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SUMMARY

DSCAM and DSCAM-LIKE1 (DSCAML1) serve
diverse neurodevelopmental functions, including
axon guidance, synaptic adhesion, and self-avoid-
ance, depending on the species, cell type, and gene
family member studied. We examined the function
of DSCAM and DSCAMLI1 in the developing mouse
retina. In addition to a subset of amacrine cells,
Dscam was expressed in most retinal ganglion cells
(RGCs). RGCs had fasciculated dendrites and
clumped cell bodies in Dscam '~ mice, suggesting
a role in self-avoidance. Dscaml1 was expressed in
the rod circuit, and mice lacking Dscaml!1 had fascic-
ulated rod bipolar cell dendrites and clumped All
amacrine cell bodies, also indicating a role in self-
avoidance. Neurons in Dscam or Dscaml1 mutant
retinas stratified their processes appropriately in
synaptic laminae in the inner plexiform layer, and
functional synapses formed in the rod circuit in mice
lacking Dscaml1. Therefore, DSCAM and DSCAML1
function similarly in self-avoidance, and are not
essential for synaptic specificity in the mouse retina.

INTRODUCTION

Cellular recognition involves a balance of cell adhesion and repul-
sion that is critical for many aspects of neuronal circuit formation.
The molecular cues that promote recognition and adhesion
allowing synapse formation, while preventing excessive adhe-
sion to preserve dendritic arbors and mosaic cell body spacing,
are only now being determined (Galli-Resta et al., 2008; Sanes
and Yamagata, 2009). Numerous adhesion/recognition systems
have been explored, and a major consideration is the molecular
diversity and binding specificity needed for a molecular code
that labels neurons for their integration into circuits.

484 Neuron 64, 484-497, November 25, 2009 ©2009 Elsevier Inc.

The Down’s syndrome cell adhesion molecule, DSCAM, is an
Ig super family neural CAM that is a candidate for such a code
(Yamakawa et al., 1998). Dscams have been extensively studied
in Drosophila, where Dscam1 is alternatively spliced to generate
over 38,000 possible protein products, creating extensive
molecular diversity (Schmucker et al., 2000). A given neuron
expresses only a few (between 14 and 50) isoforms of Dscam1
(Neves et al., 2004; Zhan et al., 2004), and distinct Dscam1 splice
forms undergo specific homophilic interaction (Wojtowicz et al.,
2007). Splice-form diversity is required for Dscam1 function, and
this is well demonstrated in sensory neuron dendrite arboriza-
tion, where neurites of the same cell recognize and repel one
another while allowing contact with neighboring cells that
express a different compliment of Dscam? isoforms (Chen
et al., 2006; Hattori et al., 2007; Hughes et al., 2007; Matthews
et al., 2007; Soba et al., 2007). Similar Dscam7-mediated mech-
anisms are used in axon branching and synaptic target recogni-
tion in Drosophila (Hattori et al., 2007; Hummel et al., 2003; Wang
et al., 2002, 2004; Wojtowicz et al., 2004; Zhan et al., 2004;
Zhu et al., 2006). A closely related Drosophila gene, Dscam2,
mediates heteroneuronal recognition between the axons of L1
neurons in the visual system, preserving the columnar “tiling”
of the projections into the medulla (Millard et al., 2007). Interest-
ingly, Dscam2 is not extensively alternatively spliced. Therefore,
Dscam and Dscam?2 in Drosophila appear to mediate self-recog-
nition, leading to repulsion and self-avoidance (Hattori et al.,
2008; Schmucker and Chen, 2009).

Vertebrate Dscams are implicated in a number of neurodeve-
lopmental processes, including the specificity of pre- and post-
synaptic pairing and the prevention of adhesion (Fuerst et al.,
2008; Yamagata and Sanes, 2008). Vertebrate genomes contain
two closely related genes (Dscam and Dscaml1), and other
genes such as the sidekicks (Sdk71 and -2), which encode
structurally similar proteins (Agarwala et al., 2001; Yamagata
et al., 2002). The vertebrate genes are not subject to extensive
alternative splicing, implying functional distinctions from
Drosophila Dscam1 that eliminate this requirement (Schmucker
and Chen, 2009).
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In the chick, Dscam, Dscaml1, Sdk1, and Sdk2 promote
synaptic lamination of amacrine and ganglion cell processes in
the inner plexiform layer (IPL) of the retina. This lamination is an
indicator of synaptic specificity, and given cell types reliably
stratify processes in distinct IPL laminae, aligning with their
synaptic partners. The genes above are expressed in nonover-
lapping sets of cells, and the proteins localize to distinct laminae
within the IPL. Depletion or ectopic expression of these genes
redirects neurite lamination, consistent with these genes deter-
mining synaptic specificity (Yamagata and Sanes, 2008). These
functions in the chick are consistent with Dscam in Aplysia, where
it mediates synaptogenesis in cultured neurons (Li et al., 2009).

However, in Dscam™'~ mice, two retinal amacrine cell popula-
tions that would normally express Dscam have heavily fascicu-
lated neurites and do not maintain mosaic spacing of their cell
bodies (Fuerst et al., 2008). Therefore, mouse Dscam appears
to be serving a function more consistent with preventing homo-
typic adhesion and, therefore, promoting self-avoidance rather
than with synaptic adhesion.

Given vertebrate Dscam’s disparate functions in self-avoid-
ance/repulsion and adhesion/synaptic specificity, we consid-
ered whether mouse DSCAM may have different functions in
different cell types and whether related proteins, such as
DSCAM-LIKE1 (DSCAML1), may have functions other than
self-avoidance. Indeed, alternative functions of Dscam in other
parts of the nervous system are indicated by its role in axon guid-
ance, serving as a receptor for netrin, and by its requirement in
the brainstem rhythmicity circuit in some strains of mice (Amano
et al., 2009; Liu et al., 2009; Ly et al., 2008). To begin to assess
this, we examined retinal ganglion cell (RGC) populations in
Dscam™~ mice after finding that virtually all RGCs express
Dscam during embryonic development. In addition, we assessed
retinal anatomy and synaptic connectivity in the rod circuit using
a gene-trap-knockout allele of Dscaml1. Our conclusions are
that in all retinal cell types examined, both genes are functioning
similarly in self-avoidance, whereas the stratification of neurites
and synaptic specificity are intact in their absence.

RESULTS

Generation of a Null Dscaml1 Allele

The mammalian Dscam gene family includes Dscam and
Dscami1. The proteins share an extracellular domain structure,
with ten Ig domains and six fibronectin repeats, and have
>60% overall sequence identity (Figure S1A). Much of the
sequence divergence is within the intracellular domain (396
amino acids for DSCAM, 440 for DSCAML1), raising the possi-
bility that DSCAM and DSCAML1 participate in distinct intracel-
lular signaling pathways. To evaluate the in vivo function of
Dscaml1, and to compare it to the function of Dscam, we gener-
ated mice lacking Dscaml1 expression using embryonic stem
cells with a gene trap insertion in the Dscaml/1 gene, generated
by the Sanger Genome Center (line CCO772).

The gene trap insertion is integrated in the third intron of the
gene (Figure S1B). This gene trap intercepts Dscaml1 splicing,
creating a transcript with at most 510 base pairs (170 amino
acids) of Dscamli1 coding sequence fused to a B-gal reporter.
Northern blot analysis using a probe that recognizes the 5’ end

of the transcript revealed that only the shorter fusion transcript
was expressed in homozygous animals (Figure S1C). Therefore,
this allele, henceforth referred to as Dscam/1®7, is a null
mutation based on the absence of protein coding mRNA. The
Dscaml!197’ST mice are viable and breed as homozygotes. The
mice used in this study are hybrid 129/C57BL/6J, and approxi-
mately half the homozygous pups do not survive until weaning
age if the genetic background is made increasingly C57BL/6
(generation N3). The B-gal reporter was functional and was
detected in photoreceptors, cell bodies in the bipolar and
amacrine-containing portions of the INL, and transiently in the
RGL (Figures S1D-S1H).

Expression Pattern of Dscam and Dscaml1 in Mouse
Retina

Dscam and Dscaml1 expression patterns were assayed in the
mouse retina to identify cell populations that may require these
genes for synaptic specificity or mosaic patterning and dendrite
avoidance.

