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Abstract
The function of the brain depends on highly specific patterns of connections between populations
of neurons. The establishment of these connections requires the targeting of axons and dendrites to
defined zones or laminae, the recognition of individual target cells, the formation of synapses on
particular regions of the dendritic tree, and the differentiation of pre- and postsynaptic
specializations. Recent studies provide compelling evidence that transmembrane adhesion proteins
of the immunoglobulin, cadherin, and leucine-rich repeat protein families, as well as secreted
proteins such as semaphorins and FGFs, regulate distinct aspects of neuronal connectivity. These
observations suggest that the coordinated actions of a number of molecular signals contribute to
the specification and differentiation of synaptic connections in the developing brain.

Introduction
One of the remarkable features of the brain is the exquisite precision of synaptic connections
that arises during development. The function of the brain is critically dependent on these
highly specific patterns of connections between populations of neurons. The establishment
of these connections requires the guidance of axons to correct target areas, their restriction to
defined zones or laminae, the recognition of individual target cells, and the formation of
synapses at particular regions on post-synaptic neurons. Much of our understanding of the
molecular basis of synaptic specificity and synaptic target recognition comes from elegant
experiments using the model organisms C. elegans, Drosophila, and Aplysia (Ackley and
Jin, 2004; Colon-Ramos, 2009; Margeta et al., 2008; Mast et al., 2006; Rose and Chiba,
2000). These studies have led to the identification of individual genes involved in specificity
and have laid an important conceptual framework for understanding connectivity. Whether
similar mechanisms and molecules regulate synaptic specificity in the CNS of vertebrates is
only beginning to be understood.

The establishment of synaptic specificity relies on the correct patterning of axons and
dendrites. Here we discuss this process in the context of mechanisms that guide axons and
dendrites to specific laminar, cellular, and subcellular structures. Many brain regions can be
divided into anatomical laminae in which each lamina contains distinct populations of post-
synaptic neurons. Laminar specificity develops when incoming axons are directed to
specific laminae and form synapses only within these defined laminar borders (Fig. 1A).
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Cellular specificity occurs when different types of neurons, such as excitatory and inhibitory
neurons, reside within a particular layer or brain region and different axons synapse
specifically with one cell type over another (Fig. 1B). Subcellular specificity occurs when
presynaptic axons synapse exclusively onto a precise domain of its target neuron (Fig. 1C).
Although the molecular mechanisms of specificity can be discussed within the context of
these three general processes, there is clearly overlap among them. For example, in many
regions including cortex, retina, and hippocampus, dendrites from principal neurons extend
through several different laminae and receive selective input at each level. From one
perspective, this is an example of laminar specificity, but from another perspective, this is an
example of subcellular specificity along the dendrite of the principal neuron.

The final step in the development of synaptic specificity involves the differentiation and
maturation of distinct types of synapses. Once neurons find the correct synaptic partners, not
all synapses are the same (Fig. 1D). Instead, synapses between different types of neurons
have varying anatomical and functional properties. Recent work has identified several types
of synaptogenic molecules that have the potential, through alternative splicing and
interaction with multiple binding partners, to mediate the formation of distinct types of
synapses.

Here we review our current understanding of the mechanisms mediating the development of
synaptic specificity in vertebrates including mechanisms involving laminar, cellular, and
subcellular target recognition and the subsequent differentiation of specific types of
synapses. Mechanisms involved in synaptic targeting in invertebrates and in the olfactory
system are not covered here as they have been recently reviewed elsewhere (Luo and
Flanagan, 2007; Shen and Scheiffele, 2010).

