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Abstract

How are excitatory (glutamatergic) and inhibitory (GABAergic) synapses established? Do distinct
molecular mechanisms direct differentiation of glutamatergic and GABAergic synapses? In the
brain, glutamatergic and GABAergic synaptic connections are formed with specific patterns. To
establish such precise synaptic patterns, neurons pass through multiple checkpoints during
development, such as the cell fate determination, cell migration and localization, axonal guidance
and target recognition, and synapse formation. Each stage offers key molecules for neurons/
synapses to obtain glutamatergic or GABAergic specificity. Some mechanisms are based on
intrinsic systems to induce gene expression, while others are based on extrinsic systems mediated
by cell-cell or axon-target interactions. Recent studies indicate that specific formation of
glutamatergic and GABAergic synapses are controlled by the expression or activation of different
sets of molecules during development. In this review, we outline stages critical to the
determination of glutamatergic or GABAergic specificity, and describe molecules which act as
determinants of specificities in each stage, with a particular focus on the synapse formation stage.
We also discuss possible mechanisms underlying glutamatergic and GABAergic synapse
formation via synapse-type specific synaptic organizers.
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Introduction

Precise synaptic connections are one of the most remarkable features of the brain. Brain
function is controlled by the specific patterns of synaptic connectivity formed by various
types of neurons. Two major types of neurons, glutamatergic and GABAergic, send
excitatory and inhibitory outputs to their target neurons, respectively. The balance between
excitatory and inhibitory inputs is critical for the proper functioning of the brain, and their
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imbalance may lead to various neurological disorders such as autism, schizophrenia,
Tourette syndrome and epilepsy (Mohler 2006; Rubenstein and Merzenich 2003; Singer and
Minzer 2003; Wassef and others 2003). Thus, formation of appropriate glutamatergic and
GABAergic synapses is important for proper functioning of the brain.

In order to establish glutamatergic and GABAergic synapses, neurons progress through at
least four critical developmental processes (Sanes and Yamagata 2009) (Fig. 1). 1) Cell fate
determination: Progenitor cells differentiate into glutamatergic or GABAergic neurons. 2)
Migration: Glutamatergic and GABAergic neurons migrate to appropriate regions in the
brain. 3) Axon guidance/target recognition: Axons of these neurons are guided to their
targets and recognize them. 4) Synapse formation: Contact sites between the axons and
targets differentiate into synapses. Both glutamatergic and GABAergic synapses are
established essentially by following these processes; however, glutamatergic and
GABAergic synapses are quite different in terms of their synaptic structure and components.
What mechanisms are involved in deciding the fate to become glutamatergic versus
GABAergic neurons? What molecules guide their migration and axon growth? What signals
are required for recruiting distinct synaptic components and establishing different synaptic
structures at glutamatergic and GABAergic synapses? These questions have attracted a lot
of research, trying to understand mechanisms of glutamatergic and GABAergic synapse
formation. As a result, it is now shown that multiple mechanisms and molecules coordinate
in each developmental stage for the determination of neuronal cell fate and for the
establishment of specific synaptic types, with distinct sets of molecules for different types of
neurons/synapses. Specific differentiation is not only dependent on innate programming in
the differentiating neurons, but also on synaptic activity and extrinsic actions from synaptic
partners at the contact sites, especially at later stages of synapse development.

In this review, we describe how glutamatergic and GABAergic specificities are determined
at the cell and synapse level. We also describe recent findings on molecular determinants of
such specificities at each developmental stage, i.e., cell fate determination, cell migration,
axon guidance and target recognition, and synapse formation (Fig. 1).

