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Abstract

Cadherin cell adhesion molecules play crucial roles in vertebrate development including the
development of the visual system. Most studies have focused on examining functions of classical
type | cadherins (e.g. cadherin-2) in visual system development. There is little information on the
function of classical type Il cadherins (e.g. cadherin-6) in the development of the vertebrate visual
system. To gain insight into cadherin-6 role in the formation of the retina, we analyzed differentiation
of retinal ganglion cells, amacrine cells and photoreceptors in zebrafish embryos injected with
cadherin-6 specific antisense morpholino oligonucleotides. Differentiation of the retinal neurons in
cadherin-6 knockdown embryos (cdh6 morphants) was analyzed using multiple markers. We found
that expression of transcription factors important for retinal development was greatly reduced, and
expression of Notch-Delta genes and proneural gene ath5 was altered in the cdh6 morphant retina.
The retinal lamination was present in the morphants, although the morphant eyes were significantly
smaller than control embryos due mainly to decreased cell proliferation. Differentiation of the retinal
ganglion cells, amacrine cells and photoreceptors was severely disrupted in the cdh6 morphants due
to a significant delay in neuronal differentiation. Our results suggest that cadherin-6 plays an
important role in the normal formation of the zebrafish retina.
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Introduction

The vertebrate retina, including the zebrafish retina, is a well-laminated structure consisting
of alternating cellular and synaptic layers. Retinal ganglion cells (RGCs), residing in the
innermost cell layer near the basal surface of the retina, called the retinal ganglion cell layer
(gcl), are the first retinal cells to become postmitotic, beginning around 28 hours post
fertilization (hpf). The earliest differentiating RGCs are located in the anteroventral retina.
Differentiating RGCs produce several dendrites (toward the apical direction), and an axon
(toward the basal direction). The earliest RGC axons arrive at the optic chiasm at about 35 hpf,
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reach the anterior optic tectum at about 45 hpf, and cover the entire lobe of the optic tectum
by 72 hpf (Stuermer 1988; Burrill and Easter, 1994). Differentiating zebrafish RGCs can be
labeled using antibodies for various markers including anti-HuC/HuD (labeling the soma),
anti-acetylated tubulin (labeling mainly the processes), anti-Pax6 (labeling the soma), and zn5
(labeling both the soma and processes) (Malicki et al., 2003; Masai et al., 2003; Avanesov et
al., 2005).

Photoreceptors (rods and cones), found in the outer nuclear layer (onl) near the apical surface
of the retina, become postmitotic much later than RGCs. Differentiating photoreceptors can
be distinguished by their expression of photoreceptor-specific markers (e.g. zpr-1, Larison and
BreMiller, 1990). Like the RGCs, the earliest differentiating photoreceptors, beginning around
45 hpf, are located in the anteroventral region of the retina, and by 72 hpf, expression of the
photoreceptor-specific markers has expanded to the entire retina (Malicki, 1999).

Amacrine cells, located in the innermost portion of the inner nuclear layer (inl), develop later
than RGCs, but earlier than photoreceptors. Differentiating zebrafish amacrine cells can be
first detected at 41 hpf (Godinho et al., 2005). As development proceeds, amacrine cells
generate numerous processes, and by 50 hpf, a plexus of neurites is formed projecting toward
the gcl (Godinho et al., 2005). Developing zebrafish amacrine cells are well-labeled with
various markers including the anti-HuC/HuD, anti-Pax6 and anti-parvalbumin antibodies
(Malicki et al., 2003; Masai et al., 2003; Avanesov et al., 2005).

Molecular mechanisms underlying RGC, amacrine cell and photoreceptor development have
been under intense investigation. Regulator molecules such as atonal homologues 3 and 5 (ath3
and ath5), BarH, NeuroD, Pax®6, sonic hedgehog (shh), bone morphogenetic proteins (BMPs),
members of retinal homeobox (e.g. Rx1) and orthodenticle homeobox families (e.g. otx2), and
cone-rod homeobox (Crx), play crucial roles in differentiation of the vertebrate retinal cells
(Chow, 2001; Marquardt and Gruss, 2002; Harada et al., 2007). Cadherin cell adhesion
molecules have also been implicated in the development of these retinal cells (see below).

Cadherins are transmembrane molecules that mediate cell-cell adhesion mainly through
homophilic interactions (Takeichi, 1991; Gumbiner, 1996). Functional studies of two classical
type | cadherins (e.g. cadherin-2 and cadherin-4, also known as N-cadherin and R-cadherin,
respectively) in various vertebrate species including zebrafish showed that these molecules
regulate the formation of the vertebrate visual system (Matsunaga et al., 1988; Riehl et al.,
1996; Stone and Sakaguchi, 1996; Inoue and Sanes, 1997; Treubert-Zimmermann et al.,
2002; Malicki et al, 2003; Masai et al., 2003; Babb et al., 2005, Liu et al., 2007). There is little
information on the function of other cadherins (e.g. cadherin-6, -7, and -10, members of the
type Il cadherins, Nollet et al., 2000) in the development of the visual system. In this study we
showed that cadherin-6 was expressed by specific zebrafish retinal cells (e.g. RGCs and
amacrine) during critical stages of their development, and interfering with cadherin-6 function
using translation blocking morpholino antisense oligonucleotides severely disrupted
differentiation of zebrafish retinal cells, indicating that cadherin-6 plays a crucial role in the
development of the vertebrate visual system.

