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Abstract

The Down syndrome cell adhesion molecule gene (Dscam) is required for normal dendrite
patterning and promotes developmental cell death in the mouse retina. Loss-of-function studies
indicate that Dscam is required for refinement of retinal ganglion cell (RGC) axons in the lateral
geniculate nucleus, and in this study we report and describe a requirement for Dscam in the
maintenance of RGC axon projections within the retina. Mouse Dscam loss of function
phenotypes related to retinal ganglion cell axon outgrowth and targeting have not been previously
reported, despite the abundance of axon phenotypes reported in Drosophila Dscam1 loss and gain
of function models. Analysis of the Dscam deficient retina was performed by
immunohistochemistry and western blot analysis during postnatal development of the retina.
Conditional targeting of Dscam and Jun was performed to identify factors underlying axon-
remodeling phenotypes. A subset of RGC axons were observed to project and branch extensively
within the Dscam mutant retina after eye opening. Axon remodeling was preceded by histological
signs of RGC stress. These included neurofilament accumulation, axon swelling, axon blebbing
and activation of JUN, JNK and AKT. Novel and extensive projection of RGC axons within the
retina was observed after upregulation of these markers, and novel axon projections were
maintained to at least one year of age. Further analysis of retinas in which Dscam was
conditionally targeted with Brn3b or Pax6« Cre indicated that axon stress and remodeling could
occur in the absence of hydrocephalus, which frequently occurs in Dscam mutant mice. Analysis
of mice mutant for the cell death gene Bax, which executes much of Dscam dependent cell death,
identified a similar axon misprojection phenotype. Deleting Jun and Dscam resulted in increased
axon remodeling compared to Dscam or Bax mutants. Retinal ganglion cells have a very limited
capacity to regenerate after damage in the adult retina, compared to the extensive projections made
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in the embryo. In this study we find that DSCAM and JUN limit ectopic growth of RGC axons,
thereby identifying these proteins as targets for promoting axon regeneration and reconnection.
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Introduction

Damage to retinal ganglion cells (RGCs) and their axons results in visual impairment and
blindness, but only limited progress has been made in cell therapy approaches to replace lost
RGCs or in stimulating regrowth of RGC axons. Analysis of signaling events in glaucoma
mouse models and optic nerve crush, a commonly used acute model for glaucoma (Allcutt et
al., 1984a, b), has identified changes in the activation status of JUN, JNK, DLK and AKT as
mediators of subsequent cell death and as potential mediators of axon regrowth (Duan et al.,
2015; Koistinaho et al., 1993; Watkins et al., 2013). An outstanding question is the nature of
the pathways that are activated by these stresses. For example JUN and JNK signaling is
involved in cell stress, remodeling and regeneration, and cell death (Fernandes et al., 2012;
Vander and Levkovitch-Verbin, 2012; Yoshida et al., 2002), suggesting that upregulation of
these pathways may serve to activate an axon remodeling and regenerative response,
followed by cell death if this process fails.

In this study we examine RGC stress pathways and maintenance of the RGC axon in the
Dscam mutant retina. The Down syndrome cell adhesion molecule (DSCAM) protein is a
homophilic cell adhesion molecule (Agarwala et al., 2000; Yamakawa et al., 1998) that also
serves as a receptor for the axon guidance molecule netrin (Liu et al., 2009; Ly et al., 2008).
The Dscam gene is required for several features of normal retinal development including:
developmental cell death (Fuerst et al., 2008), lamination (Yamagata and Sanes, 2008),
dendrite-refinement (Li et al., 2015), and to prevent clustering of cell bodies and dendrites
(Fuerst et al., 2009). Axons of Dscam mutant RGCs project normally to the optic nerve head
(Fuerst et al., 2009), suggesting that alternative netrin receptors guide RGC axons out of the
retina (Deiner et al., 1997). Defects in refinement and segregation of RGC axon terminals in
the Dscam mutant brain have been described, indicating that Dscam plays a role in both
axon and dendrite organization in retinal neurons (Blank et al., 2011).

Here we report that activation of the stress pathway proteins JUN, JNK and AKT occurs in
the postnatal Dscam mutant retina, but with a different outcome following stress and axon
degeneration compared to other RGC stress and damage models: remodeling and projection
of new RGC axons. Axons target the optic disc but fail to exit, and project extensively
through the Dscam mutant retina.

