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Abstract

Proper visual function of the vertebrate retina requires the maintenance of the integrity of the
retinal outer nuclear layer (ONL), which is often affected in many blinding human retinal
diseases.While the structural integrity of the ONL has long been considered to be maintained
primarily through the outer limiting membrane (OLM), we have little knowledge on the
development and maintenance of the OLM itself. Here, by analyzing the adhering properties of
photoreceptors in zebrafish N-cad and nok mutants, we demonstrated for the first time that the nok
gene is essential for the establishment and/or maintenance of the OLM. In addition, our results
imply the possibility that Nok, Crumbs, and their associated proteins may constitute a type of
photoreceptor-photoreceptor junctional complex that has not been described before. Thus, our
study provides novel insights into the mechanisms by which the integrity of the ONL is
maintained in the vertebrate retina.
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Introduction

In the mature vertebrate retina, Muller glial cells and six major types of neurons are
segregated into three cellular layers via mechanisms that are largely not understood
(Rodieck, 1973; Dowling, 1987). It has been proposed that specific cell-cell adhesions
define and stabilize the cellular pattern formation in tissues during development. For
example, Roger W. Sperry proposed a “Chemoaffinity Theory” that suggested that cell-cell
adhesions are mediated through a large set of molecules via specific complementary
adhesion (Sperry, 1963). On the other hand, Gerald Edelman proposed a “Modulation
theory” that suggested that a smaller number of cell-cell adhesional molecule genes are
responsible for the complex pattern of cell-cell adhesion by modulating the activities and
specificities of their products (Edelman, 1983). While current progress suggests that the
combination of the two theories reflects reality better, much more work at molecular levels
is needed to elucidate the roles of cell-cell and cell-ECM (extracellular matrix) adhesion in
tissue pattern formation.
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In the past several years, a number of cell surface adhesion molecules have been found to be
important for the structural development of the retina. These adhesion molecules can be
generally characterized into three groups: cell-matrix adhesion molecules, pan-retina cell-
cell adhesion molecules, and specific cell-cell adhesion molecules. Members of the cell-
matrix adhesion molecules group function primarily in adhering retinal cells to the ECM,
e.g. ECM components WIF-1 (Hunter et al., 2004) and laminins (Colognato and Yurchenco,
2000; Libby et al., 1999), and transmembrane proteins Collagen XVI1I (Claudepierre et al.,
2005) and a6 integrin (Georges-labouesse et al., 1998). Members of the pan-retina cell-cell
adhesion molecules group are expressed in many cell types in the retina to mediate non-
specific retinal cell adhesion. Examples of this group include the neural cell adhesion
molecule (N- CAM) (Daniloff et al., 1986), L1 (Chung et al., 2004), P84 and its interacting
partner Integrin Associated Protein (IAP) (Mi et al., 2000), N-cadherin (Malicki et al.,
2003), Neuroligin (von Kriegstein and Schmitz, 2003), N-Syndecan (Inatani et al., 2002),
and LAMP, an isoform of IgLON (Lodge et al., 2000). Members of the specific cell-cell
adhesional molecules group display regional expression patterns in the retina and are likely
involved in regional adhesion functions that are important for specific retinal layers. For
example, Neuron-glial cell adhesion molecule (Ng-CAM) is expressed mainly in the optic
fiber layer of the retina, and is presumably important for the adhesion of ganglion cell axons
with Muller glial cells (Daniloff et al., 1986); Sidekick1 and Sidekick2 are expressed in
different types of retinal cells and responsible for specific synaptic formation in the retina
(Yamagata et al., 2002). Despite this progress, a clear picture of the mechanisms by which
adhesion molecules function in retinal pattern formation is still lacking.

In the vertebrate retina, photoreceptors have two basic classes: rods and cones, and the latter
can be further divided into several subtypes, e.g. four subtypes in zebrafish (Branchek and
Bremiller 1984). Photoreceptors are packed into a single layer of cells (the outer nuclear
layer, ONL) with specific geometric arrangements (Raymond, 1995). How the ONL
maintains its integrity has been attracting increasing attention lately because a number of
blinding human retinal diseases, such as Retinitis Pigmentosa and Leber Congenital
Amaurosis, directly affect the stability of this retinal layer (Rivolta et al., 2002; Perrault et
al., 1999). The packing of photoreceptors into a single cellular layer requires precise
coordination of photoreceptor adhesion. Among the possible subcellular structures that are
responsible for the assembly of the ONL, the outer limiting membrane (OLM) has attracted
much attention because of its easy identification under EM and light microscopes (Dowling
1970; Raviola 1977).

The OLM is composed of specialized cell-cell adhesion complexes between photoreceptors
and Muller cells as well as among the processes of Muller cells. The OLM is a distinct type
of cell-cell junctional complex due to its unique molecular composition: The OLM contains
N-cadherin and a- and B-catenin, proteins typically found in adherens junctions (Matsunaga
et al., 1988; Paffenholz et al., 1999. The OLM also contains ZO-1 and symplekin, which are
typically found in tight junctions (Tserentsoodol et al., 1998; Saitou et al., 1997; Paffenholz
et al., 1999). However, the OLM does not display immunoactivity for occludin and claudins,
which are the transmembrane proteins of tight junctions (Williams and Rizzolo 1997;
Paffenholz et al., 1999). The OLM also contains desmosomal protein plakophilin 2
(Paffenholz et al., 1999). Interestingly, the OLM lacks plakoglobin, a protein found in all
other adhering junctions (Paffenholz et al. 1999). Undoubtedly, the OLM contributes to the
stabilization of the ONL. However, it is unclear whether the OLM is the primary structure
responsible for the integrity of the ONL. Furthermore, it is unclear how the OLM is
established during development.

