bind to collybistin, a feature likely related to their specific role at inhibitory postsynapses in

the spinal cord and the brainstem (Poulopoulos et al., 2009; Hoon et al., 2011).

In the brainstem, only half of the GABA,R colocalize with NL4 whereas almost all of
the NL4 puncta are localized at glycinergic synapses (Figure 3.7). The same finding was
observed in different CNS regions such as the spinal cord, superior colliculus and the retina
(Hoon et al., 2011). The fact that NL4 in the globus pallidus is localized purely to GABAergic
synapses is presumably due to the fact that glycine receptors are absent from or only sparsely
present in this region (Sato et al., 1991; Waldvogel et al., 2007). Together these data
emphasize the fact that NL4, like NL2, is able to recruit and cluster GABA receptors at the
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postsynaptic membrane, but that NL4 preferentially recruits glycine receptors in some
specific brains regions. NL4 might be involved in a mechanism underlying the preferential
recruitment of GABA vs. glycine receptors to the inhibitory postsynaptic side. Further
analysis of the brainstem and the globus pallidus would be helpful to understand the selective

recruitment of the two main inhibitory receptors at the synapse.

4.2.3 NL4 in the barrel cortex

Based on the results described above, it was expected that NLL4 would be localized at
inhibitory synapses throughout the forebrain. Surprisingly, however, high magnification
images of the barrel cortex showed NL4 to be mainly colocalized with PSD-95 (72%) (Figure
34A) and VGIuT1 (41%) (Figure 3.7B). This result was particularly unexpected in light of
the matching global immunoreactivity patterns of gephyrin and NL4 in the barrel field. PSD-
95 labeling in the somatosensory cortex was homogeneous in all the cortical layers, whereas
gephyrin, like NL4, was present primarily in the barrel field in layer IV (Figure 3.3B). This
finding emphasizes the importance of a detailed analysis of NL4 localization at the synaptic
level, since the global pattern of immunoreactivity does not necessarily correlate with the

local, synaptic localization of NL4 in the barrel cortex.

Unfortunately, NL4 did not colocalize with any of the excitatory postsynaptic markers
that were tested. Indeed, NL4 did not colocalize with AMPAR or NMDAR (Figure 3.7E-F) or
with other excitatory postsynaptic markers tested, such as metabotropic glutamate receptors,
or with cell adhesion proteins specific for excitatory synapses such as leucine-rich repeat
transmembrane protein 2 (LRRTM2) (Ko et al., 2009). Therefore, a detailed characterization

of the synapses expressing NL4 in the barrel cortex was not possible in this context.

Layer IV of the somatosensory cortex is composed of excitatory neurons, which make
numerous synaptic interconnections (Feldmeyer et al., 1999; Schubert et al., 2003), and of
different subtypes of inhibitory neurons, which are known to form inhibitory networks
(Gibson et al., 1999; Beierlein et al., 2000; 2003). Both excitatory and inhibitory neurons in
the barrel cortex are activated by thalamocortical inputs (Agmon and Connors, 1991; 1992;
Kim et al., 1995b; Castro-Alamancos and Connors, 1997; Porter et al., 2001; Beierlein et al.,

2003; Murphy et al., 2012). The synaptic architecture of the barrels makes them a good area
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to study the functional involvement of NL4 at a specific synaptic microcircuit depending on

sensory information.

Functional characterization of NL4 in the barrel cortex, in collaboration with the
laboratory of Prof. Staiger (University of Gottingen), was recently initiated based on the
observation that NL4 is present at excitatory synapses there. Preliminary experiments using
patch clamp analysis in spiny stellate cells and pyramidal cells of the somatosensory cortical
layer IV showed that the spontaneous activity of these cells is disturbed in NL4-KO barrel
field (Prof. Jochen Staiger, personal communication). While these results do not contribute to
confirming the presence of NL4 at excitatory synapses in the barrel cortex, they indicate a

functional effect of NL4 deletion.

It was previously shown that another NL mutation that has been linked to ASDs, the
NL3 R451C mutation, also results in an impairment of the somatosensory cortex by
increasing inhibitory synaptic transmission in the layer II/III (Tabuchi et al., 2007). Neurons
present in a cortical column are interconnected, and an increased inhibition in layer II/III may
lead to changes in excitatory synaptic transmission in layer IV and vice versa. The
identification of the localization and function of NL4 in the barrel cortex underscores the
central position of the somatosensory cortex, in addition to changes in the E/I synaptic
balance, in studies on ASDs. Nevertheless, the exact localization of NL4 at excitatory

synapses remains to be determined.

