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Abstract

The vertebrate eye forms via a complex set of morphogenetic events. The optic vesicle evaginates
and undergoes transformative shape changes to form the optic cup, in which neural retina and
retinal pigmented epithelium enwrap the lens. It has long been known that a complex,
glycoprotein-rich extracellular matrix layer surrounds the developing optic cup throughout the
process, yet the functions of the matrix and its specific molecular components have remained
unclear. Previous work established a role for laminin extracellular matrix in particular steps of eye
development, including optic vesicle evagination, lens differentiation, and retinal ganglion cell
polarization, yet it is unknown what role laminin might play in the early process of optic cup
formation subsequent to the initial step of optic vesicle evagination. Here, we use the zebrafish
lamal mutant (/ama1Y"?) to determine the function of laminin during optic cup morphogenesis.
Using live imaging, we find, surprisingly, that loss of laminin leads to divergent effects on focal
adhesion assembly in a spatiotemporally-specific manner, and that laminin is required for multiple
steps of optic cup morphogenesis, including optic stalk constriction, invagination, and formation
of a spherical lens. Laminin is not required for single cell behaviors and changes in cell shape.
Rather, in /ama1Y"I mutants, loss of epithelial polarity and altered adhesion lead to defective
tissue architecture and formation of a disorganized retina. These results demonstrate that the
laminin extracellular matrix plays multiple critical roles regulating adhesion and polarity to
establish and maintain tissue structure during optic cup morphogenesis.
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Introduction

In vertebrates, the eye initially forms as an outpocketing of tissue from the prospective brain
neuroepithelium. The newly formed optic vesicle then undergoes a series of complex cell
and tissue movements - including elongation, rotation, and invagination - to form the optic
cup, which is comprised of neural retina and retinal pigmented epithelium enwrapping the
lens. The cellular processes - movements, divisions, tissue-tissue interactions, and shape
changes - underlying these morphogenetic events are beginning to be elucidated via a
combination of live imaging and quantitative histology (Chow and Lang, 2001; England et
al., 2006; Fuhrmann, 2010; Heermann et al., 2015; Ivanovitch et al., 2013; Kwan et al.,
2012; Martinez-Morales and Wittbrodt, 2009; Picker et al., 2009; Rembold et al., 2006;
Yang, 2004). But while the cellular processes comprising optic cup formation are being
described, we lack a comprehensive understanding of the molecular pathways controlling
these critical movements.

A compelling molecular candidate for regulating optic cup morphogenesis is the
extracellular matrix component laminin. It has been known for decades that in all
vertebrates, a glycoprotein-rich layer surrounds the developing optic cup and lens, and that
laminin is a significant component of this meshwork (Hendrix and Zwaan, 1975; Hilfer and
Randolph, 1993; Kurkinen et al., 1979; McAvoy, 1981; Parmigiani and McAvoy, 1984;
Peterson et al., 1995; Svoboda and O’Shea, 1987; Tuckett and Morriss-Kay, 1986; Wakely,
1977; Webster et al., 1983, 1984). Laminin proteins form heterotrimers comprised of a, f,
and -y chains. There are multiple forms of each chain in vertebrates, although the
laminin-111 species (the heterotrimer of lamal (laminin-a 1), lamb1 (laminin-p1), and
lamcl (laminin-y1)) is considered to be the predominant isoform during early development
(Colognato and Yurchenco, 2000; Miner and Yurchenco, 2004). In zebrafish, multiple
laminin chains are expressed during the period of optic cup morphogenesis, but their
functional roles during this process are largely unexplored.

Functional roles for laminin have been elucidated primarily using /in vitro cell culture
systems. As a part of the extracellular matrix, laminin serves as an adhesive substrate, yet
how it interacts /n7 vivo with other ECM components to modulate adhesion and focal
adhesion assembly is poorly understood. It is known that laminin impacts cell survival: loss
of attachment can lead to anoikis, a specific form of programmed cell death (Frisch and
Francis, 1994; Juliano et al., 2004). Laminin can also regulate cell migration, in particular
lamellipodial protrusions (Adams and Watt, 1993; Daley and Yamada, 2013). Finally,
laminin is often critical for establishing and maintaining epithelial cell polarity, by serving
as an extrinsic cue to specify the basal surface (Martin-Belmonte and Mostov, 2008). A role
for laminin in optic cup formation could affect any — or all — of these processes: it is unclear
which might be crucial for the actual morphogenetic process.

In zebrafish, mutant analysis has revealed many roles for lamal, including in development of
notochord, muscle, and brain structure, neurogenesis, neuronal migration, and axon
guidance (Biehlmaier et al., 2007; Grant and Moens, 2010; Jiang et al., 1996; Karlstrom et
al., 1996; Parsons et al., 2002; Paulus and Halloran, 2006; Pollard et al., 2006; Schier et al.,
1996; Sittaramane et al., 2009; Sztal et al., 2012; Wolman et al., 2008). In the visual system,
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previous work has defined roles for different laminin chains in various steps of eye
development, with most studies focusing on later stages after optic cup formation. Analysis
of lamb1 and /lamcl mutants revealed coloboma, structural defects in the eye indicating
failure of some aspect of choroid fissure development (Lee and Gross, 2007). /amal mutants
display lens degeneration, as well as defects in development of the ocular anterior segment,
including cornea and iris (Pathania et al., 2014; Semina et al., 2006; Zinkevich et al., 2006).
Less is known, however, about earlier stages of eye development, specifically optic cup
formation. Detailed analysis of the initiating event, optic vesicle evagination, indicates that
laminin (specifically, the /amcI mutant was examined) plays a critical role in organizing,
coordinating, and delimiting the polarized elongation of retinal progenitors just as the optic
vesicle emerges (Ivanovitch et al., 2013). By the end of optic cup formation, /amb1 and
lamc1 mutants appear to exhibit a “protruding lens” phenotype (Parsons et al., 2002),
suggesting some defect in the process of optic cup morphogenesis, possibly invagination.
However, the phenotype has not been studied in detail, and underlying cellular defects
during optic cup formation have not been identified.

Taken together, these data suggest critical roles for laminin extracellular matrix proteins
during eye development, yet much remains to be determined. What role does laminin play
throughout optic cup morphogenesis? Are there specific tissue morphogenetic events that are
dependent upon laminin? How does laminin regulate focal adhesion assembly, specifically
during these morphogenetic events, and what other functions might laminin carry out? To
address these questions, we are using the zebrafish mutant bashful’? (also called
lama1YW1), in which the faminin alpha 1 (lamal) gene is disrupted (Paulus and Halloran,
2006; Semina et al., 2006). Using 4D timelapse imaging and visualization, we determine
how loss of /amal affects optic cup morphogenesis beyond evagination. We examine focal
adhesion assembly during optic cup formation, determine how this is disrupted by loss of
lamal, and then investigate how loss of /amal affects several aspects of tissue
morphogenesis, including cell survival, migration, shape changes, and polarity. Our data
suggest that the laminin extracellular matrix is required for multiple specific morphogenetic
events, acting through establishment of cell polarity and spatiotemporally-specific regulation
of focal adhesion assembly.