Determination of glutamatergic or GABAergic cell fate

In order to properly generate excitatory and inhibitory circuits, glutamatergic and
GABAergic neurons must be specified in germinal zones. Neuronal fate is mostly specified
in the progenitor stage. The mechanisms underlying the determination of neuronal fate
involve intrinsic properties of the cell such as the expression of specific transcription factors
and extrinsic factors such as morphogens and growth factors that activate signaling
pathways in the cell (Guillemot 2007; Schuurmans and Guillemot 2002). Recent studies
have shown that intrinsic gene expression regulated by a selected set of transcription factors
largely contributes to the cell fate determination of glutamatergic versus GABAergic
neurons. Extrinsic factors seem to be involved in brain patterning rather than the
determination of neuronal types (Guillemot 2007; Rallu and others 2002; Schuurmans and
Guillemot 2002; Xu and others 2010), although transplantation studies have shown that
neuronal progenitor cells could adopt appropriate cell types in the new environment (Fishell
1995; Magrassi and others 1998).
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Various transcription factors in neuronal progenitor cells have been identified as
determinants of glutamatergic and GABAergic neuronal fates (Fig. 2A). In addition,
transcriptional repressors, such as Otx2 in the thalamus and Helt in the mesencephalon,
control neuronal fate by silencing the expression of GABAergic or glutamatergic
transcription factors to abolish alternative cell fate determination programs (Nakatani and
others 2007; Puelles and others 2006) (Fig. 2B and C). These results support the notion that
specific transcription factors in early stages of neuronal progenitors instruct them to become
glutamatergic or GABAergic neurons. Moreover, recent finding by Rouaux and Arlotta
showed that an intrinsic transcription factor could control the neuronal fate irrespective of
the extrinsic environment (Rouaux and Arlotta 2010). Exogenous expression of the
transcription factor Fezf2, which specifies glutamatergic cortical projection neurons (Fig.
2A), in neural progenitors destined to be GABAergic medium spiny neurons of the striatum
resulted in their differentiation into glutamatergic cortical neurons. Taken together, these
findings indicate that intrinsic signals, not extrinsic environmental factors, are critical to
determine the type of neurons.

Migration of neurons

Once neuronal fate is specified, glutamatergic and GABAergic neurons must migrate to
appropriate regions of the brain. Migration of specified neurons during brain development is
precisely regulated, which is important for the final brain architecture. Migration of
glutamatergic pyramidal neurons and GABAergic interneurons has been well studied in the
cerebral cortex. Cortical neurons are born in the ventricular zone (VZ) and adopt two types
of migration, radial and tangential (Marin and Rubenstein 2003) (Fig. 3). Interestingly,
different types of neurons are generated in distinct regions of the VZ and use different
migration modes (Marin and others 2010). Pyramidal neurons are generated in the
embryonic pallium and move to their final location by radial migration (Fig. 3A). On the
other hand, GABAergic interneurons are generated in the embryonic subpallium and adopt
tangential migration to reach the cortex, which then migrate with radial movement to their
final destination in the cortex (Danglot and others 2006; Hernandez-Miranda and others
2010) (Fig. 3B). In addition, the migration of glutamatergic pyramidal neurons and
GABAergic interneurons are based on different cellular mechanisms. For the migration of
glutamatergic pyramidal neurons, radial glial cells in developing cortex act as guidance
cells. Cell bodies of radial glial cells are located in the VZ, with their long processes
extending to the cortical surface (Campbell and Gotz 2002) (Fig. 3A). Migrating
glutamatergic pyramidal neurons attach and move along the processes of radial glial cells.
Various adhesion molecules and guidance molecules are involved in radial migration
movement to their final destinations (Marin and Rubenstein 2003). These molecules
contribute to the adhesion to radial glial processes, laminar-specific neuronal migration,
detachment of neurons from radial glial cells, and translocation of neurons after the
detachment (Fig. 3A) (Bock and Herz 2003; Burrows and others 1997; Caric and others
2001; Cooper 2008; Dulabon and others 2000; Kornblum and others 1997).

For the migration of GABAergic interneurons, they do not seem to associate with guidance
cells like radial glial cells. Rather, they appear to just follow guidance molecules, which
serve as chemoattractants or chemorepellents to regulate the migration of GABAergic
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interneurons (Gant and others 2009; Ghashghaei and others 2006; Hernandez-Miranda and
others 2010; Lopez-Bendito and others 2008; Marin and others 2001; Rudolph and others
2010; Zimmer and others 2008) (Fig. 3B). In addition, several growth factors act as
motogenic factors and stimulate the migration of interneurons (Behar and others 1997;
Hernandez-Miranda and others 2010; Polleux and others 2002; Powell and others 2001;
Pozas and Ibanez 2005) (Fig. 3B).

Axon guidance and target recognition

After cell migration, glutamatergic pyramidal neurons and GABAergic interneurons
elongate their axons to the synaptic targets. Glutamatergic pyramidal neurons form long
axons in order to reach their targets, whereas GABAergic neurons form short axons
(Danglot and others 2006; Huang and others 2007). Nevertheless, axon guidance appears to
require various guidance cues for both types of neurons.

Many molecules have been identified as axon guidance molecules for glutamatergic
pyramidal neurons. Environmental cues, which serve as chemoattractants or
chemorepellents for axons, include both membrane and secreted proteins. Growing axons
interact with these molecules to decide their directions. For example, pathfinding of
hippocampal pyramidal axons is guided by secreted proteins, netrinl (attractant), class 3
semaphorins and Slit2 (repellent) (Skutella and Nitsch 2001). Membrane proteins such as
ephrin/Eph and semaphorin/plexin are involved in topographical segregation of
glutamatergic axons and provide layer specific axon pathfinding (Holt and Harris 1998;
Stein and others 1999; Suto and others 2007). Netrin/DCC, slit/Robo, semaphorin/
semaphorin receptor (plexin, neuropilin, etc.), and ephrin/Eph are also guidance cues in
other areas in the brain (Dickson 2002; Huber and others 2003; Skutella and Nitsch 2001).
Activation of these molecules in growing axons alters actin filaments and microtubules and
modifies their shape and growth direction. Signaling pathways involved in cytoskeletal
dynamics are described in other reviews (e.g., Dent and others 2010).