One final possibility that remains to be explored is that NL4 could be localized at a
specific subset of excitatory synapses involved in cholinergic transmission. Cholinergic
neurotransmission has been implicated in neuronal plasticity (Zhu and Waite, 1998), and in
the neocortex, cholinergic inputs are considered to enhance the excitability of pyramidal
neurons (Krnjevi¢ et al., 1971; McCormick and Prince, 1986; Metherate et al., 1992; Haj-
Dahmane and Andrade, 1996). Thus, NL4 present at excitatory cholinergic synapses might
influence the excitability of layer IV pyramidal cells, potentially leading to an increase in

inhibitory transmission in layer II/III.
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4.2.4 NL4 in the hippocampus

Perhaps even more surprising than the localization of NL4 at excitatory synapses in
barrel cortex was the observation that in the hippocampus, NL4 appears to be localized to
both excitatory and inhibitory synapses. Several lines of evidence support the localization of
endogenous NL4 at both glutamatergic and GABAergic synapses. Firstly, the global pattern
of NL4 immunoreactivity, with strong localization in the CA1 str. [-m, corresponds to the
localization of gephyrin (Figure 3.3C). While PSD-95 staining was weaker in the str. [-m as
compared to the str. rad, the perforant path forms excitatory synapses onto the CAl
pyramidal cells in the s#r. [-m, indicating that PSD-95 must be localized there. Secondly, at
high magnification, NL4 puncta are partly colocalized with PSD-95 and partly with gephyrin
(Figure 3.4B). Furthermore, in the same area, 30% of the NL4 puncta are apposed to VGIuTl,
an excitatory presynapse marker (Figure 3.9B), while 42% of the NL4 clusters colocalize with
GABA RY2 (Figure 3.9D). Taken together, our findings indicate an association of NL4 with
both GABAergic synapses and excitatory synapses. Interestingly, it has previously been
proposed that NL4 in cultured hippocampal neurons is localized primarily at glutamatergic
synapses (Graf et al., 2004). The data presented here expand those observations by showing
that in vivo, NL4 can additionally be found at inhibitory synapses in the hippocampus. It is
also important to note that the pattern of gephyrin localization corresponds to NL4 in all
observed areas except for CA3, from which NL4 is absent (Figure 3.3C). NL2 might occupy
the gephyrin positive clusters instead of NL4 in this particular region, although this would
imply that NL2, which is exclusively present at perisomatic synapses in CAl, shows a

different pattern of localization in CA3 (Poulopoulos et al., 2009).

The excitatory postsynaptic receptors present with NL4 have yet to be identified, and
it is possible that NL4 might be localized to the same unknown subset of excitatory synapses
as in the barrel cortex. Interestingly, the a7 nicotinic acetylcholine receptor subunit (o7
nAChRs) is present in the hippocampus, especially in the str. I-m (Fabian-Fine et al., 2001),
and double immunolabeling experiments indicate that, like NL4, a7 nAChRs are localized to
both glutamatergic as well as GABAergic synapses (Fabian-Fine et al., 2001). In GABAergic
interneurons, o7 nAChRs mediate cholinergic synaptic input (Frazier et al., 1998) and
enhance GABAergic synapses (Frazier et al., 2003). At excitatory synapses, o7 nAChRs
might contribute to the activation of the glutamatergic synapses and, together with the

AMPAR mediate postsynaptic excitation (Levy and Aoki, 2002). The a7 nAChRs are
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considered as targets for cognitive enhancers (Cincotta et al., 2008) and contribute to
cognitive functions study as social recognition (Van Kampen et al., 2004) and attention
(Young et al., 2007). Therefore, it would be very interesting to examine the potential
colocalization of a7 nAChRs and NL4 at hippocampal synapses and determine whether there

is any connection between these two systems.

4.3 Effect of the loss of NLL4 on synapse number and distribution

4.3.1 Gephyrin and PSD-95 containing synapses are unchanged in the hippocampus and
the barrel cortex in NL4-KO mice

In previous studies, deletion or overexpression of various neuroligin isoforms
differentially affected the composition of the postsynaptic compartment. Overexpression of
NLT1 in hippocampal neuron culture was shown to increase the synapse density (Chubykin et
al., 2007), while NL2 deletion led to a localized decrease in gephyrin puncta around the
neuronal somata (Poulopoulos et al., 2009). Based on a previous study showing that NL4 may
play a role in synapse development in the retina (Hoon et al., 2011), it is reasonable to assume
that NL4 may potentially play a similar role in the brain regions investigated above. To
address this question, the density of excitatory and inhibitory synapses was investigated in
different brains regions by comparing the density of PSD-95 and gephyrin puncta,
respectively, between NL4-KO mice and WT littermates.