Dscam expression during embryonic development was
assayed by in situ hybridization. Dscam was widely expressed
in the retinal ganglion layer (RGL) at embryonic days 12.5
(E12.5), E14.5, E17, and at postnatal day 6 (P6) (Figures 1A-1D).
Double in situ hybridization with probes to Dscam and Brn3b
confirmed that cells expressing Dscam were RGCs (Figure 1D,
inset). Furthermore, both the timing and location of Dscam
expression in the embryonic retina are consistent with RGCs,
and not “misplaced amacrine cells,” accounting for the wide-
spread Dscam expression in the RGL.

In situ hybridization was also performed using probes to
Dscamli1 during embryonic development (Figure 1E). No tran-
script was detected in the retina during embryonic development,
and further analysis in Dscami16™* mice using the B-gal reporter
detected no expression in the retina prior to postnatal day 5 (data
not shown). Antibodies to -gal labeled two bands of cells in the
inner nuclear layer (INL) of the P20 retina, as well as the inner and
outer segments of photoreceptors (Figure 1F). No B-gal immuno-
reactivity was detected in control retinas (Figure S1 and data not
shown). Dscaml/1 was also widely expressed in the brain, as
demonstrated by B-gal activity (Figure S2). Staining with an anti-
body recognizing the entire extracellular domain of human
DSCAML1 labeled the synaptic inner and outer plexiform layers
(IPL and OPL, Figure 1G). This immunoreactivity was reduced to
background levels in the Dscami1%7C7 retina (Figure 1H), indi-
cating that the antibody is specific and that the mutation elimi-
nates the protein product.

To identify the specific cell types in the inner nuclear layer
that express Dscaml/?, we double labeled Dscam/1¢™* and
Dscami167¢T retinas with antibodies to B-gal and markers of
amacrine and bipolar populations. The INL contains ten sub-
types of bipolar cells and at least 24 types of amacrine cells
(Masland, 2001; Wassle et al., 2009). B-gal-positive cells in the
amacrine-containing portion of the INL expressed DAB1,
a marker of All amacrine cells (Figure 1l). In 500 DAB1 immuno-
positive cells counted, all were also B-gal-positive, indicating
that all All cells express Dscaml1. In the bipolar-containing
portion of the INL, cells expressing B-gal were also positive for
PKCa, a marker of rod bipolar cells (RBCs) (Figure 1J). In 200
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Figure 1. Dscam and Dscami1 Are Ex-
pressed in Distinct Populations of Retinal
Neurons

(A-D) In situ hybridization was performed using
antisense Dscam probes at E12.5, E14.5, E17,
and P6 (inset in D is dual labeling with probes to
Dscam and Brn3b). Labeling was observed in all,
or nearly all, cells in the retinal ganglion cell layer
(RGL) at all ages, as well as a subset of cells in
the inner nuclear layer (INL) at P6. Labeling was
not observed in the neuroblast layer (NBL) or outer
nuclear layer (ONL).

(E) In situ hybridization was performed using anti-
sense Dscamli1 probes. At E14.5, no labeling was
observed.

(F) Section of Dscaml/ retina labeled with B-gal
antibodies. Staining was observed in the inner and
outer portion of the inner nuclear layer, the outer
plexiform layer, and photoreceptors.

(G and H) Sections of P20 wild-type and
Dscaml167C7 retina were stained with a polyclonal
antibody to the extracellular domain of DSCAMLA1.
DSCAML1 immunoreactivity was observed in the
outer plexiform layer (OPL) and inner plexiform
layer (IPL). DSCAML1 immunoreactivity was not
detected in the Dscam/16™47 retina.

(I and J) Section of Dscam!1¢7* or Dscaml/
retina stained with antibodies to p-gal and PKCa,
a marker of RBCs (I), or DISABLED1 (DAB1), a
marker of All amacrine cells (J).

1GT/+

1GT/GT

Dscaml1 expression

(K) Dscam is expressed in retinal ganglion cells and some amacrine cells whereas Dscaml1 is expressed in All amacrine cells, RBCs, and photoreceptors.
The scale bar in (J) is equivalent to 450 um in (A), 750 um in (B), 900 um in (C), 144 um in (D), 675 umin (E), 108 um in (F), 90 um in (G) and (H), 79 um in (I) and (J),

31.6 um in (i), and 27.6 pm in (Ji).

PKCa-immunopositive cells counted, all were both PKCa. and
B-gal immunopositive, indicating that all RBCs express Dscaml1.
Coexpression of B-gal and other bipolar and amacrine cell
markers including ChAT, TH, HCN4, calsenilin, and SYT2 was
not observed (Figure S3 and data not shown). There was little
or no expression in retinal ganglion cells at most ages. Occasion-
ally, displaced DAB1-immunopositive cells were observed,
contributing to a subset of cells in the ganglion cell layer that
were transiently B-gal positive at P6, whereas other transiently
B-gal-positive cells were also Brn3b positive, suggesting that
they were ganglion cells (Figure S1).

The expression pattern of Dscam and Dscaml1 in the mouse
retina is therefore similar to the expression pattern of Dscams
in the chick retina, in that distinct cell populations express one
or the other gene. However, the expression pattern is also
different, in that Dscaml1 is not widely expressed in cells in the
RGL, while Dscam is expressed in many if not all RGCs, whereas
both genes are expressed in nonoverlapping subsets of cells in
the chick RGL (Yamagata and Sanes, 2008) (Figure 1K).

Dscam Is Required for RGC Dendrite Arborization and
Soma Spacing

Dscam is required to prevent neurite fasciculation and maintain
mosaic spacing of dopaminergic and bNOS-positive amacrine
cells in the mouse retina (Fuerst et al., 2008). Retinal ganglion
cell soma spacing and dendrite arborization were examined in
three classes of ganglion cells for which markers were available.
First, intrinsically photoresponsive ganglion cells (ipRGCs) were
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labeled with an antibody to melanopsin (Panda et al., 2002).
Second, alpha ganglion cells, which include both “ON” cells,
responding when light stimuli turn on and stratifying their
dendrites in the medial portion of the inner plexiform layer, and
“OFF” cells, responding when light stimuli turn off and stratifying
their dendrites in the outer, scleral portion of the IPL, were
labeled using the antibody SMI-32 against nonphosphorylated
neurofilament. Third, a transgenic strain (Mito-Y) that expresses
mitochondrially localized YFP driven by the neuron-specific
enolase (NSE or Eno2) promoter was used to identify a third
population of cells (Misgeld et al., 2007). The RGCs labeled by
the Mito-Y transgene are very abundant in the dorsal portion of
the retina and less abundant elsewhere in the retina (Figure S4A).
Density recovery profiling (DRP) analysis, a statistical test for the
probability of encountering another cell of the same type within
binned distances from a reference cell body, was performed
(Rockhill et al., 2000; Rodieck, 1991). The Mito-Y cells within
the central and ventral retina were organized in a mosaic pattern,
with an exclusion zone (an area surrounding each cell body in
which other Mito-Y cells are not found) indicating that they are
nonrandomly spaced (Figures S4C and S4D). All of these popu-
lations are somewhat heterogeneous and include multiple RGC
subtypes. Anti-melanopsin labels both M1 and M2 ipRGCs
(Schmidt and Kofuji, 2009), SMI-32 labels four classes of RGC
(Coombs et al., 2006), and the Mito-Y transgenic, despite
showing a mosaic pattern of cell bodies, marks at least three
types of cell based on morphology and dendrite stratification
(Figures S4E and S4F).
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RGC soma spacing and dendrite arborization were disrupted
in the adult Dscam™ retina (>6 weeks of age) in each ganglion
cell type examined. Alpha RGCs, labeled with SMI-32, were
regularly spaced throughout the wild-type retina but were absent
from the central portion of the adult Dscam ™'~ retina and were in
dense clusters in the peripheral retina (Figures 2A and 2D). Soma
spacing and arborization of melanopsin-positive ipRGCs
changed from distributed cell bodies and individually arborized
dendrites in the wild-type retina to clumps of cell bodies associ-
ated with thick fascicles of dendrites in the Dscam ™~ retina
(Figures 2B and 2E, classification as dendrites was based on
MAP2 immunoreactivity and a lack of neurofilament immunore-
activity; data not shown). In contrast to wild-type, YFP-positive
RGCs in the Mito-Y mice were strongly aggregated in Dscam ™'~
retinas (Figures 2C, 2F, S4B, and S4D). Therefore, Dscam is
required to prevent dendrite fasciculation and promote mosaic
patterning of cell bodies in RGC populations, similar to its func-
tion in amacrine cells (Fuerst et al., 2008).