Axons of GABAergic interneurons are relatively short, but have various patterns of
arborization and innervation (Ascoli and others 2008), and the morphology of axon arbors as
well as the expression of calcium-binding proteins are used for the classification of
GABAergic neurons (Danglot and others 2006). With histological and physiological studies,
subclass specific localizations and innervation patterns of GABAergic interneurons in the
cerebellar cortex and hippocampus are being characterized (Danglot and others 2006; Huang
and others 2007; Karube and others 2004). The morphology of the axon arbors depend on
the layers in which the GABAergic interneurons are located, as well as the layers that they
innervate (Karube and others 2004; Tamas and others 2000). Thus, axon growth is not
random, but is cell-type and environment specific. Cellular and molecular mechanisms of
GABAergic neuronal axon growth are still not clear; however, recent studies showed that
Close Homologue of L1 (CHL1) expressed by fibers of Bergmann glial cells in the
cerebellar cortex play a role to guide axons of stellate interneurons toward Purkinje cells
(Ango and others 2008).
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Axon guidance brings axons in the proximity of their actual target areas. There, however,
multiple types of neurons are located. Thus, mechanisms to recognize correct targets are
necessary to form specific axon-target connections. Specific target recognition is required by
both glutamatergic pyramidal neurons and GABAergic interneurons (Danglot and others
2006; Klausberger and Somogyi 2008), so recognition molecules are likely specific to
individual types of synaptic contact and not common to glutamatergic and GABAergic
neurons. Target recognition mechanisms can be separated into three phases: recognition by
laminar specificity, cellular specificity, and subcellular specificity. It is thought that
extracellular molecular cues such as cell adhesion molecules are the key for such
specificities (Sanes and Yamagata 2009). Not many molecules have been identified as such
recognition molecules so far, but a role for semaphorins has been recently suggested. For
example, sema6A and its receptor plexinA4 control lamina-specific targeting of processes
from retinal ganglion cells, amacrine cells, and bipolar cells in the mouse retinal inner
plexiform layer (IPL) (Matsuoka and others 2011). In the spinal cord, sema3E in a specific
subset of motor neurons and its receptor plexinD1 in sensory neurons are required for proper
sensory-motor connections (Pecho-Vrieseling and others 2009). In addition, other molecules
such as sidekicks and Dscams are shown to determine sublamina-specific targeting of
amacrine cells and bipolar cells in the chick IPL via their homophilic interactions (Yamagata
and Sanes 2008). Moreover, neurofascin expressed by cerebellar Purkinje cells controls
basket cell axon targeting and subcellular localization at Purkinje axon initial segment
(Ango and others 2004). Thus, various site-specific molecules appear to regulate specific
target recognition.

Glutamatergic and GABAergic synapse formation

After identifying the appropriate synaptic partners, axons and dendrites form synapses at
their contact sites by assembling synaptic components, such as synaptic vesicles, active
zones, neurotransmitter receptors, and postsynaptic scaffold proteins. Recruitment of
synaptic components specifically occurs at the axon-target contact sites (Fox and Umemori
2006). This indicates that molecules are exchanged between the contacting partners and act
as synaptic organizers.

Glutamatergic and GABAergic synapses have different synaptic components and
cytoskeletal structures. For examples, glutamatergic synapses contain clear active zones and
synaptic vesicles with vesicular glutamate transporters in the presynaptic terminal, and thick
postsynaptic densities (PSDs) with glutamate receptors and a scaffolding protein PSD95 in
the postsynaptic terminal. Glutamatergic synapses are often found onto spines. In contrast,
GABAergic synapses contain less obvious active zones and synaptic vesicles with vesicular
GABA transporters in the presynaptic terminal, and thinner PSDs with GABA receptors and
a scaffolding protein gephyrin in the postsynaptic terminal. These differences suggest that
formation of glutamatergic and GABAergic synapses involve distinct mechanisms. In fact,
recent studies revealed glutamatergic or GABAergic synapse specific organizers. It appears
that multiple molecules are involved in the formation of glutamatergic and GABAergic
synapses (Waites and others 2005). To date, many molecules including cell adhesion and
secreted molecules have been identified as synaptic organizers for glutamatergic synapses
(e.g., fibroblast growth factors, neuroligins, ephrins/Ephs, netrin-G ligands, LRRTMs,
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SynCAMs, and Whnts) and a few molecules for GABAergic synapses (e.g., fibroblast growth
factors and neuroligins) (for reviews, see Dalva and others 2007; Fox and Umemori 2006;
Johnson-Venkatesh and Umemori 2010; Siddiqui and Craig 2010). Here, we focus on two
interesting families of synaptic organizers, fibroblast growth factors (FGFs) and neuroligins
(NLGNSs). FGFs and NLGNs are implicated in synaptic differentiation and maturation,
respectively (Fig. 5). Interestingly, they have two closely related proteins that play distinct
rather than overlapping roles to selectively promote either excitatory or inhibitory synapse
formation.