Laminar Specificity
In many parts of the CNS, targeting afferents to specific laminae is a key feature of
connectivity. This is particularly striking in the visual system, where there is evidence for
laminar segregation at virtually every step of information processing from the retina to the
visual cortex (Sanes and Zipursky, 2010). Within the retina, retinal ganglion cells (RGCs),
the main output neurons of the retina, reside in the ganglion cell layer and extend their
dendrites into the inner plexiform layer (IPL). The IPL can be further divided into several
synaptic laminae and each lamina contains synapses between distinct populations of retinal
interneurons and RGCs. This lamina-specific development of synapse formation is thought
to be hardwired by restricted expression of extracellular molecular cues. Evidence in support
for this hypothesis is increasing. First, development of lamina-specific targeting of one type
of retinal interneuron, amacrine cells, has been observed in real time through time-lapse
microscopy and found to occur correctly in the absence of neural activity (Godinho et al.,
2005; Mumm et al., 2006; Nevin et al., 2008). These experiments rule out a major role of
activity-dependent refinement in mediating laminar-specificity in the retina. Second, Sanes
and colleagues analyzed cDNA libraries from subsets of RGC cells and used homology
searches to identify several transmembrane molecules that direct laminar specificity
(Yamagata and Sanes, 2008; Yamagata et al., 2002). Homophilic molecules of the
Immunoglobulin Superfamily (IgSF), Dscam, DscamL, Sidekick-1, and Sidekick-2 are
expressed in different combinations of IPL sub-laminae and their expression promotes layer-
specific adhesion to corresponding populations of neurons that express the same IgSF
molecule (Yamagata and Sanes, 2008; Yamagata et al., 2002). Despite this progress, the
lamina-specific molecular code of the retina has not been fully deciphered. Not all
interneurons express one of these four IgSF proteins and it is likely that other molecules and
mechanisms contribute to lamina-specific connections in the IPL.
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Just as RGC dendrites reside in a laminated structure, so do RGC axons. For example, in the
chick, RGC axons project to 4 of 16 distinct laminae in the tectum known as the retino-
recipient laminae. It is hypothesized that, in a mechanism similar to that in the IPL,
differential expression of extracellular adhesion molecules in each retino-recipient layer
directs RGC axons to their correct target layer. In support for this, co-cultures of chick optic
tectum and retinal explants have been used to show that RGC axons target the correct retino-
recipient laminae in vitro and this targeting is partially dependent on expression of the
adhesion molecule N-cadherin since N-cadherin function blocking antibodies disrupt the
laminar targeting of some RGCs (Inoue and Sanes, 1997; Yamagata and Sanes, 1995). More
recently, several molecular markers have been identified that are expressed in target laminae
and subsets of RGCs (Huberman et al., 2008; Huberman et al., 2009; Jiang et al., 2009;
Yamagata et al., 1995; Yamagata et al., 2006). Now that more sophisticated markers and
genetically encoded tools are available, this hypothesis can be more rigorously tested in both
chick and mammalian systems.

Studies of thalamocortical (TC) projections also support the hypothesis that an extracellular
molecular code mediates laminar-specificity. Thalamic axons of the visual system grow into
the cortex and extend collaterals in layer 6, grow straight through layer 5, and terminate in
layer 4 where they extensively branch and synapse with cortical neurons. What prevents TC
axons from forming branches and synapses in layer 5 and what stops the axons in layer 4 so
that they do not grow into layer 2/3? The TC projection between the lateral geniculate
nucleus (LGN) and visual cortex (VC) can be recapitulated in vitro by co-culturing explants
of LGN and VC adjacent to each other (Yamamoto et al., 1989). Axon labeling and
electrophysiological recordings revealed that TC axons primarily grow into their appropriate
laminar target, the layer 4 cortex, when thalamic tissue is placed at either the ventral, pial, or
lateral side of a living or fixed cortical explant. (Bolz et al., 1992; Molnar and Blakemore,
1999; Yamamoto et al., 1997; Yamamoto et al., 1989). These experiments suggest that there
are extracellular molecular programs within the cortex directing the laminar targeting of TC
axons. It also suggests that there are both positive cues in the targeted layers and negative
cues in the non-targeted layers that function together to accurately direct TC axon growth
and synapse formation (Bolz et al., 1992; Molnar and Blakemore, 1999; Yamamoto et al.,
1997; Yamamoto et al., 1989). Although the precise molecular mechanism that directs this
laminar specificity of TC neurons remains unknown, N-Cadherin has been implicated in this
process. When TC co-cultures are grown in the presence of N-Cadherin function blocking
reagents, TC axons are no longer properly targeted to layer 4 (Poskanzer et al., 2003).
Because of potential off-target effects of the blocking reagents it will be important to
determine if genetic manipulations lead to similar defects. The cadherin family members,
including protocadherins, have long been speculated to play an important role in mediating
synaptic specificity. Cadherins are homophilic adhesion molecules with differential
expression throughout the brain (Redies and Takeichi, 1996). Interestingly, despite extensive
knowledge of cadherin structure and function in non-neuronal cells, the role of most
cadherin family members in synaptic specificity, target recognition, and synapse formation
in the CNS remains unknown.