Material and Methods

Zebrafish

Embryos from /ama1Y"I heterozygous incrosses were raised at 28.5-30°C and staged
according to time post fertilization and morphology (Kimmel et al., 1995). For all
experiments, control embryos consisted of /ama1Y""I wild type and heterozygous carrier
siblings.

RNA synthesis and injections

Capped RNA was synthesized using pCS2 templates (pCS2-EGFP-CAAX, pCS2FA-
H2A.F/Z-mCherry, pCS2FA-mCherry-CAAX, pCS2-EGFP-vinculin, pCS2-pard3-GFP), the
mMessage mMachine SP6 kit (Ambion), purified (Qiagen RNeasy Mini Kit) and ethanol
precipitated. 300-500 pg RNA (EGFP-CAAX, H2A.F/Z-mCherry, pard3-GFP) was injected
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into the cell of 1-cell stage embryos. For analysis of focal adhesion assembly, EGFP-

vinculin and mCherry-CAAX (250 pg RNA each) were co-injected into the cell of 1-cell

stage embryos.

Antibody staining

Imaging

Embryos were fixed at the appropriate stage in 4% paraformaldehyde, permeabilized in
TBST (TBS+0.1% Triton X-100), and blocked in TBST+2% BSA. Anti-laminin antibody
(Sigma #1.9393) was diluted 1:100, anti-vinculin antibody (Sigma #V4505) was diluted
1:100, anti-activated caspase-3 antibody (BD Pharmingen #559565) was diluted 1:200, anti-
aPKC (PKC ¢ (C-20) Santa Cruz Biotechnology #sc-216) was diluted 1:100, anti-
fibronectin antibody (Sigma #F3648) was diluted 1:100. Alexa Fluor 488 goat anti-rabbit
secondary (Life Technologies, A-11008) or Alexa Fluor 488 goat anti-mouse secondary
(Life Technologies, A-11001) was coincubated with 1 pM TOPRO-3 iodide (Life
Technologies, T3605). Embryos were cleared in 70% glycerol for imaging.

For timelapse imaging, embryos (12 hpf) were dechorionated, embedded in 1.6% low
melting point agarose (in E2+gentamycin) in DeltaT dishes (Bioptechs, #0420041500C).
E2+gentamycin was overlaid, and the dish covered to prevent evaporation. Images were
acquired using an Olympus FVV1000 or Zeiss LSM710 laser scanning confocal microscope.
4-dimensional datasets were acquired: all datasets except for EGFP-vinculin imaging were
acquired with the following parameters: 36 z-sections, 3.52 pm z-step, 40X water-immersion
objective (1.15 NA). EGFP-vinculin 4-dimensional datasets (Fig. 3) were acquired with the
following parameters: 63 z-sections, 2.1 um z-step, 40X water-immersion objective (1.2
NA). For in toto eye imaging, time between z-stacks was 3.43 minutes (Fig. 1), 3.5 minutes
(Fig. 3), 4.22 minutes and 4 minutes (Fig. 5 control and mutant, respectively), and 4.5
minutes (Fig. 6).

For Kaede photoconversion, Olympus Fluoview or Zeiss Zen software was used to expose a
rectangular R.O.1. to 405 nm light for 15-20 seconds. Efficiency of photoconversion was
assayed by loss of green and gain of red fluorescence in the R.O.I.

For all timelapse imaging experiments, datasets were acquired without knowledge of
embryo genotype. After imaging was completed, embryos were de-embedded and
genotyped. At least 3 timelapse datasets were acquired for all conditions presented.

Image processing and analysis

Image data were processed using ImageJ. Volume rendering was performed using Amira
(Visage Imaging) or FluoRender (Wan et al., 2009). Tissue volumes were measured using
Amira after manual segmentation based on the membrane channel. Optic stalk cross section
area was measured using Amira, after manual (slice by slice) segmentation of the interface
between the retina and optic stalk.

Furrow angle measurements—~Furrow angle was measured using the ImageJ angle
tool. Within the z-stack, the slice containing the greatest optic vesicle area (representing the
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dorsal-ventral mid-point of the optic vesicle) was used for the measurement. A 25 um radius
circle was centered at the vertex of the optic stalk furrow. The first point of the angle was
selected where the circle intersected with the neural keel, the second point of the angle was
the vertex of the optic stalk furrow, and the third point of the angle was selected where the
circle intersected with the optic vesicle (shown in Fig. 2F,G).

Invagination angle measurements—Invagination angle was also measured using the
ImageJ angle tool. Within the z-stack, the slice containing the greatest lens area
(representing the dorsal-ventral mid-point of the lens) was used for the measurement. The
first point of the angle was selected at the center of the retina, just behind the lens, the
second point of the angle (the vertex) was selected at one outer margin of retina, and the
third point of the angle was selected at the other outer margin of the retina (Fig. 2P).

Focal adhesion quantification—Quantification of ECM adhesion using EGFP-vinculin
was performed as follows: ratiometric analysis was performed on single confocal slices
within the z-stack at the dorsal-ventral midpoint of the optic vesicle (14 hpf, for optic stalk
furrow measurements), or at the dorsal-ventral midpoint of the lens (24 hpf, for lens-retina
interface measurements). A 25 um radius circle was centered at the vertex of the optic stalk
furrow or deepest point of the lens-retina interface, then fluorescence intensity quantified
along the basal surface within that circle (Fig. 3, yellow-bound regions). EGFP-vinculin
fluorescence intensity was normalized to mCherry-CAAX intensity within the same area.
Enrichment at the optic stalk furrow or lens-retina interface was determined by comparison
to similar-sized regions at the brain midline (Fig. 3, blue-bound regions), a place where
membrane components might be enriched, though not in an ECM-dependent manner, due to
cell constriction at the apical surface.

Basal endfoot width measurements—Basal endfoot width was measured using the
same 25 um radius circles used for measuring EGFP-vinculin enrichment. The number of
cells in contact with the basal surfaces within the circles was counted, and basal surfaces
lengths were measured using ImageJ. Average basal endfoot width was calculated by
dividing the basal surface lengths by the number of cells in contact with the surface.