Zebrafish (Danio rerio) were maintained as described in the Zebrafish Book (Westerfield,
2000). Zebrafish embryos were obtained from breeding of wild-type adult zebrafish. Embryos
for whole-mount immunocytochemistry or in situ hybridization were raised in PTU (1-
phenyl-2-thiourea, 0.003%) to prevent melanization. All animal-related procedures were
approved by the Care and Use of Animals in Research Committee at the University of Akron.
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MO injections and mRNA synthesis

Two translation blocking morpholino antisense oligonucleotides (MOs; cdh6MO1: 5’-AAG
AAG TAC AAT CCA AGT CCT CAT C-3’ (Kubota et al., 2007), cdh6MO2: 5’-TCC GCT
CTT AGG GTG TCT TAC AGG G-3’), and a MO with five-mismatched nucleotides (5-mis
cdh6MOL1: 5’-AAc AAG TAg AAT gCA AcT CCT gAT C-3’) were used in the study. These
MOs, designed by and purchased from Gene Tools (Philomath, OR), were used as described
(Nasevicius and Ekker, 2000). Compared with data bases using BLAST, the cdh6é MOs
sequences showed no significant similarities to any sequences other than zebrafish cdh6
(GenBank accession number: AB193290). MOs were microinjected into one- to four-cell stage
embryos at 2 nl (6-12 ng for cdh6MO1, 12 ng for 5-mis cdh6MO1, 3.4-6.8 ng for cdh6MO?2)
in Daneau buffer (58 mM NaCl, 0.7 mM KCI, 0.4 mM MgSQOy, 0.6 mM Ca(NO3),, 5.0 mM
HEPES pH 7.6).

Injected embryos were allowed to develop at 28.5°C until the embryos reached desired stages
(e.g. 50 hpf), anesthetized in 0.02% MS-222 and fixed in 4% paraformaldehyde and processed
as described below. To label individual retinal cells, some embryos were injected with a
solution containing a cdh6 MO or a control (5-mis) MO (the same amount as above), together
with eGFP DNA (30 ng). This eGFP expressing vector is under the control of a zebrafish heat
shock promoter 70 (HSP70/4 eGFP, Shoji et al., 1998). Injected embryos were heat shocked
(37°C for one hour at 36 hpf) to activate the heat shock promoter, followed by returning to
28.5°C until the embryos reached desired stages (e.g. 53 hpf), anesthetized and fixed as
described above.

Tissue processing

To prepare tissue for whole mount in situ hybridization or immunohistochemistry, the fixed
embryos were rinsed in 0.1 M phosphate buffered saline (PBS, pH 7.4), followed by placing
the embryos in increasing concentrations of methanol, and stored in 100% methanol at -20°C.
To prepare tissue for immunohistochemistry on tissue sections, the fixed embryos were washed
in PBS, processed through a graded series of increasing sucrose concentrations, and placed in
20% sucrose in PBS overnight at 4°C. The embryos were then embedded and frozen in a
mixture of OCT embedding compound and 20% sucrose (1:1, v/v). A cryostat was used to
obtain 10 um (30 um for embryos co-injected with the eGFP plasmid DNA) sections collected
on pretreated glass slides (Fisher Scientific, Pittsburgh, PA), dried at room temperature and
stored at -80°C.

In situ hybridization

cDNAs used to generate the cRNA probes were kindly provided by Pamela Raymond at the
University of Michigan (for crx, deltaC, notchla, otx5 and rx1 genes), and Deborah Stenkamp
at the University of Idaho (for ath5 and neuroD). A cDNA fragment corresponding to the
nucleotides 228-1359 of the zebrafish cdh6 (GenBank accession no. AB193290) was obtained
using reverse transcriptase-polymerase chain reaction with total RNA from 50 hpf zebrafish
embryos (Liu et al., 2006). Procedures for the synthesis of digoxigenin-labeled cRNA probes,
and whole mount in situ hybridization were described previously (Liu et al., 1999; Babb et al.,
2005; Liu et al., 2006). For each cRNA probe, control embryos (uninjected or embryos injected
with the 5-misMO) and embryos injected with one of the cdh6 MOs (cdh6 morphants) were
processed at the same time, side by side. For immunocytochemical detection of the
digoxigenin-labeled cRNA probes, anti-digoxigenin Fab fragment antibodies conjugated to
alkaline phosphatase were used, followed by an NBT/BCIP color reaction step (Roche
Molecular Biochemicals, Indianapolis, IN).
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Cadherin-6 antibody production

A synthetic peptide 5’-RMHKSTHLVAVVISDGHFPMQS-3’, corresponding to zebrafish
cadherin-6 amino acid residues 557-578, was conjugated to keyhole limpet hemocyanin and
used to immunize two rabbits (Covance Research Products, Inc., Denver, PA). The resulting
crude rabbit polyclonal antiserum was affinity purified by covalently linking the synthetic
peptide to Affi-Gel 10 resin (Bio-Rad, Hercules, CA) according to the manufacturer’s
instructions. The cadherin-6 antiserum was diluted with an equal volume of 5X PBS and
applied to a chromatography column packed with the resin. The flow-through was reapplied
twice, and the column was rinsed with 10 column volumes of 5X PBS to eliminate non-specific
binding. The cadherin-6 antibody was eluted with 10 column volumes of 0.1 M sodium citrate
supplemented with 10% ethylene glycol (pH 2.5), neutralized with 1 M Tris buffer (pH 8) and
then concentrated with Centriprep concentrators (Bio-Rad).