In the CA1 str. I-m of the hippocampus and in layer IV of the barrel cortex, the
number of PSD-95 puncta did not differ between WT and NL4-KO mice (Figure 3.10).
Similarly, the number of gephyrin puncta did not differ in the barrel cortex or in the CA1 str.
I-m of hippocampus, although a trend towards an increase in the density of gephyrin
containing synapses was observed in the latter region (Figure 3.10). Preliminary findings
from quantitative immunoblot analysis of PSD-95 and gephyrin levels in whole hippocampus
and the primary somatosensory cortex indicate that there are no significant changes in the
NL4-KO as compared to the WT (data not shown). These findings indicate that NL4 might
not play a role in the formation of synapses in those brain regions, since alterations in
synaptogenesis as a consequence of NL4 deletion should result in a change in synapse

density. Alternatively, the lack of change in synapse density after the loss of NL4 may result
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from a compensatory effect of other synaptic adhesion molecules, such as others NL

1isoforms, as discussed below.

4.3.2 Unchanged number of glycine receptor containing synapses in the spinal cord of
NL4-KO mice

Loss of NL4 causes a selective reduction in glycine receptor number in the retina
(Hoon et al., 2011). Specifically, a 17% decrease of the GlyRal puncta in the NL4-KO retina
was observed as compared to WT (Hoon et al., 2011). This led to the question as to whether
loss of NL4 may also lead to a loss of GlyRal in the CNS, where NL4 is strongly colocalized
with GlyRal, i.e. in the brainstem and the spinal cord (Figure 3.7) (Hoon et al., 2011).

The spinal cord contains a significant number of glycinergic synapses, especially in
the lamina II of the dorsal horn, making this region particularly suitable for synapse
quantification. The cells present there mainly consist of interneurons that have tiny cell bodies
as compared to the large cell bodies of the motor neurons. This feature makes any irregularity
in the perisomatic synapse density easier to analyze. Therefore, this region was chosen to

evaluate the consequences of NL4 deletion on GlyRal puncta density.

Although NL4 puncta perfectly matched the GlyRal clusters in the WT lamina II
spinal cord, no significant differences were observed between NL4-KO and WT in the
glycinergic synapse density in the spinal cord (Figure 3.11). There are several possible
explanations for this result. It is possible that, unlike in the retina, NL4 is not responsible for
the localization of GlyRal to glycinergic synapses in the spinal cord. Alternatively, it may be
that the spinal cord is a less optimal system for the detection of subtle synaptic changes than
the retina. The retina is a good model to detect subtle impairments in synapse composition
and function due to its highly organized laminar structure, and even under these conditions,
the degree of changes observed were very small. Thus, a slight decrease of glycinergic puncta

in the spinal cord might not be seen with the quantification protocol used for this study.

In summary, no changes in synapse density were observed in the NL4-KO mice in any
of the CNS regions investigated. This indicates that NL4 is not required for the initial
formation of synaptic contacts, but may rather play a role in synapse maturation and function.

This would be in accordance with observations made in NL1-2-3 triple KOs (Varoqueaux et
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al., 2006), in which no changes in synapse density were observed but the functionality of the
synapses was impaired. Unfortunately, light microscopy does not allow for the quantification
of the number of receptors at synapses, which would be the measure necessary to identify a
direct impact of the NL4 deletion on the functionality of synapses. On the other hand, such

differences can be identified using electrophysiology, as discussed below.

4.3.3 Functional redundancy of NLs isoforms in NL4-KO mice

Deletion of any of the NL isoforms individually is not lethal in mice. One possible
explanation for this observation may be that other NL isoforms or other synaptic adhesion
proteins can compensate for the loss of any given NL isoform. In the retina, an increase in
NLA4 clusters was observed in NL2-KO mice, indicating that NL4 maybe able to replace NL2
in a subset of synapses that would otherwise contain NL2 alone or in combination with NL4.
To test the expression levels of other NL isoforms (NL1-3) in different brain areas, total
protein levels in homogenates of NL4-KOs were compared to levels in WT mice by
quantitative immunoblotting. This analysis showed that NL3 and NL2 are upregulated in the

primary somatosensory cortex of NL4-KOs (Figure 3.11).