Box and whisker plots

Results

Box and whisker plots were generated using the ggplot2 package in R. The band inside the
box is the median. The upper and lower “hinges” correspond to the first and third quartiles.
The upper whisker extends from the upper hinge to the highest value within (1.5 * IQR),
where IQR is the inter-quartile range. The lower whisker extends from the lower hinge to the
lowest value within (1.5 * IQR). Data points outside of the ends of the whiskers are outliers.

lamal is required for optic cup formation

In zebrafish, the optic cup forms 12—24 hours post fertilization (hpf), during which time the
flat, wing-like optic vesicle transforms into the organized optic cup with morphologically
distinct neural retina, retinal pigmented epithelium (RPE), and lens. To determine whether
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laminin-a.1 is required for optic cup formation, we examined the bashful/I (bal’i)
mutant, which harbors a splice donor mutation in the /aminin-a 1 (lamal) gene, resulting in a
protein truncation at amino acid 1424 followed by 60 additional amino acids translated from
the intron (Paulus and Halloran, 2006; Semina et al., 2006). We refer to this allele as
lama1Y"! Mutant and sibling control embryos were labeled ubiquitously for membranes
(EGFP-CAAX) and chromatin (H2A.F/Z-mCherry) using RNA injection at the 1-cell stage,
and 4-dimensional timelapse confocal microscopy was performed from 12.5 to 24 hpf. This
time period encompasses optic cup morphogenesis subsequent to optic vesicle evagination.
Timelapse datasets reveal a striking disruption of optic cup morphogenesis (Fig. 1A—H;
Movies S1, S2). At 12.5 hpf, the mutant optic vesicle appeared rounder and more symmetric
along the anterior-posterior axis than the control (Fig. 1A,E). As optic cup morphogenesis
proceeded, in control embryos, the neural retina progenitors elongated and took on a
stereotypical columnar epithelial morphology, while RPE cells flattened. The lens
invaginated from the overlying ectoderm and pinched off, forming its characteristic spherical
shape (Fig. 1A-D, Movie S1). In /ama1YW! mutants, even though the RPE appeared to be
present and flattened appropriately, the retina appeared disorganized, and the two tissues
failed to enwrap the lens. The lens formed from the overlying ectoderm, though it was
misshapen and ovoid (Fig. 1E-H, Movie S2). The failure of the neural retina and RPE to
enwrap the lens leaves it exposed — similar to the “protruding lens” phenotype seen by
stereomicroscope and reported previously for /amb1 and /amgI mutants (Parsons et al.,
2002). All phenotypes described throughout this manuscript appear to be 100% penetrant.
Any apparent variability in phenotypes is related to the specific optical sections in the
figures. For example, in mutant embryos, the retina still curves slightly around the lens in
the dorsal domain; an optical section in the more dorsal domain will look as though
invagination is less disrupted than in the central or ventral domains.

To determine when and where laminin protein is present, we performed antibody staining for
the laminin protein heterotrimer (Fig. 11-L). We found that laminin protein was present at all
basal surfaces of the optic vesicle and lens throughout the stages of optic cup morphogenesis
studied here. Therefore, laminin protein is found at the right time and place to be directly
affecting optic cup morphogenesis. To determine how the /ama1YWI mutant allele affects
laminin protein accumulation, antibody staining was performed on 12 hpf /ama1Y"!
mutants, when the optic vesicle has evaginated. We found that there was no detectable
accumulation of laminin protein heterotrimer at the basal surface of the optic vesicle (Fig.
1M). Therefore, combined with the similar phenotype observed in the loss-of-function
lamb1 and /amg1 mutants (Parsons et al., 2002), we consider this phenotype to be a loss-of-
function for /amal.

Loss of lamal leads to multiple defects in optic cup morphogenesis

We set out to quantitatively define the optic cup morphogenesis defects in /ama1VW!
mutants. First, /amal mutants isolated in previous, large-scale screens were classified as
having a small eye (Malicki et al., 1996). We sought to determine whether the defects in
optic cup morphogenesis could be due to changes in eye size. To analyze eye size and shape,
3D volumes of the eye (neural retina + RPE and lens) were visualized and measured after
manual segmentation of confocal z-stacks acquired of live embryos. Live imaging was used
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to avoid artifactual changes in volume due to fixation. The manually segmented volumes
(Fig. 2A-D) revealed gross changes to the shape of the optic cup in /ama1YWI mutants: the
domain of neural retina and RPE was flatter, the lens was ovoid rather than spherical, and
the choroid fissure failed to form correctly (Fig. 2B,D; arrow marks choroid fissure in
control embryo; asterisk marks missing choroid fissure in mutant). Volumes were measured
to determine if there was a significant change in size: we found, somewhat surprisingly, that
lama1Y"WI mutants and control siblings had no significant difference in optic cup volume
(Fig. 2E), suggesting that at this stage, defects in optic cup morphogenesis are not the result
of gross gain or loss of tissue, and that the “small eye” phenotype observed in previous
screens might arise later in development, possibly as a result of alterations in retinal
neurogenesis.

Next, based on timelapse data, it appeared as though the optic stalk, the connection between
the optic cup and the brain, failed to constrict in /ama1Y"I mutants. Optic stalk constriction
initiates through formation of a furrow at the posterior portion of the optic vesicle, resulting
in a fold in the tissue, which then moves anteriorly. We measured the furrow angle in
lama1YWI control and mutant embryos, and found that the furrow was significantly more
open in mutants than in control embryos (Fig. 2F-H, also see Methods). The open furrow
suggests a failure of the tissue folding event that initiates optic stalk formation. To determine
whether optic stalk constriction was indeed impaired in /ama1YW! mutants, we measured the
cross-sectional area of the optic stalk at 24 hpf (Fig. 2I-M). The optic stalk cross section
was reconstructed via manual segmentation of the interface of the optic cup and stalk (see
Methods), and the surface area measured. We found that optic stalk constriction was
significantly impaired in /ama1Y"I mutants (Fig. 2M).

Finally, the protruding lens phenotype suggested that retinal invagination was impaired. The
invagination angle (a.) was measured in /ama1Y"I control and mutant embryos as shown
(Fig. 2N-P). We found that invagination was significantly impaired by loss of lamal (Fig.

2Q).

We conclude that although optic cup size is normal, multiple steps of optic cup
morphogenesis are impaired in /amalY"! mutants, suggesting that under normal conditions,
laminin regulates choroid fissure formation, optic stalk constriction, and optic cup
invagination.