Immunoblotting, Immunohistochemistry, and TUNEL labeling

Detailed procedures for immunoblotting, whole mount immunohistochemistry and
immunostaining on tissue sections were described previously (Liu et al., 1999; Liu et al.,
2002; Babb etal., 2005). Primary antibodies used were anti-acetylated tubulin (1:1,000; Sigma,
St. Louis, MO), anti-p-catenin (1:500, Sigma), anti-eGFP (1:1,000; Medical & Biological
Laboratories, Woburn, MA), anti-HuC/HuD (1:2000; Molecular Probes/Invitrogen, Carlsbad,
CA), anti-Pax6 (1:500; Chemicon International, Inc., Temecula, CA), anti-parvalbumin
(1:500; Chemicon International Inc.), anti-histone H3 (1:500; Chemicon International, Inc.),
cadherin-6 (1:500 and 1:300 for immunoblotting and immunofluorescent methods,
respectively), zn-5 (1:1,500, Zebrafish International Resource Center, University of Oregon,
Eugene, OR), znp-1 (1:250; The Developmental Studies Hybridoma Bank, the University of
lowa, lowa City, 1A) and zpr-1 antibodies (1:1,000; Zebrafish International Resource Center).
For immunofluorescent microscopy, an anti-rabbit or anti-mouse secondary antibody
conjugated with Cy3 or FITC (Jackson ImmunoResearch Laboratories, West Grove, PA) was
used. A biotinylated secondary antibody (Vector Laboratories, Burlingame, CA) was used for
immunoperoxidase methods, and visualization of the reaction was achieved by using a DAB
kit (Vector Laboratories).

Terminal dUTP nick-end labeling (TUNEL) was performed on whole-mount embryos using
the Roche in situ cell death detection kit (Roche Molecular Biochemicals), according to the
manufacturer’s instructions.

Microscopy and Photography

Stained whole mount embryos or tissue sections were analyzed with an Olympus BX51
compound microscope equipped with a SPOT digital camera. Quantitative data from each
embryo processed for the histone H3 immunostaining was obtained from two alternate sections
(to avoid counting the same positive cells twice) through the central retina, using the size and
presence of the lens as reference points. To analyze cadherin-6 function on differentiation of
individual retinal cells, morphology (soma shape and size, presence of axon and dendrites and
the number of the dendrites) of well-labeled eGFP expressing cells in the ganglion cell layer
(RGCs) and inner portion of the inner nuclear layer (amacrine cells) was recorded digitally
and/or using Camera lucida drawings under 100X objective lens with Nomarski optics. For
amacrine cells, only processes projected toward the ganglion cell layer were recorded.
Digitized images were processed, with the same values of contrast, sharpening, and hue/
saturation, with Adobe Photoshop (Mountain View, CA). Unpaired Student t-test was used to
determined statistical significance.
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Results

Cadherin-6 expression in the developing retina

Cadherin-6 message (cdh6) expression was first detected in the developing zebrafish retina at
32 hpf. cdh6 was detected in the optic nerve and the anteroventral region of the retina, where
the earliest differentiating retinal cells, the retinal ganglion cells (RGCs), are located (Fig. 1A
and B). As development proceeded, cdh6 expression increased greatly in the retina, mainly
found in the retinal ganglion cell layer (gcl), the inner portion of the inner nuclear layer (inl)
where presumptive amacrine cells reside, and the outer most region of the inl where
presumptive horizontal cells are localized (Fig. 1C-E). The retinal pigmented epithelium also
contained cdh6 (Fig. 1C and F). Similar expression pattern was observed using the affinity
purified polyclonal cadherin-6 anti-peptide antibody (Fig. 2A-C). Moreover, both the inner
plexiform layer, where retinal ganglion cell dendrites contact amacrine and bipolar cell
processes, and the outer plexiform layer, where horizontal, bipolar and photoreptor processes
contact, were strongly labeled by the antibody (Fig. 2B and C). Specificity of this antibody
was demonstrated by immunoblotting using zebrafish embryonic tissues (lysates of whole
embryos at 50 to 74 hpf). The antibody detected a band at ~ 110 kDa (Fig. 2A), a molecular
mass similar to other zebrafish cadherin proteins (Cdh6) (e.g. cadherin-1, -2, -4, Bitzur et al.,
1994; Liu et al., 2001a; Liu et al., 2001b; Babb and Marrs, 2004), and Cdh6 from other
vertebrates (Cho et al., 1998; Inoue et al., 1998; Nakagawa and Takeichi, 1998; Ruan et al.,
2006). A couple of lower molecular mass bands were also present in the immunoblot. These
bands likely represented degradation products of the Cdh6 (Inoue et al., 1998; Nakagawa and
Takeichi, 1998), because their staining was greatly reduced when the antibody had been
preincubated with the synthetic cadherin-6 peptide used for the generation of the cadherin-6
antibody. The Cdh6 is likely target for proteolysis, since only the high molecular mass, the 110
kDa band could be detected in fresh tissue in the presence of strong protease inhibitors
(phenylmethylsulfonyl fluoride and protease inhibitor cocktail).

