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Abstract

In the developing nervous system, individual neurons must occupy appropriate positions within
circuits. This requires that these neurons recognize and form connections with specific pre- and
postsynaptic partners. Cellular recognition is also required for the spacing of cell bodies and the
arborization of dendrites, factors that determine the inputs onto a given neuron. These issues are
particularly evident in the retina, where different types of neurons are evenly spaced relative to
other cells of the same type. This establishes a reiterated columnar circuitry resembling the insect
retina. Establishing these mosaic patterns requires that cells of a given type (homotypic cells) be
able to sense their neighbors. Therefore, both synaptic specificity and mosaic spacing require
cellular identifiers. In synaptic specificity, recognition often occurs between different types of
cells in a pre- and postsynaptic pairing. In mosaic spacing, recognition is often occurring between
different cells of the same type, or homotypic self-recognition. Dendritic arborization can require
recognition of different neurites of the same cell, or isoneuronal self-recognition. The retina is an
extremely amenable system for studying the molecular identifiers that drive these various forms of
recognition. The different neuronal types in the retina are well defined, and the genetic tools for
marking cell types are increasingly available.

In this review we will summarize retinal anatomy and describe cell types in the retina and how
they are defined. We will then describe the requirements of a recognition code and discuss newly
emerging candidate molecular mechanisms for recognition that may meet these requirements.
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Introduction

Establishing cell identity and defining cell types in the developing nervous system is a
commonly studied topic, but it is important to consider that cell identity can be defined in
different ways, and these differences impact why and how it is studied, and what its purpose
may be. The retina provides an excellent system in which to address this, because the final
anatomy and circuitry of the adult are quite well established, even in more complicated
mammalian systems. Even in a single system such as the retina, several definitions of cell
identity and cell-type are available, but researchers are increasingly able to integrate
different definitions. Neurons can be categorized functionally; for example, retinal ganglion
cells that respond to light (ON cells), to dark (OFF cells), or to motion in a specific
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directions (direction selective DS cells). Neurons can also be defined anatomically; for
example ON bipolar cells or OFF bipolar cells that project to specific synaptic laminae of
the inner plexiform layer. Finally, neurons can be identified based on markers. In some cases
these markers directly relate to function, such as tyrosine hydroxylase labeling dopaminergic
amacrine cells or choline acetyltransferase labeling cholinergic amacrine cells. In other
cases the relationship to function is less clear, such as Synaptotagmin2, a synaptic vesicle
protein, labeling a specific class of cone bipolar cells. Whether defined functionally,
anatomically, or with markers, the identity of a cell represents its terminally differentiated
state and therefore its place in the functional circuitry of the retina. In the vertebrate retina,
the two main needs for cell identity are establishing the even, mosaic spacing of different
cell types within the horizontal plane of the retina and for synaptic specificity, the proper
pairing or pre- and postsynaptic cells for functional connectivity, both within the retina and
in ganglion cell projections into the brain. The extent to which cell identity contributes to
these developmental processes will undoubtedly vary between cell types, depending on
factors such as the complexity of the dendritic arbor and axonal trajectory, or the
heterogeneity of the surroundings, but it is difficult to imagine a non-random anatomy that
does not depend at least in part on a cell's ability to distinguish itself and its homotypic
neighbors from other cell types. When identity is finalized during development, what its
molecular determinants are, and the extent to which morphology (form) directs function or
function determines form is still unclear for most cell types. Encoding cell identity for the
purposes of self-recognition during mosaic formation and synaptic specificity requires a
molecular code that is sufficiently diverse and specific to allow these processes to proceed in
a complicated environment consisting of many cell types. In this review, we will describe
the definitions and purposes of cell identity, discuss recent results and emerging tools to help
in studies of cell identity, and discuss candidate molecules that may contribute to a cell
identity code in the developing nervous system. It is important to remember that there will
be many exceptions to the “rules” we are describing, both across species, and between cell
types in a single species. This review is intended to speak in generalizations about cell
identity, drawing largely on examples from mice and Drosophila, where genetics has
provided some insights into mechanisms, and using as examples cell types for which we
have the best markers and therefore the most information.

Retinal anatomy and cell types

Simple systems: Drosophila—Simple model organisms such as Drosophila provide a
powerful system for studying neurodevelopment, in part because their neuroanatomy is
largely “hardwired” and more reproducible than in vertebrate systems (Figure 1A). The
Drosophila retina consists of approximately 800 ommatidia, the individual facets that
comprise the compound eye. Each ommatidium contains 8 photoreceptors, or R cells, which
transduce light into neuronal signals much as vertebrate photoreceptors do. R1 through R6
detect visible light and project axons to the lamina of the fly central nervous system. R7 and
R8 detect UV light and project axons through the lamina to the medulla of the fly brain
(reviewed in Sanes and Zipursky, 2010). Within each ommatidium, the arrangement of R
cells is highly stereotyped, as are the projections of the R cell axons into the central nervous
system, and these projections maintain a “Retinotopic” arrangement. The cell fate
determination of the R cells is largely a series of inductive events that represents a
programmed pattern of differentiation in the eye imaginal disc of the larval fly (Tomlinson,
1990; Rubin, 1989). Therefore, self-recognition is not required to establish cell identities in
the fly retina since each ommatidium is isolated from its neighbors and contains only a
single R cell of each type. However, heterotypic recognition is required for the synaptic
specificity of R cell axonal projections. The R1-6 projections stop in the lamina and form
functional connections with specific lamina neurons (L cells), whereas the R7 and R8
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projections proceed through the lamina without stopping and form connections in the
medulla.