Loss of lamal leads to spatiotemporally distinct effects on focal adhesion assembly

Laminin and other extracellular matrix molecules signal to cells through large protein
complexes known as focal adhesions. Focal adhesions are assembled locally within the cell
in response to matrix binding, in a mechanical tension-dependent manner. Although the
extracellular matrix has been demonstrated to be present surrounding the entire optic vesicle
(Hendrix and Zwaan, 1975; Hilfer and Randolph, 1993; Kurkinen et al., 1979; McAvoy,
1981; Parmigiani and McAvoy, 1984; Peterson et al., 1995; Svoboda and O’Shea, 1987;
Tuckett and Morriss-Kay, 1986; Wakely, 1977; Webster et al., 1983, 1984), we wondered
when and where focal adhesion assembly was occurring during optic cup morphogenesis.
Determining spatiotemporal patterns of focal adhesion assembly during optic cup formation
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could help to reveal the specific morphogenetic events during which ECM adhesion and
signaling might play a critical role.

We initially considered two possibilities: one result might be that focal adhesions are
assembled uniformly around the optic vesicle throughout optic cup morphogenesis,
reflecting the apparent uniform localization of ECM components such as laminin (Fig. 11—
L). Another possibility is that focal adhesions are assembled at particular sites during certain
morphogenetic events, suggesting spatiotemporal specificity, and the simple presence of
ECM might not be sufficient to trigger focal adhesion assembly. To begin to determine when
and where focal adhesion assembly might be occurring during optic cup morphogenesis, we
performed antibody staining for the focal adhesion protein vinculin, which is recruited to
nascent focal adhesions in a tension-dependent manner (Carisey et al., 2013; Dumbauld et
al., 2013; Grashoff et al., 2010; Humphries et al., 2007; Rubashkin et al., 2014). We initially
assayed vinculin localization at two timepoints, 14 hpf and 24 hpf, to determine whether we
could visualize sites of focal adhesion assembly, and whether these might be altered in
lama1Y"I mutant embryos. At 14 hpf, weak, somewhat inconsistent recruitment of vinculin
to the forming optic stalk region could be seen in control embryos, with no obvious
difference in /fama1YW! mutant embryos (Fig. 3A-D, orange arrowheads). At 24 hpf,
vinculin appeared to be weakly recruited to the lens-retina interface in control embryos (Fig.
3E), and surprisingly, appeared to be more strongly recruited in /ama1Y"I mutant embryos
(Fig. 3F-H, white arrows). These data suggest that rather than vinculin being recruited
uniformly around the forming optic cup (reflecting the apparent uniform distribution of
laminin and other ECM proteins), there might be spatiotemporal specificity to focal
adhesion recruitment during optic cup morphogenesis.

While the antibody staining data were suggestive, these experiments were not quantitative,
and variability in signal could be caused by minor differences in embryo clearing or
embedding. Additionally, no other were timepoints were initially examined during optic cup
morphogenesis. Therefore, we set out to assay focal adhesions quantitatively in live
embryos. To this end, we used a fusion of EGFP to the focal adhesion protein vinculin, the
same protein assayed by antibody staining. To facilitate quantification, RNA encoding
EGFP-vinculin was coinjected into embryos along with mCherry-CAAX;, a uniform
membrane marker used for fluorescence normalization. We found that in control embryos,
EGFP-vinculin reported focal adhesion assembly in a spatiotemporally specific manner,
similar to what we observed via antibody staining. This further supports the idea that
apparently uniform laminin protein distribution does not lead to uniform focal adhesion
assembly. Notably, EGFP-vinculin was recruited to the optic stalk furrow at the onset of
optic stalk constriction, and the lens-retina interface during invagination (Fig. 31-L, Movies
S3, S5). We then examined how adhesion might be disrupted by loss of lamal (Fig. 3M-P),
and found, surprisingly, distinct changes in vinculin recruitment during each morphogenetic
event. In /ama1Y"! mutant embryos, at the optic stalk furrow, EGFP-vinculin recruitment
was diminished (Fig. 3N, Movie S4), but in contrast, EGFP-vinculin recruitment appeared
increased at the lens-retina interface during invagination (Fig. 3P, Movie S6).

We quantified these results using ratiometric image analysis on selected regions of interest
(ROIs) (Fig. 3Q,R,U,V), and determined EGFP-vinculin enrichment by normalizing to
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mCherry-CAAX signal, then comparing normalized signal in the ROI to a different control
region, in which EGFP-vinculin and other membrane associated components might appear
enriched due to apical cell constriction, but in a manner independent of ECM (also see
Methods). Our measurements confirm that at the optic stalk furrow, focal adhesion
recruitment was diminished in /amazY"I mutants (Fig. 3S), suggesting that laminin
promotes focal adhesion assembly at the onset of optic stalk constriction. In contrast, focal
adhesion recruitment was increased at the lens-retina interface in /amalY"! mutant optic
cups (Fig. 3W), suggesting that under wildtype conditions, laminin acts to negatively
regulate focal adhesion assembly during invagination, either directly or indirectly.

We were concerned that these measurements could be skewed by potential differences in cell
morphology or number in the quantified region. It has been reported that constriction of the
basal surface of retinal progenitor cells (“basal constriction™) underlies optic cup
invagination (Martinez-Morales et al., 2009), and such constriction might also occur during
optic stalk furrow formation. Since vinculin recruitment to the basal surface is being
quantified, a morphological difference in the basal surface between control and mutant
embryos (for example, differences in cell crowding or density) might artifactually lead to an
apparent change in focal adhesion recruitment. Therefore, we counted the number of cells
within the region being quantified, and calculated an average basal endfoot width for control
and /ama1Y"I mutant embryos (Fig. S1). During optic stalk furrow formation, we found no
significant difference between control and /ama1Y""I mutant average basal endfoot width
(Fig. 3T), suggesting that the significant loss of EGFP-vinculin recruitment in /amai¥W!
mutant embryos cannot be due to a significant difference in the number of cells in the
quantified region or basal surface cell morphology. During optic cup invagination, however,
retinal progenitors in the /amalYW! mutant have a larger average basal endfoot width,
suggesting that basal constriction is impaired (Fig. 3X). This also suggests that the increased
EGFP-vinculin signal observed at the lens-retina interface in the /ama1Y""I mutant (Fig.
3W), cannot merely be due to cell constriction concentrating focal adhesion proteins at the
basal surface, rather, there is increased EGFP-vinculin recruitment at the basal surface of
each individual cell in the absence of lamal. Further evidence for specificity of these effects
comes from quantification of the medial portion of the optic cup, a domain in which we
failed to see obvious EGFP-vinculin recruitment (Fig. 3U,V; magenta regions).
Quantification and normalization of EGFP-vinculin fluorescence in this area indicated very
low levels of recruitment in control embryos (1.1-fold enrichment compared to 1.55-fold at
the lens-retina interface), and there was no statistically significant difference between
control and /ama1Y"I mutant embryos (Fig. 3Y).

