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Abstract

Proper circuit connectivity is critical for nervous system function. Connectivity derives from the
interaction of two interdependent modules: synaptic specificity and synaptic assembly. Specificity
involves both targeting of neurons to specific laminar regions and the formation of synapses onto
defined subcellular areas. In this review, we focus discussion on recently elucidated molecular
mechanisms that control synaptic specificity and link them to synapse assembly. We use these
molecular pathways to underscore fundamental cell biological concepts that underpin, and help
explain, the rules governing synaptic specificity.

Introduction

Synapses are specialized connections that allow electrical or chemical communication
between neurons. Synapse formation includes partner selection, synapse assembly, and
maintenance of functional connections. Although these events result in unique and neuron-
specific developmental outcomes, basic cell biological mechanisms including cell—cell
recognition, cytoskeletal reorganization and cell polarity decisions underpin these processes.

Synaptic specificity can be conceptually broken down into three neurodevelopmental
decisions: first, long-range extension of axons to target regions; second, cell-cell recognition
between pre- and postsynaptic partners; and third, formation of synapses onto specific
subcellular regions [1*°]. The molecular mechanisms controlling long-range axon guidance,
while important for circuit connectivity, have been covered elsewhere [2—4]. While synaptic
specificity is also observed for electrical synapses [5], we focus our discussion on
mechanisms underlying chemical synaptic specificity. In particular, we discuss recent work
regarding mechanisms that instruct cell-cell recognition and subcellular targeting during
synaptic specificity and the fundamental cell biological mechanisms that underpin these
processes.

Receptors mediate cell-cell attraction and specificity

Since the introduction of Roger Sperry’s chemoaffinity hypothesis [6], specificity has often
been hypothesized to result from molecular recognition events between a neuron and its
partners, with each member expressing molecules that identify it as an appropriate or
inappropriate partner. Cell adhesion molecules make attractive candidates for such a
recognition mechanism, with previous work identifying a number of adhesion molecules
implicated in synaptic specificity [7-14]. In this section, we focus on two major families of
related cell-adhesion molecules that can direct specificity: the immunoglobulin superfamily
(IgSF) and cadherins. While these are not the only families of cell adhesion molecules
involved in synaptic specificity, they were selected to underscore general conceptual points
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arising from their mechanisms of action and which might be broadly relevant for synaptic
specificity in vivo.

IgSF proteins are characterized by the presence of at least one Ig-domain and can regulate
multiple neurodevelopmental processes [15,16]. The role of IgSF members in synaptic
specificity was recently examined in the vertebrate retina, used because of its stereotypical
laminar structure and ease of experimental access. In laminar organization, by definition, a
tissue is organized into identifiable layers; in the nervous system of both vertebrates and
invertebrates, layers are usually defined by the presence of certain cell types or differing
patterns of cellular connectivity between layers. The presence of different synaptic targets in
different laminae means that the targeting of axons and dendrites to specific laminae can
regulate the specificity of synaptic connectity [16-18] (Figures 1a and 2a).

In the chick retina, IgSF molecules, including Down Syndrome Cell Adhesion Molecule
(DSCAM), Down Syndrome Cell Adhesion Molecule-Like (DSCAML), Sidekick-1, and
Sidekick-2, are expressed in non-overlapping subsets of bipolar neurons and retinal ganglion
cells [19,20] (Figure 1b). Interneurons and retinal ganglion cells express single IgSF
molecules, with neurons expressing different molecules projecting to different sublaminae.
Loss-of-function or ectopic expression of these IgSF proteins results in laminar targeting
defects. In Drosophila, DSCAMs can also direct subcellular specificity [21].

Sidekicks and DSCAM/DSCAML are expressed in approximately 60% of chick retinal
neurons [22°]. Recent work examining laminar targeting resulted in the identification of a
role for contactins (Cntns). Cntns comprise a set of IgSF proteins related to Sidekicks and
DSCAM/DSCAML. Five cntns are expressed in non-overlapping subsets of retinal neurons,
mostly amacrine cells, but possibly some retinal ganglion cells as well [22°] (Figure 1b).
Similar to DSCAMs and Sidekicks, neurons expressing Cntns project to and arborize in
specific sublaminae with limited degrees of overlap, and alterations in Cntn signaling disrupt
laminar targeting (Figure 1b). These results, together with work from Caenorhabditis
elegans [23-30], underscore the importance of the immunoglobulin superfamily in
instructing synaptic specificity.