Cellular Specificity
Once an axon reaches its final target or laminar region, it must form synapses with correct
post-synaptic cells and not with incorrect cells. Different cell types within a target area may
include excitatory and inhibitory neurons, local and projection neurons, and those that
release different types of neurotransmitters. Selecting correct targets from a heterogeneous
cell population is a challenging task since only a small fraction of axo-dendritic contacts
correspond to appropriate synaptic partners. One excellent example of cellular specificity
occurs in the hippocampus by the GABAergic neurons of the septohippocampal projection.
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These septal neurons project and synapse exclusively onto inhibitory neurons throughout the
hippocampus while avoiding nearby excitatory neurons (Freund and Antal, 1988; Gulyas et
al., 1991; Pascual et al., 2004). This projection leads to disinhibition of the principal
hippocampal circuit and therefore may play an important role in hippocampal-dependent
learning and memory, yet there is still little known about the mechanisms that mediate this
highly specific connection.

A study from Lohmann and Bonhoeffer suggests that differences in intracellular signaling
could contribute to cell type-specificity of synaptic connections. They compared
intracellular changes in dendritic filopodia after contact with axons from excitatory versus
inhibitory neurons in the CA3 region of the hippocampus and found that local dendritic
calcium transients differ depending on the identity of the presynaptic axon (Lohmann and
Bonhoeffer, 2008). Filopodia from labeled CA3 dendrites were imaged using time-lapse
microscopy while simultaneously recording calcium signals in CA3 dendrites and nearby
axons. Strong calcium transients occurred more frequently when CA3 filopodia contacted
excitatory axons as compared to inhibitory axons (Lohmann and Bonhoeffer, 2008). The
contacts with excitatory axons were also more likely to be stabilized, suggesting that there is
a relationship between local calcium signals and target recognition. Since calcium is a well-
known intracellular messenger, increasing calcium locally at sites of contact with a correct
target cell may be important for initiating synapse formation at that location. It will be
interesting to determine which contact-dependent molecules are required to induce these
intracellular calcium changes and whether or not the calcium transients are required for
subsequent synapse formation.

Studies in the spinal cord have also provided important insight into molecular mechanisms
that contribute to cellular specificity. Spinal cord motor neurons cluster into spatially and
genetically related groups of neurons called pools and each motor neuron pool sends and
receives synaptic signals from a specific set of muscles and neurons (Jessell, 2000; Shirasaki
and Pfaff, 2002). Recent experiments from Arber and colleagues suggest that genetic
programs partially regulate synaptic specificity by regulating dendritic patterning
(Vrieseling and Arber, 2006). Different classes of motor neurons extend dendrites in distinct
spatial patterns within the spinal cord and this facilitates contact and synapse formation only
with specific axons that grow near the dendrites and prevents synapse formation with axons
that do not grow in the area. In mice lacking the transcription factor Pea3 the dendritic
patterns of some types of motor neurons, including those of the cutaneous maximus (CM)
motor pool, are significantly altered (Vrieseling and Arber, 2006) (Fig. 2A). In Pea3 -/-
mice, the dendritic arbor of CM neurons extends into the central grey matter, a region that is
normally devoid of CM dendrites in wildtype mice (Vrieseling and Arber, 2006). Axon
growth is unaffected in Pea3 -/- mice and, therefore, tricep brachii (tri) afferents that
normally grow into the central grey matter now incorrectly encounter dendrites from CM
motor neurons (Fig. 2A). Consequently, tri afferents develop monosynaptic inputs to CM
motor neurons in Pea3 -/- mice but never in wildtype mice (Vrieseling and Arber, 2006).
Since Pea3 is a transcription factor, it likely regulates the expression of genes involved with
axonal and dendritic patterning. In support of this, Pea3 expression is required for generating
correct expression patterns of the recognition molecules, Cadherin-7 and Sema3E (Livet et
al., 2002).

Subsequently, a related study showed that Sema3E is expressed in a subset of motor neurons
and expression of Sema3E is required to establish correct connectivity patterns (Pecho-
Vrieseling et al., 2009) (Fig. 2B). In wildtype mice, CM motor neurons that express Sema3E
develop polysynaptic connections with their propriceptive afferents and Tri motor neurons
that do not express Sema3E develop monosynaptic connections with their propriceptive
afferents. In mice lacking Sema3E or its receptor PlexD1, the monosynaptic Tri connections
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were unaltered but CM motor neurons converted from poly to monosynaptic (Pecho-
Vrieseling et al., 2009). Conversely, in mice over-expressing Sema3E, Tri motor neurons
became polysynaptic to their afferents while CM connections were unaltered (Pecho-
Vrieseling et al., 2009) (Fig. 2B). These results suggest that Sema3E signaling prevents
monosynaptic innervation and thus contributes to the development of synaptic specificity in
the spinal cord. Furthermore, only axonal populations that express the Sema3E receptor
plexinD1 are sensitive to this avoidance signal. Taken together, these studies suggest that
intrinsic transcriptional programs can control synaptic specificity by regulating the
expression of signals that mediate cell-cell interactions.