We conclude from these data that focal adhesions are assembled in a spatiotemporally
specific manner in the early eye: laminin appears to surround the optic vesicle uniformly, yet
vinculin is recruited only to a subset of sites where laminin is present. Further, loss of lamal
disrupts focal adhesion assembly in a divergent manner during the morphogenetic events we
observed to be disrupted during optic cup morphogenesis, specifically optic stalk furrow
formation and invagination (Fig. 2). Our data suggest that under normal conditions, laminin
promotes vinculin recruitment and focal adhesion assembly during optic stalk constriction,
but surprisingly, negatively modulates it during optic cup invagination. It is possible that this
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may be due to direct or indirect effects of loss of laminin, or functional differences in other
ECM components present at different sites (see Discussion).

Cell death is not responsible for optic cup morphogenesis defects in lamal mutants

In both /n vitro and in vivo systems, attachment to the basement membrane or extracellular
matrix is required for cell survival (Frisch and Francis, 1994; Juliano et al., 2004). We
therefore determined whether loss of lamal resulted in increased cell death in fama1YW?
mutants. Antibody staining for activated caspase-3, a marker of programmed cell death, was
performed on /ama1YW! control and mutant embryos. We found that control embryos had
little or no detectable cell death at 24 hpf (Fig. 4A-A"), with only a couple of cells positive
for activated caspase-3 in the eye region, usually near the site of lens separation from the
surface ectoderm. In contrast, /amalY"I mutants contained large patches of dying, activated
caspase-3-positive cells, which were found in more medial regions of the optic cup, arising
from both within and outside of the optic cup (Fig. 4B-B”; dashed blue lines outline the
optic cup). These cells could originate either from the optic vesicle or neural crest. Within
the optic vesicle, notably, this is where focal adhesion assembly was diminished, near the
medial optic vesicle, at the boundary between the optic vesicle and prospective brain tissue
(Fig. 3J,N,S). Conversely, at the basal retina (the lens-retina interface), where focal adhesion
assembly was not lost in /ama1Y"! mutants (Fig. 3L,P,W), we did not see increased cell
death (Fig. 4B-B”), suggesting that maintenance of adhesion could be protective against cell
death. These results suggest that, similar to other epithelial tissues, optic cup cells are
sensitive to loss of extracellular matrix adhesion, and respond by undergoing cell death.

The significant amount of cell death in /amazY"I mutants led us to ask whether this could
be responsible for the morphogenetic defects observed in optic cup formation. To test this,
we injected RNA encoding the apoptosis inhibitor Bcl-xL (Sidi et al., 2008) into 1-cell stage
embryos, to determine whether suppression of cell death is sufficient to rescue the
morphogenetic defects in /ama1YW! mutants. We found that expression of Bcl-xL
suppressed apoptosis (note almost complete lack of activated caspase-3 positive cells in
lama1Y"I mutants). However, gross morphogenetic defects were still apparent (Fig. 4C—
C”), and /ama1YWI mutant optic cups still failed to undergo invagination, with the neural
retina and RPE failing to enwrap the misshapen, ovoid lens.

We also attempted to suppress cell death in /ama1Y"I mutant embryos with a commonly
used p53 morpholino oligonucleotide. However, this was ineffective, and high levels of cell
death remained (data not shown). Although many cell death pathways are p53-dependent,
anoikis, caused by loss of matrix attachment, can be independent of p53 signaling (Chiarugi
and Giannoni, 2008; Guadamillas et al., 2011). Therefore, we conclude that laminin is
normally required for cell survival and loss of lamal leads to anoikis (either directly or
indirectly), but this is not responsible for the gross optic cup morphogenesis defects
observed.
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lamal mutants display normal motile cell behaviors, but tissue-level structural defects
arise during invagination

Laminin has been demonstrated to influence single cell behavior and cell migration in a
variety of systems (Adams and Watt, 1993; Daley and Yamada, 2013). We therefore sought
to visualize single cell behaviors underlying optic cup formation, and whether they are
affected by loss of lamal. To visualize single cell behaviors, we utilized the photoactivatable
fluorophore Kaede (Ando et al., 2002). In its native state, Kaede emits green fluorescence
(excitation maximum 508 nm), but when exposed to UV light, the protein undergoes an
irreversible photocleavage and subsequently emits red fluorescence (excitation maximum
572 nm). By photoconverting small groups of cells expressing cytoplasmic Kaede, we were
able to watch their individual behavior and movement throughout the process of optic cup
morphogenesis using 4D timelapse confocal microscopy.

Using the Kaede photoconversion strategy, we found that retinal progenitors in both
lama1YW! control and mutant embryos appeared polarized and displayed active
lamellipodial-like protrusions (Fig. 5A-L; Movies S7, S8). These protrusions were observed
to extend and retract from both ends of the cell and persisted for a significant period of optic
cup morphogenesis, ceasing only ~20 hpf, at which point the retinal progenitors lengthened
and assumed their stereotypical elongated columnar epithelial morphology. In both control
and mutant embryos, retinal progenitors appeared to carry out the same elongation behavior:
though absolute cell length was longer in controls than mutants (Fig. 5M), length/width ratio
was not significantly different at either 14 or 24 hpf (Fig. 5N). Protrusive activity was
observed in both control and mutant embryos, but with one notable difference: in control
embryos, active lamellipodial-like protrusions never extended beyond the boundary of the
optic vesicle. In /ama1Y""I mutant embryos, we sometimes observed protrusions that
extended beyond the boundary of the optic vesicle. These protrusions did not exhibit a
characteristic lamellipodial-like morphology, but rather appeared more bleb-like (Fig. 5H’,
magenta asterisk). These were reminiscent of protrusions that extended beyond the limit of
the optic vesicle in /amg1 mutants and morphants during evagination (lvanovitch et al.,
2013). These data suggest that despite the change in overall tissue morphology, the ability to
produce motile cell behaviors and undergo cell elongation is not dependent upon lamal.

