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Abstract

In the adult mammalian brain, GABAergic neurotransmission provides the majority of synaptic
inhibition that balances glutamatergic excitatory drive and thereby controls neuronal output. It is
generally accepted that synaptogenesis is initiated through highly specific protein—protein
interactions mediated by membrane proteins expressed in developing presynaptic terminals and
postsynaptic membranes. Accumulating studies have uncovered a number of membrane proteins
that regulate different aspects of GABAergic synapse development. In this review, we summarize
recent advances in understanding of GABAergic synapse development with a focus on
postsynaptic membrane molecules, including receptors, synaptogenic cell adhesion molecules and
immunoglobulin superfamily proteins.

1. Introduction

Chemical synapses are specialized asymmetric intercellular junctions that are essential for
rapid communication between neurons. In the mammalian brain, there are hundreds of
trillions of synapses that connect individual neurons into neural circuits that give rise to
behavior and cognition. The formation of these synapses is a multi-step process. Initial
contact between presynaptic terminals and postsynaptic somata or dendrites is conducted by
trans-synaptic adhesive interactions, which induce specialization of synaptic structures
through recruitment of pre- and post-synaptic specific components. Nascent synaptic
connections are then selected through a highly regulated validation and elimination process,
and undergo activity-dependent refinement to become mature functional synapses. When
synapse development goes awry, neural circuit function becomes impaired, and devastating
neurological and psychiatric disorders can occur (Cline, 2005; Dudek, 2009; Lisman, 2012;
Rubenstein, 2010; Sheng et al., 2012; Yizhar et al., 2011). Thus, understanding the
molecular and cellular mechanisms regulating synapse formation and maturation in the
developing brain will not only provide important insights into how neural circuits assemble
and function, but will also shed the light on molecular processes involved in pathogenesis of
many developmental brain illnesses.

Based on the neurotransmitters that they release, chemical synapses are either excitatory or
inhibitory. In the central nervous system (CNS), glutamate is the principle excitatory

* Corresponding author. luw4@mail.nih.gov (W. Lu).



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal.

Page 2

neurotransmitter acting on three types of ionotropic glutamate receptors (AMPA receptors,
NMDA receptors and Kainate receptors) to mediate fast excitatory synaptic transmission and
induce depolarization in post-synaptic neurons (Traynelis et al., 2010). On the other hand,
GABA is the chief inhibitory neurotransmitter in the mature CNS and exerts its action
through GABA-type ionotropic receptors (GABAARS) to achieve fast synaptic inhibition
(Ben-Avri et al., 2007). GABAergic inhibition balances glutamatergic excitatory drive and
controls neuronal excitability, integration and output. This synaptic excitation and inhibition
balance (E/I balance) is important for proper neural circuit function (Akerman and Cline,
2006; Berg et al., 2007; Cline, 2005; Dorrn et al., 2010; Liu, 2004; Maffei et al., 2004; Sun
et al., 2010; Tao and Poo, 2005; Wehr and Zador, 2003; Yizhar et al., 2011), and
dysregulation of balanced E/I development has been proposed as a potential mechanism for
a number of neural development disorders, such as epilepsy, autism and schizophrenia
(Cline, 2005; Dudek, 2009; Lisman, 2012; Rubenstein, 2010; Yizhar et al., 2011).

Although the molecular and cellular mechanisms for glutamatergic synapse development
have been extensively studied over the last three decades, much less is known about the
regulation of GABAergic synapse formation. Developmentally GABAergic synapses are
often formed before the appearance of glutamatergic contacts (Ben-Ari et al., 2007; Ben-Ari
etal., 1997; Chen and Kriegstein, 2015; Deng et al., 2007; Tyzio et al., 1999). Live imaging
experiments show that initial GABAergic synapse formation does not involve dendritic or
axonal protrusions unlike glutamatergic synapse formation, indicating different mechanisms
for the regulation of inhibitory and excitatory synaptogenesis (Wierenga et al., 2008).
Supporting this, accumulating evidence has demonstrated that GABAergic synapse
development is critically regulated by a set of membrane molecules specifically expressed at
inhibitory synapses (Lee et al., 2013; Mishra et al., 2014; Pettem et al., 2013b; Poulopoulos
et al., 2009; Takahashi et al., 2012; Varoqueaux et al., 2004; Woo et al., 2013; Yim et al.,
2013). In addition, recent studies have revealed novel functions of NMDA receptors
(NMDARs) and GABAARs in the regulation of GABAergic synaptogenesis (Fuchs et al.,
2013; Gu et al., 2016). Here we review the molecular mechanisms for the regulation of
GABAergic synapse development focusing on the role of the postsynaptic membrane
proteins (Fig. 1 and Table 1), in which there has been significant progress over the last
several years. Other molecules critical for GABAergic synapse formation have been
discussed in two excellent recent reviews (Ko et al., 2015; Kuzirian and Paradis, 2011), and
thus are not included in the current review.

2. Receptors

Ligand-gated ion channels not only mediate fast synaptic transmission in the brain, but also
often play a signaling or structural role in the regulation of synapse development. Recent
studies have shown that signaling via NMDARs and GABAARS is important for GABAergic
synapse development (Arama et al., 2015; Chattopadhyaya et al., 2007; Gu et al., 2016).

2.1. NMDA receptors

NMDARs are a subclass of ionotropic glutamate receptors highly enriched at glutamatergic
synapses in the adult brain. While the role of NMDARs in mature neurons is well
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established, their function in embryonic and early developing neurons is less clear. Both RT-
PCR (reverse transcription-polymerase chain reaction) and /n s/itu hybridization experiments
have shown that GIuN1, an obligatory NMDAR subunit, is detectable in embryonic day 14
(E14) cortical neurons in rodents (Akazawa et al., 1994; Bennett et al., 2006; Campusano et
al., 2005; Monyer et al., 1994; Watanabe et al., 1992); moreover, functional NMDARs are
measurable through whole-cell patch clamp recording and calcium imaging in E14-E17
cortical neurons (Behar et al., 1999; Blanton and Kriegstein, 1992; Hirasawa et al., 2003;
LoTurco et al., 1991). A growing body of evidence has shown that neuronal activity in
general and NMDAR activity in particular can accelerate GABAergic synapse maturation
(Aamodt et al., 2000; Gonzalez-Forero et al., 2005; Harris et al., 1995; Henneberger et al.,
2005; Huang, 2009; Kilman et al., 2002; Lin et al., 2008; Lu et al., 2013; Memo et al., 1991;
Nusser et al., 1998; Otis et al., 1994; Rutherford et al., 1997; Wang et al., 1998; Zhu et al.,
1995).

