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Abstract

Glutamatergic synapse formation has been rigorously investigated for the past two decadesat both
the molecular and cell biological level yet a comparable intensity of investigation into the cellular
and molecular mechanisms of GABAergic synapses has been lacking until relatively recently.
This review will provide a detailed overview of the current understanding of GABAergic synapse
formation with a particular emphasis on assembly of synaptic components, molecular mechanisms
of synaptic development, and a subset of human disorders which manifest when GABAergic
synapse development is disrupted. An unexpected and emerging theme from these studies is that
glutamatergicand GABAergic synapse formation share a number of overlapping molecular and
cell biologicalmechanisms that will be emphasized in this review.
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Introduction

The complex circuitry of the mammalian central nervous system (CNS) enables the
execution of fundamental cognitive processes such as learning, speech, and memory. A
given neuron, through its synaptic connections, either excites or inhibits other neurons in the
circuit. If the synaptic connections of this circuit are disrupted, there are devastating
consequences for nervous system function, as evidenced by the variety of neurological
disorders that are thought to be the manifestation of inappropriate circuit formation. In fact,
aberrant development of either excitatory or inhibitory synapses is now widely accepted as a
contributing factor to many neurological impairments such as mental retardation, autism
spectrum disorders, and epilepsy (Bear et al., 2004; Fernandez and Garner, 2007; Hong et
al., 2005; Hong et al., 2009; Rubenstein and Merzenich, 2003; Tabuchi et al., 2007; Zoghbi,
2003)

In the central nervous system, the majority of synapses are chemical: they release
neurotransmitter into the synaptic cleft, the space between the presynaptic neuron and the

postsynaptic neuron. Neurotransmitters then bind to receptors in the postsynaptic membrane,

and ion flow through these receptors can depolarize or hyperpolarize the postsynaptic
neuron. Chemical synapses are defined by the neurotransmitter that they release. Here, we
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will focus our discussion on synapses in the hippocampus that release GABA (y-
aminobutyric acid), and compare and contrast the development of these synapses to those
that release glutamate. Generally, mature GABAergic synapses are inhibitory, as they act to
hyperpolarize the postsynaptic neuron, while glutamatergic synapses are excitatory and
depolarize the postsynaptic neuron (Ben-Avri et al., 2007). While glutamatergic
neurotransmission is the primary mode of excitatory neurotransmission in the hippocampus
and is essential for fast neuronal communication, inhibitory synapses are thought provide a
brake to neural firing and are important for a number of purposes which include, but are not
limited to, preventing postsynaptic neurons from reaching threshold (Andersen et al., 1963;
Buhl et al., 1994; Kandel et al., 1961; Miles and Wong, 1987), modulating the pattern of
action potential firing (Andersen et al., 1964; Cobb et al., 1995; Miles and Wong, 1984), and
modifying synaptic strength (Davies et al., 1991).

The vast majority of research on synapse development to date has focused on glutamatergic
synapses. The deficit in knowledge with respect to GABAergic synapse development is
based in large part on the difficulties inherent in a biochemical purification of material from
sparse GABAergic synapses, and only relatively recently has there been significant interest
in this topic. Therefore, in this review we will aim to discuss the current understanding of
how GABAergic synapse development proceeds in the hippocampus, and compare and
contrast to glutamatergic synapse development when it is relevant or informative.

1. The Mature GABAergic Synapse

In this section we will discuss the properties of a mature GABAergic synapse, to help guide
later discussion of GABAergic synaptogenesis and maturation.

1.1 Presynaptic Terminal

Ultrastructural studies have revealed that the presynaptic terminal of GABAergic synapses
contains synaptic vesicles poised at the active zone, a presynaptic structure that is the region
where synaptic vesicles cluster, dock, and release into the synaptic cleft (Figure 1). Studies
using aldehyde fixation techniques demonstrate that GABAergic synapses contain synaptic
vesicles that are pleiomorphic in shape, whereas glutamatergic synapses contain vesicles
that are larger and more uniformly spherically structured (Peters and Harriman, 1990; Peters
and Palay, 1996). However, recent structural analysis of glutamatergic synapses indicates
that classic aldehyde fixation of tissue samples leads to structural artifacts that may not
accurately depict living tissue (Frotscher et al., 2007; Rostaing et al., 2006; Siksou et al.,
2007; Siksou et al., 2009). An alternative method to aldehyde fixation, high-pressure
freezing, has recently been used to study the structure of glutamatergic synapses, and shows
that the synaptic terminals are larger than previously thought (Rostaing et al., 2006; Siksou
etal., 2007). In addition, high-pressure freezing has revealed that synaptic vesicles are less
tightly packed and small filaments linking vesicles into subgroups within the presynaptic
terminal are present (Rostaing et al., 2006; Siksou et al., 2009). These results suggest that
there may be structural differences in GABAergic synapses after aldehyde fixation
compared to methods that maintain structural integrity more accurately. Thus far, a
comprehensive analysis of GABAergic synapse ultrastructure using high-pressure freezing
techniques has not been performed.

Glutamatergic synapses contain two different functional pools of synaptic vesicles, the
readily-releasable pool and the reserve pool. However, studies using the pH sensitive
fluorophore synaptopHIuorin have found that the readily-releasable pool is less variable in
size at GABAergic synapses compared to glutamatergic synapses (Moulder et al., 2007).
This was determined by measuring the fluorescence intensity of synaptopHIuorin (i.e.
VAMP2 tagged with a pH sensitive GFP (Burrone et al., 2006) puncta after a train of
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stimulation was applied to cultured rat hippocampal neurons (Moulder et al., 2007).
Although this experiment allows a glimpse of the size of vesicle pools at GABAergic
synapses, it is not clear if there are multiple pools as in glutamatergic synapses, and if so,
how these pools are utilized in GABAergic synapses.

There are a number of different proteins that are present at both GABAergic and
glutamatergic synapses that aid in the organization and release of synaptic vesicles from the
presynaptic terminal. One such molecule is Synapsin I, which binds presynaptic molecules
such as F-actin (Ceccaldi et al., 1993) and also binds to synaptic vesicles (Cheetham et al.,
2003). Synapsins are important in regulating synaptic vesicle clustering at glutamatergic
synapses (Cesca et al., 2010). The Synapsin | knockout mouse displays a decrease in the
amplitude of evoked inhibitory postsynaptic currents (IPSCs) in cultured hippocampal
neurons (Chiappalone et al., 2009). Using multiple probability fluctuation analysis (MPFA)
of evoked IPSCs, the authors conclude that this phenotype is due to a reduction in the size of
the readily-releasable pool at GABAergic synapses (Baldelli et al., 2007; Baldelli et al.,
2005; Chiappalone et al., 2009). By contrast, the lack of Synapsin | leads to an increase in
the amplitude of evoked excitatory postsynaptic currents (EPSCs) as a result of an increase
in the size of the readily releasable pool (Chiappalone et al., 2009). GABAergic synapses
also contain other active zone associated proteins, such as Bassoon, which is important in
regulating the loading of synaptic vesicles to the active zone in glutamatergic synapses
(Richter et al., 1999; Sanmarti-Vila et al., 2000). However, the precise role of Bassoon at
GABAergic synapses remains to be determined. Presynaptic adhesion molecules, such as
neurexins, play a role in the formation and stabilization of GABAergic synapses and will be
discussed in detail in a later section of this review (Section 3.3).

1.2 Postsynaptic terminal

GABAergic synapses are most frequently found on the dendritic shaft or soma of the
postsynaptic neuron (Gray, 1959; Peters and Palay, 1996). In contrast to a glutamatergic
synapse, which has a thick, electron-dense postsynaptic density, GABAergic synapses have
a much thinner postsynaptic density as visualized by electron microscopy (EM) (Colonnier,
1968; Peters and Palay, 1996), and are thus frequently referred to as “symmetric synapses”
(Figure 1). Pre-embedding immunogold labeling of GABA receptors (GABARS) using high
pressure freezing in the monkey subthalamic nucleus revealed a postsynaptic structure of
GABAergic synapses that contains an electron dense band along the plasma membrane with
a less dense filamentous region beneath (Galvan et al., 2004).

While a large number of proteins have been identified at glutamatergic synapses, relatively
few have been identified at GABAergic synapses. This is in part due to the lack of a
postsynaptic density (PSD) in GABAergic synapses, as synaptic proteins localized to
glutamatergic synapses were largely identified by isolation of the PSD and subsequent
biochemical characterization (Kim and Sheng, 2004). This, combined with the fact that
GABAergic synapses are less abundant than glutamatergic synapses in cortex and
hippocampus, has made it prohibitively difficult to isolate and characterize GABAergic
synapses using a biochemical approach.

Despite these technical obstacles, a variety of proteins present and functioning at
GABAergic synapses continue to be discovered and described. These include, but are not
limited to, scaffolding proteins, cell adhesion molecules, and signal transduction proteins, all
of which will be discussed in detail below (see Section 3). Of course, neurotransmitter
receptors are the hallmark of the postsynaptic terminal in both GABAergic and
glutamatergic synapses. In the hippocampus, ionotropic GABA receptors (GABAARS)
predominate in the GABAergic postsynaptic density (Figure 2A). GABAaRsS are ligand-
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gated ion channels that are permeable to chloride and in mature neurons, activation of these
receptors leads to hyperpolarization of the cell (Ben-Ari et al., 2007).

GABAARs are heteromeric pentamers and the molecular makeup of each GABAR
determines its functional properties. To date, 19 GABAAR subunits have been identified in
the mammalian CNS. However, each of these 19 subunits can be alternatively spliced,
thereby further increasing the heterogeneity of GABAaRs (Cossart et al., 2006; Dumitriu et
al., 2007; Freund and Buzsaki, 1996; Parra et al., 1998). A functional GABAAR requires the
presence of both a and B subunits (Pritchett et al., 1989). The inter- and intracellular
distribution of different GABAAR subunits helps to confer different functions and
specificity to a GABAergic synapse. For example, the a1 subunit is found in the
postsynaptic membrane of almost all GABAergic synapses throughout the soma and
dendrites, while the a2 subunit is only located at a subset of synapses, primarily those in the
axon initial segment (Baumann et al., 2001; Chang et al., 1996; Farrar et al., 1999; Nusser et
al., 1996). The y2 subunit of the GABAAR is synaptically localized (Essrich et al., 1998).
Functional GABAARs form in the absence of the y2 subunit, however these synapses are
primarily localized to extrasynaptic sites, indicating that the y2 subunit is required for the
proper localization of GABAARS at synapses (Essrich et al., 1998) Mice genetically devoid
of the y2 subunit of GABAARS proceed normally through embryonic development.
However, postnatal development of y2 —/— mice is marked by sensorimotor dysfunction and
retarded growth, and most only live for a few hours after birth (Essrich et al., 1998; Gunther
etal., 1995).

