L T

/

1\

=y

L)

Check for
updates

DSCAM promotes self-avoidance in the developing
mouse retina by masking the functions of cadherin
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During neural development, self-avoidance ensures that a neuron’s
processes arborize to evenly fill a particular spatial domain. At the
individual cell level, self-avoidance is promoted by genes encoding
cell-surface molecules capable of generating thousands of diverse
isoforms, such as Dscam1 (Down syndrome cell adhesion molecule 1)
in Drosophila. Isoform choice differs between neighboring cells,
allowing neurons to distinguish “self” from “nonself”. In the mouse
retina, Dscam promotes self-avoidance at the level of cell types, but
without extreme isoform diversity. Therefore, we hypothesize that
DSCAM is a general self-avoidance cue that “masks” other cell type-
specific adhesion systems to prevent overly exuberant adhesion.
Here, we provide in vivo and in vitro evidence that DSCAM masks
the functions of members of the cadherin superfamily, supporting
this hypothesis. Thus, unlike the isoform-rich molecules tasked with
self-avoidance at the individual cell level, here the diversity resides
on the adhesive side, positioning DSCAM as a generalized modula-
tor of cell adhesion during neural development.
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he specification of cell body position, dendritic arbor mor-

phology, axonal targeting, and synaptic connectivity requires
a complex system of recognition steps. To mediate these recogni-
tion events, a given neuronal cell type expresses multiple cell ad-
hesion molecules (CAMs), many of which are distinct from those
expressed by neighboring cell types (1). Each CAM displays a clear
ligand preference, be it homophilic or heterophilic, for molecules
in the extracellular matrix or at the surface of other cells, providing
each cell type with a unique repertoire of interactions with the
extracellular environment. This array of adhesive interactions is
balanced by self-avoidance, which prevents close association as
developing neurites extend to sample available interactions.

Self-avoidance occurs on at least two levels: Sister neurites from
the same cell (i.e., “self”) recognize and avoid each other to pro-
mote appropriate arbor formation; and cells of the same subtype
(i.e., “homotypic”) space themselves nonrandomly relative to each
other (2). This relative spacing can be completely nonoverlapping
(called “tiling”) or can involve extensive overlap of neighboring
neurites with “mosaic” spacing of cell bodies, as is the case in the
vertebrate retina (3-5).

One strategy to allow self-avoidance at the individual cell level
with extensive overlap between neighboring neurons is to use
diverse molecular signals to distinguish self from nonself. This is
typified by Dscam! (Down syndrome cell adhesion molecule 1) in
Drosophila (6). Dscaml encodes a member of the Ig superfamily of
CAMs capable of generating 19,008 distinct, homophilic recogni-
tion molecules through alternative exon usage (7). Each neuron
expresses a handful of isoforms, allowing neurites to recognize
and repel other self neurites while still contacting and interacting
with nonself neurites (8-11). In some mammalian cell types, such
as starburst amacrine cells (SACs) or cerebellar Purkinje cells,
y-protocadherins (y-Pcdhs; from the Pcdhg gene) serve analogous
functions by generating diverse protein multimers with homophilic
recognition specificity (12-18). For both Drosophila Dscaml and

E10216-E10224 | PNAS | vol. 115 | no. 43

mammalian Pcdhg, the molecular diversity is essential for normal
self/nonself discrimination needed for the proper self-avoidance of
an individual neuron (8, 14).

However, not all self-avoidance requires extreme recognition
diversity: Semaphorin6A and PlexinA4 regulate self-avoidance in
horizontal cells in the mammalian retina (19), and mammalian
Dscams (Dscam and Dscamll) promote self-avoidance at the
individual cell level and between homotypic neurons without
generating multiple isoforms (20, 21). Dscam and Dscamll are
expressed in nonoverlapping cell types in the retina. In mice mu-
tant for either Dscam, neurons lose their normal mosaic spacing
and uniform dendritic coverage and, instead, cluster, with their
processes forming fascicles with neighboring homotypic neurons
(20, 21). Drosophila Dscam]1 functions through direct repulsion (9-
11); however, this is likely not the case for mammalian Dscams.
Cell types do not tile into discrete territories, and while nearly all
retinal ganglion cells (RGCs) express the single Dscam isoform,
the position of one RGC type has no relationship to the position of
other RGC types (21). Thus, Dscam-expressing cells are “indif-
ferent” to one another, rather than actively repellent.

Furthermore, we have shown that different cell types have
differing dependence on the Dscams’ PDZ-interacting C termini,
indicating that individual cell types require distinct intracellular in-
teractions for Dscam-mediated self-avoidance (22). This, together
with the cell type-specific nature of clustering and fasciculation in
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mutant retinas (20, 21), leads us to hypothesize that Dscams serve
as general “nonstick” signals that “mask” multiple cell type-specific
adhesion mechanisms to promote self-avoidance by active indifference
rather than repulsion. Here, we focus just on Dscam (not Dscamll) to
test this hypothesis. Through a series of double mutants of Dscarmn with
members of the cadherin superfamily, we show that reducing ad-
hesion is able to rescue neurite fasciculation in Dscam™~. Con-
versely, driving ectopic expression of an individual cadherin in the
absence of DSCAM causes a random collection of cells to fascic-
ulate with each other as if they were homotypic. Lastly, we show that
trans DSCAM interactions acutely attenuate adhesive responses.