In this study we present findings that demonstrate that the zebrafish nagie oko (nok) gene
plays an important role in the integrity of the ONL by regulating the development of the
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OLM and by participating in a potential novel type of adhesion complex between
photoreceptors in the mature retina. Such function of the nok gene has not been discovered
before. The nok gene, zebrafish homolog of fly stardust and mouse palsl (Hong et al., 2001;
Kamberov et al., 2000), was initially identified for its function in retinal epithelial polarity
and cellular pattern formation during early retinal development in zebrafish (Wei and
Malicki, 2002). Our observation of Nok’s continued expression in the junctional region
between the inner segments of photoreceptors in fully developed retina promoted us to
perform experiments to determine the function of Nok in photoreceptor adhesion. The
results of our study have provided novel insights into the maintenance of the integrity of the
ONL.

Materials and Methods

Zebrafish strains and cares

Zebrafish embryos were raised at 28.5 °C in E3 egg water until desired developmental
stages. AB wildtype, nok™227 and N-cad™17 mutant embryos were used for histological
analysis. N-cad™17 was previously known as the glass onion (glo) mutation. ROP::GFP
fish, a transgenic fish line that expresses GFP under the control of the rod opsin promoter
(ROP) (Hamaoka et al., 2002), were crossed with nok™227 to obtain double carriers. The
siblings of the double carriers were crossed together to generate ROP::GFP positive
embryos that are homozygous for the nok mutant gene. The ROP::GFP transgenic fish line
was incrossed to obtain wild type embryos that express GFP in rods. The resulting embryos
were observed under a confocal microscope live to determine the mobility of GFP positive
cells in either wildtype or mutant retinas.

Immunohistochemistry

Embryos were fixed with 4% paraformaldehyde in 1 x PBS at room temperature for 2 hours
or over night at 4 °C. For each experiment, ten fixed embryos (twenty retinas) of the desired
mutant and wildtype background were infiltrated with 40% sucrose in 1x PBS and
embedded in cryosection medium (Tissue-Tek, Sakura Finetek USA) and cryosectioned at
30 pum thickness. The sections were washed with PBS to remove embedding medium and
blocked with blocking buffer (2% BSA, 0.5% Triton X-100, in 1 x PBS) for 40 min at room
temperature. The sections were incubated with desired combination of primary antibodies in
blocking buffer at 4 °C for over night under the following conditions: mouse anti-ZO-1,
Zymed, 1:400; rabbit anti-crb1, gift from Dr. Jan Wijnholds, 1:150; rabbit anti-crb2, gift
from Dr. Pen Rashbass, 1:2,000; zpr1 for green/red double cones, ZFIN, 1:150; anti-
carbonic anhydrase for Muller glia, gift from Dr. Paul Linser, 1:100; and rabbit anti-Nok,
1:400). After four washes (1 x PBS containing 0.5% Triton X-100) at room temperature for
10 min each, sections, except for those stained with Crb1, were incubated with Cy3-
conjugated goat anti-mouse 1gG, Cy5-conjugated goat anti-rabbit 1gG secondary antibodies,
and Alexa Flour 488-conjugated phalloidin. For Crbl staining, sections after primary
antibody incubation were washed and incubated with biotin-conjugated anti-rabbit antibody,
followed by incubation with Alexa Flour 488-conjugated phalloidin, cy3-conjugated avidin,
and cy5-conjugated anti-mouse antibodies. Sections were then washed and sealed in
mounting medium (Vector) under coverslips. Immunostained sections were observed and
photographed using a BioRadMRC1024 laser scanning confocal microscope.

Live imaging of photoreceptor movement

50 hpf wildtype and nok mutant ROP::GFP transgenic embryos were mounted in 1% low
melting agarose on a FluoroDish (World Precision Instrument). The embedded embryos
were then immersed in E3 egg water to keep them alive. The positions of GFP expressing
rods were recorded under a confocal microscope hourly. To register the orientation of
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confocal images obtained at different time points, TetraSpeck fluorescent beads (Molecular
Probes) were included in the agarose bedding. Because the size of the retina increases
slightly over a period of one hour, cells that do not show apparent movement relative to the
reference beads were chosen arbitrarily as nonmoving cells during a particular given period
of time. Confocal images obtained at the beginning and the end of one-hour periods were
pseudocolored in green and red, respectively. The two sets of images were then merged in
Photoshop with the identified non-moving cells superimposed. The distances of cell
movements were measured with the Metomorph software. ROP::GFP cells were cataloged
into seven groups according to the distances they traveled (Figure 6).

Blastomer transplantation experiment

Blastomeres from wildtype ROP::GFP transgenic embryos were transplanted to nokM227
mutation embryos at 3 hpf as described previously (Wei and Malicki 2002). The movements
of GFP-positive cells were then determined using the method as described above.

Isolation of rods via flow cytometry and Western Blot analysis

Results

We took advantage of the GFP expression in ROP::GFP fish to isolate rods. Fish were first
anesthetized with 1.6 mg/ml Tricaine and their eyes were enucleated with forceps. To
dissociate retinal cells, the enucleated eyes were torn into small pieces and incubated with
TrypLE (Invitrogen, according to manufacture’s suggested concentration) at room
temperature for one hour. After the incubation, large tissue debris was removed with a Cell-
Strainer (BD Biosciences). GFP-positive rods were isolated by passing the cell suspensions
through a BD FACSAria Cell Sorter twice. The isolated rods (with purity over 93%) were
extracted with a lysis buffer (1 x PBS, 1% Triton X-100, and protease inhibitor cocktail
(Roche)). The rod lysates were analyzed for the expression of Nok by the Western blot
assay. Protein extracts from whole eyes were used as a positive control.