Another type of GABAR, the metabotropic GABAg receptor (GABARgR), plays an
important role in the postsynaptic terminal of GABAergic synapses. Metabotropic
GABAGRgRs function through G, and G; proteins that can lead to a number of different
downstream consequences, such as activation of potassium-permeable ion channels
(Gahwiler and Brown, 1985) or inhibition of adenylyl cyclase, leading to a decrease in
protein kinase A (PKA) activity (Chalifoux and Carter, 2011; Xu and Woijcik, 1986). Unlike
GABAARs, where 19 different subunits have been identified, only two subunits have been
discovered for the GABAgRs, GABAR1/8> (Bowery and Brown, 1997; Isomoto et al., 1998;
Kaupmann et al., 1997; Pfaff et al., 1999; Schwarz et al., 2000). GABARgRS elicit a number
of different downstream signals, presumably in part by signaling through auxiliary binding
proteins such as GISP and Muppl (Balasubramanian et al., 2007; Chalifoux and Carter,
2011; Kantamneni et al., 2007).

Postsynaptic GABARRSs are located extrasynaptically and are activated by GABA spillover
(Kulik et al., 2003; Scanziani, 2000). In hippocampal pyramidal neurons, the activation of
GABAGRgRs can lead to hyperpolarization of the postsynaptic cell (Dutar and Nicoll, 1988;
Nicoll et al., 1990; Scanziani, 2000). This hyperpolarization is distinct from the
hyperpolarization elicited by GABAARS, as it is slower and prolonged (Dutar and Nicoll,
1988), and is necessary for rhythmic hippocampal activity (Scanziani, 2000). GABAgRS are
also found in the presynaptic terminal of glutamatergic synapses and in GABAergic axons
(Chalifoux and Carter, 2011; Kulik et al., 2003; Vigot et al., 2006). There are a humber of
different roles of presynaptic GABAgRs; they can activate K* channels and indirectly limit
calcium release (Thompson and Gahwiler, 1992), as well as suppress multivesicular release
(Chalifoux and Carter, 2010).

Despite our limited knowledge of the ultrastructural and molecular composition of
GABAergic synapses at the present time, thus far it seems that the overall organization of
GABAergic postsynaptic terminals is similar to glutamatergic postsynaptic sites, but with
different molecular players. Currently, there is renewed interest in GABAergic synapse
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composition and development and it will be interesting to see how this vision changes as
more focus is directed toward GABAergic synapses.

2. Assembly of GABAergic synapses

Although identifying the major events in glutamatergic synapse assembly has been a focus
in the field of synapse development for many years (Ahmari et al., 2000; Dai and Peng,
1996; Gerrow et al., 2006; Sabo et al., 2006; Shapira et al., 2003; Zakharenko et al., 1999;
Zhai et al., 2001), assembly of GABAergic synapses is considerably less well- understood.
Here, we will discuss what is known about the order of events that comprise GABAergic
synapse assembly.

2.1 First Contact

An initial step in synapse development is contact between the presynaptic axon and the
postsynaptic dendrite and subsequent stabilization of this contact. The Bonhoeffer group has
provided an intriguing look at this issue using two-photon laser scanning microscopy in
hippocampal slice cultures derived from GAD65-GFP expressing mice, which express GFP
in a subset of interneurons in the hippocampus (Wierenga et al., 2008). By visualizing
GABAergic presynaptic boutons in this manner, and postsynaptic CA1 pyramidal cell
dendrites by Alexa Fluor 594 injection, the authors observed dendritic and axonal
protrusions that came in contact with each other; however, these contacts were always
transient (Wierenga et al., 2008). Instead, mature GABAergic synapses form at pre- existing
axo-dendritic crossings and are marked by the appearance of new, stable GABAergic
boutons (Wierenga et al., 2008). In addition, retrospective immunostaining after time-lapse
imaging indicates that new synapses form on the order of a few hours (Wierenga et al.,
2008), similar to the time reported for glutamatergic synapse formation (Friedman et al.,
2000). This study represents the first report that visualizes the initial contact between a
GABAergic axon and its postsynaptic partner, and provides exciting evidence that initiation
of contact in GABAergic synapse development has both marked similarities and differences
when compared to glutamatergic synaptogenesis. Future studies likely will aim to elucidate
which proteins are recruited to young GABAergic synapses, and how these proteins arrive at
the synapse.

2.2 Arrival of Synaptic Components

Unlike glutamatergic synapses which have been extensively studied by time-lapse imaging
of fluorescently-tagged proteins such as the AMPA receptor (ionotrophic glutamate receptor
a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid receptor; AMPAR) subunits and
PSD-95 (Barrow et al., 2009; Bresler et al., 2001; Correia et al., 2008; Friedman et al., 2000;
Gerrow et al., 2006; Washbourne et al., 2002; Washbourne et al., 2004), the order of
assembly of the components of the pre- and postsynaptic specializations of GABAergic
synapses has not been elucidated. However, it is instructive to summarize what has been
learned from such studies of glutamatergic synapse development to provide a framework
with which to think about GABAergic synapse development.

Significant evidence supports vesicular transport of both pre-and postsynaptic proteins
(McAllister, 2007). For example, an emerging view of postsynaptic assembly reveals that
mobile transport packets deliver preformed scaffold complexes containing PSD-95, GKAP,
and Shank to nascent synapses (Gerrow et al., 2006; Prange and Murphy, 2001). Scaffolding
proteins accumulate in the postsynaptic terminal concurrently with ionotrophic glutamate
receptors, AMPARs and NMDARs (N-methyl D-aspartate receptor) (Barrow et al., 2009;
Bresler et al., 2001; Friedman et al., 2000; Gerrow et al., 2006; Washbourne et al., 2002).
Presynaptic assembly is also characterized by the accumulation of discrete transport vesicles
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that carry a characteristic set of presynaptic molecules. These transport vesicles can
accumulate at a specific site to begin formation of the presynaptic active zone (Ahmari et al.,
2000; Shapira et al., 2003; Zhai et al., 2001). This pre-fabrication and organization of
synaptic components into modular packets could facilitate the rapid rate of synaptogenesis,
which can occur in 30-60 minutes (Friedman et al., 2000).

To date, it is unclear if GABAergic synapses use similar transport vesicles to deliver
components to the synapse. However, on the postsynaptic side, time-lapse imaging has been
used to investigate the trafficking of GABAARS in and out of mature synapses (for
comprehensive reviews see (Jacob et al., 2008; Luscher et al., 2011). To summarize a large
and ongoing body of work, GABAaRS assemble in the endoplasmic reticulum, are
transported through the secretory pathway, and are then inserted into the plasma membrane.
Some mechanisms by which GABARs are trafficked to and retained at synaptic sites will
be discussed below (Section 3). For example, binding of GABAARS to components of the
GABAergic postsynaptic scaffold such as gephyrin and collybistin could serve to recruit or
retain GABAARS at synaptic sites (Bannai et al., 2009; Bogdanov et al., 2006).

Kinesin family motor proteins have been implicated in the transport of GABAARS from
internal compartments to extrasynaptic and synaptic sites (Twelvetrees et al., 2010), as
demonstrated by immunostaining, live imaging, and electrophysiological recordings of
synaptic currents from cultured neurons. For example, when the function of the kinesin
KIF5 is blocked with a kinesin-specific antibody, the amplitude of miniature inhibitory
postsynaptic currents (mIPSCs) decreases, while the frequency of mIPSC events remains the
same as control conditions (Twelvetrees et al., 2010). In addition, coimmunoprecipitation
using GABAAR B subunits pulls down KIF5 as well as the adaptor protein Huntingtin-
associated protein HAP1 (Twelvetrees et al., 2010). These and other experiments from this
study suggest that disruption of GABAAR trafficking may underlie some of the etiology of
Huntington’s Disease.

2.3 Localization of Synaptic Contacts

During development, synapses form within specific regions on the postsynaptic neuron. For
example, the excitatory synapses on pyramidal neurons and cerebellar Purkinje neurons
form primarily onto dendritic spines, while GABAergic synapses are localized to the
dendritic shaft or cell soma (Lardi-Studler and Fritschy, 2007; Tretter and Moss, 2008;
Wierenga et al., 2008). Recent studies have suggested that a “molecular code” regulates the
subcellular organization of GABAergic synapses. For example, in the cerebellar cortex,
synapses from inhibitory stellate cells form onto the dendrites of Purkinje cells, while
inhibitory basket cells localize their synapses onto the Purkinje cell soma and axon initial
segment (Ango et al., 2004; Lardi-Studler and Fritschy, 2007). Neurofascin186, a cell
adhesion molecule, is expressed as a gradient along the axon initial segment of Purkinje
cells (Ango et al., 2004). This gradient is necessary for proper localization of basket cell
innervation and is demarcated by the scaffolding protein ankyrin- G (Ango et al., 2004).

In addition to cell adhesion molecules, proper synapse localization can be dictated through
postsynaptic receptors, such as the GABAAR ol subunit. Mice lacking the GABAAR
subunit a1 are not able to maintain GABAergic synapses from stellate cells onto Purkinje
cells in the cerebellum. However, basket cells are unaffected by the absence of this
postsynaptic receptor in the innervated Purkinje cell soma (Fritschy et al., 2006). It is likely
that the differential expression of receptor subunits throughout the neuron helps to
orchestrate the complex pattern of connections between different types of neurons. This may
be accomplished by receptor subunits selectively binding to specific cell adhesion molecules
within the postsynaptic site, which are in turn recognized by their binding partners expressed
at presynaptic terminals in axons of specific subtypes of neurons. Examples of such
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molecules that are known to mediate GABAergic synapse formation are discussed below
(Section 3).

2.4 Relative order of Glutamatergic and GABAergic Synapse Development in
Hippocampus

The weight of the evidence suggests that GABAergic synapse development is initiated prior
to glutamatergic synapse development in the hippocampus (Hennou et al., 2002; Tyzio et al.,
1999). Although nowhere near as well-studied as in the hippocampus, this order seems to be
recapitulated during development of other areas of the CNS such as the neocortex and spinal
cord (for a comprehensive discussion of this issue see (Ben-Ari et al., 2007)).
Electrophysiological recordings from CAL neurons in acute hippocampal slices taken from
postnatal day 0 (PO) rats demonstrate that the vast majority of pyramidal cells are
synaptically silent (Tyzio et al., 1999). Of the non-silent neurons, approximately equal
numbers of neurons contain GABAergic synapses only or GABAergic and glutamatergic
synapses, and synapse number increases as the neurons mature (Tyzio et al., 1999). In
addition, electrophysiological recordings from interneurons in acute hippocampal slices
taken from rats at PO reveals that approximately 20% of interneurons have only GABAergic
synapses while approximately 75% of interneurons have both glutamatergic and GABAergic
synapses (the remaining 5% are silent) (Hennou et al., 2002). Thus, the order of
synaptogenesis is similar between pyramidal and interneurons. Further, on the basis of this
study and others, the presence of an interneuron circuit has been proposed, where
interneurons first innervate other interneurons before they innervate pyramidal cells (Ben-
Ari et al., 2004; Gozlan and Ben-Ari, 2003; Gulyas et al., 1996). This is perhaps not
surprising, as interneurons are more mature than pyramidal cells as they migrate into the
hippocampus.