Results

Classical Cadherins Are Candidates to Be Masked by DSCAM. We
hypothesize that DSCAM masks cell type-specific adhesion systems
to balance adhesive forces during development in the mouse retina.
This offers an explanation for the homotypic nature of clustering
and fasciculation in Dscam™~ mutants. Our hypothesis predicts that
if unopposed adhesion drives this fasciculation, then reducing the
complement of CAMs in a cell type would partially rescue the
fasciculation and clustering phenotype. Furthermore, this also pre-
dicts that overexpressing an ectopic CAM in a random subset of
neurons would cause these cells to behave as if they were homotypic
and fasciculate with each other in the absence of DSCAM (Fig. 14).
To begin testing this hypothesis, we focused on the RGCs
labeled in Cdh3-GFP BAC transgenic mice (23, 24). We chose
these cells because they require Dscam for self-avoidance (22)
and are reported to express classical cadherins, including Cdh3
and Cdh6 (24). Cdh3-GFP-RGCs comprise more than one cell
type (25). To ask how many of these cells express Cdh3 and Cdho,
and to verify that they are expressed during the time frame when
dendrite fasciculation occurs in Dscam mutants, we performed
RNAscope in situ hybridization on PO Cdh3-GFP retinas (Fig. 1 B—
E). Of 50 GFP-positive cells in the retinal ganglion layer, 48 were
positive for both Cdh3 and Cdh6 and two were positive only for
Cdh6. Cdh6 was also expressed in GFP-negative cells within the
retinal ganglion layer and the inner nuclear layer, consistent with
previous reports (Fig. 1 B and C, filled arrowheads) (26). There was
also a smaller population of Cdh3/Cdh6 double-positive cells that
were not clearly GFP positive (Fig. 1 D and E, open arrowheads).
Thus, while multiple RGC subtypes are labeled in Cdh3-GFP retinas
(25), the majority of GFP-positive cells express Cdh6 and Cdh3.

Classical Cadherin-Mediated Adhesion Contributes to Dendrite
Fasciculation in Cdh3-GFP-RGCs in Dscam~~ Mutants. Genetic anal-
ysis of double mutants has proved useful for parsing opposing
adhesive and repulsive signals in neural development (27).
Therefore, we tested whether reducing adhesion in Cdh3-GFP-
RGCs by eliminating cadherin-3 or cadherin-6 would partially
rescue the fasciculation observed in Dscam ™~ null mice, directly
testing our masking hypothesis (Fig. 14). We generated double
mutants for Dscam with Cdh3 or Cdh6 in the presence of the Cdh3-
GFP transgene. To more broadly disrupt cadherin-mediated adhe-
sion, we also used cdf mice (cerebellar deficient folia), a mouse line
in which a large deletion removed Ctnna2, the gene encoding
aN-catenin (28), which participates in the cytoplasmic complex
important for classical cadherin function in neurons. We did not
recover Dscam™~;Ctnna2“P"“P* double homozygous mutants, so
we analyzed Dscam™~;Ctnna2P""* heterozygous mice. Dscam;
Cadherin double mutants had reduced viability by 1 wk of age, and
we have previously shown that RGC fasciculation begins embry-
onically (29). Therefore, we analyzed mutants at postnatal day 4.
Retinas from these three groups of double-mutant mice, along
with wild-type and single-mutant controls, were immunostained in
whole mount for GFP and imaged en face by confocal microscopy.
We analyzed cell number and cell body spacing and did not find
any effect of the individual cadherin mutations at this age (S/
Appendix, Fig. S1).
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Fig. 1. Cadherin expression in Cdh3-GFP-RGCs. (A) We propose that DSCAM
masks inappropriate adhesion, allowing indifference between homotypic
neurites. Without DSCAM, unmasked adhesion drives clustering and fascicula-
tion, predicting that reducing adhesion will partially rescue fasciculation, and
that ectopic overexpressing of a CAM will make random cells fasciculate
together as if they were homotypic. (B-E) In situ hybridization (RNAscope),
with probes against GFP (green), Cdh3 (red), and Cdh6 (cyan), performed on
PO Cdh3-GFP retinas. Forty-eight of 50 GFP-positive cells were positive for both
Cdh3 and Cdh6 (dotted lines). Many GFP-negative cells were Cdh6 positive
(filled arrowheads in B and C), while occasional cells that were GFP-negative
but Cdh3/Cdh6 double positive were also observed (open arrowheads in D and
E, n = 6 retinas). (Scale bar: 50 pm.)

To analyze dendrite fasciculation independent of cell body
spacing, we made confocal projections through the inner plexi-
form layer of the retina containing the dendritic arbors of these
cells, but excluding cell bodies and axons (Fig. 2 A-H). We com-
pared fasciculation in these images using two independent tech-
niques. First, we generated a fasciculation score (FS) using the
metric space technique (MST). The MST is an image analysis
methodology developed and used in astrophysics (30-36). In the
MST, information is extracted from the images in the form of
output functions, in which a one-dimensional function represents
a profile of some physically meaningful quantity. To quantify the
differences between images, a metric is defined and used to give
information on “how far” the images are from each other by cal-
culating the metric distance between the images’ output functions.
We explored many possible uses and combinations of output func-
tions to best differentiate between Cdh3-GFP dendrite fasciculation
in Dscam*™* and Dscam™" retinas. The best discrimination was
found when the distribution of density and the distribution of
filament indices were combined (30-35). The distribution of density
is reduced in images from Dscam ™~ mutants, because as dendrites
fasciculate, they leave more unoccupied space (SI Appendix, Fig.
S$24). Conversely, images from Dscarn ™'~ mutants have an increased
distribution of filament indices. This is a measure of continuous,
elongated image features, which become more prominent as dendrites
fasciculate (SI Appendix, Fig. S2B). These measures were calculated
over multiple thresholds and then combined by division to yield the
FS for each image. A higher FS indicates a higher degree of
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Fig. 2. Cadherin-mediated adhesion contributes to Cdh3-GFP-RGC fasciculation. Confocal image projections through Cdh3-GFP-RGC dendrites in whole-
mount retinas from wild-type (A), Cdh3~"~ (B), Cdh6™"~ (C), and Ctnna2“°"* (D) mice and from all genotypes in combination with Dscam™" (E-H) demonstrate

that dendrite fascicles are less severe in double mutants than in Dscam™~

alone (arrowheads). Images were quantified using the FS (/) and the Elo score (J). n =

4 to 12 retinas per genotype (actual n values are noted in J) over one to four microscope fields of view (median, 3 fields per retina). Box plots represent the
median, first and third quartiles, range, and outliers. Blue diamonds in / represent the means. *P < 0.05, **P < 0.01, and ***P < 0.001 by pairwise Wilcoxon

rank sum test compared with Dscam™". (Scale bar: 100 ym.)

fasciculation (SI Appendix, Fig. S2C). A detailed description is in
SI Appendix, Supplementary Methods.