Nok localizes to the cell membrane region of the inner segments of photoreceptors

We have previously observed the existence of Nok signal in the ONL immediately after the
initial retinal neurogenesis (Wei and Malicki, 2002). However, it is unclear whether the
observed Nok signal in the ONL is transient, because it may be derived from residual Nok
expressed before and during initial neurogenesis. To determine if Nok continues to play an
important role in retinal function after the layered retinal patterning is established, we
analyzed Nok’s expression at later developmental stages. At 6 dpf (day postfertilization),
Nok localizes to narrow cell-cell junctional regions where photoreceptors juxtapose tightly
with each other (Fig. 1A-D). Nok’s staining is apical to the OLM and basal to the ellipsoids
(Fig. 1A-D), indicating that Nok localized to the inner segments. When viewed tangentially,
it becomes more evident that Nok is membrane associated, displaying a strikingly similar
pattern to that of the OLM (Fig. 1E and F). In the adult retina at 12 mpf (month
postfertilization), Nok maintains its localization in the inner segments (Fig. 1G-J);
furthermore, Nok staining extends distally at the junctional interfaces between the members
of the green/red double cones (Fig 1G-J, arrowheads). This extended Nok distribution is
consistent with a previous report that the double cones in zebrafish bear the most elongated
inner segments (Raymond et al., 1993). Thus, Nok is highly enriched in the cell-cell
junctional regions in the inner segments throughout life.

As cell-cell junctional complexes, the OLM is important for the integrity of the ONL. The
resemblance between Nok’s cell-cell junctional localization and that of the OLM raises a
tempting possibility that Nok may also participate in maintaining the integrity of the ONL in
the mature retina by mediating photoreceptor-photoreceptor (P-P) adhesion in the ONL.
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Establishment of photoreceptor rosettes without the participation of Muller cells in N-cad

It is, however, technically challenging to determine if and to what extent Nok participates in
the adhesion of photoreceptors in the ONL. This is due to the potential functional
redundancy between the adhesion mediated by the OLM and any possible adhesion
mediated by Nok.

To solve this problem, we decided to analyze N-cad mutants in which the N-cadherin gene
is mutated (Masai et al., 2003; Erdmann et al., 2003; and Malicki et al., 2003). N-cadherin
(N-cad), a transmembrane homophilic adhesion molecule, is expressed in the OLM and is
likely responsible for the cell-cell adhesion in the OLM (Matsunaga et al., 1988). We reason
that the loss of N-cad function will likely impair the potential adhesion function of the OLM
and therefore allow us to analyze Nok’s adhesion function. Because the OLM contains the
cell-cell junctional complexes between Muller cells and photoreceptors as well as among the
processes of Muller cells (Rodieck, 1973; Dowling, 1987), we set out to study the spatial
relationship between the Muller cells and the photoreceptors in N-cad mutant retinas to
determine if the adhesion between Muller cells and photoreceptors is impaired by the loss of
N-cad function.

In wildtype zebrafish retinas, some of the Muller cell processes extend into the OLM as
expected (Fig. 2A-D), confirming the EM observations that the Muller cell processes
participate in the formation of the OLM (Rodieck, 1973; Dowling, 1987). In N-cad mutant
retinas, while the loss of N-cad function disrupts the formation of the ONL, photoreceptors
still adhere to each other and form spherical structures called rosettes, which contain both
cones and rods (Pujic and Malicki, 2001). In the rosettes, the apical ends and the residual
inner segments of photoreceptors face towards the interior of the rosettes (Erdmann et al.,
2003), where actin is enriched (Fig 2. H, arrow). The symmetrical organization of
photoreceptors in the rosettes argues against the possibility that the formation of rosettes is a
result of random aggregation of photoreceptors. Rather, it indicates the existence of an
adhesion force among photoreceptors in the interior regions of the rosettes, analogous to
holding a dozen balloons at the base of strings Immunohistochemistry demonstrates that no
processes of Muller cells are detectable in the apical junctional regions between
photoreceptors in rosettes (Fig. 2E-H, arrow), suggesting that N-cad is directly or indirectly
required for the formation of cell-cell junction between Muller and photoreceptor cells in the
OLM. More importantly, the formation of rosettes under no participation from Muller cells
demonstrates the existence of direct adhesion between photoreceptors.

These findings intrigue us to question the nature of the adhesion force that enables
photoreceptors to form rosettes. Could it be possible that Nok is responsible for the adhesion
between photoreceptors in the rosettes?

Nok is essential for photoreceptor adhesion

If Nok does play a role in the adhesion of photoreceptors in the rosettes, we expect that Nok
localizes to the interior regions in the rosettes. We thus performed immunohistological
analysis to confirm this. As expected, Nok localizes exclusively in the interior regions of
photoreceptor rosettes (Fig. 3A-D). Because the apical end of photoreceptors faces inward
in the rosettes (Erdmann et al., 2003), Nok’s interior location in the rosettes is topologically
equivalent to its inner segment localization in the normal ONL. Thus, Nok’s location in the
rosettes is consistent with the hypothesis that Nok participates in the adhesion between
photoreceptors.

The interior localization of Nok in the rosettes also allows us conclude that Nok in the ONL
in the wildtype retina is expressed by photoreceptors. This conclusion was not obtainable
from our previous study (Wei and Malicki, 2002), because Muller cells extend processes to
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the regions of OLM in the wildtype retina, making it impossible to rule out the possibility
that Muller cells may contribute to the Nok signal in the ONL (Fig. 2A). Since Muller cells
do not participate in the formation of rosettes (Fig. 2), the exclusive expression of Nok in the
interior of the rosettes demonstrate that photoreceptors but not Muller cells express Nok in
the mature neural retina. Supporting this, our Western blot analysis of isolated rod
photoreceptors reveals positive expression of Nok in rods (Fig. 31). These results, together
with the fact that Nok signal is observed at the distal regions of the inner segments of the
green/red double cones (Fig. 1G—H) where no Muller cell processes have been found under
EM study (Fig 3 and 8 of Mariani, 1986), allow us to conclude that green cones and/or red
cones and rods express Nok. We yet to determine if blue and UV cones also express Nok.