The hippocampus also has a well-defined organization useful in examining synaptic
specificity (Figure 1d,e) [18]. A series of type Il cadherins show unique expression patterns
among hippocampal neurons, including Cadherin-9, which is selectively expressed on DG
and CA3 neurons. In culture, Cadherin-9 shRNA-mediated knockdown specifically reduced
DG-CA3 synapse formation and decreased mossy fiber bouton size and complexity [31™],
suggesting that it is involved in determining synaptic connectivity between DG and CA3
neurons (Figure 1d). Cadherins may also act to control target specificity in other regions of
the nervous system [32].

Together, these studies indicate that cell adhesion molecules, like IgSF molecules and
cadherins, can mediate cellular recognition, laminar targeting, and synaptic specificity.
These molecules can act as instructive cues directing the development of synapses. One
might expect that because expression of specific adhesion molecules is deterministic in
establishing synaptic connectivity, the transcriptional programs that instruct the expression
of these receptors are also important in directing specificity. Indeed, there is a growing body
of literature demonstrating that coordinated expression of transcription factors in both
vertebrates and invertebrates is key in regulating the specificity of synaptic connections,
both during development and during synaptic remodeling [33-41].
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Beyond the homophilic interaction: matching levels of receptor expression
directs synaptic specificity

Teneurins are a set of transmembrane proteins expressed in the nervous system that interact
homophilically in vivo. In the Drosophila olfactory circuit, ten-m and ten-a direct matching
of projection neurons and olfactory receptor neurons [42°°]. Interestingly, neuronal matching
was dependent on Teneurin levels; high-expressing neurons formed connections with high-
expressing partners, while low-expressing neurons formed connections with low-expressing
partners. Teneurins directed this activity through homophilic interactions, with neurons
expressing either ten-m or ten-a forming connections with partners expressing the same
molecule [42°]. Teneurins have also been implicated in Drosophila NMJ formation where
they interact heterophilically, with ten-m expressed postsynaptically on muscles and ten-a
expressed presynaptically on neurons [43].

The use of expression levels to match synaptic partners and to specify connectivity as seen
above could be a generalizable neurodevelopmental mechanism. Semaphorins are a family
of cell-adhesion molecules that can instruct synaptic specificity through Plexin and
Neuropilin receptors. In the fly olfactory system, the semaphorin Sema-1a controls
projection neuron dendritic targeting in the antennal lobe in a gradient fashion, with high
expression in dorsolateral regions and low expression in ventromedial regions. Neurons with
high levels of Sema-1a normally target to separate regions of the antennal lobe than neurons
expressing low levels of Sema-1a. However, Sema-1a loss caused neurons which normally
have high Sema-1a expression to mistarget to the same areas as neurons which normally
contain low levels of Sema-1a [44°]. While the ligand for Sema-1a in this paradigm has not
been identified yet, this study suggests that expression levels of Sema-1a can direct synaptic
specificity.

These studies illustrate an important concept: neuronal targeting does not simply depend on
the presence or absence of a specific cue, but can depend on expression level. A
combination of the identity and level of expression of a given receptor can add greater
complexity to the control of synaptic specificity.

Repulsive cues contribute to target specificity

While recognition of correct targets can instruct specificity, equally important is the capacity
to avoid inappropriate targets. Similar to attractive molecules, Semaphorins show
differential expression patterns in the retina and can control synaptic specificity. Sema6A is
expressed in a subset of amacrine cells and RGCs, and acts non-cell autonomously to direct
laminar specificity of PlexA4-expressing neurons [45°°]. Mice missing PlexA4 and Sema6A
showed mistargeting of amacrine cells and retinal ganglion cells in the inner plexiform layer
(Figure 1c). Sema6A acts as a repulsive cue to non-cell-autonomously direct laminar
termination away from inappropriate sublaminae (Figure 1c).

The role for Semaphorins in directing synaptic specificity by inhibiting inappropriate target
selection could be a generalizable concept conserved throughout evolution. Semaphorins
instruct synaptic specificity in C. elegans [46°], and were recently shown to regulate synapse
formation in multiple vertebrate circuits including spinal cord neurons, the striatum, the
hippocampus, and different areas of the retina [47-50].