MO injections

Morpholino antisense oligonucleotide (MO) techniques effectively and selectively block gene
function, and these reagents have mainly been employed for developmental studies in
vertebrates such as Xenopus and zebrafish (Ekker, 2000; Nasevicius and Ekker, 2000;
Andermann et al., 2002; Ando et al., 2005; Knaut et al., 2005; Bellipanni et al., 2006; Eaton
and Glasgow, 2006). Injection of translation blocking cdh6 MOs into one- to four-cell stage
zebrafish embryos resulted in embryos that had similar phenotype such as smaller eye and head
(cdh6 is expressed in the forebrain and retina, Liu et al., 2006), edema in the thorax, short yolk
extension, and/or curved body (due to disrupted kidney function) (Fig. 3; Table 1), as described
by Kubota and colleagues (2007). Injection of lower dosages of the cdh6é MOs (cdh6MO1, 6.0
ng/embryo, or cdh6MO2, 3.4 ng/embryo) resulted in most embryos with moderate defects (e.g.
small eyes and head, short yolk extension, slight or no edema in the thorax, with straight body;
the second embryo in Fig. 3A; Table 1). Injection of higher dosages of cdh6 MOs (cdh6MO1,
12.0 ng/embryo, or cdh6MO2, 6.8 ng/embryo) resulted in embryos with more severe
phenotypes (smaller eyes and head, apparent edema in the thorax, and/or curved body; the third
embryo in Fig. 3A; Table 1) that were similar to those obtained by Kubota and colleagues
(2007). The gross ~ were not obvious at 24 hpf, but became apparent at 40-50 hpf.
Measurements of the eye size (circumference in microns) of live embryos at 50 hpf revealed
that cdh6 morphant eyes (576.8 + 21.3, n = 20 eyes) were significantly smaller (p<0.001) than
uninjected control embryo eyes (751.4 £ 35.7, n = 20 eyes). In contrast, injection of the control
MO with five changes or mismatches in the cdh6MO1 sequence (making it unable to hybridize
with the cdh6 sequence; 5-mis) resulted in embryos that were indistinguishable in morphology
and neural marker staining from uninjected control embryos (Table 1; also see below). The
specificity of the cdh6MO1 was demonstrated by rescuing the phenotype with synthetic
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cdh6 mRNA injections (Kubota et al., 2007). Moreover, Cdh6 expression was greatly reduced
in cdh6 morphants (Fig. 2D and E) compared to control MO injected embryos (Fig. 2B) or
uninjected embryos (Fig. 2C).

Analysis of apoptosis and cell proliferation in cdh6 morphants

To determine whether the small eye phenotype in cdh6 morphants was mainly due to increased
cell death or reduced cell proliferation, we performed TUNEL staining (Fig. 4), and histone
H3 immunostaining experiments (Fig. 5). There were very few apoptotic cells in the retina of
both young (35 hpf) and older (50 hpf) cdhé morphants (Fig. 4A, B and E), which was similar
to uninjected control embryos (Fig. 4C, D and E).

Mitotic nuclei in the control and cdh6 morphant retinas were revealed using the histone H3
immunostaining (Fig. 5; Adams etal., 2001). Due to differences in their eye sizes, we compared
the number of histone H3 positive nuclei per unit area of the retina, instead of the number of
histone H3 positive cells per retina in control and morphant retinas. Although most labeled
cells in both the control and morphant retinas were located in the peripheral region at 50 hpf,
the control retina (Fig. 5A) contained significantly more proliferative cells than cdhé morphant
retina (Fig. 5A-C).

Expression of transcription factors and notch-delta genes altered in the cdh6 morphant

retina

To determine whether cadherin-6 regulates retinal differentiation, five transcription factors
known markers for retinal differentiation and/or involved in the formation of the vertebrate
retina (Table 2; rx1 (Chuang et al., 1999;Chuang and Raymond, 2001), NeuroD (Morrow et
al., 1999;Inoue et al., 2002;Yan et al., 2005), crx (Furukawa et al., 1997;Blackshaw et al.,
2001;Liu et al., 2001;Shen and Raymond, 2004), otx5 (Gamse et al., 2002), and ath5 (Masai
et al., 2000;Kay et al., 2005)), were examined in control and morphant retinas. rx1 was
expressed by the entire retina at 18 and 24 hpf in both the control and cdh6 morphants (Fig.
6A and E;Table 2), suggesting that disruption of cadherin-6 function did not affect formation
of the eye primordium and differentiation of the early retina. neuroD was expressed by many
retinal cells, particularly in the outer portion of the retina in control embryos at 50 hpf (Fig.
6B;Korzh et al., 1998), while there was only weak neuroD expression in the cdh6 morphant
retina at this stage (Fig. 6F; Table 2). crx and otx5 transcripts were strongly expressed by the
entire retina in control embryos (Fig. 6C and D, but their expression was confined to a ventral
patch in the morphant retina (Fig. 6G and H; Table 2). In contrast, crx and otx5 expression in
the pineal gland was similar between the control and morphant retinae (Fig. 6C, D, G and H).