In contrast, the first glutamatergic synapses are established around birth to postnatal day two
in hippocampal CA1 pyramidal neurons as assayed by whole-cell voltage clamp recordings
(Durand et al., 1996; Tyzio et al., 1999). However, most of these synapses are ‘silent,’
meaning that they contain only NMDARSs and not AMPARS, and therefore are not able to
participate in rapid synaptic communication (Durand et al., 1996; Wu et al., 1996). The
percentage of silent synapses steadily decreases around postnatal day five until they
represent only about 20% of the synapse population after postnatal week 1 (Ben-Avi et al.,
1997).

However, even though GABAergic synapse development begins a few days before
glutamatergic synapse development, robust synapse development continues throughout the
first few postnatal weeks of life, and of course proceeds throughout the life of the animal.
Therefore, much of GABAergic and glutamatergic synapse development occurs
concurrently (Chen et al., 1995; Hennou et al., 2002; Koller et al., 1990; Tyzio et al., 1999;
Walton et al., 1993). This leads to an interesting set of problems for say, a developing CAl
pyramidal neuron onto which glutamatergic and GABAergic synapses are simultaneously
forming. For example, what is the signaling mechanism by which glutamate receptors get
trafficked to glutamatergic postsynaptic terminals and not GABAergic terminals?

Some insight into these issues might come from studies performed using retrospective
immunostaining of dissociated cultures of hippocampal neurons isolated from embryonic
day (E18) rat pups. These results of these studies indicate that glutamatergic synapse
development precedes GABAergic synapse development (Danglot et al., 2006). This finding
is also recapitulated by the work of Deanna Bensen and colleagues discussed below in
Section 2.5 (Anderson et al., 2004). It is not clear why these neuronal culture studies do not
recapitulate the studies of acute neonatal hippocampal slice discussed above. However,
dissociation of neurons before plating involves the shearing of the neuronal processes, which
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must regrow in culture. Therefore, any synaptic contacts that had already been established in
vivo must be re-established in vitro, and this appears to take a few days. Thus, it could be
that this “re-setting” of synapse development overlaps with the period of time when robust
glutamatergic and GABAergic synapse development is occurring simultaneously, and thus
the relative order is lost. Alternatively, it could be that the molecular mechanisms that
govern glutamatergic synapse development are more promiscuous or inappropriately
activated in the context of dissociated cultures of neurons.

2.5 Fidelity of Synapse Assembly

Using time-lapse confocal imaging of glutamatergic synapses in the CA3 region of
hippocampus in organotypic slice culture, the Bonhoeffer group demonstrated that dendritic
filopodia differentiate between a glutamatergic axon and GABAergic axon (Lohmann and
Bonhoeffer, 2008). They show that a local calcium transient occurs in a dendritic filipodium
within seconds after making initial contact with a presynaptic axon, and is therefore unlikely
to be synaptic in origin (Lohmann and Bonhoeffer, 2008). Interestingly, these dendritic
filopodia selectively establish contact with glutamatergic axons and not with GABAergic
axons, and these calcium transients occur at higher frequencies when contacting
glutamatergic axons (Lohmann and Bonhoeffer, 2008). This elegant study demonstrates not
only that dendritic filopodia are capable of selectively choosing their targets, but that they do
S0 via a contact-dependent calcium transient.

Despite this intriguing study, there is an accumulating body of evidence that demonstrates
“mismatching” of glutamatergic and GABAergic synaptic elements during the early stages
of synapse development. The group of Deanna Benson performed a comprehensive study,
using immunostaining for various glutamatergic and GABAergic synaptic proteins, of the
protein composition of synapses while they were forming in cultured hippocampal neurons
over more than two weeks in vitro (Anderson et al., 2004). They found that early in the
development of the cultures, for example at 7 days in vitro (DIV), a significant percentage of
GADG5 positive presynaptic terminals co-stain for both gephyrin and PSD-95, postsynaptic
GABAergic and glutamatergic synaptic markers, respectively (Anderson et al., 2004). By 17
DIV however, the percentage of mismatching significantly decreases. Additionally, the
authors made similar observations at glutamatergic presynaptic terminals: a subset of
PSD-95 clusters are observed apposed to GABAergic presynaptic markers such as GAD65
in young cultures (Anderson et al., 2004). Interestingly, blockade of GABAAR or NMDAR
activity from 7 to 17 DIV leads to a decrease in fidelity of matching at GABAergic
terminals, indicating that activity contributes to matching of proper components at
GABAergic synapses (Anderson et al., 2004). In contrast, NMDAR blockade leads to an
increase in fidelity of matching of glutamatergic synapses (Anderson et al., 2004).

Other groups have made similar observations in traditional hippocampal cultures (Brunig et
al., 2002), autaptic cultures of hippocampal neurons (Rao et al., 2000), cultured cerebellar
granule cells (Studler et al., 2002) and Purkinje cells (Fritschy et al., 2006). Importantly,
mismatched synapses have also been observed in vivo in adult rodents, where immuno-EM
of mossy fiber to granule cell synapses in cerebellum revealed the presence of both
GABAAR and GIuA subunit of AMPARS opposed to these glutamatergic terminals (Nusser
et al., 1998). Also, double-innervation of dendritic spines in cortex by glutamatergic and
GABAergic inputs has been reported (Micheva and Beaulieu, 1995; Micheva et al., 2010).

Taken together, these studies suggest that glutamatergic and GABAergic synapse
development are neither spatially nor temporally separable processes. It seems reasonable to
postulate that as transient contacts between axons and dendrites are formed, components of
the postsynaptic specializations of both glutamatergic and GABAergic synapses, such as
scaffolding proteins and neurotransmitter receptors, are shuttled to these nascent synaptic
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sites in a stochastic manner. As synapse development proceeds, the identity of the synapse
as either glutamatergic or GABAergic is established by retention of the appropriate synaptic
proteins, perhaps in an activity-dependent manner. It could be that examples of
“mismatched” synapses from intact tissue preparations are rare simply because researchers
have not yet examined this question in a systematic manner. Along those lines, recent work
has provided evidence for co-release of GABA and glutamate at synapses in hippocampus,
cortex, and cerebellum (Boulland et al., 2004; Noh et al., 2010; Somogyi et al., 2004;
Zander et al., 2010). Thus, it could be that “mismatched” synapses are actually synapses that
are designed to respond to co-release of two different neurotransmitters from the same
presynaptic terminal.

3. Molecular Mechanisms of GABAergic Synapse Development

3.1 Gephyrin

Biochemical and candidate gene approaches by a large number of labs over the past thirty
years have led to the identification of many molecules that function at excitatory,
glutamatergic synapses in processes such as neurotransmitter release and reception.
However, despite this knowledge, we have only just begun to define the molecules that
mediate the actual assembly of the glutamatergic synapse. And, in contrast to glutamatergic
synapse formation, even less is known about inhibitory, GABAergic synapse formation in
mammals. Notably, the only directed screen to identify genes that are specifically required
for GABAergic synapse formation and transmission published to date was performed in C.
elegans (Vashlishan et al., 2008). This study implicated a number of molecules in regulating
GABAergic synaptic transmission, a subset of which may be involved in assembling the
appropriate pre- and postsynaptic specializations.

In this section, we will focus our discussion on molecules that have been shown to play a
role specifically in inhibitory synapse formation, with a focus on GABAergic synapses
(Figure 2A). Interestingly, a number of these molecules/families of molecules have been
shown to play a role in both glutamatergic and GABAergic synapse formation. We will
discuss the role of these proteins in GABAergic synapse formation specifically. As a
number of recent reviews have comprehensively detailed the identity and mechanism of
action of molecules that are thought to be involved in mediating glutamatergic synapse
development (Dalva et al., 2007; McAllister, 2007; Scheiffele, 2003), we will not discuss
these molecules further.

Gephyrin was originally identified as a polypeptide that co-purifies with glycine receptor
(GlyR) subunits (Pfeiffer et al., 1982). Gephyrin is expressed throughout the nervous system
and in non-neuronal tissues (Fritschy et al., 2008), is a prominent component of the
postsynaptic specialization of glycinergic and GABAergic synapses, and is exclusively
localized to these synapses (Sassoe-Pognetto et al., 1995).

For many years, gephyrin has been hypothesized to function analogously to the MAGUK
scaffolding proteins such as PSD-95 at excitatory synapses that bind to and localize
neurotransmitter receptors at the postsynaptic density (Kim and Sheng, 2004). Support for
this model arises in part from the fact that gephyrin can form both dimers and trimers and
further, these interactions can lead to a hexagonal lattice of gephyrin molecules (Fritschy et
al., 2008). Surprisingly, cloning and characterization of gephyrin revealed that it is a
mediator of molybdenum cofactor (Moco) biosynthesis (Feng et al., 1998), which is required
for oxidation of nitrate and nitrite and sulfate to sulfite (Fritschy et al., 2008). This family of
enzymes is well-conserved from plants to bacteria to animals, and perhaps gephyrin the
result of an ancient gene fusion event, which resulted in a multimeric protein with a novel
function (Feng et al., 1998). Interestingly, it remains to be determined if the two known
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functions of gephyrin (i.e. clustering of neurotransmitter receptors, and Moco biosynthesis)
are related (Fritschy et al., 2008). An analysis of the spinal cord and hypothalamus of mutant
mice in which the entire gephyrin gene was constitutively deleted revealed an absolute
requirement for gephyrin in clustering of GlyRs at synapses (Feng et al., 1998).

In contrast, a requirement for gephyrin to localize GABAARS to the synapse is less clear.
The gephyrin knockout mice exhibit a decrease in the number of synaptically- localized
GABAR puncta in retina, spinal cord, and hippocampus (Fischer et al., 2000; Kneussel et
al., 2001; Kneussel et al., 1999; Levi et al., 2004). Whole-cell voltage clamp recordings of
mIPSCs from cultured hippocampal neurons obtained from gephyrin knockout mice reveal a
modest decrease in the amplitude of these events and no change in the frequency (Levi et al.,
2004). In addition, demonstration of a direct interaction between gephyrin and GABAARS
has been elusive (Meyer et al., 1995), although recently, an interaction between the o2
subunit of the GABAAR and gephyrin has been reported (Saiepour et al., 2010; Tretter et al.,
2008). Additional work from the laboratory of Stephen Moss has also demonstrated that
cell-surface GABAARs are more mobile and less likely to form synaptic clusters in the
absence of gephyrin (Jacob et al., 2005).

The fact that at least a subset of GABAAR subunits are able to localize at synaptic sites and
form functional synapses in the absence of gephyrin suggests that other, non- gephyrin
dependent mechanisms exist to localize GABAARS to synapses. Interestingly, post- synaptic
clustering of gephyrin is disrupted in the absence of certain GABAaRS subunits (Essrich et
al., 1998; Kralic et al., 2006; Studer et al., 2006) suggesting a dynamic relationship between
gephyrin and GABAAaRs. Further, an immuno-EM study of gephyrin knockout mice
examining synapses in the brainstem of PO mice demonstrated that GABA and VIAAT-
positive synapses are morphologically normal in the absence of gephyrin (O’Sullivan et al.,
2009). Thus, although gephyrin clearly plays an important role in modulating GABAAR
subunit abundance at symmetric synapses, the precise nature of this modulation and the
molecular mechanism by which it is achieved are not well understood.