To test the hypothesis that Nok is required for photoreceptor adhesion, we set out to
determine if the loss of Nok function results in the disruption of photoreceptor adhesion by
investigating the existence of photoreceptor rosettes in nok mutant retinas. The examination
was conducted under three criteria: rosette appearance of groups of photoreceptors;
accumulation of actin in the interior regions of the potential rosettes; and localization of
rosette interior marker ZO-1 within the potential rosettes (see next section for details of the
biological significance of ZO-1 expression). Our results demonstrate that photoreceptors do
not form rosettes in nok mutant retinas. Instead, they scatter randomly in the retina. In
addition, mutant Nok protein distributes diffusely within photoreceptors (Fig 3. E-H). Thus,
we conclude that Nok plays an essential role in photoreceptor adhesion, hence the integrity
of the ONL.

The observation of Nok’s essentiality in photoreceptor adhesion is intriguing because while
Nok associates to the cell membrane, it also localizes within photoreceptors. Thus Nok’s
function of photoreceptor adhesion must be carried out via mechanisms that involve other
molecules including but not limited to transmembrane proteins. We thus carried out the
following experiments to investigate these mechanisms.

Nok is required for the establishment and/or maintenance of the OLM

The OLM has long been thought to be the primary structure responsible for the adhesion
between Muller cells and photoreceptors and consequently the integrity of the ONL
(Dowling, 1970; Raviola, 1977). It is thus tempting to first determine if Nok is functionally
related to the OLM. To investigate the OLM, we first determined if ZO-1, a typical tight
junction protein in the epithelia (Gonzalez-Mariscal et al., 2003), localizes exclusively to the
OLM in the zebrafish retina as in other vertebrate species (Paffenholz et al., 1999; Saitou et
al., 1997; Keon et al., 1996; Williams and Rizzolo, 1997). As shown in Figure 4. A-D, Z0O-1
localizes to the OLM and is basal to the Nok staining (Fig 4. A-D). Thus ZO-1 serves as an
excellent marker for the OLM in the zebrafish retina.

Since no intact ONL is developed in N-cad mutant retinas, we expect that there will be no
intact OLM developed in N-cad retinas as well. This, however, does not rule out the
possibility that OLM components assemble into structures similar to the OLM (designated
OLM-like structures hereafter). These potential OLM-like structures may mediate
photoreceptor adhesion. To investigate this possibility, we next performed
immunohistological analysis to determine the distribution of OLM marker ZO-1 in the
rosettes. Because Muller cells participate in development of the normal OLM in wildtype
retinas and no Muller cells are found participating the formation of the rosettes, we expect
no OLM-like structure to be found in photoreceptor rosettes. To our surprise, we found that
Z0O-1 accumulates in ring-like structures in the interior of rosettes (Fig 4. E-H). In addition,
Z0O-1’s spatial relationship with Nok in the rosettes is the same as in wildtype retinas, with
Z0-1 localizing basal relative to Nok (Fig. 4H). The localization of ZO-1 in the rosettes
implies that OLM-like structures are indeed established in the rosettes, despite the fact that
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Muller cells do not participate in rosette formation (Fig. 2E-H). These OLM-like structures
might be formed directly between photoreceptors via transmembrane proteins other than N-
cad. Consequently the OLM-like structures contribute to the adhesion of photoreceptors.
Thus, even though the overall cellular pattern formation in the retina is disrupted in N-cad,
photoreceptors are still capable to adhere to each other.

The random distribution of photoreceptors in nok mutant retinas implies the complete loss of
adhesion between photoreceptors (Fig. 3E-H). It is thus intriguing to determine whether the
loss of Nok function directly results in the dissociation of the OLM-like structures. We thus
analyzed the distribution of ZO-1 in nok mutant retinas at 5 dpf. As shown in Fig. 41-L,
ZO-1 is concentrated at numerous bright punctate sites. These ZO-1 foci are enriched with
actin and are closely associated with the cell membrane as well (Fig. 4L), suggesting that the
molecular components of the OLM are still capable of forming certain rudimentary
structures within individual photoreceptor cells. However, these ZO-1 containing punctate
structures are not able to assemble into OLM-like structures as they do in N-cad mutant
retinas, despite the fact that the expression of all molecular components of the OLM, such as
N-cad, are likely not affected in nok mutant retinas. Thus, Nok is required for the
establishment and/or maintenance of the OLM in wildtype retinas and the OLM-like
structures in N-cad mutant.

To further investigate the requirement of Nok in the development of the OLM, we set out to
analyze the ZO-1 and Nok staining in wildtype, nok, and N-cad mutant retinas at 35 hpf,
when the majority of retinal cells are undifferentiated and photoreceptors have not been
specified. Analyzing ZO-1 and Nok staining at this early developmental stage will likely
provide us with information regarding the precursors of the OLM and consequently their
involvement in OLM development. In wildtype, ZO-1 staining, immediately basal to Nok
staining, colocalizes with adherens junction-associating actin at the apical regions of the
retina (Fig. 5. A-D), suggesting that adherens junctions in the retinal neuroepithelium are
likely the precursors of the OLM. In N-cad mutant retinas at 35 hpf, adherens junction-
bearing retinal cells tend to assemble into structures that are similar to the photoreceptor
rosettes observed in N-cad mutant retinas at 5 dpf (Fig. 5E-H). Within these cell assemblies,
Z0-1 and actin localize to the interior regions and organize into ring-like structures.
Furthermore, Nok localizes to the interior as well, immediately apical to the ZO-1 staining
(Fig. 5H). This rosette-like organization of retinal epithelial cells is not, however,
established in nok mutant retinas even though adherens junctions localize ectopically in both
nok and N-cad mutant retinas (Fig. 5. E-L). This demonstrates that Nok is required for the
adhesion between ZO-1-expressing cells even at early retinal developmental stages.
Furthermore, the concurrence of the OLM-like structure in photoreceptor rosettes and the
Z0-1 containing ring-like structure in retinal neuroepithelium in N-cad but not in nok
mutant retinas strongly suggests that ZO-1 containing adherens junctions are the precursors
of the OLM.