The two NLs isoforms that are upregulated in NL4-KO mice are involved in inhibitory
synapse formation and function, which is somewhat surprising given our finding that NL4 is
present at excitatory synapses in the barrel cortex. One possible explanation could be that the
deletion of NL4 does not directly result in compensatory upregulation of other NLs at the
same synapses, but that the increase in NL2 and NL3 is a secondary effect of altered network
activity due to impaired excitatory synaptic transmission. Decrease of the synaptic excitatory
transmission would presumably decline the excitability of pyramidal cells present in layer IV,
which could in turn silence interneurons that regulate the activity of other inhibitory
interneurons. Thus, NL4 deletion might cause a complex network effect leading to a shift in
the E/I balance in favor of inhibitory transmission, which would in turn induce the
recruitment of NL isoforms present at inhibitory synapses. The fact that no difference was
observed in the other brain regions of NL4-KOs might be because the barrel cortex is the only
region in which NL4 was found to be mainly present at excitatory synapses. In addition, the
specific synaptic organization of somatosensory cortex may allow compensatory changes to

be observed that are not present in the other brain regions examined. Alternatively, other
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synaptic adhesion molecules could be involved in the compensation in response to NL4
deletion in regions other than the somatosensory cortex, or the NL4 protein concentration in
these regions could be so low that any compensation that occurs would be too small to be
reliably quantifiable (Varoqueaux et al., 2006). In the future, quantitative immunoblots on
purified synaptosomes or synaptic plasma membrane fractions might reveal a compensatory

effect of proteins levels in NL4-KO mice.

4.4 Decreased gamma oscillations in NL4-KO mice

A crucial function of NLs in synapse maturation appears to be to establish and
maintain the balance of excitatory versus inhibitory transmission (Varoqueaux et al., 2006).
An imbalance of excitatory and inhibitory transmission has emerged as a popular model to
explain the functional deficits found in autism (Rubenstein and Merzenich, 2003; Levinson
and El-Husseini, 2005; Murcia et al., 2005; Cornew et al., 2011). Therefore, an analysis of the
effects of the loss of NL4 on the excitatory/inhibitory balance is an important step towards

understanding the role of NL4 in autism-related phenotypes.

Alterations in the excitatory or in the inhibitory circuit in the hippocampus have been
shown to affect the properties of gamma oscillations in this region (Fuchs et al., 2007).
Therefore, the induction of gamma oscillations is a useful initial tool to study the effects of
NL4 deletion on the excitatory/inhibitory balance in the hippocampus. To this end, gamma
oscillations were induced in vitro by kainate application in acute brain slices under interface
conditions. It was found that deletion of NL4 leads to a robust reduction of the power of
hippocampal gamma oscillations (Figure 3.13), indicating that balanced excitatory and

inhibitory network activity is substantially altered in these mice.

One interesting observation arising from these results is that the difference in the
power of oscillations is observed in area CA3, despite the fact that NL4 levels are very low in
the CA3 area of the hippocampus (Figure 3.3B). NL4 is generally weakly expressed
(Varoqueaux et al., 2006), and NL4 protein expression in CA3 may simply be too low to be
detected by conventional immunofluorescence staining. In support of this notion, XGAL
staining in the NL4-KO revealed the NL4 gene to be expressed in the CA3 pyramidal cell
layer (Jamain et al., 2008). The fact that the NL4 gene is expressed in CA3, but not highly
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enough to be detected at the protein level using immunostaining, indicates that NL4 may be
involved in modulatory effects on gamma oscillations. Another possibility is that the altered
oscillatory activity in the NL4-KO is the consequence of a complex response of the
hippocampal circuit. NL4 is present in the CAl str. 1-M, where the excitability of the
pyramidal neurons might be modulated. Principal cells in CA1 are closely connected with an
enormous variety of interneurons (Somogyi and Klausberger, 2005), and interneurons such as
back-projection cells and hippocampo-septal cells can innervate CA3 (Sik et al., 1994; Freund
and Buzsdki, 1996; Gulyas et al., 2003). Any modification in the synaptic transmission of
these neurons might modulate a specific neuronal type in CA3 that modulates the gamma

oscillations induced by kainate application.