The vertebrate retina—The vertebrate retina has a more complex anatomy than the fly
retina (Sanes and Zipursky, 2010). The basic columnar circuitry is largely preserved, but
without the distinct anatomical boundaries provided by the ommatidia. The vertebrate retina
typically has three cell layers separated by two synaptic plexiform layers. These include an
outer layer of photoreceptors (the outer nuclear layer) which synapse onto a middle layer of
interneurons (the inner nuclear layer) containing horizontal, bipolar, and amacrine cells,
which in turn synapse onto the innermost layer of retinal ganglion cells, which project axons
to the brain through the optic nerve (Figure 1B).

However, each of these cell types has multiple subtypes. For example, photoreceptors are
comprised of both rods and cones, which differ in their morphology, light sensitivity, and
arrangement in the retina. Furthermore, the types and composition of photoreceptor subtypes
varies in different regions of the retina and in different species. Therefore, photoreceptors
reflect the challenges of discussing cell types, which may have finer distinctions based on
anatomy, function, and phylogeny.

Horizontal cells are comparatively uniform; in the mouse retina for example it appears that
there is only one sort of horizontal cell, while other species may have more (Fischer et al.,
2007). Bipolar cells can be subdivided into those that connect to rods (rod bipolar cells) and
those that connect to cones (cone bipolar cells) in the outer plexiform layer (OPL), the
synaptic layer separating the outer and inner nuclear layers. Rod bipolar cells are fairly
uniform and thus far have defied further subdivision. Cone bipolar cells are more
heterogeneous and at least 11 subtypes have been described in mouse (Ghosh et al., 2004;
Wassle et al., 2009). Broadly these include “ON” and “OFF” bipolar cells. OFF cells
increase their responsiveness when the lights go off and ON cells increase their
responsiveness when the lights go on, but more precisely, OFF cells fire when a dark bar of
a grating or a dark letter of text falls on the cell's receptive field and ON cells fire when a
light bar of a grating or the blank space of a page stimulates the cell's receptive field.
Anatomically, OFF cells project to the outer portion of the inner plexiform layer (IPL),
nearer to the cell bodies of the inner nuclear layer, where they form synapses with the
dendrites of retinal ganglion cells. ON cells project to the inner portion of the inner
plexiform layer, nearer the cell bodies of the retinal ganglion cells, where they also form
synapses with retinal ganglion cells.

Not surprisingly, there are also several types of retinal ganglion cells. These include those
that stratify their dendritic arbors in the OFF laminae of the IPL and therefore receive input
from OFF bipolar cells, termed OFF ganglion cells. Others stratify in the ON portion of the
IPL and are termed ON ganglion cells. Still others stratify their dendrites in both ON and
OFF laminae of the IPL and are therefore termed bistratified ganglion cells, which are often
sensitive to motion in a specific direction (direction-selective, bistratified ganglion cells;
Barlow et al., 1964; Demb, 2007; Kim et al., 2010; Huberman et al., 2009). Other ganglion
cells may be minimally involved in image-forming vision, but function in ambient light
detection and circadian entrainment. These are the intrinsically photoresponsive retinal
ganglion cells (ipRGCs) that express melanopsin, their own photopigment (Hattar et al.,
2002; Provencio et al., 2002). However, it has recently become clear that even melanopsin-
expressing ipRGCs have multiple subtypes (Schmidt and Kofuji, 2009; Ecker et al., 2010).
While the number of subtypes varies between species and by method used to catalogue
them, in total, at least 15 subtypes of retinal ganglion cell have been described in mammals
to date (Rockhill et al., 2002; Coombs et al., 2006; Devries and Baylor, 1997).
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However, the most diverse cell type in the retina is the amacrine cell, with at least 25
subtypes described to date in rabbit. These subtypes range from abundant All amacrine cells
that function in the rod circuit to rare wide-field amacrine cells, where a single cell has an
enormous neurite arbor that spans much of the retina (MacNeil and Masland, 1998).

Defining cell types—In discussing the many types and subtypes of cells in the vertebrate
retina, it becomes clear that many different criteria are used to define a cell type. Typically
these include functional definitions, anatomical definitions, and histochemical or
immunological markers that distinguish different cell types. In cases such as photoreceptors,
these definitions are easy to reconcile and integrate. Rods have a different cell morphology
than cones (anatomy) and also respond differently to light (saturating in bright light and
functioning in low light, whereas cones function in bright light and are not sensitive enough
to respond to low light, hence a functional distinction). Furthermore, these functions are
dependent on different opsins expressed by each cell type, and these opsins therefore serve
as markers of the different cell types and even different subtypes of cones. Therefore, it is
easy to correlate functional, anatomical and marker-based definitions of the different
photoreceptor types.

This is less easily done for other neuronal types in the retina. For example, melanopsin-
expressing ipRGCs initially appeared to be a single type based on the use of melanopsin as a
marker of their ability to transduce light signals. However, it is now clear that there are
multiple subtypes based on anatomy, including where in the IPL the cells stratify their
dendrites and where in the brain they project their axons (Schmidt and Kofuji, 2009; Ecker
et al., 2010). Whether all ipRGC subtypes serve a common purpose of detecting ambient
light levels and functional differences are determined simply by their CNS targets is under
investigation, but the variations in anatomy suggest that such a model will be an over-
simplification. Therefore, a single marker, melanopsin, that is probably important for
function, intrinsic photoresponsiveness of the ganglion cells, is not demarcating a single
anatomical subtype of ganglion cell and probably not a single functional subtype either.