3.2 Collybistin

Collybistin is a brain-specific Rho-family guanine nucleotide exchange factor (GEF) that
was originally identified in a yeast two-hybrid screen as protein that interacts with gephyrin
(Kins et al., 2000). Work from a number of labs has implicated collybistin as a factor
required for clustering gephyrin and GABAARS, and mouse models in which the collybistin
gene has been deleted support this hypothesis (Harvey et al., 2004; Kins et al., 2000;
Papadopoulos et al., 2008; Papadopoulos et al., 2007). In support of the crucial role of
collybistin in mediating GABAergic synapse development, a human patient presenting with
a variety of symptoms including mental retardation, seizures, and increased anxiety was
found to have a mutation in the collybistin gene (Kalscheuer et al., 2009).

Interestingly, the presence of the collybistin N-terminal SH3 domain interferes with the
ability of collybistin to form gephyrin aggregates in non-neuronal cells (Harvey et al., 2004;
Kins et al., 2000), presumably through an auto-inhibitory mechanism, and a recent study has
uncovered a possible mechanistic explanation for this observation (Poulopoulos et al.,
2009). Binding of the collybistin SH3 domain to the intracellular domain of the Neuroligin 2
protein allows a collybistin/gephyrin complex to nucleate assembly of a gephyrin scaffold
specifically at the GABAergic postsynaptic membrane and recruit GABAARS (Poulopoulos
et al., 2009) (see further discussion of Neuroligin 2 below). However, another study
demonstrated that overexpression of an isoform of collybistin which lacks the SH3 domain
in cultured hippocampal neurons is able to induce synaptic clustering of overexpressed
gephyrin without a concomitant increase in Neuroligin 2 clustering (Chiou et al., 2011).
Thus, the precise relationship and timing of interactions between Neuroligin 2, collybisitin,

Prog Neurobiol. Author manuscript; available in PMC 2012 September 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kuzirian and Paradis

Page 11

and gephyrin clustering remains to be determined. Along those lines, a group investigating
the relationship between gephyrin, collybistin, and various subunits of the GABAAR
demonstrated that collybistin itself binds directly to the a2 subunit of the GABAAR in yeast
and HEK293 cells (Saiepour et al., 2010), suggesting a more direct role for collybistin in
GABAQR clustering than was previously assumed. In addition, the authors of this study
provide evidence that GABAaRa2, gephyrin, and collybistin are able to simultaneously co-
associate (Saiepour et al., 2010), suggesting a complex interaction between these proteins to
regulate GABAAR synaptic clustering.

3.3 Neurexin-Neuroligin Signaling

The presynaptic, transmembrane neurexin proteins and postsynaptic, transmembrane
neuroligin proteins comprise a large family of trans-synaptic, calcium- dependent cell
adhesion molecules that function to regulate synapse development (Craig and Kang, 2007;
Dalva et al., 2007; Dean and Dresbach, 2006; Huang and Scheiffele, 2008). In mammals, the
neurexins are encoded by three genes, and transcription from two different promoters
produces an a or B neurexin transcript from each gene (Dalva et al., 2007). Additional
alternative splicing generates more than 1000 neurexin isoforms (Dalva et al., 2007). The
neuroligins are encoded by at least 4 genes in rodents (Nlgn1-4); Neuroligin 1 is localized
primarily to excitatory synapses (Song et al., 1999) while Neuroligin 2 is localized
predominantly to GABAergic synapses (Varoqueaux et al., 2004)(Figure 2). Interestingly,
alternative splicing in the extracellular domain of both neurexins and neuroligins regulates
binding selectivity and influences function at the synapse (Boucard et al., 2005; Chih et al.,
2006; Graf et al., 2006). Both neuroligins and neurexins are transmembrane proteins,
contain PDZ domains in their intracellular, C- terminal regions, and have been shown to
interact with putative scaffolding proteins such as PSD-95 (see references within (Craig and
Kang, 2007; Dalva et al., 2007)).

The current interest in these proteins as synaptogenic molecules stems from the work of
Peter Scheiffele and colleagues who discovered that expression of neuroligins in
heterologous cells drives assembly of presynaptic structures in co-cultured neurons
(Scheiffele et al., 2000). Using a similar heterologous cell/neuron co-culture system (Craig
et al., 2006), a subsequent study demonstrated that expression of B-neurexins is sufficient to
drive assembly of both glutamatergic and GABAergic postsynaptic specializations in
neurons (Graf et al., 2004). Since that time, results from a large number of in vitro
experiments suggested a model where an interaction between a postsynaptic neuroligin and
a presynaptic p-neurexin induces the formation of glutamatergic and GABAergic synapses
(Chih et al., 2005; Dean et al., 2003; Graf et al., 2004; Scheiffele et al., 2000).

Interestingly, in vivo work has both supported and extended this relatively straightforward
model. Analysis of mice in which the Nlgn1,2,3 genes have been constitutively deleted
reveals that the predominant function of these proteins is to mediate GABAergic synaptic
transmission and development (Varoqueaux et al., 2006). These mice die at birth from
respiratory failure, and an analysis of brainstem circuitry reveals a significant deficit in
GABAergic, glycinergic, and glutamatergic synaptic transmission, but only modest changes
in synapse number ((VVarogqueaux et al., 2006) see particularly Figs 4- 6). Similarly, a mouse
in which all three a-neurexin isoforms are deleted displays a similar phenotype and also has
a decrease in GABAergic synapse density in brainstem (Missler et al., 2003). A careful
analysis of the phenotype of single Nlgn1—/—or Nlgn2—/—mice revealed that neuroligin 1
acts specifically to promote the functional maturation of glutamatergic synapses while
neuroligin 2 acts specifically to promote the functional maturation of GABAergic synapses
(Chubykin et al., 2007). Taken together, the in vitro and in vivo data suggest a model where
the neuroligin/neurexin adhesion complex acts at multiple steps in synapse development,
perhaps stabilizing nascent contacts and recruiting molecules such as neurotransmitter
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receptors to synapses as they are developing. In addition, the rather modest reductions in
both synapse number and synaptic transmission in the various neurexin and neuroligin
knockout mouse models suggest that these molecules certainly act redundantly with other
proteins to promote synapse development.

Although the neurexin/neuroligin proteins were initially studied as molecules which
promote excitatory synapse development, the specificity of Neuroligin 2 localization to
GABAergic synapses and the prominent deficit in GABAergic synapse development in mice
in which neurexin/neuroligin signaling is perturbed has led to an increased interest in the
role of these proteins in GABAergic synapse development. To this end, two relatively recent
studies deserve specific discussion. As mentioned above, the cytoplasmic domain of
Neuroligin 2 binds both gephyrin and collybistin, resulting in nucleation of a gephyrin/
collybistin scaffold at GABAergic synapses (Poulopoulos et al., 2009). Further, the
neuroligin 2/gephyrin/collybistin complex mediates clustering of GABAARS at synapses
(Poulopoulos et al., 2009). Intriguingly, neurexins directly interact with and impair the
function of synaptic GABAARS, presumably through a trans-synaptic mechanism (Zhang et
al., 2010a). Thus, it seems as though neuroscientists are only beginning to uncover the
numerous and varied functions of these cell adhesion complexes in synapse development.

3.4 Dystrophin

Dystrophin was initially cloned and characterized in 1987; mutations in this gene are the
underlying cause of Duchenne muscular dystrophy, a disorder that is characterized by
muscle wasting and mental retardation (Hoffman et al., 1987). Dystrophin is expressed in
the muscle and brain and is now known to be a major component of a molecularly
heterogenous complex called the Dystrophin-associated glycoprotein complex (DGC)
(Pilgram et al., 2010). Despite decades of intensive investigation, the function of the DGC is
not well understood, although it is largely believed to form a scaffold which spans the
plasma membrane and is thought to connect the extracellular matrix to the intracellular actin
cytoskeleton (Pilgram et al., 2010). The DGC has been shown to play a role in
neurotransmitter receptor clustering and synaptic transmission at both neuromuscular
junction (NMJ) and CNS synapses from worms to mammals (Pilgram et al., 2010).
Specifically, immunohistochemistry experiments reveal that dystrophin clusters co-localize
with clusters of both a1 and a2 subunits of GABAAR in hippocampus and cerebellum
(Brunig et al., 2002) (Knuesel et al., 1999). Further, GABAaRal and o2 clusters are
decreased in the hippocampus and cerebellum of mice lacking the full-length dystrophin
isoform (Knuesel et al., 1999). In addition, these same mice also show a reduction in the
number of GABAAR a2 clusters and the frequency of norepinephrine-induced GABAergic
IPSCs in amygdala (Sekiguchi et al., 2009). Taken together, these results, in conjunction
with similar analyses of other components of the DGC (see refs in (Pilgram et al., 2010))
point to an important role for the DGC in clustering GABAARS at synapses.

3.5 Neuregulin 1/ErbB4 Signaling

Neuregulin 1 (NRG1) and its receptor ErbB4 have been in the spotlight recently due to the
identification of both genes as schizophrenia susceptibility loci (Mei and Xiong, 2008). The
NRG1 locus generates at least 31 different isoforms which are either cleaved or membrane-
bound; all isoforms contain an epidermal growth factor (EGF)-like domain (Mei and Xiong,
2008). The ErbB4 receptor tyrosine kinase is one of four potential NRG1 receptors
(ErbB1-4) and is the only one in which NRG1 binding activates ErbB tyrosine kinase
activity (Mei and Xiong, 2008). NRG1/ErbB4 signaling has been implicated in a variety of
developmental processes in the nervous system including the migration of both pyramidal
and interneurons, axon guidance, axon myelination, and synapse formation at the NMJ (Mei
and Xiong, 2008).
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Previous work from a number of groups suggests a role for NRG1 and ErbB4 in mediating
glutamatergic synapse development. For example, ErbB signaling regulates glutamatergic
synaptic transmission and dendritic spine number and size in pyramidal neurons in vitro and
in vivo (Barros et al., 2009; Li et al., 2007). However, it is entirely unclear if this is due to a
cell automonous effect of ErbB4 function in pyramidal neurons, or is perhaps due to a local
circuit effect, a hypothesis supported by new experimental evidence outlined below (Wen et
al., 2010). In fact, although the expression pattern of ErbB4 in the rodent brain remains
controversial (Garcia et al., 2000; Huang et al., 2000; Woo et al., 2007), the weight of the
evidence now points in favor of ErbB4 expression in a subset of GABAergic interneurons in
cortex and not in glutamatergic, pyramidal cells (Fazzari et al., 2010; Vullhorst et al., 2009).
Specifically, both immunostaining and electron microscopy indicate that ErbB4 is
predominantly expressed by parvalbumin-positive cortical interneurons, where it can be
found both in the axon and in the postsynaptic density of asymmetric synapses formed onto
these interneurons (Fazzari et al., 2010).