Subcellular Specificity
Proper function of neural circuits not only requires that synapses be made with the correct
target cell but also at the correct subcellular location. Subcellular location is important since
the relative strength and position of a synapse affects how much influence it has on the
generation of action potentials. GABAergic inhibitory neurons show amazing specificity in
targeting subcellular compartments. In fact, inhibitory neurons are often classified based on
their affinity for a particular region of a target cell. For example, basket cells are so called
because their axons elaborate and synapse on or near the soma of neurons, forming a basket-
like structure around the target neuron. How do axons recognize the correct subcellular
compartment to form a synapse? Similar to an axon’s ability to identify a particular cell type
by an extracellular molecular code, it is thought that some cell adhesion molecules are
preferentially localized to subcellular compartments and that these molecules can serve as a
guide for axons and synapse formation.

In the cerebellum, specialized inhibitory basket neurons form synapses, called pinceau
synapses, specifically with the axon initial segment (AIS) of Purkinje neurons. During
development, basket axons travel first to Purkinje somata and then are guided to the AIS
where they eventually develop synapses (Ango et al., 2004) (Fig. 3A). Because basket axons
show clear directionality for the AIS, it is thought that surface molecules specific to this
region guide the axons. Moreover, several proteins accumulate at the Purkinje AIS including
the intracellular, membrane associated adaptor protein ankyrin-G and one of its binding
partners, the L1 cell adhesion molecule neurofascin (Ango et al., 2004; Davis et al., 1996;
Jenkins and Bennett, 2001; Zhou et al., 1998). In a series of experiments examining ankyrin-
G knockout mice, Huang and colleagues found that ankyrin-G is required for basket axon
targeting and pinceau synapse formation at the Purkinje AIS (Ango et al., 2004). In these
mice, basket axons are no longer restricted to the AIS but instead localize to slightly more
distal Purkinje axon segments (Ango et al., 2004) (Fig. 3A,B). Since ankyrin-G is required
to restrict neurofascin to the AIS, it is possible that neurofascin is a key surface molecule
required for communication with the basket axons. In support of this idea, expression of
dominant negative neurofascin in Purkinje cells decreases pinceau synapse formation
although it does not affect axon guidance to the AIS (Ango et al., 2004). Therefore, either
enough endogenous neurofascin remains to direct the axons to the AIS or neurofascin may
be specifically required for synapse formation or stabilization while other ankyrin-dependent
molecules guide the basket axons.

Another example of subcellular targeting by interneuron axons is the innervation of Purkinje
cell dendrites by stellate interneurons. In this case, proper targeting of stellate axons to
Purkinje dendrites and synapse formation appears to be mediated by a scaffold of Bergman
glial fibers (Fig. 3A). Bergman glial fibers grow among the Purkinje cell dendrites and
express the IgSF family member CHL1 on their surface. In the absence of CHL1, stellate
axons are misguided and fail to properly innervate Purkinje cell dendrites (Ango et al.,
2008) (Fig. 3A,C). These studies on GABAergic innervation of Purkinje cells indicate that
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cell surface molecules regulate subcellular synaptic specificity both by mediating direct
interaction between axon and dendrite as well as by providing an intermediate target to
facilitate local connectivity.

Not all instances of subcellular specificity involve inhibitory connections. The segregation
of different classes of excitatory inputs is particularly striking in the hippocampus, and
recent studies suggest that two families of molecules, semaphorins and netrin-Gs, play
important roles in regulating the subcellular specificity of excitatory synapses in
hippocampal neurons.

In the CA3 region, the main bundle of dentate gyrus (DG) axons projects and synapses only
with the most proximal dendrites of CA3 neurons. In mice lacking the semaphorin co-
receptors Plexin-A2 or Plexin-A4, the mossy fibers grow and synapse in inappropriate
synaptic zones. In Plexin-A2 mutant mice the mossy fibers grow in the pyramidal zone
containing CA3 cell bodies and in Plexin-A4 mutant mice mossy fibers grow too far into
distal layers of the CA3 (Suto et al., 2007). Interestingly, despite their hippocampal
expression, neither Sema3F nor Sema6A knockout mice have any defects in the main mossy
fiber projection (Sahay et al., 2003; Suto et al., 2007). Nonetheless, Sema6A repels mossy
fibers in vitro and Sema6A interacts genetically with Plexin-A2 to rescue the mossy fiber
defect in those mice. The authors propose that mossy fibers expressing Plexin-A4 are
repelled from the distal CA3 layers by Sema6A and that Plexin-A2 in the proximal mossy
fiber layer attenuates the local Sema6A repulsive signal to allow mossy fibers into to this
zone (Suto et al., 2007).