Our recent work has revealed a necessary role of NMDARs in GABAergic synapse
formation in early developing neurons (Fig. 2). Specifically, our data demonstrate that
single-cell genetic deletion of functional NMDARS in embryonic hippocampal progenitor
neurons strongly impairs GABAergic synapse development (Gu et al., 2016). On the other
hand, enhancing NMDAR activity augments GABAergic synaptic transmission in immature
neurons both /n vitroand in vivo (Gu et al., 2016). At the cellular level, loss of NMDARs
leads to impairment of both pre- and post-synaptic specializations of GABAergic synapses,
suggesting that NMDARs are critical for orchestrating GABAergic synapse assembly (Gu et
al., 2016). Interestingly, our data show that NMDAR-dependent GABAergic synapse
formation requires the Ca2*-dependent binding of calmodulin (CaM) to the CO domain of
the GIuN1 subunit (Gu et al., 2016). These data indicate that the NMDAR functions as an
upstream molecule essential for GABAergic synapse formation in early developing
hippocampal neurons.

It is worth noting that NMDARSs, which have a high affinity for glutamate (Traynelis et al.,
2010), are tonically activated by ambient glutamate in the developing brain before the
formation of glutamatergic synapses (Blanton and Kriegstein, 1992; Leinekugel et al., 1997;
LoTurco et al., 1991), which leads to Ca2* influx into the neuron. Activation of NMDARS in
developing neurons is facilitated by GABAARS, which are detectable in neurons as early as
E12-14 and can be activated by ambient GABA in the developing brain (Ben-Avi et al.,
2007, 1997). While GABA is the principal inhibitory transmitter in the adult brain, it is
excitatory in embryonic and developing neurons due to higher intracellular CI~
concentration, and thus its activity provides the depolarization necessary for NMDAR
activation through the removal of the Mg2* blockade (Ben-Ari et al., 2007; Cherubini et al.,
1991). Therefore, a possible scenario is that in early developing neurons the depolarizing
drive provided by GABAAR activity facilitates NMDAR activation, which in turn, through
signaling viathe Ca%* dependent CaM binding to the CO domain of the NMDAR GIuN1
subunit, regulates GABAergic synapse development (Gu et al., 2016). Additionally, it has
been shown that NMDAR activity can regulate GABAergic synapse maturation and
plasticity through calcineurin, CaMKII, nitric oxide synthase, or glia secreted factors
(Bannai et al., 2009; Diniz et al., 2014; Flores et al., 2015; Marsden et al., 2010; Muir et al.,
2010; Nugent et al., 2007; Petrini et al., 2014). The precise roles of these signaling pathways

Brain Res Bull. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal.

Page 4

in NMDAR-dependent GABAergic synapse formation remain to be determined, though
some studies have revealed intriguing possibilities. A recent study demonstrated that
transforming growth factor beta 1 (TGF-p1) released from astrocytes can induce GABAergic
synapse formation in cortical neurons. Importantly, TGF-g1 induction of GABAergic
synapses depends on NMDAR activity and CaMKII signaling, supporting a potential
mechanism for NMDAR-dependent GABAergic development (Diniz et al., 2014). It is
currently unclear whether NMDARSs functionally interact with inhibitory synapse specific
synaptogenic cell adhesion molecules (CAMs), such as Neuroligin2 and Slitrk3 (Graf et al.,
2004; Scheiffele et al., 2000; Takahashi et al., 2012; Yim et al., 2013), to control GABAergic
synapse formation. Nevertheless, the strong localization of NMDARSs at developing
GABAergic synapses in the immature brain provides neuroanatomical evidence for a
collaborative role of NMDARs and GABAergic synaptogenesis machinery in the regulation
of GABAergic synapse formation (Cserep et al., 2012; Gundersen et al., 2004; Szabadits et
al., 2011). Future work in our laboratory will focus on understanding the molecular and
cellular mechanisms underlying NMDAR-dependent GABAergic synapse development,
which will provide important insights into signaling pathways involved in the initiation of
GABAergic synaptogenesis.

2.2. GABAAp receptors

GABAARs are heteropentameric ligand-gated chloride channels assembled from over 19
subunits (Fritschy and Panzanelli, 2014). In the brain, the vast majority of synaptic
GABAARs contain a, p and -y2 subunits with a 2:2:1 stoichiometry (Fritschy and
Panzanelli, 2014). Early studies in GABAAR subunit knockout (KO) mice have indicated an
important role for GABAaRS in GABAergic synapse development. Genetic deletion of the
al subunit abolished GABAergic synaptic transmission in mature cerebellar Purkinje
neurons (Fritschy and Panzanelli, 2006; Patrizi et al., 2008). Interestingly, detailed analysis
reveals an intricate mechanism underlying the loss of GABAergic synaptic transmission. It
was found that in a1 subunit KO mice, the a3 subunit was transiently expressed in Purkinje
neurons during development, leading to the assembly of functional GABAARS and the initial
formation of GABAergic synapses between stellate interneurons and Purkinje cells.
However, subsequent decline of a3 subunit expression caused a loss of GABAergic synaptic
transmission in Purkinje cells. Consequently, initially formed inhibitory synapses were
impaired and instead mismatched, non-functional synapses were formed between stellate
cell axons with Purkinje dendritic spines, suggesting an important role of GABAARS in
functional maturation of GABAergic synapses (Fritschy et al., 2006; Patrizi et al., 2008). In
addition, in hippocampal CA1 pyramidal neurons of a.2 subunit KO mice, a prominent
proportion of synaptic clusters of the major scaffolding protein gephyrin are lost (Fritschy et
al., 2012). In hippocampal primary neuron cultures, acute knockdown of the y2 subunit,
which is essential for GABAAR synaptic targeting (Essrich et al., 1998), strongly reduces
GABAergic inner-vation (Li et al., 2005). Similarly, in a y2 subunit knockdown mouse line,
there are significantly fewer GABAergic synapses on dendrites of cortical pyramidal
neurons and cerebellar Purkinje cells (Frola et al., 2013). On the other hand, increased
expression of GABAaRS promotes GABAergic synapse formation (Jacob et al., 2009). More
recently, in a neuron-heterologous cell co-culture system, GABAARS can initiate the
formation of functional synaptic contacts in a subunit-dependent manner (Brown et al.,
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2016; Fuchs et al., 2013). Taken together, these data support a structural role for GABAARS
in GABAergic synapse development.

In addition to a structural role, GABAAR activity is important in GABAergic synapse
development. Early studies have indicated that GABAergic innervation is important for
proper clustering of postsynaptic GABAaRS (Christie et al., 2002; Rao et al., 2000). In
basket interneurons in the mouse visual cortex, knockdown of the glutamate decarboxylase
67 (GADG67), which is a rate-limiting enzyme for GABA synthesis, causes significant
deficits in perisomatic GABAergic synapse formation onto cortical pyramidal neurons
(Chattopadhyaya et al., 2007). Furthermore, the effect of GAD67 knockdown on
GABAergic synapse development can be partially rescued by the GABAAR agonist,
diazepam, suggesting that postsynaptic GABAAR activity is important for GABAergic
synapse formation (Chattopadhyaya et al., 2007). Similarly, it has been reported that
GABAAR activity regulates synapse formation between developing medium spiny neurons
(Arama et al., 2015). Currently, the mechanisms underlying the regulation of GABAergic
synapse development by GABAARS remain unclear. It has been reported that GABAARS
directly interact with presynaptic adhesion molecules, neurexins (Zhang et al., 2010). Thus,
it is plausible that the GABAAR may exert its effect on GABAergic synapse development
through engaging synaptic adhesion molecules.