Methods

Animal Care and Handling

Mice were housed on a 12-hour light dark cycle and fed ad libitum. Mice taken for study
were anesthetized with tribromoethanol and perfused with phosphate buffered saline, pH
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7.4. Retinas were hemisected and fixed in 4% buffered PFA at room temperature for 2-4
hours. All procedures were performed in accordance with the respective University of Idaho,
Jackson Laboratory or Rochester Animal Care and Use Committees.

Mutant and Transgenic Mouse Lines and Genotyping

Dscam@!17 Dscam?), DscamF and Dscam™P mice (truncation, protein null, conditional and
germ line-targeted conditional, respectively) were genotyped as previously described (Fuerst
etal., 2012; Fuerst et al., 2010; Fuerst et al., 2008). Dscam®!17 Dscam?J and DscamFP
mice are collectively referred to as DscamtOF (loss of function) unless otherwise noted.
YFPH mice were acquired from The Jackson Laboratory's and genotyped according to JAX
protocols. Pax6a-Cre mice (generous gift of Dr. Gruss) and Brn3b-Cre mice (generous gift
of Dr. Van Bennet) were genotyped by PCR for the presence of the Cre gene. The floxed
allele of Jun was a generous gift of Dr. Behrens (Behrens et al., 2002). Ai9 and
tdtomato/GFP reporter mice were acquired from The Jackson Laboratory and genotyped
according to JAX protocols.

Retina Sectioning

Fixed retinas were sucrose sunk in 30% buffered sucrose for 1 hour, followed by an
additional 30 minutes in 50% buffered sucrose and 50% optimal cutting temperature (OCT)
reagent (Tekura Inc). Retinas were frozen in 100% OCT reagent and cut at 10 pm on a
cryostat.

Controlled optic nerve crush (CONC): Optic nerve injury was performed as previously
described (Harder and Libby, 2011; Libby et al., 2005). In brief, optic nerves were crushed
for approximately 5 seconds just behind the eye using self-closing forceps (Roboz
RS-5027). Eyes were harvested at 1 day following CONC to assess JUN upregulation.

Immunohistochemistry

Tissues were incubated in a blocking solution consisting of 7.5% normal donkey serum,
0.1% triton x-100 (sections) or 0.4% triton x-100 (whole retinas) and 0.02% sodium azide,
diluted in phosphate buffered pH 7.4 saline (PBS). Antibodies were diluted in blocking
solution. Sections were incubated with primary antibody for two hours (at room
temperature) or overnight (at 4 °C). Sections were washed 2x for 15 minutes in PBS.
Secondary antibodies, which were diluted in blocking solution, were applied for two hours
at room temperature, followed by three ten minute washes in PBS. The second wash was
supplemented with DAPI reagent to stain nuclei at a dilution of 1:50,000 of a 1 mg/ml stock.
Whole retinas were stained in a similar fashion except they were blocked for one hour and
antibodies were incubated for four days (primary) and three days (secondary), and washes
were carried out for two hours at 4°C. Tissues were mounted on slides with 80% glycerol, in
1x PBS, containing 0.02% sodium azide, and imaged on an Olympus 1X81 inverted
microscope.

Western Blot Analysis

Retinas were homogenized in t-per buffer (Thermo Scientific) supplemented with protease
inhibitors and EDTA (Thermo Scientific). Protein concentrations were determined using
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Bradford analysis. Polyacrylamide gel electrophoresis and western blotting were performed
as described previously (Schramm et al., 2012). Band densities were compared using image
J software.

Dextran and cholera toxin injection

Cy3-conjugated dextran (10,000 KDA; Life Technologies) was injected into the superior
colliculus of mice at postnatal day 8 (P8). Retinas were collected for study at P16. 2 ul of
cholera toxin conjugated to alexa-568 (Life Technologies) was injected into a single eye of
mice between the ages of P28 and six months. Mice were taken for study two days later.

Nearest Neighbor analysis

Nearest neighbor analysis was performed as previously described using the program
winDRP (de Andrade et al., 2014; Keeley and Reese, 2014; Rockhill et al., 2000; Wassle
and Riemann, 1978). Soma size was set at 10 um, with 25 10 um bins selected for analysis.