Synaptic differentiation of glutamatergic and GABAergic synapses by FGF22 and FGF7

FGFs are a family of intercellular signaling molecules involved in cell proliferation,
migration, differentiation, wound healing, and metabolism (Itoh and Ornitz 2010; Thisse and
Thisse 2005; Umemori 2009). We have identified FGF22 as a presynaptic organizer that
promotes the clustering of synaptic vesicles in cultured neurons by performing biochemical
purification from developing mouse brain (Umemori and others 2004). In addition, we
found that FGF7 and FGF10, two FGFs in the same subfamily as FGF22, can also induce
synaptic vesicle clustering. Using FGF22-knockout (KO) and FGF7KO mice, we found that
FGF22 and FGF7 are synapse-type specific presynaptic organizers (Terauchi and others
2010). mRNAs of FGF22 and FGF7 were strongly expressed by CA3 pyramidal neurons in
the hippocampus when synaptogenesis starts. When transfected into cultured hippocampal
neurons, FGF22 and FGF7 selectively promoted clustering of vesicular glutamate
transporter 1 (VGLUT1) and vesicular GABA transporter (VGAT), respectively (Fig. 4A).
Remarkably, the clustering of VGLUT1 was significantly decreased in CA3 of FGF22KO
but not in FGF7KO mice, whereas that of VGAT was dramatically decreased in CA3 of
FGF7KO but not in FGF22KO mice (Fig. 4B and C). These results suggest that FGF22 is
specifically involved in glutamatergic presynaptic differentiation, while FGF7 is selectively
involved in GABAergic presynaptic differentiation. Results from electron microscopic and
electrophysiological studies also supported this notion: decreased excitatory synaptic vesicle
clustering and mEPSC frequency in FGF22KO mice and diminished inhibitory synaptic
vesicle clustering and mIPSC frequency in FGF7KO mice (Fig. 4D). Finally, postsynaptic
expression of FGF22 and FGF7 rescued defects in glutamatergic or GABAergic synaptic
vesicle clustering in corresponding FGFKO cultures, indicating that these FGFs are target-
derived presynaptic organizers. Taken together, these results demonstrate that FGF22 and
FGF7, released from postsynaptic target neurons, promote glutamatergic and GABAergic
presynaptic differentiation, respectively (Fig. 5A). Studies identifying of molecules involved
in glutamatergic and GABAergic synapse differentiation in other areas of the brain, and
understanding the role of FGF10 are underway.

Maturation of glutamatergic and GABAergic synapses by neuroligins

NLGNSs are type | membrane proteins localized at postsynaptic membrane. Extracellular
domains of NLGNs bind to extracellular domains of a- and p-neurexins (NRXNSs), another
type | membrane proteins at the presynaptic membrane (Lise and El-Husseini 2006).
NLGNSs have been identified as presynaptic organizers using co-cultures between NLGN-
expressing nonneuronal cells and neurons (Scheiffele and others 2000). In addition,
overexpression of NLGNSs in cultured neurons increased the density of synapses (Chih and
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others 2005; Graf and others 2004; Levinson and others 2005; Nam and Chen 2005; Prange
and others 2004).

