
Spatio-temporal Features of Neurogenesis in the Retina of
Medaka, Oryzias latipes

Satish S. Kitambi1,2,3 and Jarema J. Malicki3,*

1School of Life Sciences, Södertörns University College, 243 Charles Street, Boston, MA 02114,
USA
2Department of Biosciences and Nutrition, Karolinska Institute, 243 Charles Street, Boston, MA
02114, USA
3Department of Ophthalmology, Harvard Medical School/MEEI, 243 Charles Street, Boston, MA
02114, USA

Abstract
The vertebrate retina is very well conserved in evolution. Its structure and functional features are
very similar in phyla as different as primates and teleost fish. Here we describe the spatio-temporal
characteristics of neurogenesis in the retina of a teleost, medaka, and compare them to other
species, primarily the zebrafish. Several intriguing differences are observed between medaka and
zebrafish. For example, photoreceptor differentiation in the medaka retina starts independently in
two different areas, and at more advanced stages of differentiation, medaka and zebrafish retinae
display obviously different patterns of the photoreceptor cell mosaic. Medaka and zebrafish
evolutionary lineages are thought to have separated from each other 110 million years ago, and so
the differences between these species are not unexpected, and may be exploited to gain insight into
the architecture of developmental pathways. Importantly, this work highlights the benefits of using
multiple teleost models in parallel to understand a developmental process.
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INTRODUCTION
The vertebrate retina consists of six classes of neurons and one type of glia, arranged in
three major layers: the photoreceptor cell layer (PRCL), the inner nuclear layer (INL), and
the ganglion cell layer (GCL). Each of these contains multiple cell classes and cell types,
many or which are arranged in finer sublaminae (Masland, 2001). Similar to other parts of
the central nervous system, despite its complexity the retina develops from a single sheet of
neuroepithelial cells (Sauer, 1935; Hinds and Hinds, 1974; Das et al., 2003). During
neurogenesis, these cells gradually exit the cell cycle and differentiate. Retinal ganglion
cells are the first to become postmitotic in all vertebrate species investigated so far, while
other cells exit the cell cycle in a variable sequence (Young, 1985; Holt et al., 1988; Hu and
Easter, 1999). Following the specification of retinal cell classes and types, neurons
differentiate synaptic connections as well as other features that allow them to collect visual
information, process it, and relay it to the brain. Thus photoreceptors differentiate
photosensitive structures, known as outer segments, while ganglion cells extend long
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processes into several areas of the midbrain (Attardi and Sperry, 1963; Burrill and Easter,
1994; Lemke and Reber, 2005; Chuang et al., 2007).

The development of the retina has been studied using numerous experimental strategies,
including genetic, genomic, proteomic, biochemical, and tissue culture methods (Watanabe
and Raff, 1990; Blackshaw et al., 2001; Gustincich et al., 2004). Although this diversity of
approaches is very valuable, the most reliable conclusions are drawn from studies performed
in intact organisms. Hence the importance of animal models in the studies of the nervous
system. The exceptional structural and functional conservation of the vertebrate retina
makes it possible to combine findings from diverse and otherwise very different species to
arrive at developmental principles that apply to eyes of all vertebrates. Retinae of
amphibians (Xenopus levis), birds (chicken), and mammals (mainly mouse and rat, but also
dog) have been widely studied with the help of developmental and genetic approaches.
Primate retinae have been mostly used in neuroanatomical and physiological studies as
genetic manipulation in this group of species is cumbersome at best. More recently, the
zebrafish and medaka have been developed as model organisms to study the retina
(reviewed in Malicki, 2000; Wittbrodt et al., 2002; Avanesov and Malicki, 2004). Small
size, short generation time, rapid external development, and optical transparency of their
embryos during early stages of embryogenesis, along with the availability of molecular and
genetic techniques have helped these two teleost species to gain a considerable importance
as model systems. One of the best indicators of how successful the zebrafish model has
become is the number of retinal mutants reported in the last decade (Malicki et al., 1996;
Fadool et al., 1997; Neuhauss et al., 1999; Golling et al., 2002; Muto et al., 2005). Mutations
in these lines of animals affect numerous aspects of eye biology, including both
developmental and physiological processes, such as the morphogenesis of the optic
primordium, cell fate decisions, differentiation of photoreceptor outer segments, retino-tectal
pathfinding, and phototransduction. In numerous cases, mutant genes have been cloned,
opening a way for the molecular analysis of developmental pathways (Fricke et al., 2001;
Kay et al., 2001; Wei and Malicki, 2002; Tsujikawa and Malicki, 2004; Tsujikawa et al.,
2007). Genetic screens in medaka, combined with the completion of its genome project are
likely to result in a similar wave of informative cloning experiments.