To determine whether neurogenesis was affected in the cdh6 morphant retina, we compared
expression of the proneural gene ath5 between the control embryos and cdh6 morphants. Strong
ath5 expression was detected in the retina of 34-50 hpf control embryos (Fig. 61 and J; Masai
etal., 2000; Kay et al., 2005). ath5 expression was reduced in the morphant eyes at 34 hpf (Fig.
6M; Table 2), while its expression in the morphant eyes at 50 hpf (Fig. 6N) resembled
expression in the control eyes of the younger stage embryos (Fig. 61).

As with other classical cadherins, cadherin-6 is known to mediate cell-cell adhesion mainly
through homophilic binding (Nakagawa and Takeichi, 1995; Shimoyama et al., 2000).
Blocking cadherin-6 function may affect cell-cell contacts, which in turn may affect Notch-
Delta signaling in the cdh6 morphant. Notch-Delta signaling is involved in lateral inhibitory
signals that prevent differentiation of retinal neurons, maintenance of proliferating retinal
progenitors, and promotion of Maller glial differentiation (Perron and Harris, 2000; Livesey
and Cepko, 2001; Ahmad et al., 2004). To determine whether Notch-Delta signaling was
affected in cdh6 morphants, we examined expression of notchla and deltaC, zebrafish Notch
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and Delta gene family members, respectively, in the morphant retina. Both genes are strongly
and widely expressed in the retina of young embryos (24-36 hpf; Smithers et al., 2000; Fig.
6K and insert), and their expression domains became more confined as development proceeds
(Fig. 6L and insert). In the retina of 2.5-4 day larvae, notchla and deltaC expression is restricted
to the proliferating marginal zone (Smithers et el., 2000). Their expression in the retina of 34
hpf cdh6 morphants (Fig. 60 and insert) was similar to the levels seen in control embryos of
the same stage (Fig. 6K and insert), but their expression remained high in the 50 hpf morphant
retina (Fig. 6P and insert).

Differentiation of retinal ganglion and amacrine cells was severely disrupted in the cdh6
morphant retina

B-catenin immunostaining (labeling cell membrane of retinal cells and retinal synaptic layers)
was performed to examine the general organization of the cdh6 morphant retina (Fig. 7).
Although retinal lamination was barely detectable at 50 hpf in the morphant retina (Fig. 7C
and insert), it became obvious by 74 hpf (Fig. 7D). This result was confirmed by znp-1
immunostaining (labeling synaptic layers, Fig. 7D insert). Since cdh6/Cdh6 was detected in
the gcl and inner portion of the inl during critical stages of zebrafish RGC and amacrine cell
development, perturbing cadherin-6 function in the embryonic zebrafish may disrupt formation
of these retinal cell types. RGC differentiation was analyzed using several neural markers
known to label differentiating zebrafish RGCs (Malicki et al., 2003;Masai et al., 2003; Table
3). A distinct gcl, shown by zn5 (labeling both RGC body and axons) and anti-HuC/HuD
immunostaining (labeling RGC soma), was observed in 2-day old control embryos or embryos
injected with the control MO (Fig. 8A and insert, B and insert). Expression of these markers,
although still confined mainly to the inner portion of the retina, was greatly reduced in cdh6
morphants (Fig. 8D and E;Table 3). A thick zn5-positive optic nerve was found exiting each
retina, crossing at the base of the diencephalon (optic chiasm) with the optic nerve from the
other retina, and projecting toward the brain in the control embryos (Fig. 8A and insert), while
in cdh6 morphants there was only a very thin retinal axonal bundle labeled by zn-5
immunostaining (Fig. 8D). Similar results were obtained using anti-acetylated tubulin (labeling
mainly the RGC axons) immunostaining (Fig. 8C and F;Table 3). The RGC defects persisted
in 3-day old larvae as revealed by anti-HUC/HuD and anti-Pax6 immunostaining (Fig. 9;Table
3). These two markers and anti-parvalbumin antibody also strongly labeled amacrine cells
(Malicki et al., 2003;Masai et al., 2003;Avanesov et al., 2005) in control or 5-misMO injected
3-day old larvae (Fig. 9A-C and their inserts), while expression of these three markers was
greatly diminished in the morphant retinae (Fig. 9D-F; Table 3), suggesting that differentiation
of amacrine cells was disrupted in the cdh6 morphant retina.

To determine cadherin-6 function on individual RGCs and amacrine cell differentiation,
individual retinal cells were labeled with enhanced green fluorescent protein (eGFP) using an
eGFP expressing vector under the control of a zebrafish heat shock promoter 70 (HSP70/4
eGFP, Shoji et al., 1998). Co-injection of a cdh6 MO with the HSP70/4 eGFP cDNA into one
to four-cell stage zebrafish embryos, followed by activation of the heat shock promoter (37°C
for one hour at 36 hpf), resulted in eGFP transfected cells throughout the embryo, including
the retina. At 53 hpf, control eGFP expressing cells (from embryos injected with the eGFP
containing vector only, or injected with the vector and the 5-misMO) exhibited differentiated
morphology such as elongated cell body with an axon and several dendrites (Fig. 10A and B).
Almost all control eGFP expressing RGCs contained an axon (>91%) and dendrites (100%),
while an axon and dendrites were present in about two thirds of morphant eGFP expressing
RGCs (Fig. 10C, D and I). Moreover, all control eGFP expressing RGCs had two or more
dendrites, but less than one quarter of cdh6é morphant eGFP expressing RGCs contained two
or more dendrites (Fig. 101).
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All control eGFP expressing amacrine cells had numerous processes (>4) projecting toward
the gcl (Fig. 10E, F and J), while only about one quarter of cdh6 morphant eGFP expressing
amacrine cells had four or more processes (Fig. 10G, H and J).