Can molecular recognition signals and repulsive cues cooperate to refine target selection? In
Drosophila, L3 lamina neurons are directed to the proper lamina through Sema-1a and
CadN activity [51°]. L3 neurons first project to a temporary region in a Sema-1a/PlexA and
CadN-dependent manner. This is achieved by Sema-1a mediated repulsion from deeper
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medulla layers and CadN mediated homophilic adhesion with other CadN expressing
neurons. Next, a Sema-1a/PlexA-dependent remodeling process regulates growth cone
retraction from PlexA-expressing cells through a mechanism probably involving repulsive
Sema-1a activity [51°] (Figure 2b). Similarly, Flamingo (an atypical cadherin) and the
transmembrane protein Golden Goal control R8 photoreceptor cell laminar targeting [52°]
(Figure 2c). These studies suggest that a combination of multiple cell-recognition events and
repulsive cues can cooperate in directing synaptic specificity [53].

Cell-recognition cues might inhibit synapse formation to inappropriate targets or regions
(such as semaphorin-dependent inhibitory signaling), or promote the formation of synapses
via receptor interactions and cellular recognition events. We note that, in this regard, the
specification of synapse assembly is reminiscent of the mechanisms described for long-
range axon guidance, in that a combination of attractant and repellent cues are used to
provide spatial information, which can be relayed by intermediate targets (guidepost cells)
[54]. The analogies between axon guidance and synaptic specificity also extend to the
molecular realm, as both processes are sometimes guided by similar cues, including
semaphorins, cadherins, IgSF molecules, ephrins, netrins, leucine-rich repeat domain
proteins, and secreted factors like Wnt and FGF [1*,55].

Secreted factors direct synaptic specificity

Specificity is often thought of in the context of contact-mediated interactions, but secreted
factors also direct specificity. Sonic Hedgehog, a secreted cue important for nervous system
patterning [56-59], regulates synaptic connectivity. After its involvement in nervous system
patterning, Sonic Hedgehog is expressed by postsynaptic, deep-layer cortical projection
neurons while its receptor Brother of CDO (Boc) is expressed by presynaptic callosal
projection neurons [60°°]. Loss of Sonic Hedgehog or Boc specifically disrupts synapse
formation between these two neuronal populations [60°°]. The roles of Sonic Hedgehog and
Boc illustrate a larger point relevant to other chemotrophic factors, including Wnts and
BDNFs (recently reviewed [55,61]): chemotrophic factors are playing multiple roles in
nervous system development, including the determination of specificity during
synaptogenesis.

Netrin is a chemotrophic factor best known for its role in axon guidance. In C. elegans,
UNC-6/Netrin promotes synapse assembly [27,62] and directs cell polarity by preventing
presynaptic protein recruitment to dendrites [63]. Recent work also demonstrated that Netrin
can promote release site specificity in serotonergic neurosecretory neurons (Figure 3b) [64°].
Netrin’s capacity to instruct synaptic specificity is conserved in Xenopus and Drosophila. In
Xenopus, retinal axons terminate in the optic tectum, where they undergo axon branching
and synapse formation with their tectal neuron partners. Retinal axons express the Netrin
receptor DCC/UNC-40/Frazzled while Netrin itself is found near the cell bodies of tectal
neurons [65°]. In the Drosophila visual system, Netrins act to direct R8 photoreceptor
targeting (Figure 2c) [66°].

How can secreted chemotrophic factors provide positional information? In C. elegans,
Netrin is either expressed by the postsynaptic partner [62] or by guide-post cells [27,63,64°]
to provide positional information. In both C. elegans and Drosophila, DCC/UNC-40/
Frazzled is able to capture secreted Netrin [67] and display it to provide positional
information [66°,67,68°]. Therefore, localized release of Netrin by specific tissues and
binding to the Netrin receptor can limit secreted Netrin to a target area [66°]. The
extracellular matrix provides another substrate capable of binding to and retaining secreted
specificity cues. In the zebrafish optic tectum, tectal neurons secrete Slitla, which binds to
Dragnet, a basement membrane type IV Collagen [69°]. The binding of Slitla to Dragnet is
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thought to restrict its distribution and provide positional information important for laminar
targeting.

Although varying mechanisms are used to restrict chemotrophic factors to specific regions,
common among these pathways is the concept that chemotrophic factors are playing
multiple roles in the development of the nervous system by providing positional
information. How the same chemotrophic factor can instruct cell migration, guidance or
synaptic specificity in different contexts is a central question in the field and key to
understanding how coordinated and precise neurodevelopment ensues in vivo.