Dscam Does Not Confer RGC Cell-Type Identity, but
Rather Prevents Cell-Type-Intrinsic Adhesion

To determine whether cell aggregates and fascicles contained
multiple cell types or consisted primarily of homotypic cells,
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Figure 2. Dscam Is Required for Retinal
Ganglion Cell Spatial Patterning but Does
Not Confer Cell-Type Identity

Retinal ganglion cell populations were labeled in
adult wild-type and Dscam™~ retinas using the
antibody SMI-32 to nonphosphorylated neurofila-
ment (A and D; alpha RGCs), anti-melanopsin
(B and E; melanopsin-positive RGCs), and the
Mito-Y transgene (C and F; Mito-Y-positive RGCs).
(A and D) oo RGCs are aggregated in the periphery
of the Dscam ™~ retina compared to the wild-type
retina; arrowheads denote cell bodies in the central
retina of wild-type mice.

(B and E) Melanopsin-positive RGCs are densely
aggregated in the Dscam™~ retina compared to
wild-type. The dendrites of melanopsin-positive
RGCs form fascicles in the Dscam™~ retina,
whereas they arborize in wild-type.

(C and F) Mito-Y-positive RGCs are aggregated
and fasciculated in the Dscam ™~ retina.

(G-L) Pairwise labeling of adult wild-type and
Dscam ™'~ retinas with antibodies to melanopsin,
nonphosphorylated neurofilament (SMI-32), and
the Mito-Y transgene (n > 3). RGC aggregates and
fascicles in the Dscam™~ retina were composed
primarily of a single RGC type (H, J, and L).

(M) RGC cell types form mosaics in the wild-type
retina and aggregate and fasciculate with cells of
the same type in the Dscam ™/~ retina.

The scale bar in (H) is equivalent to 280 pm in (A)-(F)
and 387.5 um in (G)—(L).

® RGC-2 the three RGC populations described
above were examined in pair-wise combi-
nations (Figures 2G-2L). In all cases,
soma aggregation and neurite fascicula-
tion occurred between cells of the same
type, but not between different cell types, indicating that DSCAM
is not required for cell type identity, but instead suggesting that
an adhesive cue that is shared by all cells of a given type is un-
masked in the absence of DSCAM (Figure 2M).

Dscaml1 Is Required for All Amacrine Cell Mosaic
Spacing and Rod Bipolar Cell Dendrite Organization

To determine whether Dscaml1 is involved in a similar self-avoid-
ance function, All amacrine and RBCs were analyzed in a
Dscam!197CT packground. The anatomy of the retina in
Dscam!17%T mice was examined in histological cross-sections
from P20 mice. In Dscam/1¢™CT mice, the width of the inner
nuclear layer was increased and the inner plexiform layer was
expanded, whereas the outer nuclear layer (photoreceptors)
and retinal ganglion cell layer were unchanged compared to
controls (Figures 3A-3C).

Retinas were stained with antibodies to DAB1, to label All
amacrine cells, or PKCa, to label RBCs. All amacrine cells
were disorganized in their vertical soma patterning in the
Dscaml1€7¢T retina (Figures 3D and 3H). The number of All ama-
crine cells was significantly increased in the Dscam/16767 retina
(Table 1). In an examination of whole-mount retinas, All amacrine
cells were no longer organized in the normal lateral mosaic
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Figure 3. Dscamli1 Is Required for Mosaic
Patterning of All Amacrine Cells and
Dendritic Morphology of Rod Bipolar Cells
(A-C) Sections of wild-type, Dscam/1¢7/G", and
Dscam™~ retinas stained with hematoxylin and
eosin. The inner nuclear and inner plexiform layers
of the Dscam/16™CT and Dscam™~ retinas are
expanded and disorganized compared to wild-
type. The Dscam ™~ RGL was also disorganized.
No histological differences were detected between
wild-type and Dscam/1™*retinas (data not
shown). Sections or whole retinas from wild-type
and Dscam/1¢™CT mice were stained with anti-
bodies to DAB1, a marker of All amacrine cells
(D, E, H, and ) or PKCa., a marker of RBCs (F, G,
J, and K); (n > 3).

(D and H) All amacrine cells in sections of wild-type
and Dscaml1™C7 retina. All amacrine cells are
clumped and vertically disorganized in the
Dscaml1€™CT inner nuclear layer compared to the
regular distribution in the wild-type retina.

(E and 1) All amacrine cells are distributed in
a mosaic across the surface of the inner nuclear
layer of the wild-type retina but clump in the
Dscaml167C7 retina.

(F and J) Rod bipolar cells in sections of wild-type
and Dscam/1%7/¢7 retinas. The Dscam!16747 retina
has an increased number of RBCs compared to
wild-type, but the synaptic termini of both wild-
type and Dscam!1¢7/CT RBCs are stratified in ON
vitreal portion of the inner plexiform layer.

(G and K) No difference was observed when
comparing the spacing of Dscam/1¢7¢7 and wild-
type RBCs, although they are more abundant in
the Dscam! 1€ retina.

(L and M) Transmission electron microscopy was
used to examine the structure of the Dscam/1¢™67
outer plexiform layer (n = 4 mice of each genotype).
The size of photoreceptor peduncles was reduced
in the Dscami1C7CT outer plexiform layer, and
fewer ribbon synapses were observed (arrows).
Fascicles of rod bipolar dendrites (fasc) were also
observed in the mutant retina.

4 ?&‘ Dscami1°™"

(N and O) Wild-type and Dscaml1 GT/GT retinas were stained with antibodies to PKCo. and dystroglycan, a marker of the rod presynapse. Rod bipolar cell dendrites

1GT/GT

extend less far into the OPL in the Dscam/ retina.

The scale bar in the lower right corner of the figure is equivalent to 156 pm in (A)-(C), 204 um in (D), (F), (H), and (J), 664 um in (E) and (1), 68 um in (G) and (K),

12.75 nmin (L) and (M), and 13.5 um in (N) and (O).

pattern observed in wild-type retinas; instead, the cell bodies
adhered and aggregated in clumps (Figures 3E and 3l). Rod
bipolar cells are not arranged in a mosaic pattern in the wild-
type retina, and no significant difference in soma spacing was
observed when comparing their distribution in the Dscam/1¢7¢"
retina (Figures 3F, 3G, 3J, and 3K). Rod bipolar cells were further
examined by confocal imaging through different planes of the
retina (Figure S5). Adhesion of RBC proximal dendrites and
a significant increase in RBC number were observed in the
Dscami1€7/CT retina (Table 1).

Transmission electron microscopy was performed to examine
the anatomy of the Dscam/1¢7/¢ retina. Dense fascicles devoid
of synaptic vesicles were observed in the Dscam/1¢™/G" OPL
(Figures 3L and 3M; fasc). Some morphologically normal ribbon
synapses were observed in the Dscam!1%7C” OPL; however, the
number of ribbons observed was reduced compared to wild-

488 Neuron 64, 484-497, November 25, 2009 ©2009 Elsevier Inc.

type (Table 1). A decrease in the number of ribbons was also
observed at P9 and P15, indicating that the reduction is a devel-
opmental defect and not degenerative (Figure S6). Morphologies
of wild-type and Dscam/1%™ST RBCs were examined by labeling
retinas with anti-PKCa, to label RBC dendrites, and anti-dystro-
glycan, to label the rod presynapse (Figures 3N and 30). Rod
bipolar cell dendrites extended less far in the Dscam/1G7GT
retina compared to wild-type (Table 1).

No significant difference in the number or spatial organization
of cholinergic amacrine cells, horizontal cells, SMI-32-positive
retinal ganglion cells, or melanopsin-positive retinal ganglion
cells was observed (Figure S7 and data not shown; t test >
0.05), but DA amacrine cells were significantly increased in
number in Dscam/1¢7€T mice compared to wild-type (t test <
0.02). DA cell number is influenced by genetic background,
and the increase in DA cell number may be related to the
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Table 1. Quantification of Wild-Type versus Dscaml1¢7/¢T
Phenotypes

Wild-Type Dscaml16™CT T Test
All cell 4.4 +0.61 6.59 +2.68 0.042
number/100 um
Rod bipolar cells/mm? 26,527+1008 37,031+1456 <0.005
Ribbons/100 um OPL 471 13.0 N.D.
Rod bipolar cell dendrite 1.66 + 0.31 0.91 £ 0.20 <0.005

length (um)

N.D. Not Determined

The phenotypes of the Dscam/ retina were quantified, including All
amacrine cell number, rod bipolar cell number, ribbon synapses in the
OPL, and rod bipolar cell dendrite length. Statistical significance was
determined using a Student’s T test.