In the dentate gyrus, DG neurons receive synaptic input from the lateral and medial
perforant pathways onto non-overlapping dendritic zones. Netrin-Gs are
glycosylphosphatidylinositol (GPI)-anchored proteins expressed on the surface of distinct
axonal subsets (Nakashiba et al., 2000; Nakashiba et al., 2002; Yin et al., 2002). Netrin-G1
specifically binds the postsynaptic receptor NGL-1 while Netrin-G2 specifically binds the
postsynaptic receptor NGL-2 (Kim et al., 2006; Lin et al., 2003; Nishimura-Akiyoshi et al.,
2007). Intriguingly, this ligand/receptor specificity matches the segregated targeting of
perforant path axons onto DG neurons. NGL1 protein localizes to distal dendritic
compartments that recieve input from lateral perforant path axons expressing Netrin-G1.
Conversely, NGL2 localizes to dendritic compartments that recieve input from medial
perforant path axons expressing Netrin-G2 (Nishimura-Akiyoshi et al., 2007). Furthermore,
loss of Netrin-G1 or Netrin-G2 disrupts the specific dendritic targeting of their respective
ligands (Nishimura-Akiyoshi et al., 2007). Since Netrin-Gs and NGLs function during
synaptogenesis (Kim et al., 2006; Woo et al., 2009), it will be interesting to investigate
whether the specific localization of NGLs to different subcellular zones is required for the
establishment of subcellular synaptic specificity.

Synapse Specific Differentiation
The development of synaptic specificity does not end once a neuron has identified its correct
synaptic partner. The initial axo-dendritic contact is transformed into a functional synapse
by the recruitment of pre- and post-synaptic components. Much of the early work in
identifying synaptogenic molecules focused on general synapse formation and the
recruitment of basic building blocks, such as synaptic vesicles, that are common to most
synapses. However, synapses are extremely diverse and there are many different
anatomically and functionally distinct types of synapses that form between different
populations of neurons. The development of different classes of synapses may be facilitated
by the specific axon guidance and target recognition mechanisms discussed above but there
is evidence that other specificity molecules function primarily during synaptogenesis.
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One of the best-characterized trans-synaptic adhesion complexes is the neurexin/neuroligin
complex in which presynaptic neurexins bind postsynaptic neuroligins to bi-directionally
organize synapses. Both molecules are well known for their remarkable ability to induce
functional synaptic specializations when presented to neurons on the surface of non-
neuronal cells or beads (Graf et al., 2004; Kang et al., 2008; Nam and Chen, 2005;
Scheiffele et al., 2000). Almost all neurons express neurexins and neuroligins, which would
suggest a general role in synapse formation rather than specificity. However, the three
mammalian neurexin genes undergo extensive alternative splicing in their extracellular
domain. This potentially generates thousands of different isoforms and has been
hypothesized to play a role in mediating synaptic specificity (Rowen et al., 2002; Tabuchi
and Sudhof, 2002; Ullrich et al., 1995; Ushkaryov et al., 1992).

Each neurexin gene can be transcribed from two alternative promoters to generate long α-
neurexins or short β-neurexins and it has been suggested that α- and β-neurexins may
differentially regulate glutamatergic versus GABAergic synapse formation. α-Neurexins
expressed in non-neuronal cells selectively induce inhibitory postsynaptic differentiation
(Chih et al., 2006; Kang et al., 2008). Consistent with this, α-neurexin triple knockout mice
have fewer symmetric (presumptive inhibitory) synapses but normal numbers of asymmetric
(presumptive excitatory) synapses, although functionally both inhibitory and excitatory
synaptic transmission is reduced (Dudanova et al., 2007; Missler et al., 2003). In contrast to
α-neurexins, β-neurexins expressed in non-neuronal cells induce both excitatory and
inhibitory postsynaptic differentiation (Chih et al., 2006; Kang et al., 2008).