Mosaics and cell types—An additional defining feature of individual cell types in the
vertebrate retina is the spacing of the cell somas into a mosaic pattern (Cook, 1998). As
described, the functional circuitry of the vertebrate retina depends on an approximation of
the columnar circuitry of the insect eye. Achieving this anatomy requires that each “column”
contains the appropriate cell types in the appropriate numbers. As a result, neurons of a
given type are evenly distributed in their horizontal spacing. Importantly, the dendrites of
these neurons may overlap extensively with their homotypic neighbors. This overlap is
termed the coverage factor and is the relationship between the area covered by a neuron's
neurite arbor and the number of neurons in a given area. The exact rules in establishing
mosaic spacing of cell bodies and the coverage factor of dendritic arbors vary with cell type,
as some cells are abundant and densely packed whereas others are rare and sparsely
distributed (MacNeil and Masland, 1998). Coverage factors also vary with cell type, and
even within individuals or mouse strains for a particular cell type, and even when cell
density is changed through mutations, a mosaic pattern persists, but with different spacing,
reflecting the altered density (Lin et al., 2004; Whitney et al., 2009). Cell body spacing and
coverage and shape of the dendritic arbor may be related properties, but they needn't be co-
dependent since cell intrinsic mechanisms are probably also involved in establishing
dendrite morphology. Cell body spacing of most cell types can be described in terms of an
“exclusion zone” around each cell body. This represents a radial distance from a given cell
body within which it is very unlikely that the soma of another cell of the same type will be
encountered. Statistical tests of this spacing principle include Density Recovery Profiling
and nearest neighbor analysis (Rockhill et al., 2000; Rodieck, 1991). Interestingly, some
cells have extremely regular and orderly spacing, such as cholinergic starburst amacrine
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cells, whereas others are nearly random once outside their exclusion zone, such as
dopaminergic amacrine cells, if the packing density of the cells allows spacing that exceeds
the exclusion zone radius (Galli-Resta, 2002; Keeley and Reese, 2010).

Three mechanisms have been proposed for the formation of mosaic patterns (reviewed in
Cook and Chalupa, 2000). Each of these mechanisms is likely to contribute to varying
degrees in different cell types and in different species, but conclusive experimental data
defining these contributions is lacking and additional mechanisms may also be involved.
First, neurons that differentiate early may regulate the cell-fate decisions of later cells,
inhibiting the generation of additional homotypic cells and promoting the generation of
different cell types. This mechanism is highly analogous to the development of the
Drosophila retina (McCabe et al., 1999) and computational modeling in the fish retina
indicates it could give rise to an appropriate mosaic pattern (Tyler et al., 2005; Cameron and
Carney, 2004). However, it is unclear whether the targets of these inductive signals may be
the neuroprogenitors themselves or a population of postmitotic cells that remains plastic, and
there is little direct experimental data to support the model. A second mechanism is lateral
(tangential) migration of cells to assume their correct position in the mosaic pattern. There is
definitive experimental evidence to indicate that retinal neurons do undergo lateral
migration; however, the extent to which this migration contributes to mosaic patterning has
not been resolved (Reese et al., 1995, 1999; Galli-Resta et al., 1997; Galli-Resta, 2000). The
third mechanism is sculpting of mosaic patterns through developmental cell death, in which
misplaced or supernumerary neurons are eliminated (Jeyarasasingam et al., 1998; Cusato et
al., 2001; Raven et al., 2003). This mechanism may again contribute to mosaic patterning,
but even animals such as goldfish or Xenopus have mosaic patterning despite very little
ganglion cell death in retinal development (Wilson, 1971, Easter et al., 1981). Newer
hypotheses, such as the contribution of mechanical forces to the formation of layers and
mosaics in the retina, are attractive but have yet to be extensively examined (Galli-Resta et
al., 2008). In sum, the mechanisms by which mosaic patterns in the retina arise are poorly
understood.

The production of mosaics by regulation of cell-fate decisions may be less dependent on
homotypic recognition; however, the other mechanisms clearly require homotypic
recognition, and therefore neurons need a signal capable of telling them of the status of
neighboring homotypic cells (Figure 2). Since changes in cell density alter but do not
eliminate the mosaic pattern, cells must respond to the uniformity of this signal, and not its
absolute intensity (Lin et al., 2004; Keeley and Reese, 2010). Since the dendritic arbors for
most amacrine and ganglion cell populations are largely overlapping (coverage factors
greater than 1 for most retinal neurons), these signals also presumably function over quite
short distances (MacNeil and Masland, 1998; Devries and Baylor, 1997). These signals may
be diffusible cues such as ATP, or contact mediated signals such as cell surface proteins
(Galli-Resta et al., 2008, 2002), and this again may vary with cell type.