Interestingly, two different NLGNs, NLGN1 and NLGNZ2, are localized at different types of
synapses: NLGN1 at glutamatergic and NLGN2 at GABAergic synapses (Graf and others
2004; Song and others 1999; Varoqueaux and others 2004). Overexpression of NLGN1
preferentially increased the number of glutamatergic synapses, while overexpression of
NLGNZ2 increased the number of GABAergic synapses (Chih and others 2005; Chubykin
and others 2007; Prange and others 2004). Expression of distinct NLGNs modulates the
balance between glutamatergic and GABAergic synapses (Levinson and others 2005). In
addition, NLGN1KO mice exhibit a decrease in NMDAR-dependent EPSC amplitudes,
while NLGN2KO mice selectively show depressed IPSC amplitudes (Chubykin and others
2007). However, histological analyses performed with NLGNKO mice demonstrated that
the density and morphology of synapses as well as the distribution of synaptic components
are normal in NLGNsKO mice (Varoqueaux and others 2006). Therefore, NLGNs do not
appear to be essential for the initial formation of synapses, but rather are required for
synapse maturation and function. Interestingly, NLGN1 function seems to be dependent on
synaptic activity via NMDAR, while NLGNZ2 function is dependent on general synaptic
activity (Chubykin and others 2007). An attractive model based on these data is that NLGN1
and NLGN2 are presynaptic organizers for glutamatergic and GABAergic synapses,
respectively, that regulate synapse maturation in an activity-dependent manner (Fig. 5B).

Activity dependent synapse modification

The number and strength of glutamatergic and GABAergic synapses dynamically change in
response to neural activity. During synapse development, neural activity-dependent signals
regulate the number of functional synaptic inputs. Interestingly, the number of glutamatergic
synapses appears to be controlled by relative activity among neurons, but the number of
GABAergic synapses seems to be dependent on general activity (Burrone and others 2002;
Hartman and others 2006). Molecular mechanisms underlying such activity-dependent
modifications are still unclear, but the activity-dependent transcription factor Npas4 is
implicated in the regulation of the number of inhibitory synapses through the induction of
brain-derived neurotrophic factor (BDNF) (Lin and others 2008).

In mature neurons, synaptic plasticity in the form of Hebbian or homeostatic plasticity
regulates the strength of synapses in response to changes in neural activity (Bi and Poo
2001; Davis 2006; Luscher and others 2000; Micheva and Beaulieu 1997; Pozo and Goda
2010; Rao and Craig 1997; Turrigiano 2007; Turrigiano 2008).

Mechanisms underlying specific effects by glutamatergic and GABAergic

presynaptic organizers

We described that glutamatergic and GABAergic synapse formation is differentially
regulated by distinct molecules in the same protein families; e.g., FGF and NLGN. What are
the mechanisms by which distinct presynaptic organizers establish specific types of
synapses? There are at least three possible mechanisms: 1) each presynaptic organizer is
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selectively transported to an appropriate type of synapse, 2) each molecule binds to a
different set of receptors on the presynaptic terminal, and/or 3) each molecule sends specific
signals downstream in the axon to organize glutamatergic or GABAergic synapse formation
(Fig. 6). We describe recent views regarding these possible mechanisms underlying
glutamatergic and GABAergic synapse formation, focusing on the first two - specific
targeting of presynaptic organizers and their specific receptors. These mechanisms are not
mutually exclusive and most likely a combination of them plays a role for formation of
specific presynaptic terminals.

Trafficking of presynaptic organizers to glutamatergic or GABAergic synaptic sites

Specific targeting of synaptic organizers is critical to locally organize specific types of
synapses. In fact, we found that FGF22 localizes to glutamatergic postsynaptic terminals,
whereas FGF7 localizes to GABAergic postsynaptic terminals (Terauchi and others 2010)
(Fig. 7). Likewise, NLGNL1 localizes to glutamatergic synapses and NLGN2 localizes to
GABAergic synapses (Graf and others 2004; Song and others 1999; Varoqueaux and others
2004).

Recently, trafficking mechanisms of glutamatergic and GABAergic synapse specific
molecules have been revealed. Intracellular transport of secreted and membrane proteins is
operated by molecular motors. They are capable of long-distance transport of membranous
organelles and macromolecular complexes along microtubules in axons and dendrites
(Hirokawa and others 2010) (Fig. 8A). In dendrites, several postsynaptic scaffolding proteins
for glutamatergic and GABAergic synapses act as adaptor proteins between molecular
motors and cargos containing synaptic components (Fig. 8B) (Dumoulin and others 2009;
Kneussel 2005; Mok and others 2002; Schapitz and others 2010). For example, GRIP, Mintl
(Lin10) complex, SAP97, and CASK, which are scaffolding proteins at glutamatergic
synapses, act as adaptor proteins and are involved in the transport of AMPA receptors and
NMDA receptors to glutamatergic synapses (Jeyifous and others 2009; Setou and others
2000) (Fig. 8B). On the other hand, gephyrin and huntingtin-associated protein 1, which are
scaffolding proteins at glycinergic/GABAergic synapses, act as adaptor proteins for the
trafficking of glycine receptors and GABAA receptors (Dumoulin and others 2009;
Twelvetrees and others 2010) (Fig. 8B). Synaptic targeting of presynaptic organizers also
seems to be controlled by the interaction with glutamatergic and GABAergic synapse
specific scaffolding proteins. Recent studies showed that NLGN1 interacts with PSD95, a
scaffolding protein at glutamatergic synapses, which is recognized by the dynein motor
complex for retrograde transport of NLGN1 (Schapitz and others 2010); however,
anterograde transport and trafficking in the spine appear to be independent of NLGN1's
binding to PSD95 (Dresbach and others 2004; Rosales and others 2005). Mechanisms of
NLGNZ2 transport to GABAergic postsynaptic terminals are not yet known, but a recent
study showed that NLGN2, but not NLGN1 or NLGNS3, binds gephyrin-collybistin
complexes (Poulopoulos and others 2009). Thus, gephyrin-collybistin complexes might play
arole in the transport of NLGN2 to GABAergic postsynaptic sites.