Evidence for the possibility of a Nok-mediated photoreceptor-photoreceptor (P-P)
junctional complex

While the above experiments demonstrate the essential role of Nok in photoreceptor
adhesion through its function in establishing/maintaining the OLM or the OLM-like
structures, the far more extensive distribution of Nok in the cell-cell junctional regions of the
inner segments of photoreceptors than that of the OLM (Fig 1) suggests the possibility of a
Nok-mediated P-P junctional complex in the inner segments. If this is true, this junctional
complex likely works along with the OLM to collectively secure the integrity of the OLN.

Considering that no OLM-like structures are developed in nok mutant retinas, the above
hypothesis predicts that nok mutant photoreceptors are less adhesive than wildtype cells and

Exp Eye Res. Author manuscript; available in PMC 2010 August 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wei et al.

Page 8

are consequently more mobile. To test this prediction, we performed live imaging analysis to
monitor the mobility of GFP-expressing rods in either wildtype or nok mutant retinas. Our
results indicate that photoreceptors in nok mutant retinas are much more mobile than those
in wildtype retinas (Fig. 6. A and B). The movement of photoreceptors in mutant retinas
displays a number of interesting features: 1) cells can move closer to each other over time;
2) cells can also move away from each other; 3) the body shapes of photoreceptors undergo
extensive changes due to surface extension/retraction and/or rotation of cell body; and 4) the
majority of photoreceptors are mobile in nok mutant retinas (Fig. 6B, C). On the other hand,
photoreceptors in wildtype retinas remain mostly stationary even though slight tilting of
some photoreceptors has been observed (Fig. 6A, C). More interestingly, when transplanted
in nok mutant retinas, wildtype photoreceptors are less mobile than mutant cells in nok
mutant retinas (Fig 6. C, black bars vs. red bars); but more mobile than wildtype cells in
wildtype retinas (Fig 6. C, black bars vs. green bars). Thus, in the case that no OLM-like
structures are formed in nok mutant retinas, the reciprocal correlation between photoreceptor
mobility, which reflects photoreceptor adhesiveness, and the level of the expression of
functional Nok is consistent with the hypothesis that Nok mediates a novel type of P-P
junctional complex. In addition, this junctional complex functions independently of the
OLM or OLM-like structures.

If Nok is involved in a direct binding force important for photoreceptor adhesion, Nok, as a
cytoplasmic protein, must mediate the adhesion through one or more transmembrane
proteins. The Crumbs proteins are good candidates for the mediation for the following
reasons: First, Crumbs, a transmembrane protein initially identified in fly that interacts with
Stardust, the fly homolog of Nok, has three homologs in vertebrates: Crbl, Crb2, and Crb3
(Tepass and Knust, 1993; Hong, et al., 2001; Makarova et al., 2003; Katoh, 2004; den
Hollander, 2001b). Second, Crbl, 2, and 3 have been observed to be expressed in the ONL
in the mouse retina and Crb1 physically interacts with Pals1, the mouse homolog of Nok, in
retinal lysates (van de Pavert et al., 2004). Third, the extracellular domains of Crumbs
contain modules similar to Liminin-A G domain and EGF polypeptide modules that are
known to interact with other proteins (Stenflo et al., 2000; Hohenester et al., 1999), likely
rendering Crumbs the capability to adhere to other molecules. Finally, many mutations on
the extracellular domain of Crbl cause inherited retinal Dystrophies in humans (den
Hollander et al., 2004). We thus set out to first determine whether Crumbs proteins
colocalize with Nok in the inner segments of the zebrafish retina and therefore serve as
possible transmembrane proteins essential for Nok-mediated P-P adhesional complex.

Immunohistochemistry using anti-Crb1 and anti-Crb2 antibodies shows that both proteins
localize to the inner segments apical to the OLM at 6 dpf and 12 mpf and that both are
enriched in the junctional regions between green and red cones (Fig. 7. A-L; data not
shown). Moreover, like Nok, they are also concentrated in the interior regions of rosettes in
N-cad mutant retinas (Fig. 7M-T). Therefore, the expression patterns of Crbl and Crb2 are
identical to that of Nok in the mature retina (Fig 1; Fig. 3), consistent with the hypothesis
that that Crb1 and Crb2 might be the transmembrane proteins responsible for Nok-mediated
P-P junctional complex.

To address how Nok is functionally related to Crumbs, we analyzed the subcellular
distribution of Crumbs in nok mutant retinas. It turns out that the majority of Crb1 and Crb2
localize internally in photoreceptors in nok mutant retinas (Fig. 8A-H). Thus, Nok is
required for the proper plasma membrane localization of Crumbs.

Taken together, the above data are consistent with our current working hypothesis of Nok’s
function in P-P junctional complex: Nok targets Crumbs proteins to the proper plasma
membrane of the inner segments of photoreceptors; the extracellular domains of Crumbs

Exp Eye Res. Author manuscript; available in PMC 2010 August 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wei et al. Page 9

likely mediate physical adhesion either through homophilic binding to Crumbs on the
neighboring photoreceptors or through heterophilic binding to other molecules, such as the
extracellular matrix components and/or different photoreceptor surface molecules.

Discussion

By analyzing the adhesional properties of photoreceptors in nok and N-cad mutants, our
present study reveals that Nok plays an indispensable role in photoreceptor adhesion. Nok’s
function in photoreceptor adhesion has not been reported before and our findings provide
critical insights into the molecular mechanisms by which the integrity of the ONL is
maintained in the mature vertebrate retina. As discussed below, Nok’s such function is likely
achieved through two mechanisms: establishing/maintaining the OLM, and mediating a
novel type of P-P junctional complex (Fig. 9).