Laminar Specificity—In addition to the mosaic spacing of homotypic cell bodies in the
horizontal plane of the retina, cells also have a vertical laminar specificity, both for the
position of the cell soma and also for the stratification of the processes. For example,
dopaminergic amacrine cell bodies are always found at the bottom of the inner nuclear layer,
immediately adjacent to the inner plexiform layer. The neurites of these cells arborize
horizontally, but are largely constrained vertically and stratify just below the somas in the
inner plexiform layer. Some cell types have more tightly defined laminae in which they
stratify their processes than others, but this is considered a defining characteristic of cell
types. For example, the 11 types of cone bipolar cells can be defined not just by markers, but
also anatomically by where their axons terminate in the inner plexiform layer (Haverkamp
and Wassle, 2000; Ghosh et al., 2004; Wassle et al., 2009). Processes of heterotypic cells
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that occupy a single lamina in the inner plexiform layer often form synapses. This is most
readily conceptualized for the axons of bipolar cells and the dendrites of ganglion cells;
however, the amacrine cells also constitute both pre- and postsynaptic partners in the inner
plexiform layer. Therefore, presumably, the heterotypic cell identifiers that prescribe
synaptic specificity are also enriched in specific laminae of the inner plexiform layer (Figure
2). However, there are also cell intrinsic signals that help determine dendrite morphology
(Moore et al., 2002; Grueber et al., 2003; Sugimura et al., 2004; Li et al., 2004; Kim et al.,
2006; Jan and Jan, 2010; Hattori et al., 2007b). It is worth considering whether the same
molecular identifiers that drive synaptic specificity are necessarily driving laminar
specificity, or if the laminar specificity results from a de facto segregation of processes that
are destined to connect and find the appropriate lamina through cell intrinsic pathways that
determine their morphology. In zebrafish, ganglion cells stratify their dendrites in
appropriate laminae with preexisting amacrine neurites (Mumm et al., 2006). Therefore, at
least the amacrine cells must have stratified their processes in the absence of cues from their
major synaptic targets. The elimination of supernumerary processes and connections may
also refine lamination. The extent to which ganglion cells stratify precisely from the outset
versus refine their laminar specificity during development varies between different cell types
(Kim et al., 2010). The ability to misdirect lamination through the expression of putative cell
surface identifiers would argue that cell surface proteins such as adhesion molecules are
indeed instructive and therefore directing lamination (Yamagata and Sanes, 2008).
Alternatively, the preservation of functional synaptic connectivity in the absence of these
proteins and the preservation of synaptic specificity even when laminar specificity is lost
would argue that the two processes can be separated (Fuerst et al., 2009; Matsuoka et al.,
2011).

Dendrite arborization—We have discussed the requirement of cell identity and
recognition in heterotypic populations of cells for synaptic and laminar specificity and self-
recognition between homotypic cells for mosaic formation. However, self-recognition
among the neurites of a single cell is also important for dendrite arborization. As most
neurons are extending neurites, these processes need to avoid one another to establish an
arbor as opposed to an intertwined mass of dendrites. Many points of cell morphology are
determined by cell-intrinsic signals, but ordering complex arbors also requires self-
recognition and self-avoidance, as demonstrated by recent studies of Drosophila sensory
neurons (Soba et al., 2007; Hughes et al., 2007; Matthews et al., 2007).

Adhesion and anti-adhesion—Self-recognition and synaptic specificity are largely
examined in terms of cell adhesion signals that positively regulate which cells should
connect. However, neurodevelopment cannot occur only through adhesive mechanisms,
even with differing affinities, without some means of preventing inappropriate adhesion. If
cell-surface-associated adhesion molecules are shared between homotypic cells and between
these cells and their heterotypic synaptic partners, then normal synaptic connectivity needs
to be promoted whereas aberrant adhesion such as fasciculation needs to be prevented
(Figure 2C). Molecular mechanisms of self-avoidance are also emerging alongside candidate
mechanisms for adhesion (Millard and Zipursky, 2008; Fuerst and Burgess, 2009).

Ultimately then it would seem that all of the scenarios above may be simultaneously in play.
Cell identity is needed for recognition of homotypic neighbors and appropriate mosaic
spacing of cell bodies. It is also needed for heterotypic recognition for synaptic specificity
and laminar specificity. But are the molecular identifiers the same for all of these processes
and are the same mechanisms used? In considering this, it seems likely that synaptic
specificity is the most fundamentally important of these processes. Not connecting to the
right partner has a deleterious impact on the function of a circuit. The other processes,
horizontal mosaic formation and vertical laminar stratification, may simply serve to
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optimize the connectivity that is driven by the more basic code for synaptic specificity. In
order to maximize the likelihood of pre- and postsynaptic partners encountering one another,
their processes should costratify in the inner plexiform layer. If they do not, they may still
form functional connections when they do encounter one another, but the number of
functional connections may be markedly reduced. Similarly, mosaic spacing would serve to
optimize a cell connecting with the correct number of appropriate pre- or postsynaptic
partners, but the spacing itself may not be essential for the formation of these connections
(Figure 3). The test of this will be to examine each parameter, synaptic specificity, laminar
specificity, and mosaic spacing, in a system where one is perturbed and the others are
largely intact. To date this has been a challenge, particularly for synaptic specificity, where a
mutant that selectively disrupts the fidelity of synaptic connectivity has not been identified.
As discussed below, mutations are now emerging that disrupt mosaic spacing, or more
precisely, fail to maintain mosaic spacing, and these same mutations may also impact
laminar specificity. As one might predict, these mutations also reduce the number of
synapses formed, but do not appear to dramatically change the specificity of those
connections that do form, although this has not been exhaustively analyzed. Therefore the
recognition events that allow the optimization of circuit formation through laminar
specificity and mosaic spacing may be related, but the basic machinery driving the
formation of synapses may be distinct from the mechanisms driving the optimization.