Secreted synaptic proteins, such as neurotrophins, including BDNF, are also transported
from trans-Golgi network to synaptic sites by microtubule/actin-based transport (Lessmann
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and Brigadski 2009). For example, BDNF binds to phosphorylated form of huntingtin and is
carried by KIF5 to synaptic terminals (Colin and others 2008). It is possible that FGF22 and
FGF7 are also transported to glutamatergic or GABAergic postsynaptic site via two distinct
transport molecules. Which motor molecules are involved to transport cargos containing
each FGF? How are the cargos recognized by the motor proteins? Further studies are needed
to answer these questions. In addition to proteins, mRNAs are also transported to synaptic
sites by microtubule-based transport, which are then translated locally (Bramham and Wells
2007; Hanus and Ehlers 2008). It would be interesting to test whether and how mRNA for
glutamatergic and GABAergic synaptic proteins is transported. Finally, it has been reported
that neuronal activity regulates cargo transport by modifying microtubules (Hirokawa and
Hasezaki 2010; Maas and others 2009). Regulation of trafficking by neural activity is
another important question to be addressed.

Specific receptors of presynaptic organizers for glutamatergic and GABAergic synaptic
differentiation

Distinct usage of presynaptic receptors by synapse-type specific presynaptic organizers also
provides a mechanism for precise glutamatergic and GABAergic synapse formation (Fig. 9).
For example, NRXN-1a binds to NLGN2 but not to the major variant of NLGN1 containing
a B insert (Boucard and others 2005), and a-NRXNs expressed in non-neuronal cells induce
gephyrin and NLGN2 clustering in co-cultured neurons, but not PSD95 or NLGN1, 3, and 4
clustering (Chih and others 2006; Kang and others 2008) (Fig. 9B). B-NRXNs are expressed
at both glutamatergic and GABAergic presynaptic sites and are able to bind to NLGN1 and
NLGN2 (Fig. 9A and B). However, recent studies suggested that different splice variants of
NLGNSs and B-NRXNs are involved in synaptic formation at glutamatergic and GABAergic
synapse. Two splice sites, site 4 in f-NRXNSs and site B in NLGNSs, are involved in this
regulation. Site 4 lacking -NRXNs strongly bind to site B containing NLGNSs, while site 4
containing B-NRXNs strongly bind to site B lacking NLGNSs. In neurons, site B containing
NLGN1 enhanced VGLUT1 clustering, whereas site B lacking NLGN1 enhanced VGAT
clustering (Craig and Kang 2007). In addition, site 4 containing f-NRXNs induce NLGN2
and gephyrin clustering. These results suggest that site 4 lacking B-NRXNs together with
site B containing NLGNs promote glutamatergic synapse formation, and site 4 containing f-
NRXNs together with site B lacking NLGNs are involved in GABAergic synapse formation
(Fig. 9 Aand B).

As for FGF22 and FGF7, our recent data suggest that they activate different signaling
pathways to promote glutamatergic and GABAergic presynaptic differentiation. We found
that even when they are bath applied into hippocampal cell cultures, FGF22 preferentially
increased the number and size of VGLUT1-positive puncta, while FGF7 selectively
increased the number and size of VGAT-positive puncta (Terauchi and others 2010). These
results indicate that FGF22 and FGF7 activate different signaling pathways via their specific
receptors (Fig. 9A and B). In vitro assay showed that FGF22 can activate FGFR2b and
FGFR1b whereas FGF7 selectively activates FGFR2b (Zhang and others 2006). In FGFR2-
knockout mice, VGAT clustering was more significantly decreased compared to a decrease
in VGLUTL1 clustering (Terauchi and others 2010). These results suggest that a different set
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of FGF receptors are activated by FGF22 and FGF7 to promote glutamatergic and
GABAergic presynaptic differentiation, respectively (Fig. 9A and B).