Intracellular factors direct synapse specificity

Extracellular cues have to be transduced into spatial and target specificity information by
cells. The presence of specific receptors determines a neuron’s response to its environment
and the positioning of its synapses. Intracellular mechanisms that regulate these receptors
and downstream pathways also control synaptic targeting. For example, in the Drosophila
visual system, Rich regulates laminar targeting of photoreceptor and laminar neuron axons.
Rich acts as a GEF for the GTPase Rab6, regulating laminar targeting through CadN
trafficking [70°]. This study indicates that intracellular mechanisms regulating trafficking of
specific adhesion molecules or receptors to their appropriate destinations have dramatic yet
specific effects on synaptic specificity. This study also raises the possibility that synaptic
specificity could be physiologically regulated, not only at the level of receptor expression
(discussed in [33-41]), but also at the level of trafficking.

Extracellular cues convey polarity information to the developing neuron by regulating the
actin cytoskeleton. For example, SynCAM, an adhesion molecule that induces synapse
formation in co-cultured neurons [71,72] and controls excitatory synapse number in vivo
[73], promotes postsynaptic spine formation through the RhoGEF FARP1 and the actin
cytoskeleton [74°°]. Similarly, the Ephrin receptor EphB2 interacts with Tiam1 and Racl to
remodel the actin cytoskeleton and induce spine formation [75,76,82]. The actin
cytoskeleton is also linked to presynaptic assembly, as disruption of F-actin in C. elegans
can affect presynaptic assembly in vivo [77°] (Figure 3b). In the Drosophila visual system,
the cytoskeletal regulatory protein Ghengis Khan (GEK) is required for columnar targeting
specificity [78°]. The actin cytoskeleton underlies other neurodevelopmental programs
besides synaptic specificity, including morphogenesis, cell migration and guidance. The
identification of molecules such as Ghengis Khan reveal the existence of specific pathways
that modulate the cytoskeleton to regulate very specific aspects of neurodevelopment, such
as synapse formation.

An apparent paradox emerging from the discussed studies is that fact that different
neurodevelopmental processes depend on similar molecules, yet interference with these
molecular pathways alters very specific neurodevelopmental outcomes, depending on the
cellular context. For example, in C. elegans, the Netrin pathway can regulate axon
outgrowth, axon arborization or presynaptic assembly in different neurons. A comparison
between these neurons determined that underlying these different neurodevelopmental
outcomes was the actin cytoskeleton [79,80,81°°]. Interestingly, the adaptor molecule
MIG-10/Lamellipodin plays an important role in conferring the cell-specific developmental
response to the Netrin signal. Different protein isoforms of MIG-10/Lamellipodin all share
the capacity to regulate the actin cytoskeleton, but differentially localize to presynaptic sites,
growing arbors or growth cones. The subcellular localization of the isoforms, in response to
the Netrin signal, is crucial to instruct the specific cellular response to Netrin [81°°]. These
studies demonstrate that basic cell biological mechanisms such as subcellular localization
can influence the activation of diverse and developmentally specific downstream signaling
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pathways, and play important roles in directing the assembly of the nervous system in a
spatially appropriate manner.

Conclusions

Nervous systems can be extremely complex, with billions of cells forming trillions of
specific connections. Synaptic specificity results from polarity signals and rearrangements of
the cellular cytoskeleton in response to those signals. The recent work discussed here
underscores the fact that governing the development of the bewildering complexity of the
nervous system are basic cell biological mechanisms that can be conceptually categorized to
provide an understanding of the rules of synaptic specificity.
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Genetic control of laminar specificity in the vertebrate retina. (a) Diagram of circuit
connectivity in the vertebrate retina. Photoreceptors (rods and cones, shown in black) are
located in the outer nuclear layer (ONL) of the retina. Photoreceptor axons extend to the
outer plexiform layer (OPL), where they form synapses onto retinal bipolar cells (blue) and
horizontal cells (red). Bipolar cell and horizontal cell bodies are located in the inner nuclear
layer (INL), while bipolar cell neurites extend to the inner plexiform layer (IPL) where they
form synapses with retinal ganglion cells (green) and amacrine cells (orange). (b) Diagram
of immunoglobulin superfamily gene expression in the inner plexiform layer, with colored
bars denoting expression of single genes. S1-S5 denote specific laminae within the inner
plexiform layer. For DSCAMs and SDKs, thin bars indicate low expression levels while
thick bars indicate high expression levels. For the CNTNs, bars indicate expression
localization but not expression levels. Notice that each cue is expressed in a specific subset
of laminae. While expression of cues may overlap in specific sublaminae, evidence in vivo
suggests that cues are expressed in non-overlapping subsets of neurons. (c) PlexA4/Sema6A
expression controls laminar specificity in the IPL. Sema6A is expressed in a gradient in the
IPL (expression shown in brown), with high levels of expression in layers S3-S5, and lower
levels of expression in S1-S2. The Sema6A receptor PlexA4 is expressed in two types of
amacrine cells (blue and yellow) and retinal ganglion cells (green) forming synapses in S1
and S2; in the absence of PlexA4 both types of amacrine cells project to and form synapses
in deeper layers (S3-S5). (d) Cadherin-9 regulates DG-CAS3 connectivity in the
hippocampus. Top panel: A diagram of the hippocampus, with the dentate gyrus (DG), CA3,
and CAL regions labeled. Neurons in the dentate gyrus project to and form synapses with
CA3 neurons, which in turn form synapses onto CA1 neurons. Bottom panel: Cadherin-9
expression is restricted to the DG and CAS3 regions of the hippocampus (purple), where it is
thought to direct DG-CAS3 hippocampal connectivity. (€) Diagram of synaptic connectivity
in the CA3 neurons in the hippocampus (as in d). CA3 neurons (green) receive synapses
from dentate gyrus (DG) neurons (blue), CA3 neurons (green), and entorhinal cortex (EC)
neurons (yellow). Note that each type of synapse forms at a different subcellular location in
the CA3 dendritic arbor.
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Figure2.