While the single cadherin mutants did not differ from the
control, FSs for Dscam ™~ images were significantly higher than
any other genotype, including Dscam™=;Cdh3™~ (P = 107,
Dscam™=;Cdh6™~ (P = 107°), and Dscam™~;Ctnna2“P"* (P =
0.006), indicating that the cadherin mutations were able to partially
rescue the fasciculation in Dscam ™" retinas (Fig. 2I). Furthermore,
when we defined a threshold FS at two SDs above the mean in the
distribution of Dscam™*'* images, a significantly higher proportion
of Dscam ™~ images exceeded this threshold compared with images
from any other genotype (SI Appendix, Fig. S1K).

As an independent verification of this method, we also used a
qualitative scoring system dubbed Image Echelon. This system is
based on iterative, head-to-head, forced-choice comparisons and
an Elo algorithm, which uses these win-loss matchups to efficiently
sort the images into groups (Elo score; SI Appendix, Supplementary
Methods and Fig. S2 D and E). Importantly, the rankings of images
of different genotypes from the Elo analysis largely agreed with the
FS (SI Appendix, Fig. S2F). Retinas lacking Cdh3 alone or Cdh6
alone or that were heterozygous for Ctnna2 were indistinguishable
from wild-type, and all were significantly better than Dscam ™.
In double-mutant combinations, Dscam’/’;thT/’ images and
Dscam™=;Cdh6™~'~ images showed significantly less fasciculation
than Dscam ™~ images (P = 0.018 and P = 0.008 respectively, Fig.
2J). Dscam™=;Ctnna2“P** images trended toward rescue, but
the difference from Dscam ™~ did not reach statistical significance.
These results show that cadherins contribute to the excessive ad-
hesion and fasciculation between Cdh3-GFP RGCs in Dscam™~
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mice, consistent with our hypothesis that Dscam masks such cell
type-specific adhesion mechanisms.

Cadherin-3 Can Drive Neurite Fasciculation in the Absence of DSCAM.
Our masking hypothesis also predicts that ectopic overexpression
of a CAM in Dscam mutants will drive neurons to fasciculate
with each other, even if they are not homotypic (Fig. 14). To test
this, we needed a method to overexpress Cdh3 in multiple cell
types that require DSCAM for self-avoidance. We chose the in
vivo electroporation of Cre-dependent Cdh3 expression con-
structs in Vgat-Cre mice (37). In the retinas of these mice, Cre is
expressed in GABAergic horizontal cells and amacrine cells.
There are at least 12 types of GABAergic amacrine cells (38),
many of which express Dscam (39). Horizontal cells do not express
Dscam and are not affected in mutant retinas, but are easy to exclude
from our analyses because of their laminar position and because they
are inefficiently transduced by electroporation postnatally (39, 40).
We chose to focus on Cdh3 because, in our RNAscope results, we
observed more limited expression of Cdh3 than of Cdh6 in the inner
nuclear layer (Fig. 1 B-E). To verify that Cre is expressed early
enough developmentally to recombine a Dscam conditional allele
(Dscam®) (29) and induce clustering and fasciculation, we analyzed
two amacrine cell types in Vgat-Cre:Dscam'™ retinas (hereafter
Dscam®P/ ). Both tyrosine hydroxylase-positive (TH+) and
brain NOS+ amacrine cells showed homotypic clustering and
fasciculation in Dscam™?“®? mutants (SI Appendix, Fig. S3 A
and B), as had been previously described for these cell types (20).

We electroporated Vgat-Cre mice at PO with Cre-dependent
DsRed (pCALNL-DsRed) (41) and Cdh3 and, after 2 wk, ob-
served coexpression of DsRed and cadherin-3 (identified with a
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Fig. 3. Cdh3 overexpression can drive fasciculation between nonhomotypic cells. Retinas of Vgat-Cre mice were electroporated in vivo at PO with the Cre-
inducible expression construct pCALNL-DsRed, alone or along with pCALNL-Cdh3. After 2 wk, these were fixed, stained for DsRed, and imaged en face. (A and
B) Mice wild-type for Dscam (A) and Dscam®©/K°® mutants with conditional mutation in GABAergic amacrine cells (B) were electroporated with DsRed alone
(Upper). There was no appreciable fasciculation (depicted in Lower) between electroporated cells. (C) Likewise, when retinas wild-type for Dscam were
coelectroporated with DsRed and Cdh3 (Upper), no fasciculation (depicted in Lower) was observed. (D) In contrast, when DsRed and Cdh3 were together
introduced into Dscam™'*® mutant retinas (Upper), significant fasciculation (depicted in Lower) was observed (arrowheads). (E) Images were compared for
fasciculation using the Elo score. P = 0.025 by pairwise Wilcoxon rank sum test compared with each other condition. n = 6 mice per condition. (Scale bar: 100 pm.)