Antibodies Used

The following antibodies were used in this study for immunohistochemistry: JUN (Abcam,
catalog number ab40766: 1:250), B-111 tubulin (the antigen recognized by the TUJ1
antibody) (Sigma Aldrich, catalog number: SDL3D10: 1:1,000), Neurofilament
(Developmental Studies Hybridoma Bank, catalog number 2H3: 1:50), AP2a
(Developmental Studies Hybridoma Bank, catalog number 3B5 concentrate: 1:50).
Fluorescent secondary antibodies directed to the appropriate species were used (Jackson
Immuno Research, 1:500).

The following antibodies were used for western blotting: pJUN (Cell Signaling Technology,
catalog number D47G9: 1:1,000), JUN (Cell Signaling Technology, catalog humber 9165:
1:1,000), JNKP (Cell Signaling Technology, catalog number 9251: 1:500), AKT473 (Cell
Signaling Technology, catalog number 4060: 1:1,000), AKT (Cell Signaling Technology,
catalog number 4691: 1:1000), GADPH (Synaptic Systems, catalog number 247 002:
1:1,000) and goat anti-rabbit:HRP (Cell Signaling Technology, catalog humber 7074:
1:25,000).

Results

Postnatal Axon Remodeling Phenotypes in Dscam mutant mice

The axons of RGCs project across the surface of the retina to the optic disc, where they exit
the eye and target loci in the rest of the brain. RGC axons projected out of the Dscam-OF
retina normally during development (Fuerst et al., 2009); however, RGC axons projecting
aberrantly within the adult Dscam-©F retina were subsequently observed (Figure 1 A and
B). These axons branch multiple times within the retina (Figure 1 C) and course through the
synaptic layers of the retina (Figure 1 D). The developmental timing of this phenotype was
assayed. Misdirected RGC axons were not observed before eye opening (Figure 1 E).
Shortly after eye opening (P14), at postnatal day 16 (P16), the first indication of RGC axon
abnormality within the retina was observed: swollen and blebbing (degenerating) axons
(Figure 1 F), accumulation of neurofilament-m (NF) in the soma of RGCs (Figure 1 F),
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RGCs with contorted or branched axons (Figure 1 G) or severed axons (Figure 1 H), and
axons that terminated in a degenerated end bulb disconnected from the RGC soma (Figure 1
). Significant increases in the number of swollen axons (Figure 1 F arrowhead), axon
torpedoes (Figure 1 G arrows), NF swollen soma (Figure 1 F asterisks) and disconnected
axons (Figure 1 | arrowheads) were detected comparing wild type and Dscam-©F retinas at
postnatal day 16 (Figure 1 J). These phenotypes were observed in all assayed Dscam mutant
strains, including Dscam®¢'17, Dscam?) and Dscam™P mutant mice (data not shown). These
results indicate that RGC axons undergo a process of degeneration and remodeling in the
DscamtOF retina coincident with the time that visual circuitry just starts receiving light
input at approximately P14.

Axon swelling in the adult retina originated at the optic disc, with swollen axons then
projecting and branched in the peripheral retina (Figure 2 A-D; quantified in Table 1). A
small number of RGC axons sample the contralateral optic nerve in the developing chick
retina (McLoon and Lund, 1982) and RGC axons have been observed projecting across the
optic chiasm and towards the opposite eye in a model of axon regeneration (Sun et al.,
2011). Fluorescently labeled cholera toxin was injected into a single eye to test if axons
were projecting into the opposite retina from the injected eye. The optic nerve and retina of
the injected eye were filled with dye (Figure 2 E-G). No dye was observed in the
contralateral optic nerve or retina (Figure 2 H and 1), despite the dye reaching distal targets
such as the lateral geniculate nucleus and superior colliculus (Figure 2 H and data not
shown). This indicated that axons from one eye do not innervate the contralateral eye in
DscamtOF mice.

To better understand the nature of RGC axon remodeling phenotypes in Dscam-CF mice, we
labeled RGCs using the YFPH transgene, which expresses YFP very brightly in a small
number of RGCs (Feng et al., 2000). Labeling of individual axons revealed that a single
RGC could project an axon throughout most of the retina (Figure 3 A). Two misprojecting
axons labeled with the YFPH were identified in over 20 mutant retinas carrying the YFPH
transgene. These axons targeted the optic disc, but then turned around and projected within
the retina (Figure 3 B). After initially turning around at the optic disc, abnormal axons
branched extensively within the retina and failed to retarget the optic disc (Figure 3 C). To
test if RGCs showing evidence of axon damage (somal neurofilament accumulation, axon
blebbing or no discernable axon) projected axons that reached the brain during development,
we injected fluorescently labeled dextran into the superior colliculus of Dscam-OF mice at
postnatal day 8 (P8), which was transported to the cell soma in the retina. By P16, cells that
accumulated neurofilament had dextran in their cell soma, indicating that their axons had
reached this target (Figure 3 D-G). These results indicate that the RGCs that demonstrate
signs of axonal stress in adult DscamL©F retinas were not cells that had failed to innervate
central targets.