3. Synaptogenic cell adhesion molecules

Synaptogenic cell adhesion molecules are a class of cell adhesion molecules that induce and
organize synapse formation (Siddiqui and Craig, 2011). A widely used assay to test whether
a cell adhesion molecule is synaptogenic utilizes co-cultures of neurons with non-neuronal
cells expressing the candidate molecule (Scheiffele et al., 2000). The candidate molecule is
considered to be synaptogenic if it can induce synapse formation onto the nonneuronal cells.
Currently, there are synaptogenic cell adhesion molecules, including neuroligin2, slitrk3 and
calsyntenin3, which have been identified to induce GABAergic synapse formation.

3.1. Neuroligin2

Neuroligins (NLGNSs) are a family of synaptic cell adhesion molecules consisting of four
members: NLGN1-4 (Craig and Kang, 2007; Sudhof, 2008). These are single-passing
transmembrane proteins sharing similar domain organizations with a short intracellular
domain that contains a PDZ domain binding motif and a gephyrin interacting sequence, as
well as a large acetylcholinesterase-like extracellular domain that interacts with presynaptic
neurexins to mediate adhesive interactions for synapse development (Bemben et al., 2015).
Among the four members, NLGN2 is highly enriched at inhibitory synapses (Graf et al.,
2004; Levinson et al., 2005; Varoqueaux et al., 2004), likely due to its ability to interact with
two inhibitory synapse proteins, gephyrin and collybistin (Poulopoulos et al., 2009). Early
clues to the role of NLGNZ2 in synapse development were discovered through observations
that NLGNZ2 expressed in nonneuronal cells was capable of inducing presynaptic
differentiations in contacting axons, suggesting a synaptogenic function for NLGN2
(Scheiffele et al., 2000). Subsequently, gain-of-function and loss-of-function experiments in
hippocampal primary neuron cultures demonstrate that NLGNZ2 is both necessary and
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sufficient for GABAergic synapse development. Indeed, GABAergic synapse density is
increased by NLGNZ2 overexpression and decreased by RNAi-mediated NLGN2 knockdown
(Chih et al., 2005; Chubykin et al., 2007; Futai et al., 2013; Graf et al., 2004). In addition,
gene KO studies demonstrate that NLGN2 is required for GABAergic synapse development
in the hippocampus /n vivo (Poulopoulos et al., 2009). Specifically, in NLGN2 KOs,
GABAergic synaptic transmission is reduced to half of control levels in hippocampal CAl
pyramidal neurons (Poulopoulos et al., 2009). Interestingly, the deficits are limited to
perisomatic GABAergic synapses, as GABAergic synapse density is reduced in somatic, but
not the dendritic region of CA1 pyramidal neurons in NLGN2 KOs (Blundell et al., 2009;
Poulopoulos et al., 2009).

The emerging picture appears to be that NLGN2 plays a region-specific role in GABAergic
synapse development. While NLGN2 is required for GABAergic synapse formation at the
perisomatic region in hippocampal pyramidal neurons (Poulopoulos et al., 2009), it is not
necessary for GABAergic synaptogenesis in brainstem and cerebellar Purkinje cells
(Poulopoulos et al., 2009; Varoqueaux et al., 2006; Zhang et al., 2015). In brainstem
neurons, genetic deletion of NLGNZ2 leads to a substantial reduction of both GABAergic and
glycinergic transmission, but not inhibitory synapse density (Poulopoulos et al., 2009;
Varoqueaux et al., 2006), suggesting that NLGNZ2 regulates functional maturation, but not
initial formation of GABAergic synapses within the brainstem. Similarly, NLGN2 is
required for the establishment of inhibitory synaptic transmission, but not synapse formation
per sein cerebellar Purkinje cells (Zhang et al., 2015). These data highlight the cell type
specific role of NLGN2 in initial formation and functional maturation of inhibitory synapses
and suggest diverse mechanisms for inhibitory synaptogenesis across the brain.

Recently, a growing number of molecules that are important in the regulation of GABAergic
synapse development and function have been found to interact with NLGNZ2, including
gephyrin, collybistin, synaptic scaffolding molecule (S-SCAM) MAGI2 (membrane-
associated guanylate kinase with inverted organization), and MAM domain-containing
glycophosphatidylinositol (GPI)-anchored proteins (MDGAS) (Lee et al., 2013; Pettem et
al., 2013b; Poulopoulos et al., 2009; Sumita et al., 2007; Woo et al., 2013). The NLGN2-
gephyrin interaction is negatively regulated by peptidyl-prolyl cis—trans isomerase Pinl that
controls synaptic abundance of NLGN2 and GABAergic synapse strength (Antonelli et al.,
2014). Furthermore, a recent proteomic study to characterize NLGN2 complexes in mouse
brain reveals additional inhibitory synapse proteins associated with NLGN2 (Kang et al.,
2014), further supporting the role of NLGN2 as a central component of GABAergic
synapses in organizing synapse development and functional maturation.

Gephyrin—Gephyrin is a multifunctional, evolutionally conserved cytosolic protein
required for molybdenum cofactor synthesis in nonneuronal cells and it acts as an anchorage
protein for postsynaptic clustering of glycine receptors and GABAARS at inhibitory
synapses in neurons (Fritschy et al., 2008; Tretter et al., 2012; Tyagarajan and Fritschy,
2014). At inhibitory postsynapses, gephyrin forms a supermolecular hexagonal structure that
binds to receptors, synaptic adhesion proteins, cytoskeleton proteins and synaptic enzymes,
thereby serving as a central organizer for signal transduction at inhibitory synapses (Fritschy
etal., 2008; Tretter et al., 2012; Tyagarajan and Fritschy, 2014).
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Gephyrin was originally identified in glycine receptor complexes in the spinal cord through
affinity purification, and is essential for postsynaptic clustering of glycine receptors (Feng et
al., 1998; Kirsch et al., 1993; Levi et al., 2004; Pfeiffer et al., 1982). Subsequently it was
found to colocalize and interact with GABAARS in neurons (Essrich et al., 1998; Giustetto et
al., 1998; Maric et al., 2011; Nakamura et al., 2016; Sassoe-Pognetto et al., 1995; Sassoe-
Pognetto et al., 2000; Tretter et al., 2008). The gephyrin-GABAAR interaction plays a role in
receptor clustering at synapses, as evidenced by reduced GABAAR targeting to synapses in
neurons lacking gephyrin (Essrich et al., 1998; Fischer et al., 2000; Kneussel et al., 1999;
Levi et al., 2004; Yu et al., 2007). These data also indicate that there are gephyrin-
independent mechanisms existing in neurons for scaffolding GABAARS at synapses.
Although there is evidence for the involvement of dystrophin in GABAAR clustering in
neurons, dystrophin is unlikely responsible for gephyrin-independent anchorage of receptors
at developing synapses. Indeed, while GABAAR clusters are reduced in hippocampal
neurons in adult dystrophin KO mice (Knuesel et al., 1999), dystrophin expression is not
detectable until postnatal two weeks and thus unlikely contributes to receptor anchorage at
the early developing synapses (Knuesel et al., 2000). Thus, gephyrin-independent
mechanisms for clustering of GABAARS at developing synapses remain to be determined.
Future work toward a more complete understanding how GABAARs are anchored at
synapses will provide important insights to the molecular mechanisms underlying the
development and maturation of GABAergic synapses.