1GT/GT

segregating genetic background of the Dscam/1¢7 allele or to the

increase in All amacrine cell number (Whitney et al., 2009).

The lateral spacing of All and dopaminergic amacrine cells
was examined using confocal Z projections in control and
Dscam!1¢7’GT whole-mount retinas (Figures 4A-4F). DRP anal-
ysis was used to assess mosaic patterning. All amacrine cells
had an exclusion zone in the wild-type retina but were strongly
aggregated in the Dscami1®7CT retina (Figures 4G and 4H).
The number of All amacrine cells and the degree to which they
aggregate in the Dscami16™C7 retina is likely to be underesti-
mated because mutant All cells are aberrantly stacked, and
therefore undercounted in confocal series. In contrast, DA cells
continued to form a mosaic in the Dscam/1¢7¢7 retina (Figures
4] and 4J); however, their neurites were directed toward clumps
of All cells, suggesting that All amacrine cells play an important
role directing the patterning of the DA neurites that enwrap them.
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Therefore, deletion of Dscaml1 primarily disrupts the dendrite
avoidance and mosaic patterning of those cells that express it in
the wild-type retina, similar to Dscam. However, secondary
phenotypes affecting the synaptic partners of these cell types
can also be observed.

Synaptic Colamination and Specificity Is Preserved
in the Dscam and Dscami1 Null Retinas
Dscams are required for synaptic lamination in the chick retina,
and they are proposed to mediate synaptic specificity through
adhesion (Yamagata and Sanes, 2008). We therefore examined
ipRGC dendrite stratification and M1 ipRGC costratification
with DA cell neurites in Dscam ™~ retinas. The anti-melanopsin
antibody differentiates two distinct populations of ipRGCs
(Schmidt and Kofuji, 2009): M1, which stain brightly with the anti-
body to melanopsin, have small cell bodies and stratify in the
OFF portion of the IPL, and M2, which stain dimly, have large
cell bodies and stratify in the ON portion of the IPL (Figure 5A).
In Dscam™~ retinas, the clumps of melanopsin-positive cells
appear to be either M1 or M2 cells, based on staining intensities
(Figure 5B). In cross-sections of wild-type retinas, the M1 cells
costratify with the processes of dopaminergic amacrine cells
at the top of the IPL (the OFF portion), and a subset of these
two cell types synapse with one another (Viney et al., 2007;
Zhang et al., 2008). M2 cells stratify their dendrites in the ON
portion of the IPL (Figure 5C). In the Dscam '~ retina, the costra-
tification of melanopsin-positive processes and TH-positive
processes is still evident, and melanopsin-positive processes
are still found in the ON portion of the IPL (Figure 5D).

To determine whether the melanopsin-positive processes in
the IPL still correctly corresponded to M1 or M2 cells, we
analyzed whole-mount retinas by confocal Z projections, which

Figure 4. Analysis of Patterning of DA and
All Cells

Wild-type and Dscaml/ retinas were stained
with antibodies to label DA cells (TH) and All cells
(DABH).

(A-C) Spatial organization of DA and All amacrine
cells form mosaics in the wild-type retina. All cells
are wrapped by neurites from DA cells (arrows).
Images are shown as the merge (A) and the TH
(B) and DAB1 (C) signals individually.

(D-F) All amacrine cells require Dscaml1™¢7 for
normal organization and clump in its absence. DA
neurites are absent from areas lacking All cells (E).
(G and H) DRP analysis was performed comparing
distribution of All amacrine cells in the wild-type (G)
and Dscami187/CT retina (H). In the wild-type retina,
an exclusion zone is observed (reduction below
average spacing), whereas strong aggregation is
observed in the Dscam/1®7C" retina (above

1GT/GT

J Dscamier average spacing).

(I and J) DRP analysis was performed comparing
distribution of DA cells in the wild-type (I) and
Dscaml1G™CT retina (J). DA cells had an exclusion
zone in both wild-type and Dscam/167/¢7 retina.

The horizontal lines in (G)-(J) indicate average cell
densities; values are mean + standard deviation.
The scalebar below (F) is equivalent to 132 pm.
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Figure 5. Confocal Projection of ipRGCs
and DA Cells

Wild-type and Dscam ™"~ retinas were stained with
antibodies to TH and melanopsin to detect DA
cells and ipRGCs, respectively.

(A) Anti-melanopsin stains two populations of
ipRGC, bright M1 cells and dim M2 cells in the
wild-type retina.

(B) In the Dscam ™~ retina, M1 and M2 cells aggre-
gate and fasciculate separately.

(C and D) Cross-sections of wild-type and
Dscam ™~ retina stained with antibodies to mela-
nopsin, TH, and ChAT. (C) In the wild-type retina,
ChAT labels the neurites of cholinergic amacrine
cells in the ON and OFF portion of the INL, while
M1 ipRGC dendrites costratify with DA neurites
immediately below the INL, and M2 dendrites
stratify in the ON portion of the INL proximal to
the RGL. (D) This lamination pattern is preserved
in the Dscam™" retina.

(E) A confocal Z projection from the RGL through
the IPL to the amacrine cell bodies in the INL in
the wild-type retina.

(F) The bottom half of the Z stack contains ganglion
cell bodies and the M2 dendrites in the ON portion
of the IPL.

(G) The top half contains dopaminergic amacrine
cell bodies and M1 dendrites.

(H-J) In the Dscam ™'~ retina, melanopsin-positive
dendrites stratify in two bands, with the IPL prox-
imal band costratifying with DA neurites. (I) Dim
M2 cells stratify dendrites in the ON portion of
the IPL. (J) Bright M1 cell dendrites project to the
IPL immediately below the INL.

(K) Cofasciculation of DA cell neurites and M1
dendrites is observed in the Dscam ™/~ retinas.

(L) In Dscam™~; Dscaml1¢™¢" double-mutant
retinas, ipPRGC dendrites are fasciculated in the
ON portion of the IPL, while dopaminergic ama-

/

crine neurites are fasciculated in the OFF portion
of the IPL proximal to the INL; however, colamina-

were then split into the lower half (the RGL and ON strata of the
IPL) and the upper half (the OFF strata of the IPL and the ama-
crine cell bodies). In the wild-type retina, ipRGC cell bodies
and M2 dendrites, as well as M1 dendrites passing through,
are present in the lower stack, whereas M1 dendrites and DA
cells are present in the upper stack (Figures 5E-5G). In the
Dscam™~ retina, clumps of bright ipPRGC cell bodies (M1) and
dimmer ipRGC cell bodies (M2) are seen in the lower stack.
The dendrites of the M1 cells are fasciculated and passing
through to be found in the upper stack, along with the DA
processes and cell bodies, whereas the M2 dendrites are found
exclusively in the lower stack (Figures 5H-5J). These results
further indicate that the clumps of cell bodies observed are
indeed cell type specific and also indicate that these cell types
still project to appropriate strata of the IPL and costratify appro-
priately with other cell types. In addition to costratifying, some
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tion in S1 is very disorganized.

(M) Dscam is required for mosaic patterning of DA
and ipRGCs but gross synaptic lamination is intact.
The measurement bar in panel (K) is equivalent to
496.8 uym in (A) and (B), 64.1 um in (C) and (D),
193.75 um in (E)—(J), and 132 umin (K).

processes of DA and M1 ipRGCs also cofasciculated in the
Dscam™'~ retina (Figure 5K). This is the only example of marked
cofasciculation between two different cell types observed, and it
is interesting to note that these cells are synaptically coupled in
the wild-type retina. Retinas from mice lacking both Dscam and
Dscaml1 (Dscam™~; Dscami1™CT) were extremely disorga-
nized, but some degree of costratification was still present
(Figure 5L). The M1 neurites projected to the OFF portion of
the IPL but did not laminate along the surface of the INL. Since
Dscami1 is not expressed in either cell population, the increased
disorganization is likely to arise simply from the increased cell
number in the double mutant. Therefore, Dscam is required for
M1 ipRGC and DA mosaic patterning but not for their neurite co-
lamination (Figure 5M).