After making this discovery, the Marin and Rico groups went on to perform a genetic
analysis to demonstrate that ErbB4 is cell-autonomously required in interneurons to mediate
GABAergic synapse formation. To reach this conclusion, the authors performed both a
morphological and functional analysis of parvalbumin-positive chandelier cells in which
ErbB4 expression was eliminated using Cre-mediated recombination in two independent
strains of mice and found that the number of GABAergic synapses made by these cells was
reduced (Fazzari et al., 2010). Performing similar experiments, the authors did not observe a
requirement for ErbB4 in pyramidal neurons to form glutamatergic synapses onto other
pyramidal cells (Fazzari et al., 2010). In addition, these effects are presumably mediated by
a Nrg1/ErbB4 ligand-receptor interaction, as overexpression of Nrgl by pyramidal neurons
increases the number of GABAergic synapses formed onto these cells (Fazzari et al., 2010).
Thus, the loss-of-function and gain-of-function data agree and support a requirement for
ErbB4 signaling in interneurons to mediate GABAergic synapse formation.

Fibroblast Growth Factors (FGFs) are secreted glycoproteins which mediate their diverse
biological functions in large part through binding to and activating FGF receptor tyrosine
kinases (Turner and Grose, 2010). The range of processes in which FGF signaling has been
implicated includes patterning the early embryo, organogenesis, and cell proliferation and
survival (Turner and Grose, 2010). FGFs were initially shown to regulate presynaptic
differentiation of motoneurons and mossy fibers from the cerebellum both in vitro and in
vivo (Umemori et al., 2004). To follow up on this finding, the Umemori group chose to
examine two particular family members, FGF7 and FGF22, in detail in the hippocampus.
This group examined both the intact brain of mice in which either FGF7 or FGF22 was
deleted, in combination with studies of neuronal cultures obtained from these animals, to
define a role for FGF signaling in the pyramidal neurons of the CA3 region of the
hippocampus. Specifically, it was shown that FGF7 is localized to the postsynaptic
specialization of GABAergic synapses, and is required to promote the clustering of synaptic
vesicles at the presynaptic termini of GABAergic synapses while having no effect on
glutamatergic synapses (Terauchi et al., 2010). Interestingly, FGF22 is localized to the
postsynaptic density of glutamatergic synapses, and is required in the same cells as FGF7 to
promote clustering of synaptic vesicles at the presynaptic termini of glutamatergic synapses.
Thus, FGF7 represents the only molecule thus far implicated in the presynaptic
differentiation of GABAergic synapses specifically.
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Npas4 is a transcription factor whose expression is strongly upregulated in neurons by
calcium influx in response to neuronal depolarization (Lin et al., 2008). Knockdown of
Npas4 expression by RNAI causes a decrease in the density of GABAergic synapses formed
onto pyramidal neurons in the hippocampus while overexpression of Npas4 increases
GABAergic synapse density (Lin et al., 2008). Among many identified Npas4 targets, it was
shown that Npas4 regulates BDNF transcription in response to neuronal depolarization, and
that the effect of Npas4 on GABAergic synapse density is partially dependent on BDNF
(Lin et al., 2008). Further studies of Npas4 targets should help to elucidate the molecular
mechanisms by which neuronal activity regulates the density of GABAergic synapses and in
turn, the balance of excitation and inhibition in the nervous system.

3.8 Semaphorins

The Semaphorin family of proteins consists of over 25 members grouped into eight different
classes based largely on their sequence homology and protein domain structures. The
hallmark of a Semaphorin family member is the extracellular Semaphorin (Sema) domain: a
conserved, cysteine-rich region of ~500 amino acids at the N-terminus of the protein
(Yazdani and Terman, 2006). Semaphorins are perhaps best known by the function of the
secreted, Class 3 Semaphorins as axon guidance molecules in the developing nervous
system, although the majority of Semaphorins, including Class 4 Semaphorins, are in fact
membrane-associated proteins. Semaphorin function has been implicated in numerous
developmental processes outside of the nervous system, including lymphocyte specification
and signaling, angiogenesis, cell migration, and vascular and heart morphogenesis (Kruger
et al., 2005; Yazdani and Terman, 2006). Currently, there are numerous examples of
Semaphorin family members mediating synapse development in both vertebrate and
invertebrate systems (Bouzioukh et al., 2006; Godenschwege et al., 2002; Lin et al., 2007;
Morita et al., 2006; Murphey et al., 2003; O’Connor et al., 2009; Paradis et al., 2007; Pecho-
Vrieseling et al., 2009; Tran et al., 2009).

Our work has functionally implicated two members of the Class 4 Semaphorins in
glutamatergic and/or GABAergic synapse formation: Sema4B and Sema4D. Importantly,
our work has identified Class 4 Semaphorins as novel regulators of GABAergic synapse
formation. Specifically, RNAi-mediated knockdown of Sema4B in the postsynaptic neuron
leads to a decrease in the density of both glutamatergic and GABAergic synapses in cultured
hippocampal neurons, as assessed by immunostaining and electrophysiological
measurements (Paradis et al., 2007) (Figure 2). In addition, RNAi-mediated knockdown of
Sema4D in the postsynaptic neuron leads to a decrease in the density of GABAergic
synapses without an apparent effect on glutamatergic synapses (Paradis et al., 2007).
Interestingly, knockdown of Sema4B and Sema4D in the postsynaptic neuron leads to a
decrease in the density of postsynaptic specializations of GABAergic synapses while having
no effect on the density of presynaptic specializations (Paradis et al., 2007). This result
implies that Sema4B and Sema4D might be acting in the postsynaptic neuron to recruit
neurotransmitter receptors or in other ways organize the postsynaptic density.

To date, the focus of most studies of Semaphorin signaling has been on the function of
Semaphorins as ligands for various receptors (i.e. “forward signaling™). However, as Class 4
Semaphorins are membrane-associated proteins with a C-terminal intracellular domain, the
possibility of a role for Semaphorins as bidirectional signaling proteins exists (i.e. both
“forward” and “reverse signaling”). Currently, the best candidate for a Sema4D receptor to
mediate its effects on synapse development is the transmembrane receptor PlexinB1
(PIxnB1). Sema4D has been shown to bind to PIxnB1 in heterologous cells with high
affinity (Tamagnone et al., 1999). In addition, PIxnB1 has been reported to be expressed in
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hippocampal neurons by antibody staining (Swiercz et al., 2002), and by in situ
hybridization (Brain Atlas of Gene Expression, (Magdaleno et al., 2006)). Thus, in the case
of Sema4D “reverse signaling,” Sema4D might be activated by binding to PIxnB1.
Alternatively, Sema4D could “forward signal” either as a soluble factor or membrane-
bound factor to activate PIxnB1. As our work demonstrates that loss of Sema4D in the
postsynaptic neuron leads to a decrease in GABAergic synapse density in this same neuron
(Paradis et al., 2007), the most parsimonious model suggests that Sema4D might act in an
autocrine manner by binding to PIxnB1 expressed on the same cell which releases Sema4D.
Current work is focused on testing these models.

3.9 Brain-Derived Neurotrophic Factor (BDNF)

BDNF is a member of the neurotrophin family of peptide growth factors that were originally
isolated and described based on their ability to promote survival and differentiation of
peripheral nervous system (PNS) neurons. Since that time, a multitude of functions for
BDNF in the developing and mature PNS and CNS have been described (Ernfors et al.,
1994; Gottmann et al., 2009; Huang and Reichardt, 2001; Jones et al., 1994; Riddle et al.,
1996; Russo et al., 2008; Yoshii and Constantine-Paton, 2010). BDNF is a secreted protein
that exerts its signaling effects through binding to its high-affinity receptor TrkB, a receptor
tyrosine kinase, and a low affinity receptor p75NTR (Huang and Reichardt, 2001).
Interestingly, BDNF is thought to be predominantly secreted from excitatory, pyramidal
neurons in cortex and hippocampus (Kokaia et al., 1993; Miranda et al., 1993) while it’s
receptor, TrkB, is expressed by both pyramidal cells and GABAergic interneurons (Cabelli
etal., 1996) (Cellerino et al., 1996). Thus, secreted BDNF is poised to act in both an
autocrine and paracrine manner.

BDNF has an unusual gene structure: transcription is initiated at eight distinct promoters
resulting in, via alternative splicing and polyadenylation, at least eighteen different
transcripts that remarkably all code for an identical BDNF protein. One of the interesting
aspects of this gene structure is that BDNF transcription from promoter IV is dependent on
neuronal activity, mediated in part by the calcium-responsive CREB transcription factor
(Cohen and Greenberg, 2008). Investigation into the function of BDNF in the CNS has
focused on modulatory effects of secreted BDNF on glutamatergic and GABAergic synaptic
transmission, synaptic and structural plasticity, and synapse development (Gottmann et al.,
2009; Greenberg et al., 2009; Yoshii and Constantine-Paton, 2010).

A role for BDNF in GABAergic synapse formation has been elucidated by a number of
beautiful studies (see references contained in (Gottmann et al., 2009)), a subset of which will
be highlighted here. To circumvent the gross morphological defects and lethality associated
with deletion of the BDNF gene, Huang and colleagues took a gain-of—function approach to
studying BDNF in the CNS. Specifically, they expressed BDNF in forebrain under the
control of the a-CaMKII promoter and found that maturation of GABAergic interneurons
and presynaptic terminals is accelerated in visual cortex (Huang et al., 1999). Using a related
approach, Aguado et al. overexpressed BDNF in CNS progenitors and assayed GABAergic
maturation both by in situ hybridization and electron microscopy. They found that
GADG65/67 mRNA is dramatically upregulated in hippocampi in which BDNF is
overexpressed and further, that the density of GABA-positive terminals is increased
(Aguado et al., 2003). Similarly, exogenous treatment of cultured hippocampal neurons with
BDNF increases both the number of GABAAR clusters and the percentage of synaptically
localized GABAA R clusters (Elmariah et al., 2004).

The Reichardt group took a loss-of-function approach to studying BDNF signaling in

synaptogenesis. To circumvent the lethality issues associated with constitutive knockout of
genes in the BDNF signaling pathway, Rico and colleagues generated a conditional allele of
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the trkB gene to produce mice in which trkB was deleted in the cerebellum (Rico et al.,
2002a). The cerebellum in these mice is normal with no change in cell number and
morphology, and the overall cerebellar architecture is grossly normal as well. (Rico et al.,
2002a). Both immunohistochemistry and electron microscopy revealed a deficit in the
number of GABAergic synapses formed onto granule cells, with no change in the number of
glutamatergic synapses formed onto these cells (Chen et al., 2011; Rico et al., 2002b). The
Reichardt group went on to demonstrate a cell-autonomous requirement for TrkB in both the
presynaptic Golgi cell to cluster presynaptic GABAergic proteins such as GAD67, and the
postsynaptic granule cell to cluster postsynaptic GABAergic proteins such as gephyrin
(Chen et al., 2011). Further, use of a TrkB “knock in” in which the kinase activity of TrkB
can be inhibited by feeding the animals INMPP1 (Chen et al., 2005) revealed that TrkB is
required both in the intial stages of GABAergic synapse assembly (P0-28) and also later in
development for synapse maintenance (P30-50) (Chen et al., 2011).