Collybistin—Clustering of gephyrin at developing synapses is an important step for
GABAergic synapse establishment (Fritschy et al., 2008; Tretter et al., 2012; Tyagarajan and
Fritschy, 2014). There are several well-characterized molecular processes that regulate
gephyrin clustering at inhibitory synapses, including posttranslational modifications and
protein—protein interactions with GABAergic synaptic components (Dejanovic et al., 2014;
Tretter et al., 2012; Tyagarajan and Fritschy, 2014). One of the gephyrin binding proteins
that is particularly important for GABAergic synaptogenesis is collybistin, a brain-specific
guanine nucleotide exchange factor (GEF) for small GTPase Cdc42 (Harvey et al., 2004;
Kins et al., 2000; Papadopoulos et al., 2008; Tyagarajan et al., 2011). In both heterologous
cells and neurons, collybistin is capable of inducing submembrane clustering of gephyrin
(Chiou et al., 2011; Harvey et al., 2004; Kins et al., 2000; Tyagarajan et al., 2011), likely
through collybistin's pleckstrin-homology (PH) domain that binds to membranes
(Kalscheuer et al., 2009; Reddy-Alla et al., 2010). Collybistin KO mice display considerably
reduced synaptic clustering of both gephyrin and GABAARS, in addition to severely
impaired GABAergic synaptic transmission (Papadopoulos et al., 2008; Papadopoulos et al.,
2007). Thus, collybistin controls GABAergic synaptogenesis through the regulation of
gephyrin and GABAARS clustering at developing synapses.

Neuroligin2-gephyrin-collybistin complex—In the brain, the vast majority of
collybistin contains an N-terminal src-homology 3 (SH3) domain (Harvey et al., 2004;
Soykan et al., 2014), which binds intramolecularly to the dbl-homology (DH)/PH domains
and keeps collybistin in a closed, inactive state (Soykan et al., 2014). Indeed, collybistin
isoforms lacking the SH3 domain, although expressed at low levels in the brain (Soykan et
al., 2014), are intrinsically active in clustering gephyrin at the plasma membrane. In contrast,
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collybistin variants that carry the SH3 domain colocalize with intracellular gephyrin but do
not traffic to the plasma membrane in nonneuronal cells (Harvey et al., 2004; Kins et al.,
2000), likely due to impaired accessibility of the PH domain for lipid binding (Reddy-Alla et
al., 2010; Soykan et al., 2014). Several neuronal proteins, including NLGN2 (Poulopoulos et
al., 2009; Soykan et al., 2014), neuroligin 4 (NLGN4) (Hoon et al., 2011), small GTPase
TC10 (Mayer et al., 2013), and the GABAAR a2 subunit (Saiepour et al., 2010), have been
reported to regulate the intramolecular interactions between the SH3 and DH/PH domains
and thus control the activity of collybistin in gephyrin recruitment and GABAergic synapse
formation. Among these, NLGN2-dependent regulation of collybistin has been best
characterized. The carboxyl (C)-terminus of NLGNZ2 can bind to both gephyrin and
collybistin (Fig. 3) (Poulopoulos et al., 2009; Soykan et al., 2014). In the absence of
NLGNZ2, collybistin remains in the closed state that interacts with gephyrin in the
intracellular locations and can not recruit gephyrin to the plasma membrane for initial
formation of GABAergic synapses (Poulopoulos et al., 2009; Soykan et al., 2014). Binding
of NLGN2 to the collybistin DH domain disrupts the intramolecular interaction and
consequently exposes its PH domain for plasma membrane tethering, leading to collybistin/
gephyrin clustering at the plasma membrane (Poulopoulos et al., 2009; Soykan et al., 2014).
Moreover, NLGNZ2 binding to both gephyrin and collybistin contributes to stabilization of
collybistin/gephyrin complexes at the plasma membrane, facilitating postsynaptic
differentiation of developing GABAergic synapses (Poulopoulos et al., 2009; Soykan et al.,
2014). Taken together, these data highlight an important role of NLGN2-mediated
postsynaptic signaling in the regulation of GABAergic synapse development.

As noted before, data from NLGN2 KO mice show that although NLGN2 is important for
GABAergic synapse development in hippocampal CA1 neurons, it is only critical for a
subset of GABAergic synapses at the perisomatic region (Poulopoulos et al., 2009). This
suggests that there are other synaptic adhesion proteins responsible for inhibitory synapse
formation during development. The Slit- and Trk-like (Slitrk) family consists of six
postsynaptic membrane proteins, each containing two leucine-rich repeat clusters (LRR) in
the extracellular region that mediates the trans-synaptic adhesion interaction with
presynaptic receptors, protein tyrosine phosphatases (PTPs) (Takahashi et al., 2012; Um et
al., 2014a; Yim et al., 2013). Among the six Slitrks, Slitrk3 has recently been identified to be
a postsynaptic adhesion molecule specific for inhibitory synapse development (Takahashi et
al., 2012; Yim et al., 2013). Expression of Slitrk3 in non-neuronal cells can induce
GABAergic, but not glutamatergic, presynaptic differentiation of contacting axons
(Takahashi et al., 2012; Yim et al., 2013). Correspondingly, overexpression of Slitrk3 in
hippocampal neurons promotes GABAergic, but not glutamatergic, synapse formation
(Takahashi et al., 2012; Yim et al., 2013). Importantly, sShRNA-mediated knockdown of
Slitrk3 strongly reduces synaptic clustering of vesicular GABA transporter (vVGAT) and
gephyrin, the pre- and post-synaptic markers of inhibitory synapses (Takahashi et al., 2012;
Yim et al., 2013). Gene KO data further confirm that Slitrk3 is required for GABAergic
synapse development in vivo, as both GABAergic synapse density and inhibitory synaptic
transmission are impaired in hippocampal CA1 neurons from Slitrk3 KOs (Takahashi et al.,
2012). Mechanistically, Slitrk3 binds to presynaptic transmembrane protein PTPS to control
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the coordinated development of GABAergic pre- and post-synaptic specializations
(Takahashi et al., 2012; Yim et al., 2013). Collectively, these data demonstrate that Slitrk3
acts as an alternative synaptogenic adhesion molecule, specific for inhibitory synapse
development in the brain.