Studies of the medaka eye have largely focused on early stages of its development, the
formation of the optic primordium in particular. Thus cell fate analysis traced the position of
cells that contribute to the optic primordium from the early gastrula period through optic
lobe formation at stages 17-19 (Hirose et al., 2004), and a 3-D analysis of cell movements in
mosaic animals revealed that optic vesicle evagination is driven by active migration of
individual cells (Rembold et al., 2006). In addition, a number of genetic manipulations
showed that Six3, Geminin, as well as Rx3 are all important regulators of optic lobe
morphogenesis (Loosli et al., 2001; Carl et al., 2002; Del Bene et al., 2004). Apart from the
analysis of the optic primordium, the studies of medaka retinal neurogenesis have been
largely limited to ganglion cells and the formation of the retinotectal projection (Yoda et al.,
2004). These studies revealed, for example, a number of potential downstream target genes
of a well-studied regulator of ganglion cell specification, ath5 (Del Bene et al., 2007).

To lay the foundation for further studies of retinal neurogenesis in medaka, we chose to
determine its main spatio-temporal features. We describe the time course of retinal layer
formation, the spatial coordinates of cell differentiation in the plane of the photoreceptor cell
layer, and the arrangement of cells in the photoreceptor mosaic. Although closely similar in
their overall organization, medaka and zebrafish retinae differ in several important aspects:
they differentiate following different spatiotemporal parameters, and their photoreceptor cell
mosaics are patterned differently. A description of these differences in two relatively closely
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related species, combined with the analysis of the underlying genetic circuitry may become
a source of valuable insights into the logic of developmental pathways and their evolution.

RESULTS
Formation of neuronal lamination

As the timing of retinal pattern formation has not been described in medaka so far, we
decided to characterize this process by preparing histological sections through retinae at
several developmental stages. Based on previous analyses of ganglion cell differentiation,
neurogenesis in the medaka retina begins by stage 26 (2 days and 6 hrs, 22 somites) (Yoda
et al., 2004; Del Bene et al., 2007). At stages 25, 27 (not shown) and 28 (Fig. 1A, Fig S1A),
however, we do not see lamination in the inner retina on histological sections. The first
histologically distinguishable indication of ganglion cell layer formation is the appearance of
the optic nerve by stage 29 (3 days, 2 hours, Fig. 1B and Fig. S1C). Despite the presence of
optic nerve fibers, retinal lamination is still not visible at this time (Fig. 1B, Fig S1B). Only
8 hours later, however, by stage 30, both inner and outer plexiform layers are noticeable in
the central retina, dorsal to the optic nerve (Fig. 1C and Fig. S1D, Fig S1E). By stage 34 (5
days 1 hrs), all 3 nuclear layers as well as 2 plexiform layers that separate them are well
differentiated and extend up to the retinal margin (Fig. 1D). This pattern persists largely
unchanged throughout later stages of retinal development. Among changes that occur later is
the thickening of the photoreceptor cell layer, which takes place as the result of outer
segment differentiation. This is already quite evident by stage 39 (Fig. 1E) and becomes
even more pronounced in the adult eye (Fig. 1F). Although larval and adult retinae contain
the same cell layers, their contributions to the overall thickness of the retina are very
different: at stage 34 the inner nuclear layer is nearly 4 times thicker than the photoreceptor
cell layer. The opposite is true in the adult: the photoreceptor cell layer, including the outer
segments, is ca. 5 times thicker than the INL. In addition to the development of robust outer
segments, other processes, such as cell rearrangement or cell death may contribute to this
dramatic change of proportions.

These histological observations were confirmed using antibodies to ganglion and
photoreceptor cells. In agreement with previous reports (Yoda et al., 2004; Del Bene et al.,
2007), staining with an antibody against acetylated α-tubulin revealed retinal ganglion cells
at stage 26 (Fig. 2A) but not at stage 25 (not shown). By stage 28, the optic nerve is clearly
seen to exit the retina (Fig. 2B, arrows). Consistent with gradual increase in the number of
differentiated ganglion cells, the optic nerve thickens considerably by stage 30 (Fig. 2C.
arrows). In addition to ganglion cells, we analyzed photoreceptors. Zpr-1 is an antibody
commonly used to stain double cone photoreceptors in the zebrafish retina (Larison and
Bremiller, 1990; Schmitt and Dowling, 1996; Doerre and Malicki, 2002; Tsujikawa et al.,
2007). In the medaka eye, Zpr1-positive double cones are seen throughout the entire
photoreceptor cell layer by stage 40 (Fig. 2J). This staining pattern persists in the adult retina
(Fig. 2K). Similar to zebrafish, Zpr1 stains the entire surface of the medaka photoreceptor
cell, including outer segments and synaptic termini (Fig. 2L).