The power of gamma oscillations in the frequency range from 25-45 Hz when induced
with 100 nM kainate is reduced by around 60% in the CA3 region of NL4-KO animals as
compared to gamma oscillations recorded in control slices (Figure 3.13). Interestingly, the
frequency of the maximum peak in the calculated power spectrum did not change, which
emphasizes the fact that the inhibitory connections are mostly intact in the NL4-KO mice
(Traub et al., 2000; Atallah and Scanziani, 2009; Mann and Mody, 2010) and that the
impairment observed is probably due to synaptic dysfunction. The present study did not
reveal any impairment in the hippocampal synapse density of NL4-KO mice, which would
indicate that there is no modification in the hippocampal connectivity of these mice. The
defect observed in gamma oscillations properties could instead be explained by a defect in
synapse function. A major question arising from these findings is now which synapses in the
inhibitory circuitry are affected in NL4-KOs, and why. While the data presented here do not
provide any direct evidence to answer this question, several potential explanations arise based

on published results.

For example, it was previously shown that, like the NL4-KO mice, mice lacking the
extrasynaptic subunit a5 of GABA, receptors also have an increase in the power of gamma
oscillations in the hippocampus with no changes in the frequency (Towers et al., 2004). This
may indicate a role for NL4 at a particular subset of extrasynaptic sites in the hippocampus,
since GABA R subunit a5 is responsible for inhibition in CA3 pyramidal cells (Glykys et al.,
2008). This hypothesis could be tested in the future by assessing the degree of colocalization
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of NL4 and the GABA,R a5 subunit and by examining the expression and localization of
GABA Ra5 in NL4-KO hippocampus.

Another possibility is that NL4 deletion leads to a reduction of the GABA-mediated
response from PV-positive interneurons. PV-positive interneurons in the hippocampus are
implicated in the generation and regulation of gamma oscillations in vitro (Gulyds et al.,
2010). PV-expressing neurons include basket cells and axo-axonic cells, which inhibit the
axon initial segment of pyramidal cells (Gloveli et al., 2005; Gulyas et al., 2010),(Héjos et al.,
2004). PV-positive basket cells form perisomatic synapses onto pyramidal cells, and
perisomatic feedback inhibition onto pyramidal cells has been implicated in the generation of
gamma oscillations (Mann et al., 2005a). Thus, PV basket cells are in a perfect position to
regulate the activity of pyramidal cells (Freund and Katona, 2007). The network connections
formed between PV positive basket cells, combined with their diverse innervation of
pyramidal neurons, allows them to spread neuronal activity within a cellular network (Cobb et
al., 1995; Sik et al., 1995; Gulyés et al., 1999; Bartos et al., 2007). If NL4 were positioned in
a manner to affect the physiological properties of these PV basket cells or their downstream
target neurons, this would explain the effect of NL4 deletion on gamma oscillations in the

hippocampus.

Together with PV basket cells, Cholecystokinin (CCK)-expressing basket cells
provide perisomatic inhibition to pyramidal cells (Freund and Katona, 2007). In contrast, to
PV cells, CCK-positive cells have been suggested to provide a modulatory input, rather than
supplying the driving force for the induction of gamma oscillations (Freund and Katona,
2007). In the NL4-KO mice, kainate-induced gamma oscillations are decreased but not
abolished. The same result was found in response to application of an agonist of the CBI1
receptor, which reduced the power of gamma oscillations dramatically (Hajos et al., 2000).
The CBI1 receptor is exclusively expressed by CCK positive cells and not by the PV
containing cells (Katona et al., 1999; Marsicano and Lutz, 1999), which can be taken as
evidence for a more prominent role of the CCK basket cells in generating the NL4-KO
phenotype described here. However, it should be noted that the reduction in gamma
oscillation power in response to the CB1 receptor agonist might also be due to the presence of
CBI1 receptors on pyramidal cells, which causes the inhibition of glutamate release

(Marsicano and Lutz, 1999; Domenici et al., 2006; Katona et al., 2006).
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Interestingly, it has been reported that CCK containing basket cells in the
hippocampus participate in the generation of gamma oscillations in response to kainate
application, but not in response to cholinergic stimulation in the hippocampus in vitro (Gulyds
et al., 2010). Therefore, if CCK-positive interneurons play a role in the NL4-KO phenotype
observed for the kainate-induced gamma oscillations, one would expect there to be no effect

of NL4 deletion on gamma oscillations induced by cholinergic stimulation.