In addition to the use of alternative promoters, each neurexin gene has several other sites
that undergo alternative splicing. One key site, known as splice site #4 (SS#4), has an
important role in mediating the interaction between neurexins and its postsynaptic ligands.
SS#4 is a 30 amino acid region in the extracellular domain of both α– and β-neurexins.
Inclusion of SS#4 reduces the affinity of neurexin for neuroligin (Boucard et al., 2005;
Comoletti et al., 2006; Graf et al., 2006). In addition to neuroligins, neurexins bind a
structurally unrelated, leucine-rich repeat containing postsynaptic cell adhesion molecule
called LRRTM2 (de Wit et al., 2009; Ko et al., 2009). Neurexin-LRRTM2 binding is also
regulated by alternative splicing since only neurexins lacking the SS#4 insert bind LRRTM2
(Ko et al., 2009; Siddiqui et al., 2010) (Fig. 4). This differs from the binding of neuroligins
to neurexins, which is modulated by SS#4 but not in an all-or-none fashion (Boucard et al.,
2005; Comoletti et al., 2006). Furthermore, binding of LRRTMs or neuroligins to neurexin
is mutually exclusive and suggests that these ligands compete for neurexin binding (Ko et
al., 2009; Siddiqui et al., 2010).

Further evidence for neurexin SS#4 in regulating selective ligand binding comes from recent
work showing that the secreted cerebellin1 precursor protein (Cbln1), which is essential for
specific synapse formation between parallel fibers and Purkinje cells in the cerebellum,
exclusively binds to β-neurexins containing the SS#4 insert (Uemura et al., 2010). Cbln1 is
secreted from the presynaptic terminals of granule cells and binds the synaptogenic
postsynaptic glutamate receptor GluRδ2 on Purkinje cell dendritic spines (Matsuda et al.,
2010), forming a trans-synaptic complex consisting of SS#4-containing neurexins, Cbln1
and GluRδ2.

In addition to neuroligin, LRRTMs, and Cbln1/GluRδ2, splice forms of neurexin interact
with other ligands, including dystroglycan, neurexophilin and the GABA(A) receptor
(Petrenko et al., 1996; Sugita et al., 2001; Zhang et al., 2010). Given that neurexins
functionally interact with so many distinct ligands, an interesting possibility is that different
neurexin ligands organize different types of synapses. The localization and distribution of
neurexin ligands is consistent with such a possibility. Neuroligin-1 localizes to excitatory
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synapses whereas neuroligin-2 localizes exclusively to inhibitory synapses (Song et al.,
1999; Varoqueaux et al., 2004). Neuroligin-2 knockout mice have impairments in inhibitory
synaptic transmission at specific subtypes of inhibitory synapses, suggesting a synapse-
specific role for neurexin-neuroligin-2 interactions (Chubykin et al., 2007; Gibson et al.,
2009; Poulopoulos et al., 2009). The LRRTM genes show striking differences in expression
pattern in the cortex and hippocampus, and loss of LRRTM1 alters the distribution of
presynaptic VGlut1 puncta in a lamina-specific manner (de Wit et al., 2009; Linhoff et al.,
2009). Determining whether there is an interaction code between neurexin isoforms and
specific neuroligin and LRRTM proteins should provide important insight into the potential
role of neurexin isoforms in synaptic specificity.

The differential interaction of neurexins with various postsynaptic partners could also
contribute to the diversity of functional properties of excitatory synapses. Neuroligins for
instance bind the third PDZ domain of PSD-95, whereas NMDA receptors (NMDARs) and
K+ channels bind the first and second PDZ domains of PSD-95, respectively (Irie et al.,
1997). Therefore, by recruiting PSD-95, neuroligins indirectly recruit ion channels and
neurotransmitter receptors to the synapse. Indeed, β-neurexin-induced clustering of
neuroligins results in co-clustering of NMDARs but not AMPARs (Graf et al., 2004; Nam
and Chen, 2005), and neuroligin-1 knockout mice have decreased NMDAR but not
AMPAR-dependent synaptic transmission (Chubykin et al., 2007) (Fig. 4). LRRTM2 also
interacts with PSD-95 through its C-terminal PDZ domain binding motif and binds NMDAR
and AMPAR subunits in heterologous cells (de Wit et al., 2009; Linhoff et al., 2009).
Artificial aggregation of transfected LRRTM2 on the dendritic surface induces co-clustering
of the NMDA receptor subunit NR1 (Linhoff et al., 2009), suggesting that LRRTM2 can
organize postsynaptic differentiation through recruitment of postsynaptic scaffolding
proteins and neurotransmitter receptors (Fig. 4). Consistent with a role in regulating
postsynaptic differentiation, lentiviral-mediated knockdown of LRRTM2 in hippocampal
granule cells in vivo strongly reduces evoked AMPAR and NMDAR-mediated transmission
compared to neighboring uninfected cells (de Wit et al., 2009). The differential effects of
neuroligin and LRRTM2 on recruitment of glutamate receptors suggests that neurexin
isoforms could influence subtype-specific synaptic properties by preferential interaction
with specific neuroligin and LRRTM proteins.