Despite normal cellular behaviors, a separate, structural phenotype was observed. In control
embryos, retinal progenitors aligned with their neighbors, such that their apical and basal
ends were in register with each other throughout the course of optic cup morphogenesis (Fig.
5A-F’). In this way, the retina maintained its pseudostratified monolayer structure prior to
the onset of neurogenesis. In /amalY"! mutant embryos, however, retinal progenitors failed
to maintain apicobasal register: though cells were in register during the first part of optic cup
morphogenesis, they appeared to sort into separate domains during invagination (Fig. 5G-
L’). At the end of optic cup formation, marked retinal progenitors failed to span the width of
the retina (Fig. 5L"). This may be better visualized when moving through a confocal z-stack
of /ama1Y"I control and mutant optic cups at 24 hpf (Movies S9, S10). In control embryos,
retinal progenitor cells were oriented with their long axes pointing toward the lens (Fig. 1D,
Movie S9). In contrast, in /ama1Y""I mutant embryos, cells appeared to be organized into
multiple domains; cells in some domains appeared to be oriented with their long axes not
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pointing toward the lens (Fig. 1H, Movie S10). Therefore, lamal is required to maintain
correct retinal structure and orientation of progenitor elongation through optic cup
invagination, though it does not appear to be required for retinal progenitors to produce
protrusive cell behaviors and elongate.

Apicobasal polarity is disrupted in lamal mutants

Laminin has been demonstrated to be critical for establishing and maintaining epithelial
polarity both /n vitro and in vivo (Martin-Belmonte and Mostov, 2008). At early stages of
zebrafish optic vesicle evagination, ZO-1, a component of tight junctions, is localized to the
apical surface, opposite the laminin staining that surrounds the optic vesicle (Ivanovitch et
al., 2013). It was shown that during optic vesicle evagination, laminin is important for
establishing apicobasal polarity: in the /amg mutant (sleepy/™96), ZO-1 was mislocalized to
what should be the presumptive basal surface, in addition to the apparent apical surface
(Ilvanovitch et al., 2013). In that study, however, polarity was assayed specifically during
optic vesicle evagination stages; it is unknown how epithelial polarity and structure might
change throughout the process of optic cup morphogenesis in the presence or absence of
laminin.

Therefore, we first assayed polarity at the completion of optic cup morphogenesis (24 hpf),
in both /ama1Y"I control and mutant embryos. To do this, antibody staining was performed
for a marker of the apical surface, atypical protein kinase C (aPKC). We found that in
control embryos, aPKC was localized to a single apical surface, at the interface between the
neural retina and retinal pigmented epithelium (Fig. 6A, green arrowhead). \n lamaiY"V!
mutant embryos, however, localization of aPKC was disrupted. Though polarity was
disrupted with 100% penetrance, the exact number of apical domains present was variable
(Fig. 6B-D): in addition to the correct apical domain (green arrowheads), multiple ectopic
domains of aPKC localization were found (yellow arrowheads), as well as ectopic puncta
(magenta asterisks). The ectopic domains and puncta were scattered throughout the retina.
Similar results were obtained using an antibody against the tight junction protein ZO-1 (data
not shown). These observations suggest that early defects in cell polarity that are caused by
loss of laminin proteins may persist through optic cup morphogenesis, resulting in multiple,
randomly positioned apical domains in the optic cup.

To determine how these multiple domains might arise and change over time, we took a 4-
dimensional live imaging approach (Fig. 6E-P, Movies S11, S12), visualizing the apical
surface using pard3-GFP, a fusion of the zebrafish homolog of the polarity protein pard3 to
GFP (Geldmacher-Voss et al., 2003). Embryos were injected at the one-cell stage with RNA
encoding pard3-GFP.

At 13 hpf, in control embryos, pard3-GFP marked a coherent, single apical surface lining the
lumen of the optic vesicle (the interface between the two layers of the optic vesicle) (Fig.
6E). As optic cup morphogenesis proceeded, the single apical domain remained intact,
extending along the forming retina-RPE interface as the optic vesicle elongated and
subsequently underwent invagination (Fig. 6E-J, Movie S11). At 24 hpf, the apical
localization of pard3-GFP is very similar to that of aPKC (Fig. 6A,J). Thus, the apical
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domain that initially demarcates the layers of the optic vesicle comes to form the interface
between the retinal pigmented epithelium and neural retina in the optic cup.

In the /ama1Y"I mutant, we found that apicobasal polarity was severely disrupted
throughout optic cup morphogenesis. At 13 hpf, the optic vesicle was already slightly
misshapen (similar to Fig. 1E). Apical identity was disrupted: pard3-GFP was found with a
diffuse cytoplasmic localization and also in puncta scattered randomly throughout cells of
the optic vesicle (Fig. 6K). As optic cup morphogenesis proceeded, the diffuse cytoplasmic
pard3-GFP fluorescence gradually disappeared (by 22.2 hpf, Fig. 60). Coherent domains of
pard3-GFP fluorescence appeared to form and coalesce stochastically (Fig. 6K—P, Movie
S12). By the end of optic cup morphogenesis, pard3-GFP localization resolved into multiple
apical domains, similar to what we observed by aPKC antibody staining (Fig. 6B-D,P). In
the particular embryo shown in Fig. 6P, pard3-GFP was observed at both the correct location
(the interface between the neural retina and retinal pigmented epithelium, green arrowhead),
as well as at ectopic locations: at the interface between the neural retina and lens, and also in
a domain extending into the middle of the retina (yellow arrowheads). We conclude that
laminin is required for epithelial polarity: in the absence of lamal, cell polarity is disrupted
throughout the process of optic cup morphogenesis, with cells randomly designating apical
identity and self-organizing stochastically to generate multiple apical domains.

Discussion

It has been long known that a rich extracellular matrix layer surrounds the eye throughout
the process of optic cup morphogenesis (Hendrix and Zwaan, 1975; Hilfer and Randolph,
1993; Kurkinen et al., 1979; McAvoy, 1981; Parmigiani and McAvoy, 1984; Peterson et al.,
1995; Svoboda and O’Shea, 1987; Tuckett and Morriss-Kay, 1986; Wakely, 1977; Webster
etal., 1983, 1984), yet in most cases, the function of specific matrix components in
regulating the morphogenetic process remains unclear. Here, we demonstrate that laminin
extracellular matrix regulates spatiotemporally specific focal adhesion assembly, cell
survival, cellular protrusions, and cell polarity during optic cup morphogenesis. Programmed
cell death, likely anoikis due to the loss of substrate attachment, is clearly induced, yet it
appears to be separate from the morphogenetic phenotypes, as inhibition of cell death does
not rescue optic cup formation. Previous work focusing on optic vesicle evagination
demonstrated that laminin is critical for tissue organization, establishing cell polarity, and
delimiting protrusive activity (Ivanovitch et al., 2013). Here, we have extended those
observations to determine the role of laminin through the process of optic cup formation,
using a combination of genetics and 4-dimensional live imaging. Future work will aim to
determine the specific molecular mechanisms by which laminin controls these diverse
cellular processes.