Myc epitope tag) in neurons morphologically consistent with
amacrine cells (SI Appendix, Fig. S3 C and D). When DsRed
alone was electroporated into mice wild-type for Dscam (Vgat-Cre
positive), labeling was consistent with a stochastic subset of ama-
crine cells (Fig. 34). Likewise, when DsRed was introduced into
Dscam® /KO retinas, labeled cells were distributed across the elec-
troporated area (Fig. 3B). Importantly, neurons were rarely seen fas-
ciculated with each other, as we saw for homotypic cells (SI Appendix,
Fig. S3), indicating that multiple types of GABAergic cells were
labeled. When we introduced DsRed with Cdh3 into retinas wild-
type for Dscam, there was no appreciable increase in fasciculation
(Fig. 3C). However, when we electroporated the same DsRed and
Cdh3 constructs into Dscam®?“*° mutants, neurites formed tight
fascicles with each other, behaving as if they were homotypic (Fig. 3D).
These images were compared using Image Echelon to score fascicu-
lation between neurons blind to genotype or condition, Dscam<OKO
retinas electroporated with DsRed and Cdh3 were significantly
more fasciculated than the other three conditions (Fig. 3E).

DSCAM Masks a Classical Cadherin Adhesive Response. Our in vivo
loss-of-function and overexpression experiments demonstrate
the balance between cadherin-mediated adhesion and DSCAM-
mediated self-avoidance. To test whether DSCAM can indeed
prevent the accumulation of cadherins, we developed an in vitro
assay using cultured neurons in which these interactions could be
manipulated. The ectodomain of a homophilic CAM, presented
on a bead to a neuron, will induce clustering of that CAM in the
neuron at the point of contact (42). Using cadherin-3 as an example,
we found that srans DSCAM interactions could prevent this clus-
tering. Neurons from the cerebral cortex of wild-type or Dscam ™~
mice were transfected with constructs expressing FLAG-tagged
cadherin-3, and after 8 d in vitro, were incubated for 1 h with
beads cocoated with cadherin-3 and DSCAM ectodomains (Fig.
4 and SI Appendix, Fig. S4). Beads cocoated with DSCAM and
cadherin-3 did not induce accumulation of cadherin-3 (FLAG)
at the point of contact with wild-type neurons, consistent with
DSCAM masking cadherin-3 homophilic recognition (Fig. 4 4
and C). In contrast, when the same beads were presented to
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Dscam-deficient neurons, cadherin-3 aggregated at the point of
contact (Fig. 4 B and C). Similarly, cadherin-3 accumulated at
the point of contact when DSCAM was not on the bead or when
DSCAM was neither on the bead nor in the neuron (Fig. 4 D-F).
No cadherin-3 clustering was observed when beads were coated
with DSCAM only (SI Appendix, Fig. S4B). Thus, cadherin-3—
mediated clustering was masked only when DSCAM was present
on the bead as well as in the neuron, indicating that trans DSCAM
interactions are needed to prevent cadherin-3 accumulation in the
neuron at the point of contact with the bead.

Fasciculation Is Not Rescued by Reducing NRCAM-Mediated Adhesion.
One possible interpretation of these data is that any reduction in
cell adhesion will rescue fasciculation. To address this, we next
focused on NRCAM (neuronal cell adhesion molecule), an Ig
superfamily CAM with a canonical PDZ-interacting domain that
mediates heterophilic adhesion with a variety of ligands (e.g.,
contactins, neurofascin, and L1) in addition to homophilic ad-
hesion (43). Nrcam expression is enriched in dopaminergic amacrine
(DA) cells and intrinsically photosensitive RGCs (ipRGCs) (S
Appendix, Fig. S5). Interestingly, DA cells require DSCAM-PDZ
interactions for self-avoidance and to prevent cofasciculation with
ipRGCs (22), making NRCAM a plausible target for DSCAM-
mediated masking in DA cells, although the loss of Nrcam alone
does not alter cell number, spacing, or dendrite arborization in
these cells (SI Appendix, Fig. SS). We crossed Nrcam null mutant
mice (44) to conditional floxed Dscam mutants, with recombi-
nation restricted to the retina by Pax6a-Cre (Dscam™"™?; rko for
retinal knockout), and analyzed DA cell spacing and neurite
fasciculation at P14. We did not find any reduction in fasciculation
in Dscam™*"™;Nrcam™~ mutants compared with Dscam™'™*°
mutants alone (Fig. 5 4, B, D, E, and G), nor did we find reduced
cofasciculation between DA cells and ipRGCs, which also express
Nrcam (Fig. 5 C and F). NRCAM may not significantly contribute
to the fasciculation and clustering of DA cells in Dscam mutants,
or it may be redundant with other CAMs, but this result shows that
not every reduction in the cellular complement of CAMs is sufficient
to mitigate clustering and fasciculation in the absence of DSCAM.
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(green) and then incubated for 1 h with beads coated with CDH3 and DSCAM
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neuron and on the bead. While neuronal CDH3-FLAG was largely indifferent
to the beads when DSCAM was both in the neuron and on the bead (4),
CDH3 accumulated at these sites when DSCAM was present only on the bead
(B), only in the neuron (D), or completely absent (E), demonstrating that trans
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Cand F. n =20 to 31 neurons per condition, from cultures separately prepared
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***p < 0.001 by two-tailed Student’s t test. (Scale bar: 10 pm.)