Secreted factors are also important organizers of presynaptic differentiation. Recent work
has revealed that FGF22 and FGF7 function as secreted organizers of excitatory and
inhibitory presynaptic terminals, respectively (Terauchi et al., 2010). FGF22 and FGF7 are
both expressed by CA3 pyramidal neurons but are differentially localized to excitatory
(FGF22) or inhibitory synapses (FGF7) where they recruit neurotransmitter-specific
synaptic vesicles to presynaptic terminals. Another class of secreted molecules that has been
implicated in the development of synaptic specificity is the semaphorins. Mice lacking the
secreted semaphorin3F (Sema3F) or its receptor neuropilin-2 show increased spine numbers
in proximal but not distal dendrites of hippocampal granule cells and layer 5 pyramidal
neurons (Tran et al., 2009). This suggests that Sema3F signaling through neuropilin-2
normally restricts spine formation from specific dendritic segments (Tran et al., 2009).

A number of other molecules including Eph/Ephrins, SALMs, Cadherins, and SynCAMs
localize to synapses and can affect synapse formation and function (Arikkath and Reichardt,
2008; Biederer et al., 2002; Dalva et al., 2000; Kayser et al., 2006; Ko et al., 2006; Tai et al.,
2008; Takeichi, 2007; Wang et al., 2006). Although direct evidence for a role for most of
these molecules in synaptic specificity is still scarce, nearly all display differential
expression patterns in the brain, which suggests that they may function in a synapse or cell-
specific manner in vivo.
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The mechanisms discussed here, including cell type-specific expression and alternative
splicing, differential ligand binding, and pro- and anti-synaptogenic activity, are all likely to
contribute to the specificity and identity of synaptic connections. The large number and
variety of these intercellular signaling molecules suggests that each type of synapse is
probably not specified by a unique ligand-receptor interaction. Instead, different types of
synapses are likely regulated by overlapping but distinct combinations of membrane bound
and secreted trans-synaptic signaling molecules that bias the association of pre- and post-
synaptic elements and confer functional synaptic identity through differential recruitment of
neurotransmitter vesicles, receptors, and modulators.

Conclusions and Future directions
Studies investigating synaptic specificity in the CNS strongly support a role for cell surface
molecular interactions in regulating connectivity at all levels from laminar targeting to the
development of distinct classes of synapses. Transmembrane molecules allow neurons to
identify one another and then send intracellular signals pre- and post-synaptically to regulate
the recruitment or dispersal of synaptic components. Recognition molecules are most likely
used in combinations to ensure that the brain is wired with very high fidelity. Additionally,
the link between synapse formation and disease is becoming clearer. Patients with many
types of neurological and psychiatric disorders do not have obvious anatomical defects in
the brain but instead appear to have defects in synapse formation and function. Several
synaptic recognition molecules, including members of the neurexin, neuroligin and cadherin
families, have been genetically linked to autism spectrum disorders (Jamain et al., 2003;
Wang et al., 2009) and understanding how they direct synapse formation could eventually
lead to more effective treatments.

While there has been significant progress in the identification of genes that contribute to
synaptic specificity, in most cases our understanding of their role in the organization of
neural circuits is still very limited. One of the major challenges in addressing molecular
mechanisms of synaptic specificity in vertebrates is that it is technically difficult to
determine the entire synaptic connectivity of a neuron. This problem is being addressed by
new approaches to assess anatomical and functional connectivity. Rabies virus-mediated
retrograde labeling methods, which can be used to identify neurons that form synapses onto
a target cell, show promising results in slice culture and are now being explored in vivo
(Wickersham et al., 2007). Another effort to describe connectivity at the electron
microscopic level is being led by Denk and colleagues who have developed a serial block-
face scanning electron microscope that can be used to do volume serial reconstructions
(Denk and Horstmann, 2004). These advances should enhance our knowledge of
connectivity patterns, which in turn will facilitate analysis of defects of connectivity in
response to molecular perturbations.