Conclusions and future directions

As described here, two major types of synapses in the brain, excitatory and inhibitory, are
established by a cooperation of various synapse type-specific molecular pathways.
Glutamatergic and GABAergic synapses are formed through four sequential steps: cell fate
determination, migration, axon guidance and target recognition, and synapse formation. In
each step, different sets of molecules are involved and play key roles to instruct
glutamatergic or GABAergic specification. Such molecules include intrinsic factors and
extrinsic factors. Usage of these factors shifts from intrinsic factors to extrinsic factors as the
differentiation steps proceed (Fig. 10). Cell fate determination and migration of
glutamatergic and GABAergic neurons are mostly programmed in the cell, and synapse
type-specific intrinsic factors such as transcription factors are largely involved in these steps.
Migration of glutamatergic and GABAergic neurons is also assisted by glutamatergic and
GABAergic specific guidance molecules and cells; thus extrinsic cues are involved in this
stage as well. After these steps, extrinsic factors instruct to form glutamatergic or
GABAergic synapses. Axon guidance is led by environmental cues. Target recognition and
synapse formation are achieved by exchanging locally-restricted synapse type-specific
extrinsic factors between connecting partners, i.e., specific adhesion molecules for target
recognition and specific synaptic organizers for synapse formation. Selective synaptic
targeting of these molecules and specific receptors/signaling contribute to establish synapse
specificity. Together, these mechanisms ensure precise formation of glutamatergic and
GABAergic synapses to obtain balanced excitatory and inhibitory inputs in a neuronal
network.

Neuronal disorders such as autism, schizophrenia, and epilepsy are associated with
unbalanced excitatory and inhibitory inputs in the neuronal network. Further identification
and characterization of molecules that control excitatory and inhibitory synapse formation
should lead to novel treatments for these devastating disorders.
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Figure 1. Developmental processesto establish glutamater gic and GABAergic neurons and
synapses
Glutamatergic and GABAergic specification requires at least four sequential stages: cell fate

determination, migration, axon guidance and target recognition, and synapse formation. The
synapse formation stage includes synaptic differentiation, synaptic maturation, and synaptic
modification (refinement, plasticity, etc.). A variety of mechanisms coordinate in each stage,
with distinct sets of molecules in the establishment of glutamatergic and GABAergic
synapses.
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Figure 2. Transcription factorsin neuronal progenitor cells as deter minants of glutamatergic or
GABAergic neuronal fate

(A) Transcription factor determinants for glutamatergic and GABAergic neurons in
telencephalon. Glutamatergic and GABAergic neuronal progenitor cells express distinct sets
of transcription factors, which determine specific fate of the neurons.

(B and C) Regulation of neuronal cell fate by transcriptional control. In thalamus and
mesencephalon, early stages of neuronal progenitors express two types transcription factors,
neurogenins and Mash1, which are determinants of glutamatergic and GABAergic neuronal
cell fate, respectively. However, one of them is suppressed by a cell-type specific
transcription factor to generate glutamatergic or GABAergic neurons. In thalamus, a
transcription factor, Otx2, suppresses Mash1 expression, resulting in the generation of
glutamatergic neurons (B). In mesencephalon, another transcription factor, Helt, suppresses
neurogenins expression to generate GABAergic neurons (C).
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Figure 3. Distinct mechanisms and moleculesfor the migration of glutamatergic and GABAergic
neurons

(A) Migration of glutamatergic neurons in the cortex. Glutamatergic neurons are generated
in the ventricular zone (VZ) of the embryonic pallium and move to their final location by
radial migration (red arrows). For this, glutamatergic neurons attach to the processes of
radial glial cells and move along them to the destination area. There, they detach from radial
glia cells and migrate to their final location. The locomotion along radial glial cell processes
and detachment from them are regulated by various guidance molecules.

(B) Migration of GABAergic neurons in the cortex. GABAergic interneurons are generated
in the VZ of the embryonic subpallium and adopt tangential migration to reach the dorsal
cortex (blue arrows). In the dorsal cortex, they also migrate by radial movement within the
cortical wall (blue arrows). For GABAergic neuronal migration, guidance molecules play
important roles; guidance cells like radial glial cells have not been identified. Motogenic and
chemotactic molecules involved in the migration of GABAergic neurons are listed. VZ:
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ventricular zone, SVZ: subventricular zone, CP: cortical plate, MZ: marginal zone, LGE:
lateral ganglionic eminence, MGE: medial ganglionic eminence, CGE: caudal ganglionic
eminence, BDNF: brain-derived neurotrophic factor, NT-4: neurotrophin 4, HB-EGF:
heparin-binding epidermal growth factor, TGFa: transforming growth factor alpha, SDF-1:
stromal cell derived factor 1, HGF: hepatocyte growth factor, GDNF: glial cell line-derived
neurotrophic factor.
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Figure 4. FGF22 and FGF7 promote glutamater gic and GABAergic synaptic differentiation,
respectively