Although the complex extracellular matrix layer has been described to surround the
developing eye in every vertebrate organism tested to date, how this affects focal adhesion
assembly — the output of functional extracellular matrix engagement — has been unclear.
Using vinculin antibody staining and 4D live imaging of EGFP-vinculin, we find that rather
than reflecting the apparent uniform distribution of laminin around the optic vesicle, focal
adhesions are assembled in a spatiotemporally specific manner, primarily during optic stalk
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constriction and optic cup invagination. Further, removal of lamal results in surprisingly
divergent effects: focal adhesion assembly is decreased during optic stalk furrow formation,
but increased during optic vesicle invagination. We propose that the changes in adhesion
disrupt both morphogenetic processes. While we would have predicted that focal adhesions
might be decreased by loss of laminin, the increase during invagination is more surprising.
We hypothesize that differential interactions between ECM components and receptors may
underlie the apparently variable role of laminin in modulating adhesion.

Our experiments do not indicate whether these effects due to loss of laminin are direct or
indirect. Laminin is not, of course, the only extracellular matrix component present lining
the basal surface of the developing eye. In all vertebrates examined to date, laminin,
fibronectin, and collagen surround the developing optic vesicle and lens, in addition to the
host of other glycoproteins also found in the complex matrix. Their specific functions in
optic cup morphogenesis are unclear, though loss of one component may impact the
expression and function of other components. Our initial experiments indicate that loss of
lamal results in disruption of the uniform fibronectin matrix around the anterior lens of the
optic cup at 24 hpf, though no gross changes around the rest of the optic vesicle or cup are
apparent at either 14 hpf or 24 hpf (data not shown). Thus, although loss of fibronectin in the
lama1Y"I mutant does occur in a spatiotemporally specific manner, obvious changes in
fibronectin localization are not found in regions where vinculin recruitment is affected,
specifically at the optic stalk furrow or lens-retina interface. There is a possibility that loss of
laminin leads to more subtle changes in ECM structure, for example, fibronectin fibril
assembly; future experiments will address these possibilities. It is known that vinculin is
recruited to focal adhesions in a manner that is facilitated by tissue tension and ECM
stiffness (Pasapera et al., 2010). We speculate that during optic cup invagination, laminin
may serve to limit the stiffness and higher order assembly of collagen and fibronectin
networks, thereby limiting vinculin recruitment and focal adhesion assembly under normal
conditions.

One other structural defect we observed is that of the oblong lens (Fig. 1). Instead of
invaginating and forming a spherical structure, the lens has a flattened, ovoid shape. The lens
volume is unchanged (Fig. 2E), so specification and proliferation are unlikely to be affected.
We hypothesize that an intact laminin extracellular matrix is required to establish uniform
circumferential tension around the invaginating lens: loss of adhesion to the laminin matrix
between the prospective lens and retina results in a loss of tension in the anterior-posterior
axis, resulting in the oblong lens. In addition, it is known that laminin is required for later
steps of lens development: lamal mutants display lens degeneration or extrusion (Pathania et
al., 2014; Semina et al., 2006). It is possible that these early defects in establishment of the
proper lens structure directly impact these later phenotypes. It has been previously reported
that at later stages, focal adhesions are decreased in the anterior segment of /amal mutant
embryos (Semina et al., 2006); this decrease could be initiated early due to loss of both
laminin and fibronectin (data not shown).

We propose the following model for laminin activity during optic cup formation (Fig. 7). In
wild type embryos, laminin surrounds the optic vesicle throughout morphogenesis stages.
Epithelial polarity is established by the end of evagination, and the single, coherent apical
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domain (separating the two layers of the optic vesicle) is reshaped as the optic vesicle
undergoes elongation and invagination to form the optic cup. Focal adhesions are assembled
during optic stalk furrow formation and at the lens-retina interface during invagination.
Laminin promotes focal adhesion assembly during optic stalk constriction, but may
negatively modulate it during optic cup invagination.

The analyses performed here, as well as detailed cellular analyses performed by other
groups, have begun to inform a detailed functional role for laminin in optic cup
morphogenesis. In the future, it will be important to both dissect the specific functions of
each extracellular matrix component and determine how each affects the function of others
in this complex morphogenetic process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Timelapse confocal microscopy reveals severe defects in optic cup formation in fama1Y"!

mutant.

(A-H) Single confocal slices from 4D datasets of optic vesicle morphogenesis, 12.5-24.5
hpf. EGFP-CAAX (membranes, green), H2A.F/Z-mCherry (nuclei, magenta).

(A-D) Optic cup formation in control embryo. (E-H) Optic cup formation in /ama1V"!
mutant embryo. Dorsal views; scale bar, 50 pm.

(1-M) Localization of laminin protein. (I-L) In control embryos, laminin protein is found
lining basal surfaces of developing eye and brain. (M) /ama1YW! mutant embryo reveals
absence of laminin protein from early stages of optic vesicle development.

nk, neural keel; ov, optic vesicle; ec, ectoderm; br, brain; RPE, retinal pigmented epithelium;
nr, neural retina; /g, lens. A, anterior; P, posterior; M, medial; L, lateral.
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Figure2.

Quantitative analysis of /ama1YW! mutant phenotype.
(A-E) Analysis of eye size at 24 hpf. (A-D) Volume renderings of control (A,B) and mutant
(C,D) eyes. Neural retina + RPE (b/ue), lens (yellow). (A,C) Dorsal views.
(B,D) Lateral views. arrowhead, choroid fissure; asterisk, choroid fissure missing in mutant.
(E) Quantification of optic cup and lens volume in control and mutant eyes shows no

significant difference in eye size.
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(F-H) Quantification of furrow angle during initial stages of optic stalk constriction. Single
confocal section of control (F) and mutant (G) embryos, membrane channel (gray) at 14 hpf.
A circle with a 25 pm radius was placed with its center at the vertex of the furrow, and angle
was calculated by drawing radii to positions at which the circle intersected the optic vesicle
and brain neuroepithelium. (H) Quantification of furrow angle demonstrates that the furrow
exhibits a significantly larger angle in /ama1Y"I mutants.

(I-M) Visualization and guantification of optic stalk constriction. (I-L) 3D rendering of
optic stalk cross-section (orange) over membrane channel (gray) at 24 hpf. (1,K) Dorsal
views. (J,L) Face-on views of the optic stalk cross section. (M) Quantification of optic stalk
cross section area shows that optic stalk constriction is impaired in /amazYW! mutant
embryos.

(N-Q) Quantification of invagination angle. (N,O) Single confocal images of membrane
channel (gray) in /ama1Y"W! control (N) and mutant (O) eyes at 24 hpf. Lines (yellow) were
drawn to determine angle of invagination. (P) Schematic demonstrating how invagination
angle (a) was determined. (Q) Quantification of invagination angle shows a severe defect in
invagination in /ama1Y"! mutant embryos.

numbers at base of graph show embryos scored (one eye each); */<0.001, using the
student’s t-test.
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Figure 3.