The six major classes of neurons in the vertebrate retina can be subdivided into many cell
types (MacNeil and Masland, 1998; MacNeil et al., 1999; Rockhill et al., 2002). To
investigate how some of these less numerous cell populations distribute in the medaka
retina, we used antibodies to subclasses of interneurons characterized by different
neurotransmitter content. Three different groups of amacrine cells were detected in the
medaka retina with antibodies against neurotransmitters GABA, serotonin, and tyrosine
hydroxylase, an enzyme involved in dopamine biosynthetic pathway. All 3-cell types
analyzed are fairly evenly distributed in the plane of the inner nuclear layer at stage 40 and
in the adult (Fig. 2D-I, and Fig. S2). Similar to what has been observed in zebrafish, GABA-
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positive amacrine cells are much more frequent, compared to Serotonin- and TH-positive
neurons. We have observed ca. 120 GABA-positive cells per section through the central
retina of medaka at stage 40 (n = 8). The numbers of Serotonin-, and TH-positive cell are
roughly the same in zebrafish at 6 dpf and in medaka at 10 dpf: 5 cells per transverse section
through the central retina (n=8 for medaka) (compare to Avanesov et al., 2005). Although
GABA immunostaining is detected predominantly in the inner nuclear layer on plastic
sections both at S40 and in the adult (Fig. 2D, G), staining of cryosections reveals the
presence of GABA-positive cells also in the ganglion and horizontal cell layers (Fig. S2).
This, again, is similar to the zebrafish retina, which contains GABA-immunoreactive cells in
both the ganglion cell and horizontal cell layers at 6 dpf and in the adult (Sandell et al.,
1994; Avanesov et al., 2005).

Orientation of cell divisions in retinal neuroepithelium
Prior to the onset of neuronal differentiation, the retina consists of proliferating progenitor
cells organized into a single epithelial sheet (Das et al., 2003). These epithelial cells divide
at the apical surface of the neuroepithelium (Fig. 3), and during neurogenesis gradually exit
the proliferative cycle and assume a variety of neuronal fates. The relationship between
mitotic spindle orientation in a dividing neural progenitor cell and the fate of its descendants
has been a subject of intensive and in some cases controversial studies (reviewed in Malicki,
2004). In some mammalian retinae, cell divisions that are characterized by vertically
oriented mitotic spindles are more frequent during neurogenesis (Cayouette et al., 2001). It
has been suggested that these divisions give rise to asymmetric outcomes, characterized by
two different cell fates. In contrast to that, horizontal spindle orientation was suggested to
precede symmetric cell divisions that produce cells of the same fate (Cayouette and Raff,
2003; Zigman et al., 2005). Thus early proliferative cell divisions in the retina would have a
symmetric result: two mitotically active cells, whereas neurogenic cell divisions would
frequently produce an asymmetric outcome: one mitotically active cell and one postmitotic
neuron. In contrast to mammals, where such a scenario may appear probable, divisions
characterized by vertically oriented mitotic spindles are very rare in chick and zebrafish
retinae and thus are unlikely to account for the appearance of the vast majority of
postmitotic neurons (Silva et al., 2002; Das et al., 2003).

To test whether vertically oriented mitotic spindles are present in the medaka retina during
neurogenesis, we used anti-α tubulin antibody to stain transverse sections at stage 29 (Fig.
3). At this developmental stage, neurogenesis is already in progress as evidenced by the
presence of ganglion cells (Fig. 1B). Anti-α-tubulin staining identifies mitotic spindles and
allows one for a rough determination of their orientation relative to the apical surface of the
retinal neuroepithelium (illustrated in Fig. 3A). During the analysis of this staining pattern,
the angle value of 0° was recorded when the mitotic spindle axis was parallel to the apical
surface. On the opposite extreme, an angle of 90° would be recorded for a cell featuring
mitotic spindle axis perpendicular to the apical surface (Fig. 3A). Analysis of cell divisions
in the central retina dorsal to the optic nerve revealed that the majority (83%) feature angle
values between 15° and 30°. Fewer cells (17%) were seen dividing at an angle below 15°.
We did not observe any dividing cells characterized by mitotic spindle orientation exceeding
30° (Fig. 3C, n = 17). These results are similar to data obtained in zebrafish, where the angle
of division did not exceed 40° (Das et al., 2003), and argue that a change in the orientation
of the mitotic spindle cannot account for the switch from proliferative to neurogenic cell
divisions in the medaka eye.