Along with anatomical advances, new opto-genetic tools are facilitating functional analysis
of connectivity at a level that is difficult to achieve with classical electrophysiological
techniques. The applications of using channelrhodopsin to examine functional connectivity
have been particularly impressive (Nagel et al., 2003; Petreanu et al., 2007). GFP fusions of
channelrhodopsin can be delivered into the brain using viruses and labeled cells and axons
can be stimulated with light to induce local depolarizations. Svoboda and colleagues have
used this strategy to reveal previously unknown inputs that display subcellular specificity
onto cortical neurons (Petreanu et al., 2009). Since then, several channelrhodopsin-related
proteins have been developed that depolarize or activate neurons in response to different
wavelengths of light and halorhodopsins that hyperpolarize or silence neurons in response to
light (Gradinaru et al., 2010). Combining optogenetic approaches with selective
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manipulation of synaptogenic proteins will likely prove be a powerful approach for
understanding the molecular basis of circuit organization.

Finally, the search for genes that regulate neuronal connectivity is being aided by large-scale
expression analysis projects such as the GENSAT project, which has generated a large
number of BAC reporter lines (www.gensat.org) and the Allen Brain Atlas project
(www.brain-map.org), which has provided high-resolution genome-wide expression data for
neural tissue at various developmental stages (Lein et al., 2007). This will greatly facilitate
the identification of differentially expressed genes that may contribute to synaptic
specificity. Functional analysis of these genes should be facilitated by the International
Knockout Mouse Consortium, which aims to generate mutant embryonic stem cells for all
protein encoding genes in the mouse (www.knockoutmouse.org). These parallel advances in
technology and genetic information have and are likely to continue to accelerate the pace of
discovery in this field.
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Figure 1. Specificity of synaptic connections in the central nervous system
Diagramatic representation of specificity of neuronal connections at the laminar, cellular,
subcellular, and synaptic levels. Precise regulation of connectivity at each of these levels
contributes to the establishment of functional neural circuits.
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Figure 2. Cellular specificity in the spinal cord is disrupted in Pea3 and Sema3E knockout mice
A) Cutaneous maximus (CM) and triceps brachii (Tri) afferents make polysynaptic
connections to CM motor neurons in wildtype mice. However, in Pea3 -/- mice, CM
dendrites grow toward the center of the spinal cord allowing Tri afferents to synapse directly
onto CM dendrites and altering this motor circuit. B) Expression of Sema3E causes motor
neurons to make polysynaptic connections with their propriceptive afferents.
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Figure 3. Subcellular specificity of cerebellar Purkinje neurons is dependent on the cell adhesion
molecules Neurofascin and CHL1
Schematics showing the wildtype (A) connectivity patterns for Purkinje neurons and those
of ankyrin-G (B) and CHL1 (C) knockout mice. In Ankyrin-G -/- mice, a gradient of
Neurofascin is no longer restricted to the axon initial segment (AIS) and, consequently,
basket cell axons are not properly targeted to the AIS and synapse formation is decreased. In
CHL1 -/- mice, stellate cell axons are not properly targeted along Bergman glia fibers and
synapse formation is decreased. SC - stellate cell, BC – basket cell, PC – Purkinje cell, BG –
Bergman glia.
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Figure 4. Alternative splicing of neurexin regulates selectivity in neurexin-ligand interactions
(A) Schematic drawing summarizing the trans-synaptic interaction between presynaptic α
(long) and β (short) neurexins (NRXN) and its postsynaptic binding partner neuroligin
(NLGN). Neurexins with or without a 30 amino acid insert at splice site #4 (SS#4) can bind
neuroligins. Neurexins interact with the scaffolding molecule CASK and neuroligins interact
with the scaffolding molecule PSD-95, which binds NMDAR receptors (NMDARs) via its
PDZ domain. (B) Only neurexins lacking the SS#4 insert bind the postsynaptic adhesion
molecule LRRTM2, which can recruit NMDARs and AMPARs. (C) SS#4 containing
neurexins in cerebellar granule cells form a synapse-specific trans-synaptic adhesion
complex with the secreted cerebellin precursor protein 1 (Cbln1) and the postsynaptic
GluRδ2 receptor on Purkinje cell dendritic spines. GuK, guanylate kinase domain; CaMK,
Ca2+/calmodulin-dependent kinase domain; LRR, leucine-rich repeat; LRRNT and LRRCT,
N-terminal and C-terminal LRR flanking domains; PDZ BD, PDZ binding domain; AChE,
acetylcholinesterase homology domain; LNS, laminin/neurexin/sex-hormone-binding
protein domain; EGF, epidermal growth factor-like domain; CHO, carbohydrate attachment
sequence.
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