DSCAM Masks y-Pcdh-Mediated Adhesion. The functions of Dscams
and y-Pcdhs vary with their cell-type context. y-Pcdhs promote
self/nonself discrimination and self-avoidance in SACs (13, 14),
but there are no obvious self-avoidance defects in other retinal
cell types in Pcdhg mutants, including ipRGCs (16, 45), and other
neurons in the central nervous system (CNS) have phenotypes
more consistent with adhesive functions (46-48). Therefore, we
asked whether DSCAM is masking y-Pcdh-mediated adhesion in
ipRGCs. In the wild-type retina, ipRGCs normally have extensive
dendritic overlap with their neighbors (Fig. 6 and SI Appendix, Fig.
S6) but undergo significant cell death in the absence of Pcdhg
(Pcdhg**"™°, Fig. 6B) (45). This reduction in cell number was
similar to that observed in Pou4f2_/ ~ mutants, a gene essential for
RGC differentiation, allowing its use as a control for changes in
cell density (Fig. 6C). In Dscam null retinas, ipRGCs form very
tight clusters and fascicles (21, 22), and even heterozygotes have a
significant, although less severe, phenotype (Fig. 6 D and E). We
focused on this heterozygous phenotype, as any partial rescue was
predicted to be more clearly discerned than in the background of
extreme fasciculation and clumping seen in homozygous mutants
(21, 22, 49). Importantly, in Dscam_/+;Pou4f2_/_ double mutants,
clustering and fasciculation was not reduced compared with Dscam™*
mutants alone (Fig. 6F), indicating that reduced cell number is not
sufficient to rescue these self-avoidance defects. To see whether re-
ducing y-Pcdh-mediated adhesion could rescue, we crossed Pcdhg
floxed conditional mutants with Dscam conditional mutants under the
control of Pax6a-Cre to generate Dscam™*;Pedhg™™° mutants
(Fig. 6G). We found that there was, indeed, less clustering and
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fasciculation at P14 in these double mutants than in Dscam™*

alone (Fig. 6H). Thus, the excessive adhesion of ipRGCs seen in
Dscam mutants is partially alleviated by deletion of Pcdhg, in-
dependent of changes in cell number.

Discussion

Here, we provide evidence that DSCAM’s self-avoidance function in
the mouse retina is to counteract cell type-specific adhesion mech-
anisms. We term this function masking. In this hypothesis, homotypic
neurons share a repertoire of cell adhesion molecules through which
they interact with their environment to assume their proper position,
find the targets for their axons and dendrites, and form synaptic
connections with appropriate partners (26, 50). Many of these
CAMSs are homophilic and will cause homotypic eurons to adhere
to each other, resulting in fasciculated dendrites and clustered cell
bodies without a mechanism to counteract, or mask, this adhesion.
DSCAM provides this balancing force by locally preventing adhesion
where it is not desirable. We have presented genetic and morpho-
logical data indicating that Dscam masks adhesion mediated by
classical cadherins and protocadherins. Homophilic DSCAM in-
teractions in #rans prevent their adhesion, but loss of Dscam allows
these adhesion systems to function unopposed, resulting in cell
type-specific clustering and fasciculation. This study provides di-
rect evidence in support of our adhesive masking hypothesis.

Self-avoidance in the mouse retina occurs on at least two levels:
between sister neurites of a single cell, and between neurites of
homotypic cells. DSCAM is required for self-avoidance at both
levels; in DA cells (a more sparse population), individual self-
crossings can be observed before clustering and fasciculation be-
tween neighboring neurons (20). It may be formally possible for a
neuron to have deficient individual self-avoidance with normal
homotypic avoidance (or vice versa). However, because of the cell
density of neuronal subtypes examined here, we have not separated
these two but have focused at the level of homotypic avoidance. We
presume that DSCAM allows individual self-avoidance through the
same adhesive masking mechanism, although this is presently un-
tested. It also remains unclear whether this is truly different from the
mechanisms of tiling, in which neurons actively repel each other to
occupy distinct domains. However, as future studies define the
molecular mechanisms of adhesive masking, we will be able to
better distinguish between these processes. For example, the cellular
indifference observed in overlapping mosaic neurons may reflect a
lower gain on signaling that could also lead to repulsion.

These findings, together with our previous work (22), offer an
explanation for self-avoidance without requiring isoform di-
versity. At the individual cell level, the well-described repulsive
mediators of self-avoidance function by generating thousands of
distinctly homophilic recognition units (51). Dscam1 in Drosophila
uses three banks of alternatively spliced exons to produce 19,008
isoforms with distinct extracellular domains (6), and the vertebrate
Pcdhg cluster generates thousands of distinctly homophilic recog-
nition multimers (12, 18). Differential isoform expression gives
each neuron a distinct fingerprint, allowing it to recognize and
avoid self through repulsion while still interacting with its neigh-
bors, a process called self/nonself discrimination (9-11). As might
be expected with such a mechanism in which each cell is uniquely
identified, vast isoform diversity is required for this function (8, 13,
14, 52). Without extensive isoform diversity, vertebrate Dscam is
not competent to provide this individualized level of self-recognition.
Rather, in the adhesive masking hypothesis, cell identity or cellular
subtypes are conferred by the repertoire of CAMs expressed, whereas
self-avoidance between all of the cells of that subtype is provided by
the single DSCAM isoform (4, 5, 53). This form of self-avoidance
does not allow the cell to differentiate self from self-type, but permits
homotypic neurites to be indifferent to each other.

In many retinal neuron types, this regulated homotypic in-
difference is sufficient for normal field coverage. Conversely,
self-avoidance in SACs requires self/nonself discrimination. SACs
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between homotypic DA cell neurites (C and F), nor did it reduce cofasciculation between DA cells and ipRGC dendrites. n = 6 retinas per genotype over
two to four microscope fields of view (median, 3 fields per retina). Box plots represent the median, first and third quartiles, range, and outliers. (Scale bar:

100 pm.)