Similarly, Kohara and colleagues injected virus expressing Cre recombinase into the cortex
of mice containing a floxed allele of the BDNF gene. Immunohistochemical analysis of
neurons in which the BDNF gene had been deleted by Cre-mediated recombination revealed
fewer GAD65-positive boutons onto the soma of excitatory neurons and a decrease in the
frequency of mIPSCs (Kohara et al., 2007), consistent with a decrease in GABAergic
synapse number. Again, BDNF is expressed by the excitatory neurons and not the
interneurons, suggesting that local secretion of BDNF by the target cell influences whether a
GABAergic synapse gets made onto that cell. Taken together, both overexpression and loss-
of-function analyses of BDNF signaling indicate a requirement for BDNF signaling to
mediate formation of GABAergic synapses in multiple brain regions.

Until recently, it has been difficult to tease apart the activity and non-activity- dependent
functions of BDNF using straight loss of function or overexpression approaches. However,
an elegant set of experiments from the laboratory of Michael Greenberg directly and
definitively addressed this issue. Hong and colleagues generated a “knock in” mouse in
which the CREB binding site in the activity-dependent promoter IV of the BDNF gene was
mutated; they went on to show that transcription from promoter 1V is no longer responsive
to activity in this animal (Hong et al., 2008). Importantly, the authors found that GABAergic
synapse development is perturbed in the cortex of mice that are unable to express BDNF in
response to neuronal activity. Specifically, both immunohistochemistry and an analysis of
mIPSC frequency revealed a decrease in the density of GABAergic synapses formed onto
layer 11/111 pyramidal cells in primary visual cortex (Hong et al., 2008). Thus, the in vivo
function of BDNF that is produced in response to activity is to promote GABAergic synapse
development. This finding has far-reaching implications for cortical development in general
as it suggests that circuits respond to sensory experience by dampening excitation through
increased inhibition.

3.10 Astrocyte-derived factors

Astrocytes were long thought to function as merely “support” cells in the CNS, playing an
important role in maintaining a healthy metabolic state of neurons (Coles and Abbott, 1996;
Tsacopoulos and Magistretti, 1996). However, they are now recognized as having crucial
cell signaling roles in a structure that has been coined a “tripartite” synapse. The tripartite
synapse contains astrocytic projections that closely appose the presynaptic and postsynaptic
neuronal termini at classical chemical synapses (Araque et al., 1999; Haydon and
Carmignoto, 2006).

With respect to synapse development, astrocyte-derived factors play an important role in
both glutamatergic and GABAergic synapse formation and development (Boehler et al.,
2007; Elmariah et al., 2005; Hughes et al., 2010; Nagler et al., 2001; Pfrieger and Barres,
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1997; Ullian et al., 2004; Ullian et al., 2001). Co-culture of neurons and glia, in conjunction
with neuronal growth in astrocyte-conditioned media (ACM), demonstrates that astrocytes
release molecules that are necessary to maintain and promote the structure and function of
early synapses (Beattie et al., 2002; Faissner et al., 2010; Nagler et al., 2001; Pfrieger and
Barres, 1997; Slezak and Pfrieger, 2003; Ullian et al., 2004; Ullian et al., 2001). In the past
decade, much effort has been devoted to biochemical purifications of astrocyte-conditioned
media in order to identify the factors that mediate these effects with great success
(Christopherson et al., 2005; Dowell et al., 2009; Hughes et al., 2010; Jeon et al., 2010). For
example, the extracellular matrix proteins Thrombospondins (TSPs) are both necessary and
sufficient for glutamatergic synapse formation in cultured retinal ganglion cells
(Christopherson et al., 2005).

Research on GABAergic synapse formation and astrocytes is still in its infancy. Early work
suggested that astrocytes play an important role at GABAergic synapses because
hippocampal neurons grown either on astrocytes or with ACM had larger GABA-induced
CI™ currents relative to neurons that were grown in the absence of astrocytes (Elmariah et
al., 2005; Liu et al., 1997; Liu et al., 1996). In addition, ACM increases the number of
GABAergic presynaptic terminals, the frequency of mIPSCs, and the number GABAAR
clusters during the first 10 DIV of hippocampal neuron cultures (Elmariah et al., 2005). This
increase in GABAergic synapse development is due to a secreted protein(s) from astrocytes,
as conditioned media from fibroblasts was unable to alter synapse density in neuron
cultures, and trypsizination of ACM blocks increases in GABAergic synapse density
(Hughes et al., 2010). The authors ruled out TSPs because ACM that is immuno-depleted of
endogenous TSPs using antisera against TSP-1 and TSP-2 is still able to induce GABAergic
synapse formation when compared to unaltered ACM (Hughes et al., 2010). Thus, the
identity of this secreted factor or factors remains elusive.

In summary, astrocytes play an important role in both GABAergic and glutamatergic
synapse development, but so far at least, they exert their effects on these two types of
synapses through distinct molecular mechanisms.

4. Role of GABAergic Synaptic Transmission in Synapse Development

There is no doubt that neuronal activity is an important modulator of synapse development
(Anderson et al., 2004; Chattopadhyaya et al., 2004; Fritschy and Brunig, 2003; Katz and
Shatz, 1996; Rao et al., 2000). However, activity is not absolutely required as synapses still
form in the absence of activity (Craig, Blackstone et al. 1994; Verhage, Maia et al. 2000;
Studler, Fritschy et al. 2002; Varoqueaux, Sigler et al. 2002; Harms and Craig 2005). For
example, deletion of the protein Munc-18, which is required for synaptic vesicle fusion,
leads to a complete loss of neurotransmitter release from the presynaptic terminal (Verhage
et al., 2000). Despite this profound deficit in synaptic transmission, synapses form proper
morphological structures as determined by electron microscopy and immunohistochemistry
(Verhage, Maia et al 2000). Similarly, simultaneous deletion of the Munc13-1 and
Munc13-2 proteins, which are essential for vesicle priming, causes the complete absence of
neurotransmitter release (Varoqueaux et al., 2002). However, morphologically normal
synapses form in neuronal cultures derived from the hippocampi of these animals
(Varoqueaux et al., 2002).

Despite the finding that activity is not an absolute requirement for synapse development, the
fact is that synapses do develop in the presence of activity in the intact nervous system.
Furthermore, there exists a growing body of literature that supports the idea that GABAergic
synaptic transmission contributes to both glutamatergic and GABAergic synapse
development, as outlined below.
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4.1 Depolarizing actions of GABA: relevance to glutamatergic synapse development

Unlike GABA’s action in mature neurons, where the cell is hyperpolarized after GABAAR
channel opening, binding of GABA to GABAARS in immature neurons leads to
depolarization (Figure 3)(Ben-Ari, 2002; Ben-Ari et al., 2007; Khazipov et al., 2004; Tyzio
et al., 2008). This is the result of a change in the GABA reversal potential due to changes
in the CI~ gradient across the cell membrane, which is established by K*-CI~ transporters.
The expression of these transporters is dynamically regulated during development (Figure
3C)(Inoue et al., 1991; Takebayashi et al., 1996). For example, during embryonic and early
postnatal development the Na*-K*-CI~ transporter NKCC1 is preferentially expressed in
neurons. This protein actively pumps Na*, K* and CI~ across the membrane into the cell,
causing an increase in intracellular CI~ concentration (Figure 3B). Postnatally, the
expression of another K*-CI~ transporter, KCC2, dramatically increases between PO and P9
in the rat hippocampus (Rivera et al., 1999). KCC2 pumps CI~ across the membrane and out
of the cell, thereby reversing the CI™ equilibrium potential, thus rendering GABA as
hyperpolarizing (Figure 3B). Although the expression of NKCC1 has not been shown to
decrease with development in the hippocampus, in the neocortex, the expression of NKCC1
peaks at P7 and decreases substantially by P20 (Dzhala et al., 2005). Likewise, the
expression of KCC2 in the neocortex begins to increase in expression around P10 and peaks
in the adult rat (Dzhala et al., 2005). This change in expression from NKCC1 to KCC2
marks the developmental switch from GABAergic depolarization to hyperpolarization.
Interestingly, GABA-mediated depolarization and subsequent CaZ* influx into the neuron
drives this developmental switch (Ganguly et al., 2001).

The importance of the timing of this shift from depolarization to hyperpolarization and its
relationship to glutamatergic synapse development is exemplified by perturbations in the
expression of either KCC2 or NKCCL. In one study, premature KCC2 expression prompted
an increase in GABAergic synapse density, without altering the density of glutamatergic
synapses, thus tipping the delicate equilibrium between excitation and inhibition
(Chudotvorova et al., 2005; Hubner et al., 2001). Similarly, an electrophysiological study
from Xenopus laevus tectal neurons demonstrated that manipulating Egaga in vivo by
prematurely expressing KCC2 leads to a strengthening of GABAergic inputs onto tectal
neurons (Akerman and Cline, 2006). However. in contrast to the previous work, the KCC2
pertubation in this study prevented the maturation of functional glutamatergic synapses
(Akerman and Cline, 2006). In addition, RNAi-mediated knockdown of NKCC1 expression
in early development inhibited glutamatergic synaptogenesis, without perturbing
GABAergic synaptogenesis (Wang and Kriegstein, 2008). The authors propose that this
NKCC1-dependent increase in glutamatergic synaptogenesis acts through NMDAR
activation to recruit AMPARS to silent synapses (Wang and Kriegstein, 2008).

However, it should be noted that relatively recent work (Holmgren et al., 2010; Rheims et
al., 2009; Tyzio et al., 2011; Zilberter et al., 2010) but see (Ben-Ari et al., 2007; Tyzio et al.,
2011)) has called into question the depolarizing effects of GABA during early postnatal
development. The controversy, summarized nicely in (Khakhalin, 2011), stems from the use
of glucose as the sole energy source in artificial cerebral spinal fluid (ACSF) for in vitro
neuronal preparations and electrophysiological recordings. Supplementing ACSF with other
energy sources such as pyruvate caused a shift in the reversal potential of GABA towards
more hyperpolarized potentials and further, an amelioration of GDPs (see next section for
description of GDPs). This suggests that the depolarizing effects of GABA are an
experimental artifact and therefore not biologically relevant. The resolution of this
controversy will not come quickly for sure, but hopefully will be aided by an analysis of
transgenic mouse models in which intracellular Cl— concentration is changed by deletion or
overexpression of Cl— transporters and further, by supplementation of ACSF with
alternative energy sources for future experiments (Khakhalin, 2011).
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4.2 Giant Depolarizing Potentials (GDPs)

The depolarizing capability of GABA release in early postnatal development is important
for regulating Ca* currents, and could be used to facilitate circuit formation and
synaptogenesis through synchronous activity (Ben-Ari et al., 2007). Giant Depolarizing
Potentials (GDPs) are polysynaptic, slowly-propagating network oscillations that have been
observed both in vivo and in vitro in the developing hippocampus in rodents and in primates
(Ben-Avri et al., 2007). GDPs are the first synaptically generated oscillations in the
hippocampus (Allene and Cossart, 2010) and are present during the first postnatal week,
during a time when the action of GABA is excitatory (Ben-Avri et al., 1989; Ben-Ari et al.,
2007). They subside by the second postnatal week (Ben-Avri et al., 2007); correlating with
the shift from predominantly GABAergic synapse development to the maturation of
glutamatergic synapses (Durand and Konnerth, 1996; Hennou et al., 2002; Tyzio et al.,
1999).