Focal adhesions are assembled in a specific spatiotemporal pattern, and are differentially
disrupted by loss of lamal.

(A—H) Antibody staining for the focal adhesion protein vinculin at 14 hpf (A-D) or 24 hpf
(E-H), in control (AE) or fama1YW! mutant (B-D, F-H) embryos. (H’) No primary anti-
vinculin antibody control. Orange arrowheads, location of optic stalk furrow; white arrows,
lens-retina interface; dashed line, outline of optic vesicle.
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(1-P) Single confocal slices from 4D datasets of EGFP-vinculin (grayscale) localization
during optic cup morphogenesis, ~12-24 hpf.

(I-L) EGFP-vinculin recruitment in control embryo is apparent at the optic stalk furrow (J,
orange arrowhead), and lens-retina interface (L, white arrow). (M—P) EGFP-vinculin
recruitment in /ama1Y"I mutant embryo at the optic stalk furrow (N, orange arrowheaa),
and lens-retina interface (P, white arrow).

Dorsal views; scale bar, 50 um. A, anterior; P, posterior; M, medial; L, lateral. (Q-Y)
Quantification of EGFP-vinculin recruitment at the optic stalk furrow and lens-retina
interface. (Q,R,U,V) mCherry-CAAX (membranes, gray) localization in same single
confocal slices as J,N,L,P, respectively. At the optic stalk furrow or lens-retina interface
(Q,R,U,V; yellow regions), EGFP-vinculin fluorescence intensity was normalized to
mCherry-CAAX. Enrichment was measured by comparing to normalized EGFP-vinculin
fluorescence intensity at the midline (Q,R,U,V; cyan regions). A control medial optic cup
domain (U,V; magenta regions) was quantified as a location where EGFP-vinculin
recruitment was not noted; this domain was also compared to normalized EGFP-vinculin
fluorescence intensity at the midline (U,V; cyan regions). (S) Quantification of EGFP-
vinculin recruitment indicates decreased ECM adhesion at the optic stalk furrow in the
lama1YW! mutant. (T) Average basal endfoot width at the optic stalk furrow, based on
counting the number of cells within the quantified region; no significant difference indicates
that differences in cell morphology at that position (e.g. basal constriction) cannot strictly
account for differences in apparent EGFP-vinculin recruitment. (W) Quantification of
EGFP-vinculin recruitment indicates increased ECM adhesion at the lens-retina interface in
the /amalYW! mutant. (X) Average basal endfoot width at the lens-retina interface, based on
counting the number of cells within the quantified region; /ama1Y"I mutants have fewer
cells with wider basal surfaces, indicating that increased cell number or constriction cannot
account for apparent increased EGFP-vinculin recruitment at the mutant basal surface. (Y)
Quantification of EGFP-vinculin recruitment at a control site in the medial optic cup where
no enrichment of vinculin recruitment occurred in control or /ama1Y""I mutants.
Quantifications were performed on 10 control embryos and 6 mutant embryos (one eye
scored per embryo); n.s., not significant; */£<0.005, using a two-tailed t-test of unequal
variance.
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Figure 4.
Apoptosis is increased in /ama1YW! mutant embryos but is not the underlying cause of

morphogenesis defects.

(A-A”) Control embryos show little apoptotic cell death. (B-B”) /ama1¥W! mutant embryos
contain a significant number of dying cells. (C-C”) Injection of Bcl-xL RNA (100 pg)
rescues apoptosis in /amalY"I mutant embryos, however optic cup morphogenesis defects
are still apparent.

(A,B,C) Antibody staining for activated caspase-3. (A’,B’,C”) TOPRO-3 counterstain for
nuclei. (A”, B”, C”) Merged images. dashed blue line, boundary of optic cup. Dorsal views;
scale bar, 50 um. br, brain; nr, neural retina; /e, lens. A, anterior; P, posterior; M, medial; L,
lateral.
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Figure5.

Loss of motile cell behaviors does not underlie optic cup morphogenesis defects in
lama1Y"W! mutant embryos.

Retinal progenitors expressing Kaede were exposed to 405 nm light, which converts Kaede
from green to red fluorescence via an irreversible photocleavage. Images are maximum
intensity projections from 4-dimensional datasets of the red (converted) channel.

(A-F’) Images from a timelapse of a /ama1Y"! control sibling embryo. (G-L’) Images from
a timelapse of a mutant embryo. (H’) Zoomed image of single timepoint (14.3 hpf) showing
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a retinal progenitor extending a bleb (/magenta asterisk) beyond the boundary of the optic
vesicle. (F’, L’) Pseudocolor of marked retinal cells. Retinal progenitors in the control
embryo extend across the entire width of the retina, while retinal progenitors in the
lama1Y"WI mutant embryo elongate, but do not span the width of the retina. Loss of
apicobasal register marked by arrowheads.

(M, N) Comparisons of length (M) or length/width ratio (N) of retinal progenitors in
lama1Y"WI mutant or control embryos. While retinal progenitors are longer in control
embryos than mutants, the length/width ratio is not significantly different. */<0.02;
**p<0.001; n.s. = not significant

Dorsal views; scale bar, 50 um. /g, lens; dashed lines, retina margins. A, anterior; P,
posterior.
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Figure 6.

Agicobasal polarity is disrupted from the earliest stages of optic vesicle morphogenesis.
(A-D) Antibody staining for aPKC in control (A) and /ama1¥"I mutant embryos (B-D)
reveals disruption of polarity at 24 hpf. green arrowheads, correct apical domain. yellow
arrowheads, ectopic apical domains. asterisks, ectopic puncta.

(E-P) Single confocal sections from 4D datasets of apical domain dynamics (marked by
pard3-GFP) in a Jama1YW! control embryo (E-J), or a mutant embryo (K-P). In fama1¥W!
mutant embryos, pard3-GFP localization is disrupted similar to aPKC. dashed blue line
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marks outline of optic vesicle. green arrowheads, correct apical domain. yellow arrowheads,
ectopic apical domains.
Dorsal views; scale bar, 50 um. A, anterior; P, posterior; M, medial; L, lateral.
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Figure7.
Model of laminin function during optic vesicle morphogenesis.

During optic vesicle morphogenesis, lamal is required for establishment of apicobasal

Page 29

laminin
s Vinculin
—— pard3

polarity, but also has spatiotemporally specific effects on focal adhesions. During optic stalk

constriction, lamal promotes focal adhesion assembly, but during optic cup invagination,
lamal inhibits it.
blue, laminin; magenta, vinculin; green, pard3.
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