The stratification of processes was further examined using
labels for other cell populations in Dscam™~, Dscam/1¢7CT
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Figure 6. Synaptic Lamination Is Preserved
in the Dscam or Dscaml1 Null Retina

(A-D) Retina sections were stained with antibodies
to ChAT to detect cholinergic Starburst amacrine
cells and with SMI-32 to detect o RGCs. The loca-
tion of ON and OFF cholinergic bands are used to
demarcate synaptic layers S2 and S4. Paired
cholinergic bands (green arrowheads) were
observed in wild-type and mutant retinas,
although their lamination was not as compact in
the Dscam™~; Dscaml1®7C7T retina. A small
number of cholinergic amacrine cell neurites
were laminated in an ectopic plexiform layer within
the INL of the Dscam™~; Dscami16™C" retina.
o RGCs stratify dendrites on the RGL proximal
side of cholinergic bands (read arrow heads).
Stratification proximal to cholinergic bands was
observed in all genotypes, with dendrite fascicles
observed in the ON portion of the Dscam™~ and
Dscam™'~; Dscaml1®7/CT retina.

(E-H) Retina sections were stained with antibodies to CHX10 to label bipolar cells, PKCa to label RBCs, and DAB1 to label All amacrine cells. The axon terminals
of RBCs were laminated in $4-S5 of all genotypes. Varicosities were observed in RBC axons in the Dscam ™~ and Dscam~'~; Dscam!1¢7°7 retina. All neurites
were stratified in S1/S2 and S4/S5 of all genotypes and also colaminated with the axonal terminals of RBCs in all genotypes. All amacrine cells were observed to
stratify neurites in an ectopic plexiform layer within the INL and to also project neurites past RBC terminals, toward the RGL in the Dscam ™ ~; Dscam/17¢7 retina.
The scale bar in (H) is equivalent to 134.6 um for all panels except (D) and (H), in which it is equivalent to 123 um.

retinas, and in double Dscam/Dscami1 mutant retinas. Alpha
ganglion cells were examined in combination with ChAT-positive
amacrine cells. In this combination, the alpha RGCs require
Dscam, but ChAT-positive cells do not express Dscam or
Dscaml1. In a second combination, RBCs were examined with
All amacrine cells, both Dscaml1-expressing populations.

Alpha RGCs and cholinergic amacrine cells both laminate
in distinct bands in the ON and OFF halves of the IPL in the
wild-type retina (Figure 6A). Cholinergic bands mark the IPL
laminae S2 and S4 (the IPL can be subdivided into five sublami-
nae, S1 near the INL to S5 near the RGL), and alpha RGCs lami-
nate dendrites on the proximal (RGL) face of cholinergic bands.
Paired cholinergic and alpha RGC bands are preserved in
both Dscam and Dscaml1 mutants; however, it is not as compact
in the Dscam null retina (Figures 6B and 6C). The Dscam/
Dscaml1 double null retina was similar to the Dscam ™~ retina
(Figure 6D).

All amacrine neurites project glycinergic terminals onto OFF
cells in S1/S2 and form a synapse with RBC terminals in S5
(Figure 6E). All amacrine cells and RBCs continue to colaminate
in the ON portion of the IPL in the Dscam ™~ and Dscam/167¢"
retina (Figures 6F and 6G). The Dscam/Dscaml1 compound
mutant retina was similar to the single mutant retinas (Figure 6H).

Therefore, while synaptic lamination in Dscam and Dscami1
mutant retinas was not as sharp as that observed in the wild-
type retina, neurites did continue to laminate in the proper
portion (ON or OFF) of the IPL, and synaptic colamination was
preserved, suggesting that Dscams are not required for synaptic
specificity in the mouse retina.

Synapses Are Functional in the Dscami1 Null Retina

The expression of Dscaml1 in the rod circuit provided the oppor-
tunity to confirm that costratification of terminals was indicative
of functional connectivity between rods and RBCs, and between
RBCs and All amacrine cells (Figure 7A).

Double labeling adult retina cross-sections for All and
RBCs revealed that in addition to costratifying in the ON portion
of the IPL, the terminals of the two cell types were still in
close apposition in the mutant retina (Figures 7B and 7C).
These cells form a “dyad” synapse, which can be identified
by electron microscopy. The large (>2 um) rod bipolar terminal
forms a ribbon synapse at the junction of an All and an A17
amacrine cell (Raviola and Dacheux, 1987). The All cells are
electron dense, and the A17 cell forms a reciprocal synapse
with the RBC terminal. This anatomical arrangement was still
readily evident in the Dscam/1€™CT |PL, although the synaptic
ribbons were not as well formed in the bipolar terminal, and
there was an overabundance of vesicles (wild-type: 288 =
59.44 vesicles/um? versus Dscam/197/6": 4571 + 108.5 vesi-
cles/um? t test = 0.02), raising the possibility that functional
exocytosis is impaired in the mutant retina (Figures 7D and
7E, n = 3 mice examined per genotype, >8 synapses per
mouse, at 2 months of age).

The mutant All-RBC synapse was functional, as determined
by a comparison of paired recordings from synaptically coupled
cells in slice preparations of adult control (C57BL/6) and
Dscam{1€7/C7 retinas. Presynaptic RBCs were depolarized
from a holding potential of —50 mV to —10 mV to elicit a presyn-
aptic Ca current (Figures 7F and 7Gi). Presynaptic Ca2* influx
evoked exocytosis of glutamatergic vesicles, as indicated by
the excitatory postsynaptic current (EPSC) recorded in the All
cell (Figures 7F, 7Gii, and 7Gii)). Synaptic transmission was
similar in Dscam/167CT and wild-type mice (Dscam/1¢7/GT
versus wild-type): EPSC amplitude = 220.1 + 51.2 versus 240 +
61.0 pA, p = 0.78 by ANOVA; Ca current amplitude (measured
at steady-state) = 27.8 + 6.5 pA versus 23.4 + 3.6 pA, p = 0.53
by ANOVA (n = 7 paired recordings from 4 Dscam/1%™CT mice
and n = 7 paired recordings from 3 wild-type mice). However,
the decay of the EPSC (from peak to steady-state current) was
slower in the Dscaml19"%" mice. A decay time constant (Tgecay)
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Dscaml1°™e" Figure 7. Rod Bipolar and All Amacrine
Cells Remain Synaptically Coupled in the
Dscaml1 Null Retina

(A) Schematic of the rod visual circuit. Light
responses in the rods leads to synaptic activation
of RBCs. Rod bipolar cells form a dyad synapse
with A17 amacrine cells, which are inhibitory, and
All amacrine cells. All amacrine cells form an inhib-
itory glycinergic synapse with OFF cone bipolar
cells and RGCs and form gap junction connections
with ON cone bipolar cell terminals, which transmit
visual information to ON RGCs. Dscaml1 is ex-
pressed in three cell types within this circuit:
rods, RBCs, and All amacrine cells.

(B and C) Sections of wild-type and Dscam/
retina were stained with antibodies to disabled
(DABH1) to label All amacrine cells and with PKCa
to label RBCs (n = 3). Colamination of RBC axonal
terminals and All amacrine cell neurites was
observed in the inner plexiform layer proximal to
the retinal ganglion cell layer. Colamination was
preserved in the Dscam/167C7 retina, even in
rare cases where the rod bipolar axon terminals
were ectopically localized within the inner plexi-
form layer.

(D and E) Wild-type and Dscami1€767 retinas
were imaged by transmission electron microscopy
(n = 4). Rod bipolar cells, All amacrine cells, and
A17 amacrine cells form a three-part synapse,
the dyad synapse, which was observed in both

1GT/GT

wild-type and Dscam/17CT retinas. Dscam!167CT synapses had an overabundance of vesicles and rudimentary synaptic ribbons in bipolar cell terminals.
(F) Photomicrograph of paired recording shown with fluorescence images of the rod bipolar (green) and All (red) superimposed over a transmitted light image of
the retinal slice. In the wild-type retina, depolarization of the presynaptic rod bipolar from —50 to —10 mV elicits an inward Ca current () and evokes an EPSC in the

postsynaptic All (ii is an individual EPSGC; jii is the average of seven responses).

(G) The same paired recording analyses performed in Dscam/1%™T mice, again showing the presynaptic bipolar cell Ca current (), an individual EPSC (i), and the

average EPSC (ji)), note the slower decay phase of the postsynaptic response.

The scale bar below panel (E) is equivalent to 76 um in (B) and (C) and 1.2 um in (D) and (E).

was calculated from either a double exponential function fit to
Dscami19747 recordings (the average Tyecay is reported) or a
single exponential function fit to wild-type recordings. Tgecay
(Dscaml1€7'CT versus wild-type) was 7.4 + 1.1 versus 3.6 +
0.3 ms (p =0.002 by ANOVA). The decay of the transient compo-
nent of the EPSC may reflect the depletion of a small, readily
releasable vesicle pool at the rod bipolar active zone (Singer
and Diamond, 2006). The differences in EPSC decay between
the Dscami/1676T and wild-type recordings suggest differences
in the number of vesicles in the rod bipolar presynaptic terminal
(Figures 7D and 7E) or the time course of exocytosis. These
experiments do, however, clearly indicate that the synaptic
specificity between rod bipolar and All amacrine cells is intact,
and the synapses are functional, despite possible structural
and functional differences from wild-type.