Cadherin-6 function in differentiation of photoreceptors was examined using a photoreceptor-
specific marker zpr-1 (labeling double cones, Fig. 11A and B). Zpr-1 expression was greatly
reduced and confined to a ventral patch in the peripheral (outer) lamina of the cdh6 morphant
retina (Fig. 11C and D).

Discussion

Cadherin-6 promotes RGCs and amacrine cells differentiation

Cdh6/cdh6 is expressed in both RGCs and amacrine cells during critical periods of their
development in zebrafish retina, suggesting that cadherin-6 participates in the differentiation
of these retinal cells, as supported by the results of this study. Unlike cadherin-2 and cadherin-4,
which are involved in both initiation and elongation of RGC axons and dendrites (Lele et al.,
2002; Malicki et al., 2003; Masai et al., 2003; Babb et al., 2005), cadherin-6 appears to be more
involved in the elongation of RGC axons and elongation and/or branching of RGC dendrites,
rather than their initiation. A majority of cdh6 morphant RGCs had an axon and dendrites, but
only a few axons exited the retina, suggesting disrupted elongation. Also, cdh6 morphant RGCs
had fewer dendrites, which could be due to perturbations in elongation, branching or both.

Differentiation of amacrine cells was severely affected in cdh6 morphants, as shown by anti-
HuC/HuD, anti-Pax6 and anti-parvalbumin immunostaining, as well as by examination of
eGFP-labeled individual amacrine cells. Reduced Pax6 labeling in the inner nuclear layer was
also observed in cadherin-4 morphant retina (Babb et al., 2005). In contrast to the greatly
reduced amacrine cell processes in cdh6 morphants shown in this study, amacrine processes
became markedly increased in branching and length in cadherin-2 mutants (Masai et al.,
2003), suggesting differential cadherin function in the amacrine cell differentiation.

It was surprising to find greatly reduced photoreceptor differentiation in the cdh6 morphant
retina, because cdh6 expression is not detected in the outer nuclear layer where photoreceptors
reside (Fig. 1). However, Cdh6/cdhé is strongly expressed by RGCs, amacrine cells, cells
adjacent to the outer nuclear layer, and retinal pigmented epithelium (Fig. 1), and differentiation
of the RGCs and amacrine cells are severely disrupted in the cdh6 morphants (see above).
Therefore, cadherin-6 may regulate retinal photoreceptor differentiation indirectly through its
control on the differentiation of other types of retinal cells, which is similar to our findings in
cadherin-4 morphants (Babb et al., 2005;Liu et al., 2007).

Cadherin-6 function in vertebrate retina development was recently studied in Xenopus by Ruan
and colleagues (Ruan et al., 2006). The study focused on effects of cadherin-6 knockdown on
the formation of the eye primordium, retinal lamination, retinal pigmented epithelium and lens
development, while differentiation of specific subtypes of retinal cells (e.g. retinal ganglion

cells, amacrine cells and photoreceptors) was only briefly discussed (Ruan et al., 2006). Similar
to our findings, cdh6 loss-of-function in Xenopus resulted in small eye phenotype (Ruan et al.,
2006). Moreover, in both zebrafish and Xenopus morphants, the reduced eye size is mainly

due to decreased cell proliferation in the retina. This is different from embryos with disrupted
cadherin-2 or cadherin-4 function in which significantly higher rates of cell death contributed
to the eye defects (Pujic and Malicki, 2001; Malicki et al., 2003; Babb et al., 2005). Unlike

Xenopus in which the loss of cadherin-6 function resulted in disrupted retinal lamination (Ruan
etal., 2006), the zebrafish cdh6é morphant retina showed no disruption in the retinal lamination.
This species difference may partially due to different expression patterns of this cadherin in

the Xenopus and zebrafish developing eye: cdh6 expression in Xenopus eye primordium (optic
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cup) is earlier (stage 26 before lens formation), and its expression domain in the eye at this
stage is larger (David and Wedlich, 2000) than that in the zebrafish eye at 32 hpf (when
cdh6 is first detected in the retina which has a distinct lens). Moreover, the developing zebrafish
retina expresses multiple cadherins including cadherin-2 that is shown to confer much stronger
cell-cell adhesion than type 1l cadherins (Chu et al., 2006). This is consistent with the finding
that zebrafish cadherin-2 mutants have severe retinal lamination defects (Masai et al., 2003;
Malicki et al., 2003).