Hydrocephalus does not cause RGC Stress in Dscam deficient RGCs

DscamOF mice often have severe hydrocephalus (Xu et al., 2011) that damages the central
targets of RGCs, and could underlie RGC stress and axon remodeling. To determine if RGC
stress and axon remodeling observed in Dscam-CF mice occur as a result of hydrocephalus,
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Dscam was conditionally deleted in RGCs using Brn3b-Cre, which is expressed in the
midbrain and retina (Figure 4 A). No hydrocephalus was observed in Brn3b-cre; Dscam//fl
mice (data not shown). Axon remodeling was still observed when Dscam was deleted with
Brn3b-Cre compared to controls (Figure 4 B and C; quantified in Table 1) indicating that
these responses are not dependent on hydrocephalus. Similar results were observed when
Dscam was targeted with Pax6a-Cre, in which there is little recombination in the brain (data
not shown) (Stacy and Wong, 2003).

Axon misprojection is observed in Bax deficient retinas

Bax deficient mice share many phenotypes in common with DscamOF mice, including
dendrite clumping and a reduction in RGC developmental cell death (Chen et al., 2013;
Keeley et al., 2012; Li et al., 2015) (Figure 5 A). Therefore we tested if the Bax null retina
phenocopied RGC axon remodeling phenotypes observed in the Dscam mutant retina. Axon
misprojection phenotypes were also observed in the Bax mutant retina (Figure 5 B;
quantified in Table 1). These results suggest that the axon remodeling observed in the
Dscam-OF and Bax~/~ retinas could be a secondary effect from a failure of RGCs to
undergo developmental cell death.

Activation of Stress Response Proteins

RGC axon stress results in the concomitant activation of cell survival (AKT) (Koriyama et
al., 2006; Nakazawa et al., 2003) and cell death (JNK) signaling pathways (Fernandes et al.,
2012; Yang et al., 2015). To test if these pathways were activated in Dscam-CF mice we
assayed the phosphorylation status of JUN, JNK and AKT by western blot analysis before,
during, and after onset of RGC stress. Increased phosphorylation of JUN, JNK and AKT
was observed in the Dscam-OF retina compared to wild type (Figure 6). Quantification of
these results confirmed that JUN (quantified at P14), JINK (quantified at P18) and AKT
(quantified at P18) phosphorylation levels were significantly increased in the Dscam-OF
retina compared to wild type (P<0.006, P=0.02 and P<0.01, respectively).

To determine if the JNK signaling pathway is activated cell intrinsically in RGCs, co-
labeling of JUN was preformed along with an RGC marker, TUJ1 (Cui et al., 2003;
Robinson and Madison, 2004). Following its phosphorylation by JNK, JUN is known to get
activated and upregulate the expression of several genes, one of which is JUN itself (Angel
et al., 1988; Pulverer et al., 1991). Since commercially available pJUN antibodies are not
specific for pJUN by immunohistochemistry (Fernandes et al., 2012), the accumulation
status of JUN was assessed as a surrogate of JUN activation. JUN appeared to be
upregulated in a subset of RGCs labeled with TUJ1 in the Dscam-CF retinal ganglion cell
layer (Figure 7 A and B). Interestingly, consistent with some but not all RGCs showing
signs of axonal stress, not all TUJ1-positive RGCs were JUN-positive in Dscam-OF retinas.
Additionally, the level of JUN upregulation observed in Dscam-OF retinas appeared to be
lower than that observed in RGCs after an acute axonal injury, controlled optic nerve crush
(Figure 7 C).

To determine the developmental timing of JUN upregulation, Dscam-©F and control retinas
were immunolabeled for JUN at and after the onset of axon stress remodeling. Cells positive
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for JUN were observed as early as P9 in Dscam-©F retinas (Figure 8 A and B), and the
intensity of JUN labeling appeared to increase in RGCs at P13 and P18 (Figure 8 C-F), with
occasional JUN positive RGCs observed in the adult retina (Figure 8 G and H).
Quantification of values indicated a significant increase in the number of JUN+ cells in the
DscambOF retina compared to wild type after P9, and a significant increase in JUN+ cells
when comparing Dscam‘©F retinas at P13 to Dscaml-©F retinas at other ages (Figure 8 I). A
significant increase in displaced cells was also detected and found to increase in the mutant
genotype after P9 (Figure 8 J).