Synaptic connectivity between rods and RBCs in the OPL was
also examined. Bassoon, a marker of the rod presynaptic
density, and CACNA1S, a marker of the RBC postsynaptic
site, were used to determine if synaptic specificity was intact in
the Dscam!18™CT OPL. The number of synapses was decreased
(Table 1); however, pre- and postsynaptic apposition was intact
(Figures 8A and 8B). Rod bipolar cell dendrites colaminated with
calbindin-positive horizontal cell axons in the outer plexiform
layer (Figures 8C and 8D). Transmission electron microscopy
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showed that ribbon structures still formed in the Dscam/1¢7/¢T

retina (Figures 8E-8H). Consistent with the light microscopy
data, fewer ribbons were observed in the Dscam/1¢7¢7 retinas,
and floating ribbons that were not in contact with the presynaptic
membrane were also present.

Despite differences in OPL morphology, the rod-to-rod bipolar
synapse was functional, as demonstrated by the robust bipolar
cell response in dark-adapted electroretinograms (ERG). In
dark-adapted ERGs, the initial signal in response to a light
flash (the A wave) represents the activation of the rods, while
the second wave (the B wave) is primarily signal from the
synaptic activation of the bipolar cells. The A and B waves in
Dscam!197/CT mice trended toward larger amplitudes compared
to wild-type mice (Figures 8l, 8J, and S8). This is consistent with
the increase in RBC number but may also be influenced by
a decrease in the number of synapses or changes in the synaptic
efficacy in the mutant, resulting an insignificant change in ampli-
tude overall. For comparison, ERG recordings from Dscam ™/~
mice were also normal but with reduced amplitude compared
to control (Figure 8K; n = 5 for all genotypes at ages between
2-3 months).

Therefore, Dscaml1 is required for dendritic organization and
soma patterning but is not required for synaptic specificity,
and functional synapses form in its absence.
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Figure 8. Rods and Rod Bipolar Cells
Remain Synaptically Coupled in the
Dscaml167/ST Retina

(A and B) Sections of wild-type and Dscam/
retinas were stained with antibodies to PKCa to
label RBCs, Bassoon, a marker of the rod presy-
napse, and Cacnals, a component of the RBC
postsynapse. Presynaptic and postsynaptic
markers were paired in both the wild-type and
Dscaml16™CT retina, although the number of
synapses was reduced in the mutant retina.

(C and D) Sections of wild-type and Dscam/1¢7¢"
retinas were stained with antibodies to PKCa. to
label RBCs and with calbindin, a marker of hori-
zontal cells (n = 2). The dendrites of both wild-
type and Dscam/1®7/¢T RBCs colaminated with
horizontal cell axons.

(E-H) Transmission electron microscopy was used
to examine the anatomy of the Dscam/1¢7/GT
ribbon synapses. Examples of ribbon synapses
from wild-type (E and F) and Dscam/1¢7/GT
(G and H) retinas showing the photoreceptor

1GT/GT

ribbon (R) apposed to a horizontal cell (H) and invaginating bipolar cells (B, typically an ON bipolar dendrite flanked by darker OFF bipolar processes). An increase

in floating ribbons was seen in the mutant (H).

(I-K) Electroretinography (ERG) was performed on wild-type, Dscam/1¢7¢", and Dscam™

= mice (n > 5). Rod bipolar cells receive input from rods in the

Dscaml16™CT mice, as demonstrated by the robust B wave, reflecting postsynaptic bipolar cell activation, which had a greater amplitude compared to wild-

—/—

type and Dscam '~ mice.

The scale bar below panel (H) is equivalent to 32.4 um in (A) and (B), 40.9 um in (C) and (D), and 478 nm in (E)—(H).

DISCUSSION

Both Dscam and Dscaml1 are involved in a form of self-avoid-
ance in the mouse retina in all cell populations we have exam-
ined. The genes have nonoverlapping expression patterns in
the mouse retina, with Dscam being expressed in a subset of
amacrine cells and most retinal ganglion cells beginning soon
after these cells are born. Dscaml1 is expressed in the rod circuit,
including rod photoreceptors, RBCs, and All amacrine cells. In
the absence of either gene, the cells that would normally express
it show excessive fasciculation of their dendrites and clumping of
their cell bodies. Thus, in normal function, Dscam and Dscaml|1
appear to prevent this excessive adhesion, a role that is tanta-
mount to the repulsive self-avoidance function seen for Dscams
in Drosophila. In contrast, the DSCAMs do not appear to be
required to specify synaptic connections. The processes of
Dscam or Dscaml1 mutant cells still costratify with their synaptic
partners in discrete laminae in the plexiform layers. In addition,
the synaptic connections of the rod circuit remain functional in
Dscami1676T retinas. The synapses are reduced in number
and are morphologically abnormal, and DSCAML1 may play
a role in finalizing the synaptic architecture, consistent with its
localization, but the appropriate cells still find one another and
establish functional connections in its absence.

These results indicate that the role of Dscams in the mouse
retina may be divergent from the role of Dscams in the chick retina
(Yamagata and Sanes, 2008). In this model, the cells in the inner
nuclear layer use the proteins as a homophilic adhesive code to
connect with appropriate RGC dendrites. This function in chick
may be similar to DSCAM'’s role in Aplysia, where it is necessary
for synaptogenesis in cultured motor and sensory neurons of the
gill-withdrawal reflex and for later plasticity at these synapses.

However, this function in synapse formation and specificity
does not appear to be conserved in the mammalian retina.

Although mouse DSCAM and DSCAML1 both function in
a form of self-avoidance similar to Dscam1 and Dscam2 in
Drosophila, there remain important distinctions from the fly as
well. In particular, mouse DSCAMs lack the extensive molecular
diversity generated by the alternative splicing of Dscam1 in the
fly. In keeping with their limited repertoire, the mouse genes do
not appear to be conferring cell identity. In Drosophila, a given
cell is able to recognize its own dendrites, axon, or synaptic part-
ners while being invisible to its neighbors, because each cell
expresses only a small fraction of the possible Dscam1 splice
variants, and molecular interaction and self-avoidance are iso-
form specific (Neves and Chess, 2004; Neves et al., 2004).

In the mouse retina, the clumps of cell bodies and fascicles of
processes that form in the absence of Dscam or Dscaml1 consist
largely of cells of the same type or a cell type and its synaptic
partner. In this regard, it appears that DSCAMs are masking
adhesive codes that are shared by cells of a given type, and in
the absence of DSCAMSs, these adhesive cues are unmasked.
In this way, the DSCAMs effectively mediate self-avoidance
and do so in the absence of molecular diversity.

The mechanisms by which DSCAMs function in this form of
self-avoidance are unclear at both the cellular and molecular
levels. However, some rules are apparent. The mechanism
must allow for a great deal of tolerance for interactions between
cells of the same type in the wild-type retina. The mosaics of
mammalian retinal neurons are often not truly tiled, where each
cell occupies a territory that is devoid of processes of other cells
of the same type. Instead, the cell bodies are nonrandomly
spaced in mosaic patterns, where an “exclusion zone” exists
around each cell, preventing other cells of the same type from
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residing close by, but the processes of these cells intermingle
extensively, with coverage factors (the average area occupied
by a cell of a given type multiplied by the number of cells of that
type inthat area) of 2-3 and as high as 7-9. Therefore, it is difficult
to conceive of a mechanism in which the mammalian DSCAMs
are actively repellent, unless this repulsion is very short range
or very weak. This point is further exemplified by the expression
of Dscam by most ganglion cells, which must interact extensively,
and by Dscaml1 expression in RBCs, a very densely packed cell
type.

