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Summary

Recent studies have uncovered the molecular basis of self-avoidance and tiling, two fundamental
principles required for the formation of neural circuits. Both of these wiring strategies are established
through homophilic repulsion between Dscam proteins expressed on opposing cell surfaces. In
Drosophila, Dscam1 mediates self-avoidance whereas Dscam2 mediates tiling. In contrast,
phenotypes in the retina of the DSCAM mutant mouse indicate that DSCAM functions in both self-
avoidance and tiling. These findings suggest that homophilic recognition molecules that have
classically been defined as adhesive, may also function as repulsive cues, and that Dscam proteins
specialize in this function.

Introduction

The complexity of neuronal wiring is daunting. In the human brain, for instance, it is estimated
that 1012 neurons make 1015 connections! How these connections are specified during
development remains a central issue in neurobiology. Molecular cues expressed on the surface
of axons and dendrites mediate interactions between them. In addition to promoting association
between pre- and post-synaptic neurons, cell surface molecules play other roles in patterning
local circuitry within the developing neuropil. Among these are tiling and self-avoidance, two
poorly understood patterning mechanisms described some 25 years ago. Tiling refers to the
process of establishing non-overlapping synaptic domains between the same class of neurons.
Self-avoidance refers to the tendency of neurites from the same cell to repel one another thereby
promoting branch segregation and the establishment of uniform receptive fields.

Tiling was first described in the vertebrate retina. In the early 1980s, Boycott and colleagues
described the dendritic organization of retinal ganglion cells (RGCs) in the cat. There are an
estimated 20-30 different RGC subclasses in the cat retina based on functional characteristics
and some classes of cells can be identified using specific markers. It has been proposed that
visual information received at any point on the retina should be available to all cell classes and
thus, each RGC subclass should completely cover the retina. Indeed, Wassle et al. observed
that ON- and OFF-0-RGCs “achieve a uniform and independent coverage of the retina.”
Furthermore, they observed that dendritic fields from cells of the same type did not overlap
and proposed that interactions between neighboring cells likely shaped these domains[1].

Experimental evidence for interactions between processes of adjacent dendritic fields came
from studies by Perry and Linden working in the rat retina. By surgically removing subsets of
ganglion cells at birth, they were able to assess the effect this had on neighboring dendrites
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later in development. They found that dendrites from cells near the depleted region oriented
towards and extended their arbors into the vacant area[2]. These observations were the first
description of the phenomenon that came to be known as “tiling” and is defined as complete,
but non-overlapping coverage of synaptic fields. Like tiles on a kitchen floor, each cell of the
same class has a synaptic field that fills the area between adjacent cells. In contrast, the
processes of different classes of neurons readily overlap with one another. Homotypic repulsion
between cells of the same class would provide a simple mechanism to promote tiling.

Homotypic repulsion would also provide a simple model for another basic, though until
recently, largely unappreciated wiring principle called self-avoidance. The concept of self-
avoidance arose from studies by Kramer and Stent in the giant Amazon leech, Haementeria
ghilianii. They observed that sister branches of the same mechanosensory neuron innervating
the body wall did not overlap with each other, but did overlap with branches from different
cells. Andy Kramer recounted this discovery in a recent correspondence with the authors of
this review. “Thus it appeared that from the beginning of development, a cell's branching
patterns were governed by some kind of self-avoidance rule, because there was no obvious
stage when isoneuronal branches overlapped and later withdrew. We conjectured that self-
avoidance was necessary to ensure maximal dispersion of sensory endings into the cell's
available skin territory.” Kramer tested his self-avoidance theory using surgical manipulations
in the embryonic leech. When he crushed a pioneering branch of a neuron so that it could not
develop, secondary branches from the same cell widened their boundaries and overtook the
area vacated by the pioneer. Kramer and Stent proposed two different models to explain self-
avoidance. The first was based on correlated activity patterns between branches of the same
neuron and the second invoked molecular cues that gave each neuron its own identity[3].

Progress in identifying the molecular determinants of both tiling and self-avoidance have come
from recent studies in Drosophila. Dendrites of multiple dendritic (md) sensory neurons in the
Drosophila larvae, like the leech axon branches studied by Kramer and Stent, follow the rules
of self-avoidance. The dendritic arborization (da) neurons form a subset of the md neurons,
reside on the body wall of the developing larvae, and comprise four discrete classes[4]. The
dendritic fields elaborated by each class of cells exhibit self-avoidance behavior in that
branches from the same cell rarely cross each other while dendrites from different classes of
da neurons frequently cross. The molecular and genetic tools available in Drosophila provided
a means to assess the genes required for self-avoidance in these cells.