4.3 A model for the synchronized development of GABAergic and glutamatergic synapses
in hippocampus

The above data, combined with the fact that GABAergic synapse development initiates
before glutamatergic synapse development (see Section 2.4, above) has led to the following
model for synapse development in the hippocampus, largely based upon work by Dr. Ben-
Avri and colleagues (see (Ben-Ari, 2002; Ben-Avri et al., 2007) and references therein). To
begin, the development of depolarizing, GABAergic synapses drive glutamatergic synapse
development. In particular, the depolarizing nature of early GABAergic synaptic
transmission is sufficient to relieve the NMDAR Mg2+ block, thus allowing for Ca2* entry
through NMDARS in response to glutamate release. This in turn drives AMPAR insertion
into NMDAR-only containing “silent” synapses. In addition, the depolarizing nature of early
GABA release drives the GDPs and subsequent CaZ* influx into neurons, which is required
for the formation of proper hippocampal networks.

4.4 Role of activity in GABAergic synapse development

Not only does GABAergic activity initiate glutamatergic synaptogenesis as discussed above,
it may strengthen existing GABAergic synapses. The 65kDa GAD65 and 67kDa GAD67
proteins are isoforms of the enzyme that produces GABA, glutamic acid decarboxylase
(GAD) (Soghomonian and Martin, 1998). The Z. J. Huang group created a conditional allele
of the gene encoding GADG7 (i.e. Gadl). Next, they simultaneously knocked out expression
of GADG7 in interneurons while labeling them with GFP by transfection of an interneuron-
specific GFP-IRES-Cre recombinase construct in organotypic cultures derived from cortex
of these mice (an analysis of the knockout animal is complicated by lethality)
(Chattopadhyaya et al., 2007). Using immunostaining and imaging, the group found that
knockdown of GADG7 in basket cells leads to a profound defect in axon branching and
perisomatic synapse formation onto pyramidal neurons in cortex, and these defects can be
rescued by increasing GABA lifetime by pharmacological blockade of GABA transporters
(Chattopadhyaya et al., 2004; Chattopadhyaya et al., 2007). A previous study from the same
group demonstrated that either intraocular injection of tetrodotoxin (TTX) or activity
blockade by TTX application to cortical organotypic cultures at discrete time points caused
decreased perisomatic synapse density of pyramidal neurons (Chattopadhyaya et al., 2004).
However, in this study it is unclear whether the TTX-dependent effects on synapse
development reflect a change in GABAergic or glutamatergic synaptic transmission or both.
While these intriguing results suggest that GABA signaling is required for GABAergic
innervation of pyramidal cells, it is difficult to separate the effects of decreased axon
branching from synapse development per se in these studies. Further, a study using
organotypic hippocampal culture found that treatment with the GABAAR antagonist
bicuculline increased the density of GABAergic presynaptic terminals (Marty et al., 2000).
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While it is difficult to explain the disparate results from these two studies, possibilities
include the area of the brain studied and the timing and duration of pharmacological
manipulations.

Evidence from Purkinje cells of the cerebellum suggests that different synapses (i.e. axo-
dendritic vs. axo-somatic) are differentially affected by loss of GABAergic transmission.
Electrophysiology and immunoelectron microscopy analysis of a mouse in which the al
subunit of the GABAAR is deleted and therefore lacks GABAergic synaptic transmission
reveals that GABAergic synapses from basket cells form normally onto the soma but not the
dendrites of Purkinje cells (Fritschy et al., 2006). In addition, GABAergic axons from basket
cells go on to form inappropriate synapes onto Purkinje cell dendritic spines (Fritschy et al.,
2006). Another study engineered a mutation into the 33 subunit of GABAARS, which
prevents endocytosis at the synapse from occurring, and found an increase in both the size
and the number of GABAergic synapses (Jacob et al., 2009). Neurons with increased
number of synaptic GABAARS exhibit an increase in the ratio of immature filopodial-like
spines to mature, mushroom-like spines as well as a decrease in PSD-95 expression.
Interestingly, the immature spine morphology and decrease in PSD-95 expression is rescued
by pharmacological blockade of GABAARS (Jacob et al., 2009), indicating that increased
GABAergic transmission is responsible for the delay in excitatory synapse development.

5. GABAergic Synapse Development and Neurological Disorders

It is now widely believed that aberrant development of excitatory and/or inhibitory synapses
contributes to neurological impairments such as mental retardation, autism spectrum
disorders (ASDs) and epilepsy (Bear et al., 2004; Fernandez and Garner, 2007; Hong et al.,
2005; Rubenstein and Merzenich, 2003; Tabuchi et al., 2007; Zoghbi, 2003). Numerous
genetic studies on human populations with ASDs have found linkage to genes that regulate
synapse development, axon pathfinding, and neuronal morphology (Gilman et al., 2011;
Jamain et al., 2003; Levy et al., 2011; Sanders et al., 2011; Szatmari et al., 2007). Thus, one
hypothesis to explain ASDs posits that changes in circuit connectivity alter information
processing in affected individuals. Below, we have chosen to discuss in depth Rett syndrome
and ASDs in which changes in inhibitory drive contribute to the disorder, as an emerging
model for a connection between synaptogenic proteins and these disease states.

5.1 Rett Syndrome

Rett syndrome is an X-linked disease that results from mutations in a single gene, Mecp2
(Amir et al., 1999). Mecp2 encodes for methyl-CpG binding protein-2, which binds
methylated CpG sequences in vertebrate genomes (Tate et al., 1996). It is believed that
methylated CpG islands recruit other proteins that can lead to downstream transcriptional
regulation. Loss of MeCP2 can lead to both activation and repression of transcription across
the genome. However, ~85% of genes assayed in Mecp2 null mice by Zoghbi and colleagues
are downregulated, suggesting a bias towards transcriptional activation for MeCP2 function
(Chahrour et al., 2008).

Rett syndrome affects approximately 1:10,000 girls worldwide (Percy and Lane, 2005).
Females with Rett syndrome develop normally for the first 6-18 months of life at which
point there is a rapid regression in development. Interestingly, this age is after neurogenesis
and migration have occurred, and corresponds with the period of synaptic development that
includes later stages of synaptogenesis and synaptic pruning (Zoghbi, 2003). In humans,
onset of symptoms typically involves a deceleration in head and body growth along with a
regression in motor and speech abilities and abnormal breathing patterns. Cognitive
impairments are also present and manifest themselves similarly to ASDs (Percy and Lane,
2005).
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There are a number of mouse models of Rett syndrome, many of which have a loss- of-
function of the Mecp2 gene. Two of these models are deletions in the Mecp2 gene: the
Jaenisch mouse lacks exon 3 of Mecp2 (Chen et al., 2001), and the Bird mouse lacks both
exons 3 and 4 (Guy et al., 2001). Mecp2 null mice (Jaenisch and Bird models) appear
normal until about 5 weeks postnatally. At this point, mice begin to demonstrate abnormal
behaviors resembling Rett syndrome, such as hindlimb clasping and irregular breathing
(please see reviews for further discussion of symptoms (Cobb et al., 2010; Zoghbi, 2003).

Classically, Rett syndrome has been thought of as a disorder of neural development.
However recent work has extended this intepretation, as mice in which Mecp2 is deleted in
adulthood display phenotypes similar to mice in which Mecp?2 is constitutively deleted
(McGraw et al., 2011). This suggests that Mecp2 expression is required throughout the life
of the animal for normal nervous system function. Interestingly, a recent study from the C.
Chen lab examining development of the retinogeniculate synapse in the Bird Mecp2 null
mouse found aberrant remodeling of this synapse, specifically during the phase of
development which requires visual experience (Noutel et al., 2011). The implication of this
finding is that defects in activity-dependent synapse development occur in the absence of
MeCP2.

Although the behavioral symptoms of Rett syndrome are prominent in human patients as
well as in the mouse models, the neuropathological phenotypes are relatively subtle. CA2
pyramidal neurons in Mecp2 null mice are ~15-25% smaller than the corresponding neurons
in wild type littermate control mice (Chen et al., 2001). In addition, Mecp2 null mice have
simplified dendritic arbors in their neocortical projections (Kishi and Macklis, 2004). In
layer5 of the somatosensory cortex of the Jaenisch Mecp2 null mice, spontaneous activity of
pyramidal neurons is reduced (Dani et al., 2005). While there is no change in the intrinsic
properties of the cortical neurons studied, there is a shift in the balance between excitation
and inhibition, which favors inhibition (Dani et al., 2005). The increase in inhibition is due
to a reduced connectivity and weaker excitatory synapses in the Mecp2 null mice compared
to wild-type littermates (Chao et al., 2007; Dani and Nelson, 2009). Similarly to the
somatosensory cortex, a decrease in the excitatory drive and an increase of inhibitory drive
was detected in the thalamus of the Bird Mecp2 null mice (Zhang et al., 2010Db).

A recent study again points to an important role for MeCP2 in regulating inhibition in the
nervous system (Chao et al., 2010), although the conclusions from this study differ from
those discussed above. In this study, Zoghbi and colleagues generate a knockout of Mecp2
that is confined to GABA-expressing neurons and demonstrate that in this mouse, many of
the same aspects of nervous system function are impaired as has been observed with the
Mecp2 null animals, such as motor control, breathing, and weight regulation (Chao et al.,
2010). The authors also find a broad spectrum of behavioral deficits in this mouse and
conclude from this analysis that loss of Mecp2 from GABAergic neurons recapitulates
features of Rett syndrome (Chao et al., 2010). In addition, the authors go on to show that
deletion of MeCP2 in GABAergic neurons decreases the amount of GABA by altering
Gad1/2 expression, leading to a decrease in mIPSC quantal size (Chao et al., 2010). This
observation differs from studies using mice in which Mecp2 was deleted in all neurons that
show a slight increase in mIPSC quantal size (Dani et al., 2005).