Nok’s essential role in the adhesion between photoreceptors

Our current and previous (Wei and Malicki, 2002) studies reveal that Nok is expressed at a
broad spectrum of developmental stages in the retina and carries distinct functions at
specific stages. At retinal epithelial stages, Nok is required for the maintenance of retinal
neuroepithelial polarity and the integrity of the RPE (Wei and Malicki, 2002). During initial
retinal neurogenesis, Nok plays an essential role in retinal cellular pattern formation (Wei
and Malicki, 2002). Here we demonstrated that Nok is continuously expressed in
photoreceptors in the adult retina (Fig. 1) and plays an essential role in photoreceptor
adhesion.

Nok’s function in photoreceptor adhesion is demonstrated by several lines of evidence and
reasoning. First, the formation of photoreceptor rosettes and the establishment of the intact
ONL occur in the presence of functional Nok (Fig. 1 and 2). Second, the loss of Nok
function leads to a complete loss of photoreceptor adhesion as evidenced by the lack of
photoreceptor rosettes in nok mutants (Fig. 3). Third, photoreceptor mobility, which reflects
the lack of adhesiveness, displays reciprocal correlation with the expression level of
functional Nok (Fig. 6). Finally, the lack of photoreceptor adhesion caused by nok mutations
is not a secondary consequence derived from the defects of early retinal developmental
events, such as retinal lamination, RPE integrity, and the morphogenesis of Muller cell
processes. This is because both N-cad and nok mutant retinas display these defects and yet
rosettes form in N-cad but not in nok. Taken together, our results unequivocally demonstrate
for the first time that Nok plays an indispensable role in photoreceptor adhesion. This adds
another dimension to the diversity of Nok’s biological functions during retinal development.

Nok mediates the establishment and/or maintenance of the OLM

Our finding that Nok is required for the formation of the OLM-like structures demonstrates
that Nok plays an essential role in the development of the OLM (Fig 4.). Nok thus
contributes to the stability of the ONL indirectly via the OLM. We also provided evidence
suggesting that the OLM is derived from the adherens junction and that Nok plays an
important role during the transition (Fig. 5). As a unique type of cell-cell junctional
complex, the OLM has a distinct molecular makeup (Introduction). To better understand the
development of the OLM and how it functions for the structural integrity of the ONL, it is
necessary to study the dynamics of its molecular components during development. For
example, it is necessary to determine if all OLM components are expressed in the adherens
junction at early developmental stages. Such a study will help us determine at the molecular
levels how Nok functions during OLM development.
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Do Nok and Crb mediate P-P junctional complexes as another mechanism underlying the
integrity of the ONL?

Besides Nok’s function in the establishment and/or maintenance of the OLM, our present
study also suggests that Nok contributes to the integrity of the ONL via a second
mechanism: Nok determines the proper cell plasma membrane localization of Crumbs,
whose extracellular domains likely mediate the physical adhesion among photoreceptors.
This hypothesis is supported by two facts: First, Nok, Crb1, and Crb2 display identical
expression patterns along the extensive cell membrane regions in the inner segments, where
photoreceptor cell membranes juxtapose tightly as revealed by EM studies (Mariani, 1986).
Second, the proper targeting of Crumbs proteins requires functional Nok (Fig. 7 and 8). This
hypothesis is consistent with the fact that the extracellular domains of Crb1 and Crb2
contain protein-protein interaction domains. It is also consistent with the retinal phenotypes
in human patients with mutations on the extracellular domain of the Crb1 (for detailed
references see results section).

The fact that proper targeting of Crumbs to the inner segments requires Nok is consistent
with the conservation of the functional dependency and physical interaction between
Crumbs and Nok homologs in fruit fly and other vertebrates. In mammalian MDCK cell
line, Crumbs interacts with the PDZ domain of Nok’s mammalian homolog Pals1 via the
COOH terminus of Crumbs (Roh et al., 2002). The physical interaction between Pals1 and
Crb has also been demonstrated in mouse retinal lysate (van de Pavert et al., 2004).
Interaction between Crumbs and Stardust, the fly homolog of Nok, is also observed in fly
epithelium. Nok’s function in targeting Crumbs to the inner segment likely requires the help
from other Nok-interacting proteins. Besides a PDZ domain, six additional protein-protein
interaction domains have been identified in Nok and some of their targets have been
identified in mammalian epithelial cell culture systems. Among these domains, the N-
terminal conserved domain interacts with Par-6 (Hurd et al., 2003), L27N interacts with
DLT (Roh et al., 2002), L27C interact with Lin7 (Kamberov et al., 2000). These proteins
also likely interact with Nok in photoreceptors and assist in targeting Crumbs to the inner
segments. The targets of the SH3 domain, protein Band 4.1 binding domain, and guanylate
kinase domain are yet to be identified. With a Band 4.1 binding domain, Nok likely binds to
cytoskeletal protein Band 4.1 or Band 4.1-like proteins, thus bridging the cytoskeleton with
the potential Crumbs-containing P-P junctional complex. If true, Nok’s physical linkage of
the cytoskeleton with Crumbs enhances the mechanical stability of photoreceptor adhesion,
consistent with the stabilization function of the cytoskeleton in other types of cell-cell
junctional complexes.

The biochemical nature of Nok/Crumbs-mediated juntional complex is likely complicated.
First, three Crumbs proteins identified in vertebrates so far display identical subcellular
localizations. Among the three identified Crumbs, Crb3 has a very small extracellular
domain; whereas Crb1 and Crb2 have large extracellular domains, making them the most
likely candidates responsible for the adhesion function. As we show in Figure 6, Crb1 and
Crb2 have an identical expression pattern in the zebrafish retina. This identical expression
pattern and the fact that the phenotypes of Crb1 knockout mice are much less severe than
that of nok mutants (van de Pavert et al., 2004) suggest that Crb1 and Crb2 are functionally
redundant in terms of cell adhesion. Second, Crumbs may mediate homophilic adhesion by
binding to the same Crumbs protein of neighboring photoreceptors and/or mediate
heterophilic adhesion by binding to the extracellular matrix or different surface molecules of
neighboring photoreceptors.