Genetic tools for studying cell identity—The ability to easily visualize specific
neuronal populations is rapidly advancing, particularly through transgenic labeling
techniques in mice. Instead of relying on dye fills or Golgi stains for anatomy, or the
serendipitous identification of a cell-type-specific marker, transgenic labeling with easily
visualized markers such as GFP or Cre recombinase which can be combined with reporters
allows the rapid screening of cell populations (Kim et al., 2008; Huberman et al., 2008,
2009; Siegert et al., 2009). A labeled population is usually considered a distinct cell type if it
meets the criteria of having a uniform morphology including dendritic arbor size,
stratifcation of the arbor in a specific layer of the retina, and projections to a specific target
or targets in the brain in the case of ganglion cells. In addition, the cell bodies should be
regularly spaced in a mosaic pattern. The genes identified as having these specific
expression patterns can then be tested in other species and the reporters can be used to
isolate cells, which can then be further analyzed by expression profiling or transcriptome
sequencing. In addition to genetically encoded reporters, genes and mutations that perturb
mosaic patterning and laminar specificity are emerging, as described below. It will be
interesting to examine the impact of these mutations on synaptic specificity and the function
of retinal circuits.

Options for molecular identifiers?

Drosophila—In Drosophila, individual neurons derive identity from stochastic expression
of Dscam1 isoforms. Dscam1, a member of the immunoglobulin (Ig) superfamliy of
adhesion molecules, promotes neurite repulsion (Zhu et al., 2006; Matthews et al., 2007;
Hughes et al., 2007; Soba et al., 2007). What makes Dscam1 particularly well suited to
confer cell identity is its extraordinary diversity: The Dscaml gene contains 4 blocks of
alternative exons encoding for 38,016 different proteins with 19,008 distinct extracellular
domains (Figure 4A). A given cell expresses 10-50 isoforms, each of which is remarkably
precise in its preference for isoform specific homophilic trans interactions (Wojtowicz et al.,
2004, 2007; Neves et al., 2004). As a result, each neuron has an individual Dscam1
signature causing repulsion of isoneural processes while allowing interactions between the
neurites of separate neurons. The neurites of neurons mutant for Dscam1 fail to diverge from
each other to develop the appropriate morphology (reviewed in Zipursky and Sanes, 2010).
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Dscaml-dependent dendrite self-avoidance has been illustrated in several neuron types.
Olfactory projection neurons and interneurons both failed to appropriately elaborate
dendritic arbors in the antennal lobe without Dscaml (Zhu et al., 2006). Similarly, Dscam1
mutant sensory neurons in the body wall showed significantly more dendrite self-crossings
than did wild type neurons (Matthews et al., 2007; Hughes et al., 2007; Soba et al., 2007).
The self-crossing phenotype could be rescued by overexpressing a single Dscam1 isoform,
but this also induced inappropriate repulsion with the dendrites of neighboring neurons
(Matthews et al., 2007; Hughes et al., 2007; Soba et al., 2007). In fact, thousands of Dscam1
isoforms are required for these neurons to robustly distinguish self from non-self (Hattori et
al., 2007a, 2009). This level of complexity allows the stochastic expression of Dscam1
isoforms to uniquely label each neuron in a field for isoneuronal self-avoidance, while
allowing interaction with other neurons.

Dscam1, along with its paralog Dscam2, also regulates synapse specificity in the visual
system, but again does so through a homotypic repulsion mechanism. Tetrad synapses made
between photoreceptor terminals and postsynaptic cells in the lamina always involve
postsynaptic sites from one L1 neuron and one L2 neuron, along with two variable
postsynaptic partners. In neurons lacking both Dscaml1 and Dscam2, this specificity was
lost, such that many tetrad synapses contained two postsynaptic specializations from a L1 or
L2 neuron at the expense of the other (Millard et al., 2010). Thus, Dscam mediated repulsion
prevents two postsynaptic processes from the same cell from occupying the same tetrad
synapse.

While Dscam1l confers individual cell identity important for isoneural recognition, other cell
type specific molecules control proper wiring in the Drosophila visual system. Some
molecules act repulsively like Dscaml, and others mediate adhesive signals similar to those
proposed by Roger Sperry's chemoaffinity hypothesis (Sperry, 1963). Repulsive
mechanisms that underlie axon tiling help facilitate targeting to the lamina and to the
medulla. Photoreceptors R1-R6 from a single ommatidium project axons in a fascicle
toward the lamina. At the lamina, the axons defasiculate and each one innervates a separate
specifically targeted cartridge (Sanes and Zipursky, 2010). In R cells mutant for the
protocadherin Flamingo, axons defasciculate, but target diffusely (Lee et al., 2003). Further
analyses of R1-R6 projections in which only a single axon was mutant for Flamingo
demonstrated that Flamingo mediates repulsive interactions between axons to facilitate
proper targeting (Chen and Clandinin, 2008). Axons projecting into the medulla form tiled
columns in which processes from different cell types overlap. For this to occur by a
repulsive mechanism, each cell type must have distinct cues to maintain spacing from
homotypic axons while remaining indifferent to those of other cell types. The molecules that
mediate axon tiling in the medulla found thus far are consistent with this hypothesis.
Dscam2, which is very similar to Dscaml but without the vast diversity, mediates repulsive
interactions between L1 axons to confine them to specific columns in the medulla (Millard
et al., 2007). Millard and colleagues investigated other cell types and found that Dscam?2 is
not required for tiling of L2, R7, or R8 axons. A different Ig superfamily member, Turtle,
was recently found to mediate tiling of R7 axons through homophilic repulsion (Ferguson et
al., 2009), and R8 axon tiling depends on Flamingo (Senti et al., 2003).