JUN knockout exacerbates axon remodeling phenotypes observed in Dscam deficient

retinas

JUN is known to function in several processes including axon regeneration, cell survival and
death and is required for efficient regeneration of peripheral axons (Fernandes et al., 2012;
Hettinger et al., 2007; Raivich et al., 2004; Watkins et al., 2013). Since JUN was activated
during the time window when axon remodeling is observed in the Dscam null retinas,
Dscam/Jun double knockout retinas (DKO) were generated to test if INK-JUN-mediated
stress promoted axon remodeling, or if this was simply a correlation. Quantification revealed
that increased axon remodeling was observed in the DKO retina, indicating that JUN is not
required for the axon remodeling observed in Dscam-CF mice and that its elimination results
in an increased number of remodeled axons (Figure 9 A-F).

A prominent phenotype observed in the Dscamb-OF retina is the cell type specific clumping
of dendrites of TH-positive dopaminergic amacrine cells (DACSs) in the IPL. Dendrite
clumping phenotypes associated with Dscam loss-of-function were observed in the
Dscam/Jun DKO retinas (Figure 9 G-I). Nearest neighbor analysis was performed to
quantify spacing of DACs. Nearest neighbor analysis is a measurement of the distance to the
nearest cell of the same type, and measures the tendency of cells to space themselves with
respect to cells of the same type. Significant differences were detected comparing wild type
DACs to either Dscam-OF or DKO retinas, but significant differences were not detected
when comparing Dscam-©F to DKO retinas (Figure 9 K-P).

Lamination of dendrites in wild type retinas and Dscam-OF or Dscam/Jun mutant retinas
was imaged. Laminar disorganization observed in the Dscam-©F retina was also observed in
the Dscam/Jun double mutant retina (Figure 10 A-I).

Discussion

In this study we report a requirement for Dscam in RGC axon organization within the retina.
We find that markers of cell stress are upregulated in RGCs of the Dscam-CF retina shortly
before eye opening, followed by axon degeneration and remodeling. Axon remodeling
involved projection of RGC axons throughout the retina. Dscams have previously been
implicated in promoting the organization of retinal dendrites and this study identifies a novel
role in RGC axon homeostasis.

DSCAM proteins are perhaps best known for their role in providing dendrite self-avoidance
cues. This is exemplified by Drosophila Dscam1, which is alternatively spliced into tens of
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thousands of potential isoforms (Schmucker et al., 2000), each capable of mediating
homotypic binding (Chen et al., 2006; Neves and Chess, 2004). Differential expression of
these isoforms permits cell specific identification and avoidance of a given cell's dendrites
(Hattori et al., 2007; Hughes et al., 2007). Dscams in the mouse retina have previously been
reported to guide dendrite lamination (Li et al., 2015) and are required to prevent ectopic
clumping of cell bodies and dendrites in the mouse retina (Fuerst et al., 2009). The
prevention of cell and dendrite clumping in the mouse retina occurs within cell types,
consistent with the lack of extensive alternative splicing of vertebrate Dscams (Agarwala et
al., 2000; Yamakawa et al., 1998). In addition to promoting dendrite organization, roles for
Dscam1 in axon development have been described in Drosophila, where Dscam is required
for axon targeting (Hummel et al., 2003; Schmucker et al., 2000; Wang et al., 2002) and
regulation of axon branching (He et al., 2014). DSCAM also binds the axon guidance
molecule netrin and has been shown to play a role in axon path finding in a number of
vertebrate species: including chick (Ly et al., 2008), mouse (Liu et al., 2009), zebrafish
(Yimlamai et al., 2005) and Xenopus (Morales Diaz, 2014). Dscam dosage has been shown
to regulate synaptic organization (Cvetkovska et al., 2013; Kim et al., 2013), but
requirements in axon maintenance have not previously been reported.