At this cellular level, one inviting hypothesis is that DSCAMs
prevent adhesion passively, serving simply as nonstick coatings
that mask the cell-type-intrinsic adhesive cues. The main attrac-
tion of this hypothesis is that it does not require extensive molec-
ular diversity; a cell expressing Dscam would simply be indif-
ferent to other cells expressing Dscam (or Dscaml1 cells to
other Dscaml1 cells), unless overpowered by an appropriate
adhesive signal. The presence of multiple non-stick coatings
(DSCAM and DSCAML1) would allow some cell types to main-
tain a close association under normal circumstances, such as
the processes of dopaminergic amacrine cells (Dscam-express-
ing) that encircle the cell bodies of All amacrine cells (Dscaml1-
expressing). Alternative mechanisms are also possible; for
example, the DSCAMs may be present in a gradient with
a high-proximal, low-distal concentration on the membrane of
neurites. This could establish an exclusion zone around each
cell body but still allow interaction of the distal processes with
other cells of the same type. Unfortunately, existing anti-DSCAM
antibodies lack the sensitivity and specificity needed to assess
the protein distribution on the cell surface.

At the molecular level, intracellular signaling pathways must be
involved. Both DSCAM and DSCAML1 are homophilic adhesion
molecules when transfected into nonadhesive cell types, but
mediate self-avoidance in vivo. In Drosophila, the intracellular
domain of DSCAM1 is required for its function in self-avoidance
(Matthews et al., 2007). Drosophila and mammalian DSCAM
intracellular domains may share some signaling functions. Fly
DSCAM1 interacts with PAK1 (P21 Activated Kinase) via DOK,
whereas human DSCAM binds PAK1 directly (Li and Guan,
2004; Schmucker et al., 2000). PAK1 is involved in many path-
ways, and although PAK1 isoforms are dynamically localized
in the mouse retina, we have seen little difference in PAK1 acti-
vation in the Dscam ™~ and Dscam/1¢7¢T retina (Figure S9).
PAK1 is also not required for self-avoidance in Drosophila, and
it may therefore be a better candidate for other DSCAM func-
tions, such as axon guidance (Andrews et al., 2008; Hughes
et al.,, 2007). The C termini of DSCAM and DSCAML1 also share
PDZ interaction consensus sequences, suggesting that the
DSCAMs may be part of a larger adhesion/signaling complex.
Further examination of DSCAM signal transduction and binding
partners will be required to understand these mechanisms.

How the mechanisms leading to fasciculation and clumping in
the mutant retina relate to the increase in cell number of the
affected cell populations is also unclear. In both Dscam and
Dscaml1 mutant retinas, there is an overabundance of the cell
types that would normally be expressing the respective genes.
In amacrine cells, increased cell number arose from decreased
developmental cell death (Fuerst et al., 2008). This is true in
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ganglion cells as well. These cells are born embryonically and
die in the first few postnatal days. In the Dscam™~ retina, the
ganglion cell number is not different than control at E18, but is
significantly increased by P5. A delayed wave of cell death
ensues, partially restoring cell number by P15 (Figure S10A;
data not shown). Interestingly, this effect is also sensitive to
Dscam gene dosage, with heterozygotes having an intermediate
phenotype. Fasciculation of ipRGCs and Mito-Y-positive RGCs
precedes changes in cell number and is not solely the result of
increased cell density. A fasciculation phenotype is not observed
in Bax-deficient retinas at PO, in which normal developmental cell
death is inhibited (Figures S10B-S10G), suggesting that fascic-
ulation is not a secondary result of Dscam deficiency. Other
mechanisms may contribute, such as an interaction with DCC,
which may function as a dependence receptor as well as a
NETRIN receptor, but changes in synaptic activity, target derived
trophism, and other mechanisms may also be involved.

Therefore, our conclusion from studying DSCAM and
DSCAML1 in multiple cells types in the mouse retina is that these
proteins function similarly in self-avoidance by masking cell-
type-intrinsic adhesion. We do not observe an essential role for
these proteins in the stratification of processes in the inner plex-
iform layer, or in synaptic specificity where we have been able to
evaluate these functions. The gene expression patterns and
overt phenotypes of Dscam and Dscaml/1 mutant mice make it
clear that their functions extend beyond the retina, and DSCAMs
may serve other roles in other cell types elsewhere in the
nervous system. It will be important to determine whether
their role in other regions of the CNS is also limited to self-
avoidance, and how these roles relate to normal and abnormal
neurodevelopment.

EXPERIMENTAL PROCEDURES

Mouse Strains

The following previously described mouse strains were used in this study:
Mito-Y: Tg(Eno2-YFP/Cox8a)YRwb/J (Misgeld et al., 2007), Dscam™'~:
B6.CBy-(Dscam®!"”)/RwbJ, and Bax-deficient mice: B6.129X1-(Bax™'Sk)/J
(Jax stock 002994). Mice were used in accordance with protocols approved
by the Animal Care and Use Committee at The Jackson Laboratory.

RNA In Situ Hybridization

Fluorescent in situ hybridization was performed as previously described
(Fuerst et al., 2008). For colorimetric RNA in situ hybridization, the Dscam
template for riboprobe synthesis was generated by subcloning an ~800 bp
fragment corresponding to nucleotides 4642-5428 of mouse Dscam into
pBluescript KS+. In situ hybridization, using digoxigenin (DIG)-labeled ribop-
robes was performed on 100 um sections of E12.5-E17.5 embryonic mouse
heads as previously described (Erskine et al., 2000). Briefly, sections were de-
hydrated and rehydrated in 25%-100% methanol in PBT (PBS + 0.1% Tween-
20), bleached with 6% H,O, (Sigma-Aldrich, Dorset, UK) in PBT for 1 hr,
treated with 5 pg/ml Proteinase K (Sigma-Aldrich) in PBT for 5-10 min, fol-
lowed by postfixation with 4% PFA in PBT. The sections were incubated at
65°C in hybridization buffer (50% Formamide, 5x SSC, 50 ng/ml tRNA, 1%
SDS, 50 pg/ml heparin) for 1 hr, followed by hybridization overnight at 65°C.
Sections were washed three times with 50% formamide, 5 x SSC, 1% SDS
at 65°C, then with 50% formamide, 2 x SSC at 60°C, blocked with 10% sheep
serum/TBST (TBS + 1% Tween-20) and incubated overnight in anti-DIG-alka-
line phosphatase antibody (Roche Diagnostics, Lewes, UK) diluted 1:2000 in
1% sheep serum/TBST. To reveal the staining, the sections were washed
with TBST followed by incubation in NBT (337.5 ug/ml, Sigma-Aldrich) and
BCIP (175 pg/ml, Sigma-Aldrich) in NTMT (100 mM NaCl, 100 mM Tris-HClI,



Neuron
DSCAMs in the Mouse Retina

pH 9.5, 50 mM MgClI2, 1% Tween-20). Identical staining was seen with probes
raised to other regions of the gene. No staining was seen with the sense probe.

Dscaml1°7 Allele

The Sanger Genome Centre ES cell line CC0772 was used to generate the
Dscaml16" mice. ES cells were injected into blastocysts and resulting male
chimeras were bred to C57BL/6J females. Offspring were PCR-genotyped
for the §-gal cassette using the primers B-gal F (atc ctc tgc atg gtc agg tc)
and B-gal R (cgt ggc ctg att cat tcc) using 40 cycles of PCR with a 56°C anneal-
ing temperature. Pups carrying the gene trap were intercrossed, or back-
crossed to C57BL/6J and genotyped by following the markers DIMIT206
(CATGCACATTTC CCCACTGand TTTCTTTTC TTC CTT TTT CCC C) and
DOMIT129 (TTG TCT TTT AAC CTC CTG GAG C and TCC CAT CTT TCT CCT
TGT GG), which flank the gene trap insertion and are polymorphic between
C57BL/6J and 129/SvJ.

Northern Blot Analysis

Northern blot analysis was performed as previously described (Fuerst et al.,
2007). Briefly, mMRNA samples prepared from brains of P10 pups was polyA-
purified using oligo d-T cellulose (Sigma-Aldrich) and run on a formaldehyde
agarose gel and transferred to a nylon membrane. Primers 5 of the gene
trap, DscamI1NF (tgc tcc tgg act ctt tac aca) and Dscaml1NR (ctg gag tga
tgg aga ccg tg), were used to amplify a probe including sequence from exons
1-3. The PCR-derived probe was labeled with *2P using a Rediprime Il labeling
kit (GE Healthcare; RPN1633) and hybridized to the membrane. The mem-
brane was washed and developed.

B-Gal Assay

Mice were transcardially perfused with 4% PFA, brains and retinas were
dissected out and immersion fixed in 4% PFA for 24 hr. 50 um sections
were cut using a vibratome and stained with 4 mM potassium ferricyanate,
4 mM potassium ferrocyanate, 2 mM MgCl,, and 0.8 mg/ml X-gal. Tissue
sections were stained for 24 hr to 48 hr at 30°C. Tissue was rinsed in PBS
and counterstained with DAPI. Images were generated using a bright-field
image of the X-gal precipitate and a fluorescent image of DAPI, which was
made negative and superimposed on the blue X-gal staining.