If branches from the same cell avoid each other but not branches of other cells, then each neuron
must have the ability to distinguish self from non-self. Given that self-avoidance is a general
property of many different types of neurons, a diverse recognition system analogous to self-
recognition in the vertebrate immune system must exist. What type of molecular cues could
account for self-recognition? The immunoglobulin superfamily protein, Dscam1, was a good
candidate for several reasons. First, the Dscam1 locus can generate tens of thousands of
different recognition molecules through alternative splicing [5] and each neuron appears to
express a unique combination of isoforms [6]. Second, each Dscam1 isoform mediates
homaophilic, but not heterophilic binding with other isoforms and thus, this single gene could
generate the diversity required for self-recognition throughout the nervous system [7]. And
finally, Dscaml is required for the segregation of sister branches in mushroom body neurons,
a process similar to self-avoidance[8]. These observations led to the proposal that Dscam1
promotes homophilic repulsion in vivo [9] [7]. Note that in previous publications we referred
to this Dscam paralog as Dscam. As there are four paralogs in Drosophila we now refer to the
family as Dscams, and the first Dscam gene described in flies[5] as Dscam1.
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How does the molecular diversity of Dscam1 provide each neuron with a unique identity? One
could imagine at least two different ways that this could be accomplished. Each neuron could
express a different Dscam1 isoform, or alternatively, each neuron could express a different set
of Dscam1 isoforms. Although both of these scenarios would confer a discrete cell surface
identity upon each neuron, the former scenario requires a complex alternative splicing
mechanism, whereas the latter can be achieved through stochastic expression of many Dscam1
isoforms within each cell. Expression studies in mushroom body neurons (as well as several
other subclasses) argue that many isoforms are expressed in each neuron and that the expression
pattern is largely random[6]. In addition, genetic studies demonstrated that the type of isoform
expressed in each MB neuron is not important; rather, what is crucial is that an individual MB
neuron expresses different isoforms from its neighbors[9-11].

These findings led three independent groups to test whether Dscam1 is required for self-
avoidance in da neurons. Larvae homozygous mutant for Dscam1 exhibited self-avoidance
defects in da neurons. To address whether Dscam1 is required cell autonomously in da neurons,
single Dscam1 mutant cells were generated in an otherwise wild type background using the
MARCM technique (Box 2). The morphology of Dscam1 mutant da neurons was strikingly
different from that of wild type cells. Instead of having well separated dendritic arbors, mutant
neurites frequently crossed and fasciculated with each other. Importantly, dendritic growth was
not significantly affected. Neurites still branched and grew normally, but sister neurites failed
to segregate from one another. Through this analysis it was concluded that all four classes of
da neurons require Dscam1 for self-avoidance[12-14].

The Dscaml loss of function analysis in da neurons argued that dendrites from the same cell
that express the same isoforms repel each other. If this were the case, then neurons with
overlapping dendritic fields engineered to express the same Dscam1 isoform, should also avoid
each other. To test this, a single isoform of Dscam1 was expressed in all da neurons and
phenotypes were assessed in class | and class 111 neurons that normally have overlapping
dendritic fields. When both class | and class 111 neurons overexpressed the same Dscam1
isoform, their dendritic fields segregated from one another and no longer overlapped[12-14].
It is noteworthy that in these gain of function experiments the da neurons still expressed a
diverse array of Dscam1 isoforms. Presumably, the expression level of the ectopic isoform was
sufficient to disguise the Dscaml identity conferred upon these neurons by the endogenous
gene and to induce repulsion.

The argument that that Dscaml1 mediates self-avoidance through a homophilic repulsive
mechanism was supported by two additional studies. In the first, Matthews et al. visualized
interactions between processes of two different cells overexpressing the same isoform of
Dscam1 using real-time confocal microscopy. Neurites expressing the same Dscam1 isoform
were observed making contact with each other and then rapidly withdrawing from the
encounter. In a second line of evidence, reported by the same group, it was shown that when
the cytoplasmic domain of Dscam1 was replaced with GFP, neurites expressing the same
Dscam1 isoform interacted with each other, but failed to withdraw[13]. Thus, removing the
cytoplasmic domain of Dscaml, in effect, trapped a contact-dependent repulsion intermediate,
arguing that the cytoplasmic domain transduces a signal essential for repulsion. In summary,
these findings argue that Dscam1 provides the molecular basis of self-avoidance in flies.