Analysis of Bax mutant retinas, which phenocopy dendrite organization (Chen et al., 2013;
Keeley et al., 2012) and cell death defects (Deckwerth et al., 1996) and the axon remodeling
phenotype reported here, suggest that DSCAM-dependent interactions within the retina
result in the removal of cells, which then remodel axons in the absence of Dscam or Bax.
Our data indicate that JUN signaling is not required for axon remodeling in Dscam mutant
mice, but rather an increase in the number of misprojected axons was observed in the
Dscam/Jun double mutant, suggesting that JUN signaling inhibits this type of axonal
plasticity. Activation of AKT, which promotes axon RGC regeneration (Duan et al., 2015),
was also observed, consistent with the novel axonal projections observed within the Dscam
mutant retina.

Conclusion

The axons of retinal ganglion cells undergo a process of degeneration and regrowth after the
onset of visual function in Dscam mutant mice. Remodeling is retina-autonomous, initiated
by RGC-intrinsic events and is phenocopied in the Bax mutant retina. The timing of axon
stress and remodeling is coincident with activation of JUN and AKT. JUN-dependent
signaling is not required for the axon remodeling and in its absence a significant increase in
the number of novel axon projections was observed.
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Highlights
Retinal ganglion cell axon stress is observed after eye opening in Dscam mutant mice
Axons subsequently make extensive projections within the mutant retina

This phenotype is observed in the Bax mutant retina and is not the result of damage to
central targets

Activation of stress markers associated with glaucoma and optic nerve crush such as JUN
and JNK are observed in the Dscam mutant retina

Deletion of Jun increases axon remodeling
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Figure 1. Postnatal axon branching and stress in Dscam-©F mice
Wild type and Dscam-OF retinas stained with antibodies to neurofilament medium chain

protein. A and B, Abnormal projection of retinal ganglion cell (RGC) axons was observed in
the Dscamb-OF retina (B: arrows). C, Abnormal axon branching was observed in the
peripheral retina (arrows). D, Abnormal axons were observed to project through the inner
plexiform layer (IPL) of the Dscam-©F retina. E, Axon morphology in Dscam-CF mice was
normal prior to eye opening, which occurs after postnatal day 12 (P12). F, Signs of axon
stress, including accumulation of neurofilament protein in the cell soma (asterisks), blebbing

Mol Cell Neurosci. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Fernandes et al.

Page 14

of axons (arrows), and swollen axon torpedoes (arrow head), were observed in Dscam-COF
mice by P16. G, Swollen axons with torpedoes (arrows) and branching (arrowhead). H,
RGC (arrowhead) with a broken axon that terminates in a bleb (arrow). I, Axons not visibly
connected to RGC soma that terminate in blebs. N>3 at all ages. J, The number of swollen
axons, axon torpedoes, neurofilament (NF) swollen somata and disconnected axons were
significantly increased in Dscam'CF retinas compared to wild type controls at P16 (Student's
t-test < 0.01). A-F Dscam®!17, G-I Dscam?J and sibling controls used. N=6. Scale bar (in
A) =50 um; A, B, (in C) =25 um C-F, (in C) =50 um; G, (in C) =100 ym; H and I.
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Figure 2. Origin of misprojecting axons
A-D, Dscam-OF retina stained with antibodies to neurofilament. A, Abnormal axons appear

to project out of the optic disc (OD). B, Cut section at the level of the optic disc shows
multiple axons (arrows). C, Higher magnification image of left inset from A showing
swollen axon (arrow). D, Higher magnification of inset in A showing axon branching in
peripheral retina (arrow). E-G, Optic nerve (ON) (E) and retina (F and G) of eye injected
with alexa-conjugated cholera toxin. H and I, Optic nerve and retina of contralateral eye
showing no fluorescence. J, Cholera toxin trafficked to distal axonal targets normally.
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N>10: A-D, N=6: E-J. DscamFP mice used. Scale bar (in A) = 100 um; A, (in B) = 100 um;
B,C,D, G, (inE)=100um; E, F, H, I, (in J) = 400 um.
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A. Dsei(#“ YFPH