are exceptional among retinal neurons for how they use y-Pcdh
recognition molecules: To date, they are the only retinal cell type
described to have self-avoidance defects in Pcdhg mutants. Other
neuronal cell types in the retina undergo excessive cell death in
the absence of Pcdhg but do not exhibit the self-crossings found
in individual SACs (16, 45). Interestingly, in addition to SACs,
horizontal cells are spared this excess of cell death in Pcdhg
mutants. Horizontal cells depend on neither Dscams nor y-Pcdhs
for self-avoidance but use plexin/semaphorin cues (19). Consis-
tent with previous studies (16), we found no deficiencies in self-
avoidance in ipRGCs in Pcdhg mutants (Fig. 6). Indeed, our
findings indicate that y-Pcdhs may contribute to adhesion in this
cell type. Outside of Purkinje cells, other cell types in the CNS do
not obviously depend on Pcdhg for self-avoidance and, in fact,
mediate interactions between different cells (47, 48, 54-58).
Conversely, both Drosophila and vertebrate Dscams can promote
neurite recognition through adhesive mechanisms in some neuron
types (50, 59), but generally promote self-avoidance in the retina,
illustrating that the roles for these molecules can vary considerably
with cellular context. SACs express neither Dscam nor Dscamll,
raising the interesting possibility that coexpression (or lack
thereof) between the Dscams and the clustered protocadherins
could determine their functions in different cell types.

Interestingly, we found that Nrcam mutation did not rescue
fasciculation in the cell types that most strongly express it. This
could be because (i) NRCAM does not contribute to the adhesion
that drives fasciculation in these cells, (i) DSCAM is not com-
petent to mask all CAMs, or (iii) there is more adhesive redun-
dancy in these cells. It will be important to expand our analyses
beyond the cadherin superfamily to test DSCAM masking of other
types of CAMs in future studies.

Members of the cadherin superfamily have emerged as key
contributors to neurodevelopmental disorders, including autism,
schizophrenia, bipolar disease, and intellectual disability (60-62).
We have shown that Dscam can regulate the function of cadherins
and protocadherins, making it a candidate target for these disabil-
ities. Indeed, de novo mutations in Dscam have been linked to
autism spectrum disorder in three families (63). Further in-
vestigation of the cell types in which DSCAM functions and the
molecular mechanisms by which DSCAM masks adhesion will be
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instructive for understanding both normal development and the
potential mechanisms underlying neurodevelopmental disorders.

Materials and Methods

Mouse Strains. All animals were housed in the research animal facility at The
Jackson Laboratory under standard housing conditions with a 12 h/12 h light/
dark cycle and food and water ad libitum. All procedures using animals were
performed in accordance with The Guide for the Care and Use of Laboratory
Animals (64) and were reviewed and approved by the The Jackson Labora-
tory Institutional Animal Care and Use Committee. All experiments included
a mix of male and female animals. Previously described strains were as fol-
lows: Dscam™~ is Dscam®/"”"5, RRID:IMSR_JAX:008000 (20); Dscam" is Dscam™""%,
MGI:5305022 (29); Cdh3-GFP, RRID:MMRRC_000236-UNC, courtesy of
Andrew Huberman, Stanford University, Stanford, CA (24); Cdh3™~ is
Cdh3"™"7)), RRID:IMSR_JAX:003180 (65); Cdh6~~ is Cdh6"™'*™/), RRID:
IMSR_JAX:003742 (66); Ctnna2PF is Ctnna2°/), RRID:IMSR_JAX:002235 (28);
Vgat-Cre is Slc32a1™™2@®toWipyar), RRID:IMSR_JAX:028862 (37); Pcdhg’ is
Pcdhg™2%2%/J, RRID:IMSR_JAX:012644 (56); Pax6a-Cre is Tg(Pax6 Cre,GFP)/2Pgr,
RRID:MGI:3845671, courtesy of Peter Gruss, Max Planck Institute for Bio-
physical Chemistry, Gottingen, Germany (67); Poudf2™"~ is Pou4f2™'Nat RRID:
MGI:3641269, courtesy of Lin Gan, University of Rochester Medical Center,
Rochester, NY (68); Nrcam™" is Nrcam™”/c~“Rwb \1GI:5882344 (44); and Opn4-Tau-
Lacz is Opn4™"1¥24, RRID:IMSR_JAX:021153 (69).

Because the BAC used to make the Cdh3-GFP line included the entire Cdh3
transcription unit, it was not possible to genotype Cdh3GFP;Cdh3™'~ mice
using the published PCR primers, because primers against the wild-type Cdh3
sequence also detected the transgene. To genotype for Cdh3™~~ homozygosity,
we used PCR simple-length polymorphism markers to detect strain-specific
differences on chromosome 8 flanking the endogenous Cdh3 gene but beyond
the BAC used for making the transgene. These polymorphisms differ between 1295
and C57BL/6, the strain background originally targeted to make the Cdh3 mutation
and the strain in which we were working, respectively. The pairs D8MIT12 and
D8MIT15 were particularly informative. Dscam;Cdh double mutants and the asso-
ciated controls were analyzed at P4, because of the low viability of older animals.
All other experiments were performed at P14 unless otherwise noted.

Primary Neuron Cultures. As described previously (55, 70), cerebral cortices
were isolated from PO mice, and the meninges were carefully removed. Isolated
cortices were chopped into 1 mm pieces and then digested in papain for 40 min
at 37 °C. The tissue was quenched in trypsin inhibitor and BSA (1% each in HBSS),
rinsed in plating media (Basal Medium Eagle, 5% FBS, N2 Supplement, gluta-
MAX, and Pen/Strep), and lightly triturated. Cells were plated at 250,000 cells per
well onto 9-mm glass coverslips coated with matrigel (1:50 in Neurobasal) in a 24-
well dish. After 4 h and every subsequent 2 d, media was changed to serum-free
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Fig. 6. y-Pcdh-mediated adhesion contributes to ipRGC fasciculation. (A) Confocal images from whole-mount retinas stained for melanopsin to label ipRGCs
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These results are represented in /: Fasciculation is not observed in controls, Pcdhg mutants, or Pou4f2 mutants, although the latter two reduce cell number.
Fasciculation is observed in Dscam™®*, Dscam™"*, and Dscam™"*;Pou4f2~'~, despite changes in cell number, but these are rescued in Dscam™°~;Pcdhg™ °"™° double
mutants. n = 6 retinas per genotype over two microscope fields of view per retina. Images of whole-retina quadrants were used for quantification (S/ Appendiix, Fig.