Clearly, much work remains to sort out the differences between the various mouse models in
terms of behavior, cellular physiology, and circuit development to uncover the key sites of
action of MeCP2 function. In addition, as MeCP2 functions as a global regulator of gene
expression, further studies are needed to elucidate the specific molecular mechanisms which
lead to alterations in excitatory/inhibitory ratio in mouse models of Rett syndrome. Taken
together, these findings, coupled with the fact that the appearance of Rett symptoms in
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humans occurs during a period of rapid synaptogenesis, suggest that a defect in synapse
development or maintentnace may be the underlying cause of Rett syndrome. In addition,
these studies point to the importance of maintaining the appropriate balance of excitation
and inhibition for proper cortical circuit function.

5.2 Autism Spectrum Disorders (ASDs)

Autism Spectrum Disorders (ASDs) are diagnosed based on the presence of three behavioral
features: a deficit in social communication, stereotypies, and a delay or absence of language
skills (van Spronsen and Hoogenraad, 2010). ASDs are typically detected and diagnosed
before the second or third year of life. Again, this time frame is potentially important for
understanding the underlying pathology of the disorder because, as with Rett syndrome, the
onset and detection of the disorder corresponds with a period of robust synapse formation
and maturation in humans (Lord et al., 2000). There is a strong genetic basis to these
disorders as they are highly heritable (~80-90%: (Bailey et al., 1995; van Spronsen and
Hoogenraad, 2010) with a large degree of genetic heterogeneity. Interestingly, linkage
analyses on families with ASDs have revealed mutations or single nucleotide
polymorphisms (SNPs) in many synaptic proteins. These synaptic proteins include the cell
adhesion molecules Neurexin and Neuroligin (Abrahams and Geschwind, 2008; Jamain et
al., 2003; Marshall et al., 2008; Tabuchi et al., 2007)), Semaphorins (Weiss et al., 2009), and
Shank family members (Moessner et al., 2007; Pinto et al., 2010) as well as many GTPases,
which play a role in regulating cytoskeletal dynamics in dendrites and dendritic spines
(Pinto et al., 2010).

A small percentage of ASD patients have mutations in Neuroligin 3. One of these is a
change from an arginine to cysteine at amino acid 451 of the coding sequence (R451C)
(Jamain, Quach, et al 2003). To ask if this mutation could mimic ASDs in a rodent model, a
genetic knock-in strategy was employed to introduce the R451C mutation into the Nign3
gene in mice. Employing this experimental approach, one group found that the Neuroligin 3
R451C knock-in mouse displays increases in both GABAergic synaptic number and strength
and autism-like behavioral deficits such as impaired social interactions (Tabuchi et al.,
2007), suggesting a role for GABAergic synaptic function and development in ASDs.
However, another group using this same strategy did not find any behavioral deficits in their
Neuroligin 3 R451C mouse model (Chadman et al., 2008); electrophysiological recordings
were not reported in this study. Thus, a conclusion with respect to the role of the R451C
mutation in synapse development and ultimately, ASD-like phenotypes, awaits further
investigation.

As mentioned previously, the Semaphorins have recently emerged as important mediators of
both glutamatergic and GABAergic synapse development (Bouzioukh et al., 2006;
Godenschwege et al., 2002; Lin et al., 2007; Morita et al., 2006; Murphey et al., 2003;
O’Connor et al., 2009; Paradis et al., 2007; Pecho-Vrieseling et al., 2009; Tran et al., 2009).
Interestingly, in the largest genome-wide association study of ASDs to date, a study of 1,553
patients led by the Daly and Chakravarti labs, the strongest genome-wide-significant
association involved markers adjacent to SEMA5SA on chromosome 5p15 (Weiss et al.,
2009). In addition, two studies have reported altered regulation of SEMASA mRNA in
patients with ASDs (Melin et al., 2006; Weiss et al., 2009). Interestingly, Sema5a is strongly
expressed in the dentate gyrus of the hippocampus and in layers 5 and 6 of the cortex in
rodents (Lein et al., 2007), two areas where morphological changes correlate with ASDs
(Hutsler and Zhang, 2010; Schumann et al., 2004). The prevalence of SEMAS5A SNPs in
autistic patients, coupled with studies that demonstrate that Semaphorin family members
mediate both glutamatergic and GABAergic synapse development, suggests the intriguing
possibility that the underlying cause of ASD symptoms in patients with Sema5A mutations
may be defects in synapse development.
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Scaffolding proteins and cytoskeletal regulation are important in synapse development.
Genetic mapping has implicated the scaffolding proteins of the Shank family in ASDs
(Durand et al., 2007; Marshall et al., 2008; Moessner et al., 2007; Pinto et al., 2010). Shank
proteins bind many synaptic proteins and together with Homer can synergistically increase
dendritic spine size through formation of a scaffolding network in the dendritic spine
(Hayashi et al., 2009; Sala et al., 2001). It will be interesting to determine if the mutations in
Shank family members that are linked to ASDs cause an increase or a decrease in the
amount of Shank expression and likewise, how this change in expression affects synaptic
development. In addition, small, Ras-like GTPases are important regulators of the actin
cytoskeleton and as such, control both dendritic spine development and dendritic branching
(Ghiretti and Paradis, 2010, 2011; McNair et al., 2010; Paradis et al., 2007; Tashiro et al.,
2000). Interestingly, a recent linkage analysis demonstrated that copy number variants
(CNVs) of Rho family GTPases are found with increased frequency in individuals with
ASDs compared to non-ASD individuals (Pinto et al., 2010).

For obvious reasons, alterations in synapses are difficult to assess in autistic patients and
further, the causal relationship between any morphological changes and the ASD symptoms
is unclear. Changes in the shape of dendritic spines may affect synaptic connections by
modulating the chemical microenvironment of the synapse (Kasai et al., 2003; Robinson and
Kolb, 2004; Tsay and Yuste, 2004). A recent study demonstrates that post-mortem brains of
autistic patients have significant increases in spine density in the superficial layers of
cortical pyramidal neurons, and this change was found in every brain from an autisitic
individual surveyed in the study (Hutsler and Zhang, 2010). This study is the first of its kind
to present a clear correlation between morphological synapses and ASDs. Because spines
are easier experimentally to investigate in post-mortem tissue samples from humans than
other types of synapses, it may be more challenging to uncover the role of inhibitory
synapse development in ASDs. However, one inroad into this problem lies in further linkage
analysis to identify autism susceptibility loci, coupled with increased understanding of the
molecular mechanisms of GABAergic synapse development.

Conclusions

The past decade has brought astounding progress to the field of GABAergic synapse
development. No longer the forgotten younger sibling, only appreciated for its ability to
rein-in glutamatergic synaptic transmission, GABAergic synapses are now being studied and
appreciated by numerous researchers as signal transducers in their own right. However,
much remains to be discovered. For example, live-imaging studies that observe components
of GABAergic synapses assembling at nascent synaptic sites are needed to inform our
understanding of the steps in GABAergic synapse development. More gene discovery
efforts, in any organism, geared at identifying molecules that regulate all steps in
GABAergic synapse development (contact stabilization, recruiting pre- and post-synaptic
components to contact sites) must be a significant area of focus in the near future.

Much of the data presented in this review points to the idea that similar mechanisms regulate
glutamatergic and GABAergic synapse development, as observed at the molecular level. No
longer can we be content to think of these synaptic subtypes developing via independent
mechanisms. It is abundantly clear that glutamatergic and GABAergic synapses co-develop
in time and in space, utilize the same or homologous signal transduction pathways, and have
a complicated, activity-based relationship which influences their co-development. In
addition, the field of synapse development must confront two interesting observations which
promise to further influence how we think about shared mechanisms of synapse
development: co-release of glutamate and GABA from central synapses, and co-innervation
of dendritic spines by both glutamatergic and GABAergic synapses.
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Abbreviation List

GABA y-aminobutyric acid

VAMP?2 vesicle-associated membrane protein 2
GFP green fluorescent protein

GABAR GABA receptor

AMPAR a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid receptor
NMDARs N -methyl D -aspartate receptor

PSD postsynaptic density

GlyR glycine receptor

GISP G protein-coupled receptor interacting scaffold protein
Muppl multi-PDZ domain protein 1

GADG65/67 glutamic acid decarboxylase 65kDa/67 kDa
CA1/CA3 cornu ammonis 1/3

GKAP guanylate kinase-associated protein
mIPSC miniature inhibitory postsynaptic current
HAP1 Huntingtin-associated protein

P# postnatal day #

E# embryonic day #

DIV day in vitro

EM electron microscopy

VIAAT vescicular inhibitory amino acid transporter
GEF Guanine nucleotide exchange factor

DGC Dystrophin-associated glycoprotein complex
NMJ neuromuscular junction

CNS central nervous system

NRG1 Neuregulin 1

EGF epidermal growth factor

FGF Fibroblast Growth Factors

Sema Semaphorin

PIxn Plexin

BDNF Brain-Derived Neurotrophic Factor

PNS peripheral nervous system
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CREB cAMP response element-binding

CaMKIlI calcium calmodulin kinase Il

ACM astrocyte-conditioned media

TSP Thrombospondin

NKCC1 Na*-K*-CI~ transporter NKCC1

KCC2 K*-CI~ transporter

RNAI RNA interference

ACSF artificial cerebral spinal fluid

GDP Giant Depolarizing Potential

TTX tetrodotoxin

ASD autism spectrum disorder

MECP2 methyl-CpG binding protein-2

SNP single nucleotide polymorphisms
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Figure 1.

(modified from Collonnier et al 1968) Top A) An electron micrograph (EM) of a symmetric,
inhibitory synapse in cortex. Here, both the presynaptic membrane and the postsynaptic
membrane have approximately equal electron densities. Top B) An EM image of an
asymmetric, excitatory synapse in cortex. Here, you can see the presence of a postsynaptic
density (PSD) and synaptic vesicles.

Bottom A and B) Schematic diagram of the EM images above, depicting the major
structural entities observed.
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Figure 2.

A) Schematic of molecules that have been implicated in GABAergic synapse development.
See Section 3 for details. B) Schematic of cell adhesion molecules that have been implicated
in glutamatergic synapse development. See Section 3 and Dalva et al., 2007 for details. Note
that a subset of molecules (e.g. Semaphorins, Neuroligins) are implicated in both
glutamatergic and GABAergic synapse development.
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Figure 3.

A) GABA receptors are permeable to CI™ ions. The direction of CI™ ion flow depends on
the electrochemical driving force (larger Cl— indicates higher Cl— concentration). B) The
CI™ concentration gradient is established by the expression of the chloride co-transporters
NKCC1 and KCC2. C) Expression of KCC2 and NKCC1 is developmentally regulated,
with NKCC1 predominating early in development and KCC2 later in development. D)
GABA receptor activation after release of GABA from interneurons causes an outward
flow of Cl— ions and subsequent membrane depolarization during early development. This
efflux of negative ions across the membrane is equivalent to an influx of positive ions and
thus is depicted as an inward current. In later development, a hyperpolarization of the
GABA reversal potential occurs due to a change in the CI™ gradient across the cell
membrane, where the extracellular Cl— concentration is now higher than the intracellular CI
— concentration. The change in the Cl— gradient causes an inward flow of Cl- ions through
GABA receptors which is depicted as an outward current.
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