Figure 3. Single cell analysis indicates that abnormal axons project across the Dscam-©F retina
A-C, Confocal z-projection of a Dscam-OF retina carrying the YFPH transgene revealed the

extensive projections that a single RGC axon could make. A, An abnormal axon projects
from an RGC towards the optic disc (1: arrow), where it turns around and projects back into
the retina (2: arrow and B). The axon then projects around the retina (3-6: arrows) and
makes collateral branches that send terminals into the plexus layers of the retina (C). D-G,
Retinas of Dscam-CF mice stained with antibodies to neurofilament after fluorescent dextran
was injected into the superior colliculus. Fluorescent dextran was observed in the soma of
cells that had accumulated neurofilament. Dashed rings show the outline of neurofilament
filled soma (E and G). N>20 retinas A-C. N>3: D-G. Abbreviations: NF: neurofilament,
cy3-dex: fluorescently labeled dextran. A-G: Dscam?!17 strain used. Scale bar (in A) = 200
pm, (in B) =100 um: B, C, (in D) =10 um: D, E, (in F) =10 ym: F, G.
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A ai9 Brn3b-Cre B Dscam’™ C Dscam™ <

Figure 4. Hydrocephalus in Dscam mutant mice is not necessary to cause axon remodeling
A, Dscam was conditionally targeted with Brn3b-Cre, which is expressed in the midbrain

and retina, but does not result in hydrocephalus, as visualized with the ai9 reporter. B and C,
Axon remodeling was observed after conditionally targeting Dscam with Brn3b-Cre (C) but
not in Cre-negative controls (B). N=3. Scale bar (in B) B-H = 100 um in B and C.
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wild type

Figure 5. Bax null retina phenocopies RGC and axon misprojection phenotype observed in the
Dscam null retina

Cartoon summarizing differences and similarities between the wild type, Bax null and
Dscam mutant retina. A, Defects in dendrite lamination (1), RGC dendrite clumping (2), a
decrease in developmental cell death (3), activation of JUN (4), and misprojection of axons
(5) are observed in both the Dscam and Bax null retina compared to wild type. Uneven soma
lamination (6) is observed in the Dscam mutant retina, but not in the Bax null or wild type
retina. B, Misprojected axons were observed in the Bax null retina. N=4: A-E. Scale bar (in
B) =50 um.
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Figure 6. Increased activation of cell stress associated proteins in Dscam-©F mice

A, Western blot analysis of retinal lysates from Dscam mutant mice and controls at postnatal
day 11 (P11), P18 and P42. Blots were probed with antibodies to phosphorylated JUN
(pJUN), JUN, phosphorylated JNK (pJNK), phosphorylated AKT (pAKT), AKT and
GAPDH, as an additional loading control. An increase in the activation state of JUN, JNK
and AKT was observed in Dscam mutant mice. B, PJUN levels were significantly increased
in DscamOF retinas compared to wild type. C, PINK levels were significantly increased in
DscambOF retinas compared to wild type. D, pAKT levels, normalized to total AKT levels,
were significantly increased in DscamtOF retinas compared to wild type. N=4 in B, =3 in
other panels. B assayed at postnatal day 14. C and D assayed at postnatal day 18. Dscam?
mice and wild type sibling controls used.
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Figure 7. JUN upregulation in Dscam-CF mice
Retinas were stained with antibodies to JUN and TUJ1. A, A few JUN positive cells are

observed in wild type retinas. B, A large number of RGCs are JUN-positive in the
DscambOF retinas. C, Wild type retina showing the upregulation of JUN in all RGCs after
an acute axonal insult, optic nerve crush. N>3. The scale bar is equivalent to 50 pm.
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Figure 8. JUN levels are increased in a small number of Dscam-CF RGCs
An antibody to JUN was used to assay localization at postnatal (P) day 9, 13/14, 18 and in

the adult retina. Accumulation of JUN was observed in RGCs in the Dscam-©F retina at and
after P9 (arrows). Double staining with a pan-amacrine cell marker (AP2a) and a pan-
ganglion cell marker (TUJ1) confirmed that these were RGCs. N=3 retinas at each age. I,
Quantification of cJUN+ cells. A significant increase in the number of cJUN+ cells was
observed comparing the wild type and Dscam-OF retina at P13/14 (retinas were pooled from
P13 and P14 ages to gain a sufficient N), P18, and in the adult retina (Student's t-test value,
not significant (NS) at P9, <0.001; P13/14 and P18; 0.03 comparing adult retina). No
significant change was detected comparing wild type retinas at different ages. A significant
increase in the number of cJUN+ cells was detected in the Dscam-OF retina at P13/14
compared to other tested DscamCF ages (Student's t-test p value < 0.001), but not when
comparing other ages to each other (i.e., P18 Dscam-©F vs. adult Dscam-©F). J, A
significant increase in the number of displaced cells was detected comparing wild type and
DscamOF retinas at all ages (Student's t-test < 0.0001). A significant increase in the number
of displaced cells was also detected when comparing older DscamOF retinas to P9
DscamOF retinas (Student's t-test < 0.002). N=3. Scale bar in (A) = 100 pm. Insets=37.5
pm.
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Figure 9. Deletion of JUN increases number of misprojected axons in the Dscam-©F retina