S6). Box plots represent the median, first and third quartiles, range, and outliers. (Scale bar: 100 um.)

media (Neurobasal, B27 Supplement, glutaMAX, and Pen/Strep). All tissue
culture media and reagents were obtained from Gibco, unless otherwise noted.

Cell Lines. HEK293T cells were obtained from American Type Culture Collection
(lot 62312975) where they were tested free of mycoplasma and their identity
was verified by short tandem repeat analysis. These cells were maintained in
DMEM, 10% FBS, glutaMAX, and Pen/Strep.

In Situ Hybridization. Eyes were collected from PO Cdh3-GFP mice and immediately
frozen in Tissue-Tek OCT (Sakura) in 2-methylbutane cooled in a dry ice/ethanol
bath. Sections were cut at 12 pm and processed for in situ hybridization using the
RNAscope Fluorescent Multiplex Reagent Kit (Advanced Cellular Diagnostics)
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according to the manufacturer’s instructions for fresh-frozen tissue. The following
probes were used: EGFP-C3 (400281-C3); Mm-Cdh3 (514591); and Mm-Cdh6-C2
(519541-C2). The final amplification was performed using the Amp 4 Alt C option.

Immunofluorescence. Whole retinas were isolated and fixed in 4% para-
formaldehyde for 4 to 8 h. Retinas were stained free-floating in 2.5% BSA
with 0.5% Triton X-100 in the indicated antibodies for 48 to 72 h at 4 °C. After
washing off unbound primary antibodies, secondary antibodies were applied
in the same solution overnight at 4 °C. For sectioning, lenses were removed
from enucleated eyes. Eyecups were fixed, cryopreserved in 30% sucrose, and
frozen in Tissue-Tek OCT (Sakura). Cryosections were cut at 12 pm and
immunostained on the slide. Primary antibodies were applied overnight in
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blocking solution at 4 °C, and secondary antibodies for 1 h at room temperature.
Sections and whole retinas were imaged on a Leica SP5 confocal microscope.

Antibodies. The following antibodies were used: Rabbit anti-GFP [1:500, RRID:
AB_91337 (AB3080; Millipore)]; Rabbit anti-mCherry [1:500, RRID:AB_2552323
(PA5-34974; Thermo Fisher Scientific)]; Sheep anti-tyrosine hydroxylase [1:500,
RRID:AB_11213126 (AB1542; Millipore)]; Rabbit anti-melanopsin [1:10,000, RRID:
AB_1266795 (IT-44-100; Advanced Targeting Systems)]; Rabbit anti-NRCAM
[1:250, RRID:AB_448024 (ab24344; ABCAM)]; Mouse anti-Cadherin6 [1:150,
RRID:AB_907139 (MAB2715; R&D Systems)]; Mouse anti-FLAG, M2 [1:500, RRID:
AB_262044 (F1804; Sigma-Aldrich)]; Chicken anti-beta-Galactosidase [1:10,000,
RRID:AB_2313507 (BGL-1040; Aves Labs)]; Goat anti-Human IgG Fc Secondary
Antibody, HRP [RRID:AB_2535606 (A18829; Thermo Fisher Scientific)l; and Alexa
Fluor-conjugated secondary antibodies [1:500 (Thermo Fisher Scientific)].

DNA Constructs. An expression construct containing Myc-DDK-tagged
cadherin-3 (pLenti-Cdh3) was obtained from Origene (MR227582L1). This
construct was also used as a PCR template to isolate the sequence encoding
cadherin-3 ectodomain (CDH3-EC) using the following primers: ATATGCTA-
GCACCACCCTTCCAGGGTCTGGGGCAGTC and ATATAGATCTATGGAGCTTCTT-
AGTGGGCCTCAC. The PCR product was cloned in-frame with human IgG1-FC
(the fragment crystallizable region of an antibody; binds to protein G) in a
pShuttle-CMV vector into Bglll and Nhel sites. The sequence encoding DSCAM
ectodomain (DSCAM-EC) was similarly PCR-cloned from pCAG-Dscam (71) in-
frame with human IgG1-FC into pShuttle-CMV using the following primers:
TTTGGGGCTAGCCTTGAGCCCTTCGTTGGTTGTCAGCC and GAATTCATGTG-
GATACTGGCTCTCTCC. To generate Cre-inducible expression of Cdh3, full-
length Cdh3 was isolated by PCR using the following primers: TCGGTAC-
GATTTAAATTGAATTCATGGAGCTTCTTAGTGGGCCTCACGC and GGCAGCCTG-
CACCTGAGGAGTGCGGCCGCTAAACCTTATCGTCGTCATCC. pCALNL-DsRed (41)
was digested with EcoRI and Notl to remove DsRed, and the Cdh3 PCR product
was inserted by Gibson assembly.

In Vitro Bead Assay. Beads were coated with protein ectodomains in a pro-
tocol adapted from ref. 72. HEK293T cells were transfected with constructs
encoding DSCAM-EC or CDH3-EC (both with C-terminal FC domains added)
with Lipofectamine 3000 according to the manufacturer’s instructions.
Twenty-four hours after transfection, medium was replaced with unsup-
plemented DMEM. After 1 h, this was replaced with fresh DMEM. Forty-
eight hours later, the medium was removed, filtered, and concentrated
with an Amicon Ultra 30 KDa spin filter. Ectodomains were verified by
Western blot (S/ Appendix, Fig. S4). Concentrated medium from CDH3-EC
cells alone, or mixed 1:1 with medium from DSCAM-EC cells, was incubated
with protein G Dynabeads for 4 h at 4 °C, with rotation (0.3 pL of beads for
each well of neurons). Beads were then rinsed, resuspended in Neurobasal
media, and used immediately in the assay.