Possible mechanisms of cadherin-6 function in retinal development

Classical cadherins control cell motility, growth and differentiation through p—catenin-T-cell
factor transcription factor pathway (canonical Wnt pathway), p120 catenin pathway (Rac or
Rho GTPases), cadherin extracellular domain 4/FGF receptor pathway (receptor tyrosine
kinases), and/or proteolytically generated cytoplasmic fragment pathway (reviewed by
Wheelock and Johnson, 2003; Junghans et al., 2005). For example, cadherin-2 regulates
myoblasts differentiation by activating RhoA, leading to increased expression of MyoD
(Charrasse et al., 2002). It is possible that cadherin-6 functions in retinal cell differentiation
by controlling regulatory gene expression such as athb, crx, and neuroD, and affecting
expression Notch-Delta. Normal expression of rx1, notchla and deltaC in younger morphant
(18-34 hpf) retinae suggests that specification of retinal identity does not require cadherin-6
function. Reduced expression of transcription factors and reduced staining of other retinal
differentiation markers (see above); continued strong expression of notchla and deltaC in 50
hpf morphant retinae; and similar ath5 expression pattern in younger control embryos (34 hpf)
and 50 hpf morphants indicates that retinal differentiation is greatly delayed in cdh6 morphants.
This delay in the retinal development is unlikely the result of a general delay in zebrafish
development, because morphants have a similar body size and yolk size as control embryos
(Fig. 3), and the distance between the eye and ear (a good indicator of developmental stage) is
reduced in both the morphants and control embryos at 50 hpf (Fig. 61, J, M, N, L and P).

Cadbherins (e.g. cadherin-2) are known to inhibit cell proliferation in the vertebrate central
nervous system, possibly by regulating p-catenin levels (Lele et al., 2002; Noles and Chenn,
2007). Cadherins also promote neuroblast proliferation, possibly by mediating interactions
between glial cells and neuroblasts (e.g. DE-cadherin, Dumstrei et al., 2003), and promote
proliferation of rhabdomyosarcomas (highly malignant tumors of skeletal muscle origin) (e.g.
cadherin-4, Charrasse et al., 2004). Molecular mechanisms underlying cadherin-6 function in
promoting retinal cell proliferation remain to be determined.

Conclusion

Numerous studies have shown that type | classic cadherins (e.g. cadherin-2 and cadherin-4)
play crucial roles in the vertebrate visual system development (see above), but there is little
information on type Il classic cadherins (e.g. cadherin-6 and cadherin-7) function in the
formation of this system. In this study, we analyzed developmental consequences of cdh6 loss-
of-function, particularly in the retina, and we found that cadherin-6 regulates differentiation
of the retinal ganglion cells, amacrine cells and photoreceptors. Moreover, we found that
cadherin-6 functions in the retinal cell development (i.e., promoting retinal cell proliferation;
little effect on the initiation of the retinal ganglion cell axon) are different from functions of
type | classic cadherins (i.e., promoting retinal cell survival; great effect on the initiation of the
retinal ganglion cell axon). Our findings also provide additional support for the idea that normal
development of the vertebrate central nervous system requires coordinated cadherin activities.
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Figure 1.

cdh6 expression in the developing zebrafish retina. Panels A, B and D show whole mount eyes
(anterior to the left, dorsal is up for panels A and B, and dorsal is down for panel D). Panels
A, D and F are whole mount eyes processed for cdh6 in situ hybridization. Panel B is a whole
mount eye processed for zn5 immunostaining (labeling early differentiating retinal ganglion
cells). Panel C is a retinal cross section (dorsal to the left) of an embryo processed for cdh6
whole mount in situ hybridization, while panel E is immunostaining of a retinal cross section
(dorsal to the left) using anti-HuC/HuD (labeling the retinal ganglion cells and amacrine cells)
and zpr-1 antibodies (labeling the photoreceptor layer). Arrows in panels A and B indicate
labeling in the anteroventral region of the retina. The inner plexiform layer (ipl) in panel C is
indicated by the dashed line. Panel F is a higher magnification of the posteroventral quadrant
of a whole mount eye (anterior to the left and dorsal up) showing labeling in the retinal
pigmented epithelium (rpe). The insert in panel F shows a whole mount eye (outlined by the
dashed line) processed for in situ hybridization using a cdh6 sense probe. Other abbreviations:
gcl, retinal ganglion cell layer; gV, trigeminal ganglion; inl, inner nuclear layer; le, lens; on,
optic nerve; onl, outer nuclear layer. Scale bars = 50 pm.
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Control
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Figure 2.

Cadherin-6 antibody and cadherin-6 protein expression in the developing zebrafish retina.
Panel A shows immunoblot using 55 hpf whole zebrafish embryo lysate demonstrating
specificity of an affinity purified zebrafish cadherin-6 antibody. Staining of the 110 kDa
molecular mass band was greatly reduced when the cadherin-6 antibody (lane 1) had been
preincubated with excess cadherin-6 synthetic peptide used to generate the antibody (lane 2).
The same amount of protein (40 ug total protein/lane) was loaded. Panels B-E are retinal cross
sections (dorsal to the left) showing cadherin-6 protein (Cdh6) expression in an embryo injected
with the control 5-mis MO (panel B), a control embryo (panel C) and cdh6 morphants (panels
D and E). Abbreviation: opl, outer plexiform layer. Other abbreviations are the same as in
Figure 1. Scale bar = 50 pum.

Dev Neurobiol. Author manuscript; available in PMC 2008 October 7.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Liuetal. Page 16

Db

B i o

Figure 3.