Synaptic specificity in Drosophila. (a) Neuronal projection in the Drosophila medulla.
Laminae in the medulla are labeled M1-M6; M1 is the shallowest layer while M6 is the
deepest. Additional deeper layers do not receive input from photoreceptor cells or laminar
neurons and are not shown in the diagram. R7 (orange) and R8 (red) photoreceptors project
to the M6 and the M3/M4 layers of the medulla, respectively. Lamina neurons L1-L5
(green) also project to specific layers in the medulla (indicated by labels M1-M6 in the
diagram). (b) Cadherins and Plexin-Semaphorin signaling control L3 lamina neuron
targeting. CadN asterisks interactions between L3 and additional laminar neurons L1 and L5
direct L3 to a temporary layer, while Semala (yellow triangle) and PlexA (orange bar)
prevent targeting to deeper layers. Subsequently, PlexA (in orange, produced by tangential
fibers labeled in blue) interacts with Sema-1a (from L3 neurons) to direct targeting to the
final M3 layer via inhibitory signaling. CadN is not involved in the final targeting to the M3
layer, so L1/L5 neurons are not shown in later stages of the targeting process. (c) R8
photoreceptor targeting is dependent on interactions between two factors: the atypical
cadherin flamingo (grey T) and Golden Goal (black L). Golden Goal first directs the
growing R8 axon to guide to the temporary M1 layer. After the R8 axon reaches the
temporary M1 layer, Flamingo antagonizes Golden Goal activity to promote R8 targeting to
the deeper M3 target layer. Interactions between Flamingo and Golden Goal (expressed in
R8 axons) and Flamingo (expressed on target cells in the M3 layer) then direct R8 axons to
stop extending once they have reached the M3 layer. Netrin signaling is also involved in R8
targeting, as secreted Netrin (blue V) is localized in the M3 layer where it acts as an
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attractant for R8 axons expressing the Netrin receptor Frazzled (brown bar). Loss of the

Netrin signal prevents R8 targeting to the M3 layer and instead results in premature R8 axon
terminations in the M1 or M2 layers.
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Figure 3.

Control of synaptic specificity in C. elegans. (a) A diagram of C. elegans, with boxes
showing two regions described in the review. (b) Box 1: Netrin/UNC-6 and its receptor
DCC/UNC-40/Frazzled control neurosecretory arbor formation in the NSM neuron. The
Netrin receptor DCC/UNC-40/Frazzled (red V) localizes to serotonergic vesicle clusters
(green) in the main axon shaft (black) of NSM. Following receptor localization and response
to Netrin/UNC-6 (blue bar) secreted by neurons in the nerve ring (gray), axon arbor branch
growth starts at sites of DCC/UNC-40/Frazzled localization. Following branch growth, new
neurosecretory synapses form in the branches. Box 2: NAB-1 links the actin cytoskeleton to
synapse formation in the HSN neurons. The HSN neuron (gray) forms synapses (green) onto
vulval muscles (purple). VC4 and VC5 are ventral cord neurons also involved in synapse
formation. The adhesion molecule SYG-2 (not shown) is expressed in vulval epithelial cells
that act as guideposts. Presynaptic SYG-1 (blue bar) interacts with SYG-2 and directs F-
actin (orange) assembly in HSN. NAB-1 (red triangle) binds to F-actin, where it
subsequently acts to recruit synaptic assembly proteins and form synapses (green circles).
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