Does Dscam1 also mediate tiling? Class IV da neurons exhibit tiling properties in addition to
self-avoidance. Given that class IV neurons are likely to express Dscam1 isoforms in a
stochastic fashion, Dscam1 would not be expected to mediate tiling. Consistent with this,
Dscaml mutant class IV neurons maintained their ability to tile even though they lacked self-
avoidance[12-14]. Since tiling and self-avoidance are proposed to work through similar
mechanisms (i.e. contact-dependent repulsion), other Dscam1-related recognition molecules
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were good candidates for tiling receptors. There are three other Dscam genes in Drosophila
(Dscam2-4) and two in vertebrates (DSCAM and DSCAM-L). Although these genes encode
proteins with extracellular domains organized identically to Dscam1, neither the fly paralogs
nor their vertebrate counterparts undergo extensive alternative splicing. All Dscam proteins
mediate homophilic binding, but none show heterophilic interactions with other family
members.

To address whether other Dscam family members contribute to wiring the nervous system, we
analyzed mutations in the Dscam2 gene. Class 1V da neurons had normal morphology and
tiling in the absence of Dscam2 (unpublished data). However, Dscam2 was found to be required
for tiling of a subset of neurons in the visual system [15].

The medulla region of the fly visual system is a laminated structure somewhat similar to the
inner plexiform layer (IPL) of the vertebrate visual system. Both structures are devoid of cell
bodies, and axons and dendrites of different classes of cells form connections in discrete layers.
In addition to layering, the medulla is organized along an orthogonal dimension into ~750
columns. Each column contains ~50 different cell types including axons from two
photoreceptor neurons (R7 and R8) and five lamina neurons (L1-L5) which have a periodicity
of one per column. The axons from these cells make synaptic connections at specific layers
within each column, but not with target cells in neighboring columns. Thus, these axon
terminals are tiled across specific layers in the medulla.

Tiling of L1 neurons requires Dscam2[15]. Single mutant L1 axons, generated using the
MARCM technique, targeted to the correct layer within the appropriate column, but then
extended laterally and invaded the L1 layer of neighboring columns. Using reverse MARCM,
where wild type lamina neurons are labeled and mutant lamina neurons are not (Box 2),
unidirectional tiling phenotypes were observed in wild type L1 axons[15]. This demonstrated
that Dscam2 homophilic interactions are necessary for columnar restriction of L1. In addition,
the unidirectional nature of the wild type defect suggested that Dscam2 homophilic interactions
between adjacent columns, rather than within the same column, were critical for tiling. These
data are consistent with a model where Dscam2-dependent homophilic repulsion provides the
molecular basis for tiling of L1 axons.

Tiling of other axon terminals in the medulla (e.g. R7, R8 and L2) is independent of
Dscam2. Thus, there must be other tiling receptors and likely other mechanisms for achieving
tiling in the fly visual system. Indeed, tiling of R7 photoreceptor neurons requires the autocrine
activation of the TGFp/activin pathway and a yet to be identified paracrine signal from adjacent
R7 terminals [16].

Recent genetic studies argue that the role of Dscam proteins in self-avoidance and tiling are
evolutionarily conserved. Burgess and colleagues identified defects in the organization of
retinal amacrine cell neurites in a DSCAM mutant mouse, consistent with a role in both
processes [17]. Amacrine cells make synaptic connections with retinal ganglion cells in specific
layers within the inner plexiform layer. Like the dendrites of retinal ganglion cells described
by Boycott and colleagues, amacrine cells of the same class extend processes into discrete
layers and their synaptic fields are tiled across the retina. In addition, sister branches from the
same neuron seldom overlap suggesting that these neurons also exhibit self-avoidance.
DSCAM is selectively expressed in two classes of amacrine cells, tyrosine hydroxylase and
nitric oxide synthase positive cells, which arborize in different layers. In DSCAM mutants,
tiling and self-avoidance were disrupted selectively in these cells, causing fasciculation of
processes from the same and from different cells of the same class within a given layer. Tiling
and self-avoidance in other classes of amacrine cells were unaffected.
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These findings argue that Dscam proteins provide neurons with a recognition system that
promotes the establishment of local circuitry through repulsive interactions. All or at least the
vast majority of neurons in Drosophila express Dscaml. As each cell is proposed to express
an essentially random collection of isoforms, all cells can use Dscam1 for self-avoidance, but
this mode of expression precludes its use in tiling. A second Dscam, Dscam2, promotes this
function, at least in a subset of cells. By contrast, it is the cell-type specific expression of a
single DSCAM protein that allows it to promote both self-avoidance and tiling in a subclass
of amacrine cells in the vertebrate retina. Interestingly, recent evidence suggests that vertebrate
DSCAMs may also play an adhesive function in promoting layer specific targeting (Box 3).
Thus, repulsion may not be an intrinsic feature of DSCAM signaling, but may reflect the
intracellular signaling pathways operating downstream from activated DSCAM. Whether fly
Dscams function adhesively in some developmental contexts remains an intriguing possibility.