To unequivocally prove the existence of this Nok/Crb-mediated novel type of P-P junctional
complex, we still need to answer several important questions at biochemical and
ultrastructure levels: What portion of the extracellular domain of Crumbs is directly
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involved in binding? What are the binding targets of Crumbs? How strong is the binding
force? How does Nok target Crumbs to the inner segments during development? What are
the structural characteristics of the potential adhesion complex at the ultrastructural level?
These questions are the subjects of our future experiments.

Coordination between adhesion mediated by the OLM and by the Nok/Crb-mediated P-P
adhesion complex

If a Nok/Crb-mediated P-P junctional complex does exist, its functional relationship with the
OLM is likely complicated. Crumbs/Nok-mediated adhesion is likely more fundamental
than that of the OLM, because the loss of Nok function leads to complete lost of
photoreceptor adhesion, whereas the loss of function of OLM component N-cad does not. In
addition, Crb/Nok may be directly involved in the integrity of adherens junctions, which
likely develop into the OLM. In fully developed mature retina, while the OLM and the Crb/
Nok-midated P-P adhesion are likely to be structurally independent of each other due to
their different subcellular localizations, they may contribute synergistically to the integrity
and stability of the ONL. Regardless, Nok plays indispensable roles in both mechanisms of
photoreceptor adhesion.
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Figure 1. Nok localizes to the cell membrane regions in the inner segments of photoreceptors
(A-D) Nok staining (C, arrowheads, red) localizes to cell-cell junctional regions in the inner
segments at 6 dpf. Green/red double cones (G/R) are visualized by zprl antibody (blue). The
OLM (A, arrowheads) is positioned basal to the Nok staining. The regions where Nok
localizes are also enriched with actin (arrows, A). Asterisks indicate the localization of
ellipsoids, which are the most apical regions in the inner segments and are enriched with
mitochondria but negative for zprl staining. A merged image of A—C is shown in D. G/R is
the abbreviation for green/red double cones.

(E and F) Tangential imaging of the inner segments reveals that Nok (red) is associated with
the cell membrane of photoreceptors. Nok’s expression pattern resembles that of the OLM
(green), which is immediately basal to Nok.

(G-J) Nok localizes in the inner segments of the adult retina at 12 mpf. Counter staining for
G/R reveals that Nok localizes to the junctional interface between photoreceptors in the
inner segments. The arrowheads indicate that the Nok staining is in the junctional regions
between the pairing members of G/R, which extend into the distal region of the ONL.
Asterisks indicate the localization of ellipsoids. Merged image of G-I is shown in J.
Sections, except for E and F, are oriented with apical side of the retina on top. Scale bars
indicate 10 pm.
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Figure 2. Photoreceptors form rosettes in N-cad mutant retinas without the participation of
Muller cells

(A-D) Muller glial cells extend processes basally into the inner limiting membrane
(arrowhead) and apically into the OLM (arrow) in wildtype embryo retinas at 4.5 dpf. The
Muller glial processes in the OLM (B, arrows, red) colocalize with actin staining (C, green,
arrows) in the OLM (D, arrows). A merged image of B—C and the image of G/R (blue) is
shown in D. The apical side of the neural retina is on top.

(E-H) Loss of N-cad function leads to disruption of retinal layers in N-cad mutant retinas at
4.5 dpf. However, the photoreceptor cells adhere to each other and form rosettes (E,
bracket). The rosettes are visualized by staining for G/R (blue). Dashed lines indicate
presumable photoreceptor cells other than G/R in a rosette (E). Strong actin staining (green)
is found at the apical ends of the photoreceptors in the interior of rosettes (H, arrow).
Processes of Muller glial cells (red) are not detectable between photoreceptors in the interior
of the rosettes (F and H). A merged image of E-G is shown in H.

Scale bars indicate 10 um.

Exp Eye Res. Author manuscript; available in PMC 2010 August 19.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Wei et al.

Page 17

Figure 3. Nok is required for photoreceptor adhesion

(A-D) In the N-cad mutant retina at 4.5 dpf, Nok (C, red, arrows) is only found in the
interior regions of photoreceptor rosettes, where actin is also enriched. Blue indicates G/R.
Dashed lines in D indicate the regions presumably occupied by other types of
photoreceptors. A merged image of A—C is shown in D.

(E-H) In the nok mutant retina at 4.5 dpf, photoreceptors do not form rosettes but rather
scatter randomly at 5 dpf. G/R are visualized in blue. Nok staining (red) in retinal cells is
diffuse. Some Nok positive cells are zprl-positive as well, indicating that these are G/R
(arrows); other Nok-positive cells are zprl-negative (arrowheads), indicating that they are
other types of photoreceptor cells. H is the merged image of E-G.

(I). Western Blot analysis of protein extract of about one fifth of an adult eye (lane 1) and
the extract of 190, 000 purified rods (lane 2) demonstrates that rods express Nok. Molecular
weight markers are indicated on the right. The arrow indicates the position of full length
Nok protein. Two weaker bands are noticeable in lane 2 between 50 and 37 kDa markers;
they likely derive from the degradation of Nok during the process of rod isolation.

Scale bar indicates 10 pum.
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Figure 4. Nok is required for the establishment and/or maintenance of the OLM and OLM-like
structures

(A-D) In wildtype retinas at 4.5 dpf, ZO-1 (blue) localizes to the OLM, basal to the Nok
staining (red). The OLM is indicated by actin staining (A, arrow). A merged image of A-C
is shown in D. Apical side of the retina is oriented on top.

(E-H) ZO-1 staining (blue) reveals the existence and location of the OLM-like structures in
the interior regions of the rosettes in N-cad mutant retinas at 4.5 dpf (white arrows). The
inset shows the magnification of a portion of the interior region, which is indicated by a
white arrow in H. The Nok staining (red) inside the rosettes is concentrated more apically
(black arrow) than that of ZO-1 (black arrowhead) (H, inset). A merged image of E-G is
shown in H.