(A) Overexpression of FGF22 and FGF7 selectively promotes VGLUT1 or VGAT
clustering on the FGF-expressing hippocampal neurons (labeled with GFP) in culture. (B)
CA3 pyramidal neurons, by which FGF22 and FGF7 are expressed, receive excitatory inputs
from dentate granule cells (and CA3 and entorhinal cortical neurons) and inhibitory inputs
from GABAergic interneurons in CA3. (C) Impaired glutamatergic and GABAergic
presynaptic differentiation in CA3 of FGF22KO and FGF7KO mice, respectively.
Glutamatergic and GABAergic presynaptic differentiation was assessed by measuring the
clustering of VGLUT1 or VGAT. Pictured areas correspond to the boxed area in (B). (D)
Representative electron microscopic pictures of asymmetric (excitatory) and symmetric
(inhibitory) synapses in CA3 of wild-type (WT), FGF22KO and FGF7KO mice. Relative to
WT synapses, excitatory synaptic vesicles are more diffusely distributed in FGF22KO
synapses, while less inhibitory synaptic vesicles are observed in FGF7KO synapses.
Adapted from Terauchi and others (2010). SV: synaptic vesicle, PSD: postsynaptic density.
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Figure 5. Two closely related members of FGF and neuroligin protein families selectively

ololiollofoNoffoloNofofolololols

organize glutamater gic and GABAer gic synapse formation

Steps of synapse formation include (A) Synaptic differentiation: FGF22 and FGF7
specifically released from glutamatergic or GABAergic postsynaptic sites promote

Synaptic
modification

accumulation of corresponding synaptic vesicles to the presynaptic terminal. (B) Synaptic

maturation: neuroliginl at glutamatergic postsynaptic terminals and neuroligin2 at

GABAergic postsynaptic terminals maturate each synapse through their receptor neurexins.
(C) Synaptic modification: neural activity-dependent mechanisms are involved in synapse

refinement and plasticity.
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Figure 6. Possible mechanisms underlying synapse type-specific presynaptic differentiation
mediated by FGF22 and FGF7
Three mechanisms are shown: 1) Specific synaptic targeting of each FGF - FGFs might be

differentially transported to their appropriate postsynaptic sites. 2) Distinct presynaptic
receptors - FGFs might bind different sets of receptors on the presynaptic terminal. 3)
Distinct signaling pathways in the presynaptic neuron - FGFs might activate different
signaling cascades.
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Figure 7. FGF22 and FGF7 localize to glutamater gic and GABAer gic synapses, respectively
(A and B) Co-localization of transfected FGF22-EGFP and FGF7-DsRed with scaffolding

proteins at glutamatergic (PSD95) or GABAergic (gephyrin) synapses (arrowheads).
Percentages of co-localization are shown in (C). Adapted from Terauchi and others (2010).
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Figure 8. Dendritic transport of postsynaptic components by motor proteinsalong microtubules
and actin filaments

(A) Transport vesicles containing synaptic components are carried by motor proteins, which
walk along microtubules/actin filaments to or from specific synaptic sites. Kinesins (orange)
are involved in minus-to-plus end transport, and dyneins (green) are involved in plus-to-
minus end transport along microtubules. Myosins (blue) are involved in transport at local
synaptic sites along actin filaments. (B) A transport complex contains a cargo with synaptic
components, adaptor protein(s), and a motor protein. Scaffolding proteins for glutamatergic
and GABAergic synapses may serve as adaptor proteins as shown in the table. Adaptor
proteins recognize cargos containing specific synaptic components and interact with
appropriate motor proteins, which transport them to glutamatergic or GABAergic synapses.
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Figure 9. Differential presynaptic receptorsfor glutamatergic and GABAergic presynaptic
organizers

Each presynaptic organizer binds specific sets of receptors for proper presynaptic
differentiation. Binding partners for FGFs and neuroligins at glutamatergic and GABAergic

synapses are shown.
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Figure 10. Intrinsic and extrinsic factors cooper ate to specify glutamatergic and GABAergic

neurons and synapses

A variety of synapse type-specific molecules play key roles to instruct glutamatergic or

Synapse formation

Intrinsic

Extrinsic
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GABAergic specification in every step of differentiation. Intrinsic factors play important
roles in specifying glutamatergic and GABAergic neurons in initial steps, and in later steps,
extrinsic factors guide these neurons to establish appropriate glutamatergic and GABAergic

synapses.
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