The identification of Slitrk3 and NLGN2 as synaptogenic molecules specific to inhibitory
synapses is a major advance in understanding the molecular mechanisms for GABAergic
synapse development; but it also raises important new questions. In the hippocampus,
principle pyramidal neurons are innervated by at least 21 distinct subclasses of interneurons
that make functionally diverse GABAergic synapses onto pyramidal neurons in a domain
specific manner (Klausberger and Somogyi, 2008). Are NLGNZ2 and Slitrk3 responsible for
the formation of all GABAergic synapses in hippocampal neurons or are each of them
preferentially involved in the development of a subpopulation of GABAergic synapses? Do
NLGNZ2 and Slitrk3 operate in parallel to direct development of different types of
GABAergic synapse or they function in different stages during the development of the same
synapse? How is trafficking of NLGN2 and Slitrk3 to the developing neuronal surface
regulated to induce formation of nascent synapses? Do they exert their synaptogenic
function by different mechanisms? The answers to these questions will not only deepen our
understanding of these synaptic adhesion molecules, but will also help us understand how
the vast array of inhibitory synapses is generated in the brain.

3.3. Calsyntenin3

Calsyntenins, also known as alcadeins, are a subfamily of synaptic adhesion molecules that
belong to the cadherin superfamily. Calsyntenins are type | transmembrane proteins, which
consist of extracellular domains containing two cadherin repeats and a laminin-a, neurexin,
sex hormone-binding globulin (LNS) domain, and an intracellular calcium binding domain.
Calsynteninl was originally identified in spinal-cord neurons (Mogt et al., 2001).
Subsequently, calsyntenin2 and 3 were discovered based on sequence homology (Hintsch et
al., 2002). Among the three members, calsynteninl is expressed throughout the body; in
contrast, calsyntenin2 and 3 are highly enriched in the brain. Immunolabelling and
subcellular fractionation reveal that all calsyntenins are localized at synapses (Um et al.,
2014b; Vogt et al., 2001).

Recent studies have identified calsyntenin3, but not calsynteninl and 2, as a potent
synaptogenic protein that can induce excitatory and inhibitory presynaptic differentiation in
co-culture assays (Pettem et al., 2013a; Um et al., 2014b). Consistently, both GABAergic
and glutamatergic synapse densities in the hippocampal CA1 region are reduced in
calsyntenin3 KO mice (Pettem et al., 2013a), confirming the synaptogenic function of
calsyntenin 3 /n vivo. Interestingly, acute knockdown of calsynteninl, 2 or 3 individually in
hippocampal neuron cultures does not change synapse density (Um et al., 2014b). Only
simultaneous knockdown of all three calsyntenins decreases GABAergic, but not
glutamatergic, synapse densities, suggesting a functional redundancy of calsyntenins in this
experimental preparation (Um et al., 2014b). Similarly, knockdown of calsyntenin1-3 /in
vivo in cortical neurons impairs inhibitory, but not excitatory synaptic transmission (Um et
al., 2014b). Currently, it is unclear whether and how calsyntenins functionally substitute for
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each other, since only calsyntenin3 is synaptogenic (Pettem et al., 2013a; Um et al., 2014b).
It also remains unclear what accounts for the difference of synaptic phenotypes in neurons
expressing sShRNAs vs neurons from calsyntenin3 KOs (Pettem et al., 2013a; Um et al.,
2014b). Mechanistically, synaptogenic function of calsyntenin3 requires presynaptic
neurexins (Lu et al., 2014; Pettem et al., 2013a; Um et al., 2014b). Future work will be
needed to reveal the molecular mechanisms by which calsyntenin3 regulates GABAergic
synapse development. In addition, calsyntenin3 is expressed at high levels in a subset of
interneurons (Hintsch et al., 2002; Pettem et al., 2013a). It will be interesting to determine
whether calsyntenin3 is a key synaptogenic molecule for GABAergic synapse formation in
interneurons.

4. Immunoglobulin superfamily (IgSF) proteins

The Immunoglobulin superfamily (IgSF) consists of a large group of proteins characterized
by the presence of Ig domains. Ig domains are important protein interaction motifs that are
often found in membrane proteins involved in molecule recognition/binding and intercellular
interactions (Barclay, 2003). In the brain, many IgSFs contribute to synaptic adhesive
interactions, which are important for the formation, maturation and function of synapses
(Shen and Scheiffele, 2010). Recent advances have identified several Ig family proteins that
play a key role in the regulation of GABAergic synapse formation and maturation.

4.1. 1gSF9 and IgSF9b

IgSF9 and IgSF9b, are evolutionarily conserved Ig superfamily (IgSF) type | transmembrane
adhesion molecules (Hansen and Walmod, 2013). In rodents, IgSF9 and IgSF9b share
similar domain organization, containing five Ig domains and two fibronectin I11 (FNIII)
domains in the extracellular amino (N)-terminus, and a PDZ-binding motif in the
intracellular C-terminus. Both IgSF9 and IgSF9b are strongly expressed in the developing
brain and are preferentially localized to dendritic regions (Hansen and Walmod, 2013; Shi et
al., 2004).

4.1.1. IgSF9—IgSF9, also called dendrite arborization and synapse maturation 1 (Dasm1),
was initially identified through a homology search based on a Drosgphila IgSF molecule,
Turtle (Shi et al., 2004). RNAi-mediated knockdown and overexpression of dominant-
negative mutants in cultured hippocampal neurons showed that IgSF9 regulates dendritic
arborization and excitatory synaptic maturation (Shi et al., 2004). However, recent in vivo
experiments in IgSF9 KO mice have shown normal dendrite, spine and excitatory synapse
development in the hippocampus (Litwack et al., 2004; Mishra et al., 2008). Importantly, the
previously observed phenotype following IgSF9 knockdown is also observed when the
knockdown is performed in neurons prepared from IgSF9 null mice, suggesting that an off-
target effect may explain RNAi-induced deficits (Mishra et al., 2008). Instead, a strong
reduction in GABAergic synapse density and impaired inhibitory synaptic transmission are
observed in hippocampal neurons prepared from IgSF9 KO mice, indicating a role of 1gSF9
in GABAergic synapse development (Mishra et al., 2014). Furthermore, knock-in mice that
express a mutant IgSF9 lacking the cytoplasmic domain have normal inhibitory synaptic
transmission, suggesting that IgSF9 regulates inhibitory synapse development via
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ectodomain-mediated interactions, rather than acting through its intracellular domain
(Mishra et al., 2014). Interestingly, IgSF9 can mediate homopbhilic adhesion, but is not a
synaptogenic molecule, as it fails to induce GABAergic synapse differentiation in a neuron-
heterologous cell co-culture assay (Mishra et al., 2014). Thus, it is likely that IgSF9
functions through other synaptogenic molecules to establish new GABAergic synapses or is
involved in stabilization of preexisting synapses.