Immunohistochemistry

Enucleated eyes were fixed in 4% paraformaldehyde overnight. Tissue was
equilibrated in 30% sucrose/PBS and frozen in OCT media. 10 um sections
were blocked in 3% normal donkey serum in 1x PBS and 0.1% triton. Primary
antibodies were incubated overnight at 4°C and subsequently washed 2 times
for 10 min in PBS. Sections were incubated at room temperature with
secondary antibodies for 1 hr, and then washed four times in PBS for
10 min. The last wash contained 2 pl of 1 mg/ml Dapi per 40 ml PBS.

Whole Retina Staining

Mice were transcardially perfused with PBS and 4% paraformaldehyde. Eyes
were enucleated and placed in PBS. A small hole was made at the junction
between the ciliary body and retina with a 30 gauge needle. The eye was hemi-
sected and the retina was teased away from the sclera. Retinas were fixed
a second time in 4% paraformaldehyde overnight, followed by a rinse in
PBS and incubation with primary antibodies in PBS containing 3% normal
horse serum and 0.5% Triton-X 100, for 3-5 days at 4°C, with gentle rocking.
Retinas were washed overnight in PBS and labeled with secondary antibodies
in PBS, 3% normal horse serum and 0.5% triton. Retinas were washed for
2-4 hr in PBS and flat mounted in an antifade media. All fluorescent images
were acquired on a Leica SP5 confocal microscope.

Antibodies

The following antibodies were used in this study: goat anti-DSCAML1 (R&D
Systems, AF3315 at 1:200), generated against the entire extracellular domain
of human DSCAML1, Smi-32 mouse anti-non-phosphorylated neurofilament
(Covance, SMI-32R at 1:500), rabbit anti-melanopsin (generously gift of
Ignacio Provencio, Uniformed Services University of the Health Sciences, at
1:10,000), mouse anti-tyrosine hydroxylase (Novocastra, NCL-TH at 1:25),
rabbit anti-tyrosine hydroxylase (Millipore, AB152 at 1:500), goat anti-ChAT

(Millipore, AB144P at 1:500) rabbit anti-B-gal (Eppendorf at 1:500), rabbit
anti-PKCa. (Sigma-aldrich, P4334 at 1:10,000), mouse anti-PKCa. (Santa
Cruz Biotechnology, SC8393 at 1:500), rabbit anti-disabled (generous gift of
Dr. Brian Howell, at 1:500), mouse anti-CTBP2 (BD biosciences, 612044 at
1:500), chicken anti-B-gal (Abcam, ab7 at 1:100), rabbit anti-NK3 (Abcam,
ab7 at 1:200), rabbit anti-calsenilin (Abcam, ab9661770 at 1:200), rat anti-
HCN4 (Abcam, ab 32675 at 1:50), rabbit anti-calbindin (Chemicon, D-28K at
1:400) and mouse anti-SYT2 (ZIRC, ZNP-1 at 1:400), rabbit anti-BRN3A (Milli-
pore UK, ab5945 at 1:500), mouse anti-TUJ1 (Cambridge Bioscience Ltd at
1:1000) and mouse anti-dystroglycan (DSHB, clone MANDAG at 1:500),
goat anti-ChAT (Millipore, AB144P at 1:500), goat anti-BRN3B (Santa Cruz
Biotechnology, 6026 at 1:400), mouse anti-cacnals (Millipore, MAB427 at
1:400) rabbit anti-PAK1 $144F, S199° and T423" (Cell Signaling Technology
at 1:500) and mouse anti-PAK1 T212F (Sigma-Aldrich at 1:500).

Electron Microscopy

Mice were transcardially perfused with 1.8% paraformaldehyde and 0.8%
glutaraldehyde in phosphate buffer pH 7.2, after which retinas were dissected
out and fixed overnight in the same fixative. Retinas were washed in PBS, and
post fixed in 1% osmium tetroxide in 0.1 M PBS for 4 hr at 4°C followed by two
15 min washes in PBS. Retinas were dehydrated in a series of ethanol and then
incubated in propylene oxide for 20 min at room temperature. Retinas were
then incubated in a 1:1 mixture of propylene oxide and epon-araldite for
24 hr, followed by another 24 hr incubation in 100% epon-araldite. Retinas
were cured at 65°C for 3 days, cut, and imaged.

Density Recovery Profile Analysis

DRP analysis was performed as previously described (Rockhill et al., 2000;
Rodieck, 1991). 1.55 mm sections of wild-type and Dscam/1¢7CT retinas
stained with antibodies to TH were used to measure the DRP of DA cells (n
= 4 for each genotype). 0.775 mm sections of wild-type and Dscam/1¢7/G"
retinas stained with antibodies to DAB1 were used to measure the DRP of
All cells (n = 3 for each genotype). Mito-Y retinas were imaged and montaged
for analysis (n = 3 for each genotype). The dorsal portion of the Mito-Y retina
was not included in the DRP analysis. In all cases, the first bin was discarded
to account for the soma size.

Bipolar-All paired recordings
Electrophysiological experiments were performed in an in vitro slice prepara-
tion of retina isolated from light-adapted Dscam/167¢T and C57BL/6 (wild-
type) mice aged P25-P35. Following induction of isofluorane, mice were
decapitated and eyes removed into cool (~10°C) Ames’ medium (Sigma)
with NaHCO3 (23 mM) added (gassed with 95% O./5% CO,, called Carbogen).
Retinas were isolated and small pieces of retina embedded in low melting
point agarose (3%; Sigma Type VII-A) in a solution containing (in mM)
119 NaCl, 40 HEPES, 1.25 NaH,PO,, 2.5 KCI, 2.5 CaCl,, and 1.5 MgSO,
(PH = 7.4 with NaOH). The agarose block was cut with a vibratome in
200 um transverse sections while submerged in gassed Ames’ medium.

Retinal slices were placed in a Plexiglas chamber and superfused at
~1 ml/min with artificial cerebrospinal fluid (ACSF) gassed with Carbogen
and containing (in mM) 119 NaCl, 23 NaHCO3,10 glucose, 1.25 NaH,PO4,
2.5 KCl, 1.1 CaCl,, 1.5 MgSQ,, 2 Na lactate, and 2 Na pyruvate (osmolarity
=290 mOsm), at near-physiological temperature (~35°C). The ACSF con-
tained picrotoxin (100 uM), TPMPA (50 pM), strychnine (0.5 uM), tetrodotoxin
(TTX, 0.25 pM), L-AP4 (2 pM), and niflumic acid (50 uM) to block GABAAR-,
GABACR-, glycine receptor-, voltage-gated Na channel-mediated, mGIuR6-
linked, and Ca-activated ClI currents, respectively. All drugs and chemicals
were obtained from Sigma or Tocris (except for TTX from Alamone Labs).

Whole-cell voltage-clamp recordings were made from visualized neurons
using pipettes (~5 MQ) containing (in mM) 90 CsCH3SO3;, 20 TEA-CI,
20 HEPES, 1 BAPTA, 8 tris-phosphocreatine, 4 MgATP, 0.4 NaGTP, and
0.2 mM Alexa hydrazide 488 or 564 tracer for visualization of recorded cells’
morphologies (pH = 7.3 by CsOH, osmolarity adjusted to 280 mOsm with
sucrose). All access resistance (Raccess) Was <20 MQ, compensated 50%—
90%; RB Raccess < 40 MQ and not compensated.

Recordings were made using MultiClamp 700A or 700B amplifiers (Axon
Instruments). Signals were low-pass filtered by the amplifier (2-10 kHz) and
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digitized (10-50 kHz) by an Instrutech ITC-18 A/D board (Instrutech) controlled
by Igor Pro software (WaveMetrics). To elicit presynaptic Ca currents, voltage
steps are applied to neurons; a P/4 leak subtraction protocol was used to
eliminate leak currents. Data analysis was performed using Igor Pro. ANOVA
was used to judge the significance of differences in unpaired data sets. Signif-
icance was accepted when p < 0.05.

Electroretinography

Dark-adapted electroretinograms were recorded as previously described
(Haider et al., 2008). Mice were dark adapted for at least 6 hr before being
anesthetized. Electroretinograms (ERGs) were recorded from the corneal
surface of one eye after pupil dilation.

SUPPLEMENTAL DATA

Supplemental Data include ten figures and Supplemental Experimental Proce-
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