In addition to tiling into columns, axons innervating the medulla terminate at specific
laminae. Thus far, it seems that lamina-specific targets depend on adhesive mechanisms.
Shinza-Kameda and colleagues found that targeting R8 axons to lamina M3 required the
homophilic adhesion molecule Capricious on axons and targets. Ectopic expression in R7
cells, which do not normally express Capricious, caused their axons to terminate in M3
instead of their normal targets in M6 (Shinza-Kameda et al., 2006). Capricious expression is
limited to R8 cells and their medullary targets, as one would expect of a chemoaffinity
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molecule. However, Nern et al., in 2008 found that temporal regulation of the more
ubiquitously expressed N-Cadherin is involved in targeting L3 and L5 to their targets. Thus,
the developing nervous system can recycle chemoaffinity markers even within the same
structure through precise temporal regulation.

Vertebrate systems—There are two vertebrate genes encoding Dscams: Dscam and
DscamL1. Neither gene has been found to generate diverse isoforms through alternative
splicing; thus individual cell identity in the vertebrate nervous system cannot depend on
Dscams. It has been suggested that the clustered Protocadherins (Pcdhs) could impart
individual identity (Zipursky and Sanes, 2010). The ~50 clustered Pcdhs are encoded by
three gene clusters (a, B, and y) ordered sequentially on mouse chromosome 18 (Wu et al.,
1999; Figure 4B). The o and y clusters are composed of variable and constant exons, such
that each Pcdh protein has divergent extracellular sequence with a cluster-specific common
cytoplasmic c-terminus. The f cluster has no constant exons. Single cell analysis of Purkinje
cells revealed that a given neuron expressed around 5 o and y isoforms (Esumi et al., 2005;
Kaneko et al., 2006). A recent study from Schreiner and Weiner suggested that vertebrate
Pcdhs can generate an adhesive code with great diversity, similar to Drosophila Dscam1.
Using the y-Pcdhs, they showed that the molecules formed cis tetramers in an isoform
indiscriminant manner. These tetramers are the adhesive unit of the Pcdhs, and each tetramer
displayed strong homophilic preference for tetramers of the same composition (Schreiner
and Weiner, 2010). There are at least 12,560 possible tetrameric combinations of y-Pcdhs,
and if these tetramers could include members of the o and f clusters, then the possible
combinations would be far greater. This suggests a model in which both the choice of
isoforms and their relative expression levels determine the complement of adhesive units
available to a cell. Thus, the clustered Pcdhs have the diversity and expression pattern
required to impart individual cell identity in vertebrates.

Drosophila Dscam1 promotes cell identity through a repulsive mechanism. We do not know
if the Pcdhs are repulsive or adhesive, but the cellular phenotypes observed in mice mutant
for Pcdh clusters are not particularly similar to those of Dscam1 mutant flies. The a-Pcdhs
are important for sorting olfactory neurons to specific glomeruli in the olfactory bulb
(Hasegawa et al., 2008) and for targeting serotonergic projections from raphe nucleus to
central targets (Katori et al., 2009). The y-Pcdhs are required for synapse formation and
interneuron survival in the spinal cord (Wang et al., 2002; Weiner et al., 2005; Prasad et al.,
2008). In the retina, loss of the y-Pcdhs exacerbated normal developmental cell death, but
did not disrupt layer specific dendrite arborization or synapse formation (Lefebvre et al.,
2008). Furthermore, y-Pcdhs do not appear to exclusively signal between processes of the
same cell. The y-Pcdhs are expressed by astrocytes where they are localized to perisynaptic
processes in vitro and in vivo. Restricted deletion of the cluster in astrocytes significantly
delayed synapse development in vivo. In a co-culture system in which either astrocytes or
neurons were mutant for the y-Pcdhs, normal progression of synapse formation required the
adhesion molecules in both cell types in a contact dependent manner (Garrett and Weiner,
2009). The simplest explanation for these data is that y-Pcdhs mediate contacts between
astrocytes and neurons during synapse development. Two separate cells would not
necessarily need to express the same precise complement of Pcdh isoforms to interact with
each other. The promiscuity of cis tetramer formation suggests that all of the possible
combinations of the expressed Pcdhs would form, though the ratios would depend on the
relative expression levels. This suggests a competitive model in which cells sharing a few
isoforms would form weak interactions, while those expressing many shared isoforms would
experience stronger interactions.