4.1.2. IgSF9b—IgSF9b is a close homolog of 1gSF9 in the mammalian brain and was
recently found to be associated with major depressive disorder (Shyn et al., 2011).
Interestingly, 1IgSF9b is highly enriched in GABAergic interneurons with weak expression in
pyramidal cells in the hippocampus (Woo et al., 2013). Similar to IgSF9, IgSF9b binds
homophilically, but is not sufficient to induce synapse formation (Woo et al., 2013). In
primary hippocampal neuronal cultures, IgSF9b forms punctal subcellular structures that
colocalize with GABAergic, but not glutamatergic, markers in interneurons, suggesting that
it is a synaptic adhesion molecule specific to inhibitory synapses (Woo et al., 2013). In
interneurons in hippocampal cultures expressing an sShRNA to down regulate IgSF9b
expression, GABAergic synapse density and inhibitory synaptic transmission are reduced
(Woo et al., 2013), demonstrating a role of IgSF9b in the regulation of GABAergic synapse
development. Mechanistically, IgSF9b directly interacts with PDZ domain 4 and 5 of
MAGI2, a member of S-SCAM localized at inhibitory synapses (Woo et al., 2013). A
previous study demonstrated that MAGI2 binds to NLGNZ2 through its PDZ1 (Sumita et al.,
2007), suggesting that MAGI2 can simultaneously bind to both IgSF9b and NLGN2 acting
as a bridge protein. Indeed, binding assay in heterologous cells and brain lysates show that
the three proteins can form a ternary complex (Woo et al., 2013). Furthermore, MAGI2
knockdown suppresses colocalization of 1gSF9b and NLGNZ2 at inhibitory synapses and
decreases the number of GABAergic synapses (Woo et al., 2013), indicating that IgSF9b
may indirectly regulate GABAergic synapse development through NLGN2. The data that
IgSF9b can form trans-synaptic homophilic interaction as well as postsynaptic interactions
with MAGI2 and NLGNZ2 suggest an 1gSF9b-based trans-synaptic macromolecular complex
in interneurons important for GABAergic synapse formation and stabilization.

MDGA:s are 1g superfamily adhesion molecules. They consist of two members (MDGA1
and 2), each composed of six Ig domains, a fibronectin 111 domain, a memprin, A5 protein,
receptor protein tyrosine phosphatase mu (MAM) domain, and a GPI anchor that attaches
the protein to the plasma membrane (Litwack et al., 2004). MDGA s are highly expressed in
developing neurons and have been implicated in brain development (Ishikawa et al., 2011;
Joset et al., 2011; Lee et al., 2013; Litwack et al., 2004; Takeuchi and O'Leary, 2006).
Recently, two elegant studies demonstrated that MDGASs are important in the regulation of
GABAergic synapse development (Lee et al., 2013; Pettem et al., 2013b). In cultured
hippocampal neurons, overexpression of MDGAL decreases GABAergic, but not
glutamatergic, synapse density; and shRNA-mediated gene knockdown enhances
GABAergic synapse formation, indicating that MDGAs negatively regulate GABAergic
synaptogenesis (Lee et al., 2013; Pettem et al., 2013b). Interestingly, MDGAL is not
synaptogenic on their own, but acts through NLGNZ2 to induce GABAergic development
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(Lee et al., 2013; Pettem et al., 2013b). Cell-based binding assays demonstrate that NLGNZ2,
but not NLGNL1 or 3, interacts in ¢/s with MDGA Ig domains with a nanomolar affinity in an
extracellular Ca*-dependent manner (Lee et al., 2013; Pettem et al., 2013b). This MDGA-
NLGN?2 interaction inhibits the synaptogenic activity of NLGN2 by blocking NLGN2 from
binding to its presynaptic receptor, neurexin (Lee et al., 2013; Pettem et al., 2013b).
Currently, it remains unclear how the MDGA-NLGN?2 interaction is regulated during
development. As NLGNZ2 is one of the major synaptogenic molecules for GABAergic
synapse formation, understanding the dynamic regulation of the MDGA-NLGN?2 interaction
during development will provide key insights into molecular cascades underlying initial
GABAergic synapse assembly.

4.3. Contactins

Contactins (CNTNs) are a subfamily of the Ig superfamily of neural cell-adhesion molecules
(1g-CAMs), consisting of six members (CNTN1-6) (Zuko et al., 2013). CNTNs are non-
transmembrane, GPl-anchored proteins attached to the extracellular half of the plasma
membrane. An important feature of CNTNSs is their six extracellular g domains and four
fibronection type 111 (FNIII) domains. These Ig domains have been shown to mediate
interactions with receptor protein tyrosine phosphatases (RPTPs) and L1 family cell
adhesion molecules (Zuko et al., 2013). Evidence from several lines of investigation has
shown that CNTNs are generally involved in development of neuronal axons, dendrites and
synapses across many types of neurons in the brain (Zuko et al., 2013).

Among the six members, CNTN1 and CNTN5 have been implicated in GABAergic synapse
development. In the cerebellar cortex, CNTNL1 is localized at both Golgi cell axons and
granule cell dendrites (Chen et al., 2011). Genetic deletion of CNTN1 causes a significant
reduction of GABAergic synapse number between Golgi cells and granule cells, showing a
critical role of CNTN1 in GABAergic synaptogenesis (Chen et al., 2011). Trafficking of
CNTNL to the plasma membrane of granule cell dendrites is regulated by Tropomyosin-
related kinase B (TrkB), which is also important for GABAergic synapse formation and
maturation (Chen et al., 2011). Currently it remains unclear how CNTN1 regulates
GABAergic synapse development. Possible mechanisms include trans-synaptic adhesion
interactions with PTPs and extracellular matric proteins (Bouyain and Watkins, 2010;
Michele and Faissner, 2009; Peles et al., 1995).

Another recent study reveals a critical role of CNTNS5 in the development of GABAergic
synapses. In the spinal cord, one type of GABAergic interneuron makes prominent
GABAergic contacts with proprioceptive sensory neuron axonal terminals (Hughes et al.,
2005). These high-density axoaxonic GABAergic synapses are important for selective
filtering of afferent input and information processing at these synapses (Betley et al., 2009).
It was found that CNTNS5 is specifically expressed in sensory neurons (Ashrafi et al., 2014).
Importantly, genetic deletion of CNTNS5 causes a significant reduction of axoaxonic
GABAergic synapses, showing an important role of CNTNS5 in the development of this type
of GABAergic synapses (Ashrafi et al., 2014). At sensory neuron terminals, CNTN5 forms a
complex with contactin-associated transmembrane protein 4 (Caspr4), and the CNTN5-
Caspr4 complexes interact with the presynaptic L1 Ig family proteins, including close
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homolog of L1 (CHL1) and neuronal CAM (NrCAM), suggesting that CNTN5 may function
through both cis- and trans-synaptic adhesion interactions to regulate axoaxonic GABAergic
synapse development (Ashrafi et al., 2014). Indeed, genetic inactivation of these Ig proteins,
either alone or in combination as double KOs, produces similar deficits of axoaxonic
GABAergic synapse density (Ashrafi et al., 2014), indicating that these Ig family adhesion
molecules act through a common pathway to regulate GABAergic synaptogenesis.
Currently, it remains to be determined whether CNTNs-mediated GABAergic synapse
development described here represents a broad mechanism for GABAergic synaptogenesis
across the brain. It will be important to analyze GABAergic synapses in other brain areas in
CNTN1 and CNTN5 KO mice.