Gross morphological defects in cdh6 morphants. Lateral views of live embryos (anterior to the
left and dorsal up) with embryos in panel A developed in normal tank water, while embryos
in panel B developed in PTU treated tank water. Eyes in embryos are indicated by asterisks.
Edema in the thorax is indicated by an arrowhead, while an arrow points to the end of the yolk
extension, which is seen better in the PTU treated embryos in panel B. Abbreviations:
cdh6MO2m, moderately affected embryos injected with cdh6MO2; cdh6MO?2s, severely
affected embryos injected with cdh6MO2. cdh6MO1m, moderately affected embryos injected
with cdh6MOL1. Scale bar = 250 um.
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Figure 4.

Apoptosis analysis using TUNEL staining. Panels A-D are lateral views of whole mount eyes
from embryos processed for TUNEL staining. Anterior is to the left and dorsal is up for these
images. Arrows point to some TUNEL positive cells, while arrowheads indicate retinal
pigmented epithelium. The number (n) in panel E represents the number of retinas examined
for each group of embryos (e.g. control embryos vs. cdh6MO1 injected embryos).
Abbreviations are the same as in Figure 1. Scale bars = 50 um.
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Figure. 5.
Histone-H3 immunostaining. Panels A and B are cross sections (8 um) from central retina

(dorsal up) processed for histone H3 immunostaining, The periphery of the morphant eye in
panel B is outlined by the dashed line. The number (n) in panels C represents the number of
retinas examined for each group. Asterisks indicate highly significant differences (p<0.001)
between the control and each morpholino treatment (e.g. cdh6MO1). Abbreviations are the

same as in Figure 1. Scale bars = 50 um.
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Control

Figure 6.

Expression of transcription factors and Notch-Delta genes in the control and cdh6 morphant
retinae. Panels A, C, D, E, G and H are in-face views (dorsal up) of embryo heads from embryos
processed for whole mount in situ hybridization. The remaining panels are lateral views
(anterior to the left and dorsal up) of whole mount eyes and/or heads. The arrowhead in panels
F, 1,J, M and N points to retinal pigmented epithelium. Abbreviations: p, pineal gland; ov, otic
vesicle. Panels Aand E, Band F, C, D, G and H are of the same magnifications, respectively.
Panels I-P are of the same magnifications. Scale bars = 50 um.
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Figure 7.

Retinal organization of control embryos (panels A and B) and cdh6 morphants (panels C and
D) revealed by B-catenin immunostaining. All panels show retinal cross sections (dorsal to the
left) labeled with a B-catenin antibody (panels A-C and inserts) or a znp-1 antibody (panel D
insert). Images on the left column (panels A, C and their inserts) are from embryos raised in
PTU treated fish tank water, while images from the right column (panels B, D and panel D
insert) are from embryos raised in regular fish tank water. Abbreviations are the same as in
Figure 1. Scale bars = 50 pum.
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Figure 8.

Analysis of RGC differentiation using zn-5 (panels A, D and panel A insert), anti-HuC/HuD
(panels B, E and panel B insert) and anti-acetylated tubulin (panels C and F) immunostaining.
All images are ventral views of whole mount heads (anterior up) or eye (panel B insert). Panels
A, B, D and E are processed using immunoperoxidase methods, while panels C and F are
processed using immunofluorescent methods. Abbreviation: oc, optic chiasm; tel,
telencephalon. Other abbreviations are the same as in Figure 1. Scale bars =50 um.
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Figure 9.

Analysis of RGC and amacrine cell differentiation using anti-HuC/HuD (Hu, panles A, D and
their inserts), Pax6 (panels B, E and panel B insert), and parvalbumin (Pv, Panels C and F)
immunostaining. All images are from cross sections with dorsal to the left. Panels A, B, D and
E are from PTU treated embryos, while panels C and F are from embryos raised in regular fish
tank water. The insert in panel D is from a severely affected embryo. Abbreviations are the
same as in Figure 1. Scale bars = 50 um.
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Figure 10.

Analysis of cadherin-6 function in differentiation of individual RGCs (panels A-D, and I) and
amacrine cells (panels E-H, and J) labeled with an anti-eGFP antibody. All images are from
cross sections (30 um). Arrowheads point to axons, while arrows indicate dendrites. The
number (n) in panels | and J represents the number of retinal cells examined for each group.
Abbreviations are the same as in Figure 1. Scale bar = 10 um.
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Figure 11.

Expression of photoreceptor-specific marker zpr-1 is greatly reduced in cdh6 morphants.
Panels Aand C (ventral view, dorsal up) are the head region of whole mount embryos processed
for in situ hybridization. Panels B and D are cross retinal sections (anterior to the left) processed
for anti-HUC/HuD (labeling the gcl and inner portion of the inl) and zpr-1 (labeling the onl)
double immunostaining. Abbreviations are the same as in Figure 1. Scale bars = 50 pum.
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Effects of cdh6MOs injection on zebrafish development
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Number of embryos with Number of embryos with Number of embryos
moderate gross defects (%) severe gross defects (%) examined at 48-50 hpf
Uninjected control 0 0 346
cdh6MOL1 (6 ng) 104 (67.1%) 6 (3.9%) 155
(12 ng) 31 (21.3%) 99 (68.3%) 145
cdh6MO2 (3.4 ng) 131 (76.6%) 11 (6.4%) 171
(6.8 ng) 19 (8.1%) 176 (75.2%) 234
5-misMO (12 ng) 7 (3.4%) 204

*
Only one of the seven embryos showed thorax edema and curved body, and the gross defects in the remaining six embryos (much smaller and truncated

body) were different from the cdh6 morphants.
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