Conclusion

In summary, self-avoidance and tiling are patterning mechanisms contributing to the assembly
of precise neural circuits in both vertebrates and invertebrates. Dscam proteins play a critical
role in self-avoidance and tiling by promoting recognition and subsequent repulsion between
specific processes of either the same cell or the same class of cells. While Dscam1 diversity
allows the products of one gene to, in principle, regulate self-avoidance in all fly neurons, tiling
in flies and both tiling and self-avoidance in vertebrates must rely on proteins other than
Dscams. What are these proteins? One possibility is that, like Dscams, other proteins originally
characterized as homophilic adhesion molecules may act in a repulsive fashion in vivo.

Box 1
Homophilic Repulsion

Homophilic repulsion is a multi-step process. In the first step, identical proteins on opposing
cell surfaces bind to each other. This adhesive interaction activates signals that lead to
repulsion between the two membranes. One of the signals communicated by homophilic
binding dissociates the adhesive receptor complex. For Eph-ephrin heterophilic repulsion,
two different mechanisms have been described. One involves the induction of a
metalloprotease that cleaves the receptor complex from the cell surface, and the other
involves internalization of the entire complex into one of the two opposing membranes
[18,19]. Dscam1 homophilic repulsion likely proceeds through similar mechanisms.
Signaling also leads to actin cytoskeleton rearrangements that allow the two cell surfaces
to retract from one another.

Box 2
Mosaic Analysis with a Repressible Cell Marker (MARCM)

MARCM is a technique that allows the investigator to analyze single mutant cells in an
otherwise wild type background[20]. It exploits a recombinase to promote mitotic
recombination and thus to generate homozygous mutant cells, and a transcriptional
activator/repressor system to mark the mutant cell selectively with GFP. Reverse MARCM
is identical to MARCM except that the wild type, but not the mutant cells are labeled[21].
This strategy allows the investigator to assess whether the mutation of interest is causing
non-autonomous defects in wild type cells.

Box 3
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Dscam Proteins and Synaptic Matching

In addition to its roles in self-avoidance and tiling, vertebrate DSCAM has also been
implicated in layer-specific targeting. In the IPL of the chick retina, DSCAM and DSCAM-
L are expressed in non-overlapping populations of amacrine and retinal ganglion cells that
form synaptic contacts with each other in specific layers. Interestingly, cells that express
the same DSCAM target to the same layer, suggesting that the DSCAMs may be instructive
targeting cues. Consistent with this, knocking down DSCAM in retinal ganglion cells causes
abnormal targeting and misexpressing DSCAM in cells that do not normally express this
protein causes them to target to DSCAM-positive layers[22]. Thus, DSCAM proteins may
have different functions in different developmental contexts.
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Figure 1.

Tiling and self-avoidance are wiring strategies generated by a common homophilic repulsive
mechanism. (A) Tiling and self-avoidance participate in neural circuit formation. (Left) A
cross-section of the vertebrate retina illustrating its stratified organization. The section outlined
in black passes through the inner plexiform layer (IPL). (Middle) Tiling of amacrine cells
within the IPL. Each cell sends its processes to a specific layer where they form individual
synaptic domains. Little overlap is seen between cells of the same class (indicated with dashed
red lines). Tiling results in complete, but non-overlapping coverage of the retina. (Right)
Individual amacrine cells exhibit self-avoidance. Branches from the same cell rarely cross each
other permitting maximal coverage of each cell's synaptic domain. (B) Fly Dscam1 mediates
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self-avoidance. (Top) A wild type and a Dscam1 mutant classl da neuron are shown. Dscam
promotes branch segregation through self-recogniton followed by homophilic repulsion. In the
mutant cell, branches still form but they fail to effectively segregate from one another. (Bottom)
The molecular mechanism of self-avoidance involves self-recognition and repulsion. As a
neurite branches, each sister branch expresses the same set of Dscam1 isoforms. These isoforms
bind homophilically and this transduces a signal to dissociate the receptor complex and initiate
a repulsive response. (C) Dscamz2 is a tiling receptor for L1 neurons. (Top) A schematic of the
medulla showing four mature columns and lamina neurons L1 (green) and L2 (gray) in each
column. Wild type L1 axons are tiled in a Dscam2-dependent manner if both of their
neighboring columns express Dscam2. In contrast, Dscam2 mutant L1 axons (red) extend
laterally and invade the L1 layer of neighboring columns. The lack of Dscam2 in the mutant
L1 axon also causes a defect in neighboring wild type L1 axons because they are unable to
participate in Dscam2 homophilic interactions. (Bottom) Dscam2 homophilic interactions
restrict L1 axons to a single column. During pupal development, L1 neurites from neighboring
columns (green) interact with each other as they explore their target area. Dscam2 homophilic
interactions (red bars) initiate a series of events that lead to dissociation of the adhesive complex
and the retraction of neurites back to their column of origin.
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