In vertebrates, the phenotypes that most resemble mutations in Drosophila Dscams are
caused not by mutations in the Pcdhs, but by mutations in the mammalian Dscams. In the
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retinas of mice mutant for Dscam or DscamL1, neuronal subtypes no longer formed evenly
spaced intermingled mosaics, rather the dendrites fasciculated with each other, and the cell
bodies were pulled into clumps (Fuerst et al., 2008, 2009). Not all subtypes were affected,
only those that normally express the now missing gene. However, neither Dscam nor
DscamL1 genes can generate the diverse proteins required to confer individual cell identity,
and consistent with this, the clumps and fascicles of retinal neurons that form in the absence
of Dscam seem to be largely cell-type specific, suggesting cell identity is preserved. This
indicates that vertebrate neurons may use a different strategy to define self than those of
Drosophila. Compared to Drosophila, vertebrate cell identity may be defined to a greater
extent by diverse adhesive interactions. These adhesive interactions are likely to be
important for the homotypic recognition required for mosaic formation and lamina specific
synaptic partnering, but become undesirable in excess, leading to the fascicles and clumps of
homotypic neurons observed in Dscam and DscamL1 mutants. Therefore, mammals may use
the Dscams to mask cell type specific adhesion, keeping it in check. This hypothesized
adhesive masking mechanism is subtly but significantly different than the repulsive
mechanism of Drosophila Dscams. Rather than active repulsion between isoneural and
homotypic neurites, adhesive masking allows neurites to be indifferent to each other. Indeed,
as discussed above, most cell types in the mammalian retina have a coverage factor greater
than one, indicating extensive overlap of homotypic neurites, and that is difficult to explain
by a strictly repulsive mechanism.

The cell type specific adhesion molecules masked by the Dscams are still unknown, but they
are likely to be the molecules responsible for the diverse homotypic and heterotypic
recognition interactions. For the reasons discussed above, the clustered Pcdhs are
particularly good candidates, as are the molecules known to regulate lamina specific
dendrite and axon termination. Retinal ganglion cells project their dendrites to distinct layers
in the IPL, and target their axons to specific layers in structures in the CNS. It is possible
that the same molecules could be necessary for lamina specific targeting of the dendrites and
axons of the same cell, but thus far individual molecules have only been identified as
essential for one or the other.

In targeting to the superior colliculus (SC), RGCs maintain two types of identity: positional
identity to preserve retinotopic organization and cell type identity to innervate the
appropriate laminae of the structure. Positional identity is encoded by gradients of cell
surface molecules in the retina and SC. Gradients of A- and B-type ephrins and their
receptors, EphAs and EphBs respectively, are the most well characterized positional cues,
but gradients of repulsive guidance molecule (RGM) and its receptor neogenin, as well as
members of the Wnt family may also be involved. Positional identity is not the focus of this
review, and the gradients that regulate retinotopic maps have been well reviewed in recent
years (Flanagan, 2006; Luo and Flanagan, 2007; Clandinin and Feldheim, 2009; Scicolone
et al., 2009). A recent study investigated the developmental time course underlying laminar
restriction of axons in the SC. They found that RGC axons cover several laminae and form
synapses throughout early postnatal time points (<P5) then, through synapse elimination and
axon retraction, become restricted to specific laminae (Cheng et al., 2010). For one cell type
at least, this developmental laminar restriction did not require cholinergic retinal waves,
indicating cell-type specific molecules direct the process (Huberman et al., 2009). Adhesion
molecules are also important for laminar targeting in the chick optic tectum, the functional
equivalent to the SC in chick. In a classic study using retina and tectum co-cultures,
blocking N-cadherin disrupted the laminar targeting of cultured RGC axons. This disruption
was observed when RGCs were targeting into PFA-fixed tectum, indicating dependence on
actual contact rather than a diffusible secreted cue (Inoue and Sanes, 1997).

Dev Neurobiol. Author manuscript; available in PMC 2012 December 1.



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

1duasnuey Joyiny vd-HIN

Garrett and Burgess

Page 11

The first molecules found to regulate laminar restriction of dendrite arborization in the IPL
were the Sidekicks (Yamagata et al., 2002). Sidekick-1 and -2 are members of the Ig
superfamily expressed in a subset of retinal ganglion cells that target specific sublaminae in
the chick retina. Overexpression of either Sidekick in RGCs that normally do not express the
molecule caused aberrant lamination to the layers normally populated by Sidekick
expressing neurons (Yamagata et al., 2002). Interestingly, Dscam and DscamL were also
found to regulate lamina targeting in the chick IPL (Yamagata and Sanes, 2008, 2010). This
finding is seemingly at odds with what has been demonstrated in mouse. In mice mutant for
Dscam, DscamL1, or both, synaptic lamination was preserved. Furthermore, in DscamL1
mutants, paired recordings of All amacrine cells and rod bipolar cells — synaptic partners
that both express DscamL1 — synaptic pairing was maintained (Fuerst et al., 2009). This
disparity could be explained by species (genetic) differences or by phenotypic variability.
Indeed, a new mutant allele of Dscam that displayed greater laminar disorganization in the
IPL was recently discovered in a different genetic background (Fuerst et al., 2010). Thus,
Dscam may have distinct, competing roles based on genetic context. These data are also
consistent with the hypothesis that laminar specificity is not the same phenomenon as
synaptic specificity, but that lamination optimizes appropriate pairing. In DscamL1 mutants,
pairing is maintained, but the total number of synapses is reduced (Fuerst et al., 2009). This,
despite the substantial increase in cell number in these mutants, suggests that aberrant
mosaic spacing or lamination may prevent pre- and postsynaptic cells from encountering
each other in sufficient number, but does not prevent them from forming functional synapses
when they do contact each other. In further support of this hypothesis, it was recently shown
that the Semaphorin Sema6A and its receptor PlexinA4 are required for proper laminar
targeting of several cell types in the mouse retina (Matsuoka et al., 2011). Interestingly, even
though dopaminergic amacrine cell neurites are mistargeted in the IPL in these mutants, they
still form synapses with ipRGCs, their appropriate synaptic partners (Matsuoka et al., 2011).