5. Other postsynaptic membrane proteins important for GABAergic
synapse development
5.1. Sema4D

The semaphorins are a large family of membrane-associated and secreted proteins, and are
characterized by the presence of a cycteine-rich sema domain that is important for signal
transduction (Pasterkamp, 2012). Semaphorins were originally described as axon guidance
molecules critical for development of the nervous system (Pasterkamp, 2012). Recent
studies have expanded on this and have demonstrated that a subclass of semaphorins,
semaphorin 4D (Sema4D), is critical for GABAergic synapse development. In an RNAI
screening of hippocampal neuronal cultures to search for molecules important for synapse
development, Sema4D was found to specifically regulate GABAergic synapse development
(Paradis et al., 2007). Indeed, knockdown Sema4D leads to a decrease in the density of
GABAergic synapses, but not glutamatergic synapses (Paradis et al., 2007). In addition,
Sema4D is sufficient to promote GABAergic synapse development, as treatment of cultured
hippocampal neurons with purified extracellular domain of Sema4D can rapidly induce new
GABAergic synapse formation (Kuzirian et al., 2013). Mechanistically, Sema4D signals
through binding to its receptor, PlexinB1, to regulate GABAergic synaptogenesis, as the
effect of Sema4D treatment in synapse development is lost in neurons prepared from
PlexinB1 KO mice (Kuzirian et al., 2013; Raissi et al., 2013). Structurally, Sema4D is a
transmembrane protein, which — once targeted to the plasma membrane — can undergo
metalloproteinase-mediated cleavage to release its extracellular domain for signaling (Basile
et al., 2007). Interestingly, although Sema4D can be proteolytically cleaved from the
neuronal surface, the membrane-bound form localized at postsynaptic membranes is
important for GABAergic synapse formation, suggesting a mechanism for the regulation of
Sema4D signaling (Raissi et al., 2013). Currently, the functional relationship between
Sema4D and other known GABAergic synaptogenic molecules, such as NLGN2 and Slitrk3,
remains unclear. Does Sema4D function upstream or downstream of these molecules?
Alternately, does Sema4D represent a parallel signaling pathway for GABAergic synapse
formation independent of NLGN2 and/or Slitrk3? The answer to these questions will likely
reveal functional interactions between different membrane molecules important for
GABAergic synapse development and clarify the developmental origin of many types of
GABAergic synapses in the brain.
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TrkB belongs to a family of three receptor tyrosine kinases and plays an important role in
development and function of the CNS (Huang and Reichardt, 2003). The influence of TrkB
on the development of GABAergic synapses was first revealed in a conditional knockout line
in which TrkB was genetically deleted in cerebellar neurons (Rico et al., 2002).
Morphological analysis shows that there is a marked reduction in the density of GABAergic
synapses onto cerebellar granule cells with no change in the number of glutamatergic
synapses in the cerebellum (Chen et al., 2011; Rico et al., 2002). Specifically, loss of TrkB
receptors leads to strong reductions in the densities of GABAergic presynaptic markers,
GADG65/67 and VGAT as well as the postsynaptic marker, gephyrin (Chen et al., 2011).
Interestingly, NLGN2 puncta are not reduced in TrkB knockout cerebellar granule cells,
suggesting that TrkB may function downstream of NLGN2-mediated formation/maturation
of GABAergic synapses (Chen et al., 2011). Alternatively, TrkB-mediated signaling may
represent a different pathway for GABAergic synaptogenesis. By using cerebellar cell-type
specific Cre lines, it was further demonstrated that TrkB in both presynaptic Golgi cells and
postsynaptic granule cells are important for GABAergic synapse development (Chen et al.,
2011). In further support, activation of TrkB by its ligand, brain-derived neurotropic factor
(BDNF), promotes GABAergic synapse development, while gene inactivation of BDNF
suppresses GABAergic synapse development (Bao et al., 1999; Huang et al., 1999; Kohara
et al., 2007; Marty et al., 2000; Seil and Drake-Baumann, 2000; Vicario-Abejon et al.,
1998). In addition, BDNF-mediated activation of TrkB is important for activity-dependent
regulation of GABAergic synapse development (Hong et al., 2008; Seil and Drake-
Baumann, 2000). Mechanistically, the regulation of GABAergic synapse development by
TrkB requires CNTNL1 and the TrkB C-terminal subdomain that mediates the TrkB
interaction with phospholipase C-y1 (PLC-y1) (Chen et al., 2011). It is worth noting that
TrkB plays a critical role in the regulation of CNTNL1 trafficking to the plasma membrane,
showing a functional interplay between TrkB-mediated signaling and IgSF protein-mediated
adhesion (Chen et al., 2011). As has been discussed before (7.¢e., the MDGA-NLGN2
interaction), such cross-talk by different membrane proteins that are implicated in
GABAergic synapse development probably represents a common mechanism for
GABAergic synaptogenesis.

6. Conclusions and perspectives

In the brain, synaptogenesis is initiated through signaling mediated by cell surface
membrane proteins expressed at developing presynaptic terminals and postsynaptic
membranes. Recent advances have revealed a growing number of membrane molecules
unique to GABAergic synapse formation. Exciting progress has been made in understanding
the biochemical pathways underlying the function of these membrane proteins in
GABAergic synapse development (Gu et al., 2016; Lee et al., 2013; Pettem et al., 2013b;
Poulopoulos et al., 2009; Soykan et al., 2014; Takahashi et al., 2012; Yim et al., 2013). An
excellent example is NLGN2 whereby an intricate tripartite interaction between NLGN2,
gephyrin and collybistin governs GABAergic synapse development in hippocampal neurons
(Poulopoulos et al., 2009; Soykan et al., 2014). It will continue to be important to determine
the molecular mechanisms underlying the regulation of GABAergic synaptogenesis by these
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membrane proteins. In addition, it will be equally important to identify which of these
molecules are implicated in each of the various steps of GABAergic synapse development,
including initial contact, stabilization of nascent connections, and functional maturation of
developing synapses. As dysregulation of GABAergic synapse development and function
has been implicated in many brain disorders, the precise mechanism for regulating
GABAergic synapse development by membrane proteins represents significant progress in
understanding the developmental origin of neural inhibition in the brain. This will also
generate novel knowledge for designing effective therapeutic reagents targeting GABAergic
synapses for intervening and treating neurological and neuropsychiatric diseases.