Cortical neurons cultured for 6 d in vitro were transfected using NeuroMag
(Oz Biosciences) according to the manufacturer’s protocol. For each well, 0.75 pg
of pLenti-Cdh3 DNA was combined with 1.5 pL of NeuroMag reagent in 100 pL
of DMEM at room temperature for 20 min, and then applied to the cells. The
24-well plate was immediately placed on a magnetic plate for 20 min at 37°.

The bead assay of masking was performed 48 h after the neuron trans-
fection. Beads coated with CDH3-EC alone, or CDH3-EC with DSCAM-EC, were
applied to each well for 1 h at 37 °C. Cultures were immediately fixed in 4%
paraformaldehyde in PBS for 10 min at room temperature, and stained for
FLAG. Transfected neurons contacting beads were imaged on a Leica
SP5 microscope. Beads fluoresced when excited by laser light at 633 nm.

In Vivo Electroporation. PO pups were electroporated as described previously
(73). Mice were anesthetized by hypothermia. Only the right eye was elec-
troporated. Eyelids were opened using a 30-gauge needle to make an incision
along the fused junctional epithelium, and a small puncture was made in the
sclera below the junction with the cornea. A blunt 33-gauge needle in a
Hamilton syringe was inserted into the opening and through the retina at the
back of the eye, allowing subretinal injection of 0.3 uL of plasmid DNA (4 pg/uL).
Mice were immediately electroporated with tweezer electrodes placed across
the head, with the positive pole over the injected eye. Five pulses were delivered

1. Honjo M, et al. (2000) Differential expression of cadherin adhesion receptors in neural
retina of the postnatal mouse. Invest Ophthalmol Vis Sci 41:546-551.

2. Zipursky SL, Sanes JR (2010) Chemoaffinity revisited: Dscams, protocadherins, and
neural circuit assembly. Cell 143:343-353.

3. Cook JE, Chalupa LM (2000) Retinal mosaics: New insights into an old concept. Trends
Neurosci 23:26-34.
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for 50 ms at 80 V, with 950-ms intervals. Retinas were assessed by immunoflu-
orescence 14 d after electroporation.

Image Analysis.

Adhesion molecule clustering. To quantify clustering at contact points in the
bead assay, an annulus-shaped region of interest (ROI) was defined with an
inner diameter of 1.9 pm and an outer diameter of 3.9 um (~9 pm? ROl area).
When centered on a bead, this ROI corresponded to the region within 1 pm
of the bead. The average fluorescence intensity within this ROl was mea-
sured (/) centered on each bead that contacted the transfected neuron
(contact), (ii) on the region of the neuron directly adjacent to the contact
ROI (adjacent), and (iii) on 10 beads within the image that did not contact
the transfected neuron. The values from these 10 beads were averaged to
calculate background. The cluster score for each site of contact was then
calculated according to the following formula:

contact — background

cluster score = -
adjacent

The cluster scores from all contact points on a single neuron were averaged.
Within each bead preparation, these per-neuron scores were normalized to
the average score on Dscam™~ neurons. Normalized scores from multiple
bead preparations were combined, and scores on control neurons were
compared with those on Dscam™~ neurons by two-sided Student’s t test.
Similarity of variances was tested using an F-test.

FS. The MST is an image analysis methodology that has been developed and used
in astrophysics (30). Here, we combined two output functions: the distribution of
density and the distribution of filament indices (30-35) to create a new output
function called the distribution of fasciculation. This was calculated across mul-
tiple thresholds by dividing the square of the average filament index of suffi-
ciently large (>50 pixels) isolated components by the square of the density (i.e.,
the ratio of the summation of all pixel values greater than the threshold value
to the total sum of pixel values for the image). The summation of the distri-
bution of fasciculation yields a unique number, coined the FS. A higher FS is
associated with a higher degree of fasciculation. The algorithmic implementa-
tions were done via in-house software for which the mathematical calculations
are coded in C routines wrapped in a Tcl/Tk interpreter. The development of the
FS is described in detail in S/ Appendix, Supplementary Methods. FSs from each
genotype were compared using a pairwise Wilcoxon ranked sum test.

Elo score. Images were compared using a custom web-based program (Image
Echelon, code available at https:/github.com/ThelacksonLaboratory/Image-
Echelon) that uses an Elo ranking algorithm, as described previously (22, 74).
Each image set was scored by >10 users blind to genotype. Scores from each
individual retina were averaged (1 to 4 images per retina), and these retinal
mean scores were used to compare across genotypes using a pairwise Wilcoxon
ranked sum test. This method is described in detail and compared with FSs in S/
Appendix, Supplementary Methods. For comparisons involving Dscam hetero-
zygous mutants (Fig. 6), composite images of whole-retina quadrants were used
for scoring due to the more heterogeneous nature of clustering and fascicula-
tion in these animals. Representative composites of quadrants are in S/ Appendix,
Fig. S6. The data are presented in box plots prepared in R using ggplot2 and
represent the median, first and third quartiles, range [encompassing values within
1.5 times the interquartile range (IQR) from the first or third quartile], and outliers
(any values beyond 1.5 IQR from the first or third quartile).

Cell Spacing. The density recovery profile (DRP) and overall cell density were
calculated in WinDRP as described previously (20, 22). For each image, the DRPs
were normalized so that the overall density was set at 1. This allowed for direct
comparison of relative spacing independent of overall cell number. Values from
multiple images per retina were averaged to find a retinal mean. These means
were compared across genotype by ANOVA with pairwise Tukey post hoc tests.
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