Gamma oscillations induced by kainate application have been shown to correlate with
gamma oscillations produced in vivo during spatial reference memory tests (Lu et al., 2011).
Specifically, kainate-induced oscillations correlate with in vivo recording of local field
potentials during Barnes circular platform performance and object location recognition, and in
vitro oscillations recordings were larger in mice that recognized the aversive context in a
passive avoidance task (Lu et al., 2011). It will be interesting to determine whether the
oscillation phenotype found in the NL4-KO mice leads to alterations in spatial reference
memory in tasks such as those described above, which would provide a useful model system

for studying the mechanisms underlying learning impairments in ASDs.
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5. Summary and Conclusions

Neuroligins (NLs) are postsynaptic cell adhesion proteins involved in synaptogenesis
and synapse maturation. This study analyzed the distribution and the function of one NL
isoform, NL4. The distribution of NL4 was characterized throughout the central nervous
system, together with the synaptic composition of NL4-containing synapses in the relevant
brain regions. The role of NL4 in the maintenance of the synaptic circuitry was investigated
by analyzing the density of excitatory and inhibitory synapses in NL4-KO mice. In addition,
potential compensatory effects by other NL isoforms in response to the deletion of NL4 were
analyzed in selected brain regions. Finally, functional studies were performed to characterize

the contribution of NL4 in the generation of oscillatory activity in the hippocampus.

NL4 is distributed ubiquitously in the brainstem, spinal cord and globus pallidus, and
locally in the cortex and the hippocampus. At the synaptic level, NL4 is present at excitatory
and inhibitory synapses depending on the brain region. In the globus pallidus, spinal cord and
the brainstem, NL4 is present at inhibitory postsynapses, localizing preferentially to
glycinergic synapses in the brainstem and the spinal cord and exclusively to GABAergic
synapses in the globus pallidus. Strikingly, NL4 is localized to both inhibitory and excitatory
synapses in the hippocampus. In the barrel cortex, NL4 was found to mainly localize to
excitatory synapses. Loss of NL4 is not accompanied by a modification of the synapse density
in the hippocampus, barrel cortex or spinal cord. However, a local, potentially compensatory,
upregulation of NL2 and NL3 was observed in the barrel cortex of NL4-KO mice. Finally, the
deletion of NL4 induced a selective impairment in gamma oscillations generated by kainate in

the hippocampus.

Together, these data show that NL4 immunoreactivity is present throughout the CNS
in brains regions related to ASD, confirming the relevance of studying this protein in the
context of neurodevelopmental disorders. The synaptic localization of NL4 was found to be
dependent on the specific brain region, reflecting a complex role of the protein at the synapse,

although the functional mechanisms remain unknown. Studies on protein function using the
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NL4-KO revealed that NL4 is necessary for the integrity of local neural circuits, and hence
for system homeostasis. Any defects in this homeostasis may disturb the balance of excitatory

and inhibitory transmission, an effect that has been reported in numerous cases of ASD.
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6. Outlook

This study is the first characterization of the NL4 distribution and function in the
central nervous system, and reveals diverse roles of the protein throughout the central nervous
system. However, a number of questions remain to be addressed in order to fully understand

the role of NL4 in synapse development and function, as well as its relevance to ASD.

In order to confirm the exact localization of NL4 in the barrel cortex and the
hippocampus, it will be necessary to raise new antibodies targeted against NL4 so as to
perform better light microscopy and immunogold studies electron microscopy in those brains
regions. These experiments were attempted in the context of this thesis work using the only
specific antibody available in our laboratory (and in the world), but the fixation conditions
necessary for the NL4 antibody were not compatible with those required for light microscopy
and electron microscopy experiments in the barrel cortex and hippocampus. Immunogold
labeling and electron microscopic analyzes will be necessary to confirm the exact localization
of NL4 at excitatory (type 1) or inhibitory synapses (type 2) in the barrel cortex and the
hippocampus. Such data would then guide further analysis by electrophysiology.

In the hippocampus, NL4 immunoreactivity was found in the str. [-m, and alterations
in the power of gamma oscillations were observed in the NL4-KO mice, reflecting a selective
impairment of the hippocampal neural network. An important future experiment will be to
analyze the precise role of NL4 in the O-LM-pyramidal cell circuit in area CA1. One method
to achieve this would be to conduct patch clamp recordings such as paired recordings of one
pyramidal cell and one inhibitory interneuron. Extracellular stimulation of the perforant path,
combined with recording of the O-LM interneurons or the CA1 pyramidal neurons, would be
interesting to determine the effect of loss of NL4 on synapse function in this region, and to
investigate whether these changes play any role in the genesis of autism-related behavioral
phenotypes. O-LLM cells do not fire phase locked to gamma oscillations, and therefore they
may not contribute to the generation of gamma oscillations. However, they fire at the trough
of the theta cycle (Klausberger et al., 2003), which could implicate NL4 in an as yet unknown

oscillatory system.
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