Conclusion

Cell identity is required for neurons to recognize self, homotypic cells, and heterotypic cells.
In the vertebrate retina, these diverse recognition events allow the cell to form dendritic
arbors in intermingled mosaics with homotypic cells and to target their dendrites and axons
to specific laminae to form specific synapses. The Dscams are required to maintain mosaic
spacing in the retina and may be important for lamination, but appear to be dispensable for
synaptic specificity. This suggests that mosaic spacing and lamination may optimize
synaptic pairing, but that these processes may operate through different mechanisms.
Indeed, the synaptic phenotypes in the retinas mutant for the Dscams are consistent with a
loss of optimization: Fewer total synapses develop despite a significant increase in cell
number.

In Drosophila, Dscam1 can account for individual cell identity because of its diversity and
directly repulsive properties. Vertebrate Dscams certainly cannot. Most RGCs express the
same Dscam, and in its absence cell type identity is retained. However, the Dscam mutants
may prove instructive in identifying cell type specific adhesive codes. Together with mouse
lines labeling genetically identified mosaic cell types, we may begin to unravel the adhesive
cues responsible for cell identity and diverse recognition that become unmasked in Dscam
mutants.
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Figure 1. Retinal circuits in Drosophila and vertebrates

(A) Drosophila visual system in which photoreceptors R1-R6 project to the lamina, R7-R8
as well as lamina neurons project to specific layers of the medulla, and medulla neurons
project to central targets. (B) In the vertebrate visual system, rod and cone photoreceptors in
the outer nuclear layer (ONL) and bipolar cells (orange) and horizontal cells (purple) in the
inner nuclear layer (INL) form synapses in the intervening outer plexiform layer (OPL).
Bipolar cells and amacrine cells (blue) synapse with retinal ganglion cells (brown) from the
retinal ganglion layer (RGL) in specific laminae of the intervening inner plexiform layer
(IPL).
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Figure 2. Recognition events requiring cell identity

A neuron’s identity specifies its proper position in a circuit. Neurons in the retina must
recognize appropriate heterotypic cells in order to form functional connections within the
retina (B) and in central targets (D). They must also recognize homotypic cells in order to
maintain mosaic spacing (C). These recognition events require cell-type specific molecules,
and the molecules required for each type of recognition may be different. Therefore,
homotypic cells share a repertoire of cell-type specific recognition and adhesion molecules.
At interactions between homotypic cells, inappropriate adhesions must masked to prevent
excessive fasciculation and to maintain proper dendrite arborization.
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A Optimal synaptic specificity

Figure 3. Cellular strategies to optimize synaptic specificity

Forming synaptic connections between appropriate partners is fundamental to neural circuit
formation and is a key purpose of cell type identity. Two features of retinal organization
serve to optimize synaptic specificity. Elaborating processes in specific laminae increases
the chances of suitable pre- and postsynaptic partners finding each other, while mosaic
spacing optimizes the number of partners available to each neuron (A). Dendritic lamination
could be lost without disrupting synaptic specificity per se, although it would decrease the
likelihood of partners encountering each other (B). Likewise, specificity could be
maintained without mosaic spacing, but individual cells would not be able to partner with
the normal number of neurons (C).
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Figure 4. Drosophila Dscams and vertebrate Protocadherins provide diverse recognition signals
The Drosophila Dscam1 locus contains four blocks of alternatively spliced exons (A).
Random variable exon choice for exon 4 (of which there are 12 choices), exon 6 (48
choices) and exon 9 (33 choices) results in 19,008 possible combinations of Ig domains 2, 3,
and 7 respectively. These Ig domains determine the specificity of Dscam interaction such
that each isoform will only interact with an identical isoform. If even one of the three
variable g domains is divergent, then interactions will not occur. Individual Drosophila
neurons stochastically express fewer than 50 of the 19008 isoforms, resulting in the ability
of a cell to recognize its own processes through homophilic interaction while being invisible
to its neighboring neurons. The vertebrate clustered Protocadherin (Pcdh) locus is composed
of three clusters of exons, termed «, B, and vy, arrayed back to back (B). Each exon encodes
an entire extracellular domain, a transmembrane domain, and a cytoplasmic domain.
Members of the o and y subfamilies have a cluster-specific shared cytoplasmic c-terminus
encoded by three constant exons. Each variable exon has its own promoter, transcription of
which results in long mRNA transcripts from which the intervening introns and variable
exons are spliced. Proteins encoded by the y locus form cis tetramers indiscriminately of
isoform. These tetramers comprise the adhesive unit of the y-Pcdhs, and are strictly
homophilic in trans with tetramers of the same composition. Thus, the 22 y-Pcdhs alone can
generate at least 12,560 adhesive units. If the organization of isoforms within tetramers is
important (as well as composition) or if a and B isoforms can participate, then the number of
specific adhesive units is considerably greater. Therefore, the clustered Pcdhs are capable of
encoding recognition signals in vertebrates as diverse as those encoded by Drosophila
Dscaml.
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