(I-L) ZO-1 forms rudimentary assemblies in nok mutant retinas at 4.5 dpf. Unlike Nok,
subcellular accumulation of ZO-1 in photoreceptors is not affected by the loss of Nok
function, as evidenced by the punctate ZO-1 staining in nok mutant retinas (J, red, arrows).
These ZO-1 positive foci are also enriched with actin, as in the wildtype OLM (I and K,
arrows), and they localize to membrane regions of the retinal cells that are presumably
photoreceptors (L, arrows, asterisks). K is the merged image of | and J. L shows a magnified
region of K.

Scale bars indicate 10 um.
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Figure 5. Nok is required for the adhesion between retinal neuroepithelial cells even before the
differentiation of photoreceptor cells

(A-D) In wildtype retinal neuroepithelium, ZO-1(blue) colocalizes to the adherens junction-
associated actin bundles (green) at 35 hpf (arrows). Nok (red) localizes immediately apical
to the ZO-1 staining. D is the merged image of A—C. The asterisk indicates the lens. Apical
side of the retina is oriented on top.

(E-H) In N-cad mutant retinas at 35 hpf, ZO-1 (blue) and actin bundle staining (green)
indicate that retinal epithelial cells adhere to each other to form a ring-like structure (arrows)
at 35 hpf. Nok (red) localizes apical to the ZO-1 staining in a more interior region within the
cluster of cells. H is the merged image of E-G. The asterisk indicates the lens.

(I-L) In nok mutant retinas at 35 hpf, ZO-1(blue) and adherens junction-associated actin
bundles (green) localize ectopically to the interior of the retinal neuroepithelium (arrows).
Mutant Nok (red) does not concentrate to the adherens junctions (K). L is the merged image
of I-K.

Scale bars indicate 10 um.
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Figure 6. Loss of the Nok function leads to increased mobility of photoreceptors

(A) The movement of wildtype ROP (rod opsin promoter)::GFP cells in wildtype retinas
was observed live under a confocal microscope between 50 hpf and 51 hpf. The images of
GFP-positive cells at the start time are shown in green and those taken one hour later in red.
The images of the two time points are merged, which reveals that a majority of wildtype
ROP::GFP cells are spatially stationary in the retina, even though some photoreceptors show
tilting at certain angles (arrows). Apical side of the retina is oriented on top.

(B) The majority of ROP::GFP cells in nok mutant retinas between 50 hpf and 51 hpf move
significantly during a period of one hour.

(C) The mobility of the GFP-positive cells in wild type, mutant, or mosaic retinas are
surveyed and cells are cataloged into seven groups based on their mobility. The survey
shows that over 70% of mutant ROP::GFP cells move significantly in the mutant retina, in
the range of 2—6 um/hr; whereas over 70% of wildtype ROP::GFP cells fall into the category
of 0-1 um/hr. Furthermore, wildtype ROP::GFP cells in nok mutant retinas show increased
mobility compared to those in wildtype retinas but decreased mobility compared to those in
the pure mutant retina. The number of cells surveyed is indicated in parentheses.

Scale bars indicate 10 um. Numbers of cells examined are indicated in parentheses.
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Figure 7. Nok colocalizes with Crbl and Crb2

(A-D) Crb1 (red) localizes to the cell membrane regions in the inner segments of
photoreceptors in the adult retina at 12 mpf. The arrowheads point out the Crb1 staining in
the cell membrane regions between the members of G/R (blue). Green staining indicates the
localization of actin. D is the merged image of A-C.

(E-H) Crb1 (red) localizes apically to the OLM, which is visualized by ZO1 staining (blue)
and actin staining (I, green, arrowheads) in the adult retina. H is the merged image of E-G.
(I-L) Crb2 (red) localizes to the cell membrane regions in the inner segments of
photoreceptors in the adult retina at 12 mpf. The arrowheads point out the Crb2 staining in
the cell-cell junctional regions between the members of G/R (blue). Green staining indicates
the localization of actin and the OLM is indicated with arrowheads (M). L is the merged
image of I-K.
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(M-P) Crb1 (red, arrows) localizes to the interior regions of the photoreceptor rosettes in N-
cad mutant retinas at 4.5 dpf. G/R are visualized in blue and actin is shown in green. P is the
merged image of M-O.

(Q-T) Crb2 (red, arrow) localizes to the interior regions of the photoreceptor rosettes in N-
cad mutant retinas at 4.5 dpf. G/R are visualized in blue and actin is shown in green. T is the
merged image of Q-S.

Sections A-L are oriented with apical side of the retina on the top. Scale bars indicate 10
wm.
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Figure 8. Nok is required for the proper localization of Crumbs proteins in retinal
photoreceptors
(A-D) Crb1l (C, red) localizes primarily internally in photoreceptors of nok mutant retinas at

4.5 dpf. The arrows indicate the subcellular enrichment of Crbl. The inset in D shows a
magnified photoreceptor. G/R are visualized in blue and actin is shown in green. D is the
merged image of A-C.

(E-H) Crb2 (red) localizes primarily internally in photoreceptors of nok mutant retinas at 4.5
dpf. The arrows indicate the subcellular enrichment of Crb2. The inset in H shows a
magnified photoreceptor. G/R are visualized in blue and actin is shown in green. H is the
merged image of E-G.

The apical end of the retinas in panels A-L is oriented on top. Scale bars indicate 10 um.
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Figure 9. A model for the mechanisms by which Nok functions in photoreceptor adhesion
(A) A schematic drawing of Nok’s position in the inner segment and its spatial relationship

with the OLM.

(B) The two mechanisms by which Nok participates in maintaining the integrity of the ONL:
through establishing/maintaining the OLM, and likely through establishing a potential novel
type of cell-cell adhesion complex between photoreceptors. The former mechanism likely

involves the participation of Muller cells in wildtype retinas; whereas the latter may concern

only photoreceptors and likely involves Crumbs proteins.
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