A remarkable feature of the inhibitory synapse is its enormous diversity. Indeed, pyramidal
neurons in the hippocampal CA1 region receive functionally distinct GABAergic inputs
from more than twenty types of interneurons (Klausberger and Somogyi, 2008). In addition,
many of these GABAergic afferents make domain specific synaptic contacts on pyramidal
neurons to provide dynamic control of pyramidal neuron activity in a highly spatially and
temporally controlled manner, and such control is critical for proper neural circuit function
in the brain (Klausberger and Somogyi, 2008). How are the domain-specific inhibitory
synaptic connections established during development? What are the roles of the membrane
proteins we discussed above in the formation of highly precise synaptic contacts in a
spatially defined manner? Recent advances have demonstrated that Ig superfamily cell
adhesion proteins play critical roles in establishing domain-specific GABAergic connections
(Ango et al., 2004; Ashrafi et al., 2014; Saghatelyan et al., 2004). In addition, a recent
elegant study has shown that the transcription factor NPAS4 (neuronal PAS domain protein
4) regulates activity-dependent, domain-specific formation of synaptic inhibition in mouse
hippocampal neurons (Bloodgood et al., 2013), suggesting an unexplored functional
interaction between transcription and synaptic adhesion molecules for input-specific
GABAergic synaptogenesis. In the future it will be imperative to determine the proteins and
signaling pathways underlying the domain-specific formation of inhibitory synapses. This
will require the identification of proteins uniquely expressed at presynaptic terminals of
different classes of interneurons and at the postsynaptic membranes of the receiving cells, as
well as the relevant genetic programs during development. Defining the molecular
mechanisms for input-specific development of GABAergic synapses will not only provide a
deeper understanding of GABAergic synaptogenesis in the brain, but also enable us to
precisely manipulate specific inhibitory input for clinical interventions against mental
illnesses.
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Fig. 1.

Schematic of postsynaptic membrane proteins and their binding partners important for
GABAergic synapse development.

Caspr4, contactin-associated transmembrane protein 4; CHL1, close homolog of L1;
NrCAM, neuronal cell adhesion molecule; Sema4D, semaphorin 4D; GABAARS, GABAA
receptors; S-SCAM, synaptic scaffolding molecule; MDGAs, MAM domain-containing GPI
anchor proteins; IgSF9, Immunoglobulin superfamily 9; IgSF9b, Immunoglobulin
superfamily 9b; NMDARs, NMDA receptors; Slitrk3, Slit- and Trk-like 3; PTPS, protein
tyrosine phosphatase 6. TrkB, Tropomyosin-related kinase B; BDNF, brain-derived
neurotropic factor. LNS, laminin-a, neurexin, sex hormone-binding globulin domain; EGF,
epidermal growth factor; Ig-like, Immunoglobulin-like; GAP, GTPase activating protein;
MAM, memprin, A5 protein, receptor protein tyrosine phosphatase mu; WW, tryptophan
(W).
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Fig. 2.
NMDARs play an important role in early development of GABAergic synapses. NMDARs

regulate GABAergic synaptogenesis via signaling through the calmodulin binding motif in
the CO domain of the NMDAR GIuN1 subunit (Gu et al., 2016). Currently functional
interaction between NMDAR signaling and GABAergic synaptogenesis machinery remains
unclear.
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Fig. 3.

A?nodel for the role of NLGNZ2 in the regulation of the collybistin intramolecular
interaction and postsynaptic accumulation of gephyrin and collybistin.

The intramolecular interaction between the SH3 domain and DH/PH domain of collybistin
keeps collybistin in a closed conformation. In this closed state, collybistin can bind to
intracellular gephyrin but has a weak ability to promote gephyrin clustering at the plasma
membrane. Binding of NLGN2 to the collybistin SH3 domain disrupts the intramolecular
interaction, exposes the PH domain for membrane bindings and induces large, stable
gephyrin clustering at the plasma membrane (Poulopoulos et al., 2009; Soykan et al., 2014).
SH3, src-homology 3; DH, dbl-homology; PH, pleckstrin-homology.
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Table 1

Functions of postsynaptic membrane proteins in GABAergic synapse development. NMDARs play a critical
role in the regulation of GABAergic synapse formation through a signaling pathway involving the CO domain
of the GIuN1 subunit. GABAARS regulate GABAergic synapse development likely through a direct interaction
with the presynaptic adhesion molecule neurexin. Neuroligin2 is a synaptogenic molecule and functions in
GABAergic synapse formation via binding to presynaptic neurexin and postsynaptic adhesion, anchorage or
signaling proteins, such as MDGAS, gephyrin, collybistin and S-SCAM. Slitrk3 is a synaptogenic molecule
specific to GABAergic synapse development and binds to presynaptic PTPS in order to direct synapse
differentiation. Calsyntenin3 can induce both excitatory and inhibitory synapse formation and its synaptogenic
activity requires presynaptic neurexin. IgSF9/9b are transmembrane 1gSFs and can mediate hemophilic
interactions to promote GABAergic synapse development. MDGAs are GPl-anchored proteins and negatively
regulate GABAergic synapse development by interfering with the neuroligin2-neurexin interaction.
Contactin5, through interactions with cell adhesion molecules CHL1, NrCAM and Caspr4, functions in
formation of the precise axoaxonic GABAergic synapses in the spinal cord. Sema4D can rapidly promote
GABAergic synapse formation through its receptors, PlexinB1. TrkB and its ligand, BDNF, regulate both
formation and maturation of GABAergic synapses.

Name Classification Binding partners Functionsin
inhibitory synapse
development

NMDARs lonotropic receptor N-methyl-D-aspartate (NMDA)/Glutamate/glycine/D-serine/Calmodulin

Ligand-gated ion channel

GABAARs lonotropic receptor ~y-aminobutyric acid (GABA)/ Neurexins
Ligand-gated ion channel

Neuroligin2 ~ Cell adhesion molecule Neurexins/MDGASs/Gephyrin/Collybistin/S-SCAM . ) t
(Type I) Synaptogenic function

Slitrk3 Cell adhesion molecule PTPS ) ) t
(Type I) Synaptogenic function

Calsyntenin3  Cell adhesion molecule Neurexins . ) t
(Type I) Synaptogenic function
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Name Classification Binding partners Functionsin
inhibitory synapse
development

1gSF9/9b Cell adhesion molecule 1gSF9/9b/S-SCAM

(Type I)

MDGAs Cell adhesion molecule Neuroligin2
(GPl-anchored)

Contactins Cell adhesion molecule CHL1/NrCAM/Caspr4
(GPl-anchored)

Sema4D Semaphorin family protein ~ PlexinB1

TrkB Neurotrophin receptor BDNF

¥ Positively regulate GABAergic synaptogenesis. # Negatively regulate GABAergic synaptogenesis.
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