1duosnuey Joyiny

A-E, Wild type and mutant genotypes. Dscam and Jun were conditionally deleted using
Six3-Cre. F, Quantification of axon misprojection. A significant increase in misprojected
axons was detected in all genotypes compared to wild type. An increase in the number of
misprojecting axons was detected in the Bax mutant retina compared to Dscam-©F retinas.
A significant increase in the number of misprojecting axons was detected in the Dscam/Jun
double mutant retina compared to all other genotypes. G-I, Dscam loss-of-function dendrite
clustering phenotype of TH-positive dopaminergic amacrine (DA) cells in the IPL was still
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observed in the absence of Jun. N=4 (4 retinas). K-P, Nearest neighbor analysis of DA cells
was performed in wild type, Dscam-CF and Dscam/Jun (DKO) mutant retinas. Nearest
neighbor index (NNI) values reflect the degree of spacing compared to the most optimal
space-filling model, that is a hexagonal organization. Nearest neighbor ratio (NNR) values
control for cell density by dividing the actual NNI by the random NNI, generated by
randomly distributing a like number of cells averaged over 500 trials. K, Wild type NNI
values were significantly increased compared to random simulations (Student's t-test p-value
<0.001), indicating a greater degree of spatial organization compared to a random
distribution. L, Dscam-OF DA cell NNI values were significantly decreased compared to
random (Student's t-test p-value <0.03). M, DA cells in the Dscam/Jun DKO mutant mice
had a significantly lower NNI values compared to controls (Student's t-test p-value <0.01).
N, Comparison of NNI values across genotypes. NNI values were significantly increased in
wild type compared to single or double mutants (Student's t-test p-value <0.001), while no
significant difference was observed comparing Dscam and Dscam/Jun NNI values. O, No
significant differences in NNI values were detected when comparing the random simulation
of density-matched spacing for each genotype. P, Nearest neighbor ratio (NNR) values,
which normalize for cell density, were significantly different comparing wild type to either
mutant genotypes (Student's t-test p-value <0.001), but the Dscam-©F and DKO NNR
values were not significantly different from each other. N>4. P-values for axon
misprojection phenotype are listed in Table 1. Scale bar (in A) A-G =50 um.
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A. Wild type B. Dscam KO C. Dscam/Jun DKO

D. Wild type E. Dscam KO F. Dscam/Jun DKO

G. Wild type H. Dscam KO I. Dscam/Jun DKO

Figure 10. Neurite Lamination in the Dscam/Jun double mutant retina
Sections of wild type, Dscam-OF and Dscam/Jun (DKO) mutant retinas stained with

amacrine cell markers to visual neurite stratification. A-C, Sections labeled with antibodies
to ChAT and vglut3. Vglut3 staining is normally concentrated between ChAT staining (A;
arrowheads). Vglut3 lamination is disrupted in the Dscam-CF and Dscam/Jun mutant retinas
compared to wild type. D-F, Sections labeled with antibodies to ChAT and bNOS. BNOS
staining is normally localized in three discreet bands (D; arrow heads). Lamination is
disrupted in the DscamOF and Dscam/Jun mutant retinas compared to wild type. G-I,
Sections labeled with antibodies to ChAT and TH. TH staining normally is limited to the
border between the inner nuclear layer and inner plexiform layer (G; arrowhead).
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Lamination is disrupted in the Dscam-OF and Dscam/Jun mutant retinas compared to wild
type. Scale bar (in A) =50 um.
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Table 1
Adult mistargeted axons

Genotype Axons* nretinas | v.wtp | v.KOp | v.Brnp | v.Baxp | v.DKOp
Wild type 1.1+1.1 28 >0.001 >0.001 =0.001 20.001
Dscam mutant 9.6+ 4.0 16 =.36 >0.001 >0.001
Dscam floxed Brn Cre | 11.8+8.3 8 >0.019 >0.001
Bax mutant 22.8+4.1 5 >0.001
Dscam/Jun mutant 51+9.1 5

*
The number of swollen axons misprojecting through the retina beginning at the optic disc
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