Formation of the photoreceptor cell layer
The sequence of photoreceptor differentiation across the ventricular surface of the retina
varies in different vertebrate species (reviewed in Malicki, 2004). In zebrafish, retinal
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neurogenesis progresses in a wave- like fashion: it starts in a small group of ventrally
located cells, the so-called ventral patch, spreads into the ventro-nasal region, and then
dorsally and temporally to cover the entire retina (Raymond et al., 1995; Schmitt and
Dowling, 1996; Masai et al., 2000). To characterize the spatial parameters of photoreceptor
differentiation in the medaka eye, we used wholemount in situ hybridization with a rod
opsin probe, and immunostaining with the Zpr-1 antibody. Photoreceptor differentiation in
the medaka retina starts in two areas. First, rod opsin expression (Fig. 4A, B) and Zpr-1
staining (Fig. 4I, J) are seen in the central retina dorsal to the optic nerve. Zpr-1 expression
is first seen at stage 33 (Fig. 4I), preceding the appearance of the opsin transcript at stage 35
(Fig. 4A) by ca. 24 hours. By stage 36, rod opsin in situ signal expands mostly dorsally, and
remains confined to cells dorsal to the optic nerve (Fig. 4C). Interestingly, by stage 37 the
second area of rod opsin expression becomes detectable at a considerable distance from the
optic nerve in a small group of ventrally located cells (Fig. 4D. arrowhead). This domain is
reminiscent of the so-called ventral patch, seen in the zebrafish (Larison and Bremiller,
1990). It also expands, and by stage 38 it margin reaches the optic nerve area (Fig. 4E-F).
By stage 39, rod opsin transcript is present throughout the entire retina, although differences
in the intensity of the in situ signal persist in different sectors of the retina at this stage and
later (Fig. 4G). The adult retina shows clear expression of rod opsin in the photoreceptor
layer (Fig. 4H).

Immunostaining with the Zpr-1 antibody reveals a pattern of photoreceptor differentiation
similar to that detected via in situ hybridization with a rod opsin probe. Zpr-1 signal is first
detected in the central retina dorsal to the optic nerve (Fig. 4I). By stage 36, the second
domain of Zpr-1 expressing cells is seen in the ventral eye (Fig. 4K, L), and remains clearly
separated from the dorsal one at least until stage 37 (Fig. 4M-O). By stage 38, Zpr-1 staining
signal is detected in the entire photoreceptor cell layer (Fig. 4P). The spatio-temporal
progression of photoreceptor differentiation as revealed by both in situ hybridization with a
rod opsin probe and Zpr-1 antibody staining clearly differs from that seen in the zebrafish
eye. The most obvious difference is that medaka photoreceptor differentiation initiates in the
central and not ventral retina as in zebrafish. The appearance of a small ventral group of
opsin- and Zpr-1-positive cells is similar to zebrafish, but takes place surprisingly late in
development.

Photoreceptor mosaic
In the retinae of many teleosts, cone photoreceptors form a regular pattern, referred to as the
photoreceptor mosaic (Marc and Sperling, 1976; Bowmaker and Kunz, 1987; Larison and
Bremiller, 1990; Cameron and Easter, 1993; Hisatomi et al., 1997). In most cases, four
double cone pairs are arranged around one single cone forming a cruciform configuration.
This kind of organization has been previously reported in many species, including the
medaka adult, and is referred to as the square mosaic. It has not been established, however,
whether this arrangement is present in the larval medaka. We took advantage of our finding
that the Zpr-1 antibody recognizes double cones in the medaka retina, and determined that
these cells form a regular array in the central retina of medaka larvae already by stage 40
(Fig. 5A). Both members of the double cone pair are of the same size, and on tangential
sections each double cone pair appears nearly square in shape. Each corner of a double cone
pair appears to touch four other double cone pairs (Fig. 5A). In contrast to the central retina,
we did not see a square pattern of cones in the retinal periphery at S40. In some cases,
however, photoreceptor cells appeared to be organized in rows (Fig. 5B).

To further characterize the photoreceptor mosaic, we used electron microscopy. This
analysis confirmed Zpr-1 staining results, showing that in the adult retina four double cones
assemble around one centrally located cone cell, forming a cruciform arrangement (Fig. 6C-
E). Again, the two members of a double cone pair are roughly the same size, closely adhere
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to each other, and their interface follows a straight line (Fig. 6 D, indicated with arrows in E,
H). Four additional single cones, sometimes referred to as corner cones, are positioned
around the central single cone, each between a different pair of double cones. The corner
cones are roughly equidistant from each other, and appear to occupy corners of a square.
Curiously, cell-cell interface of the double cone pair contains several cell membranes closely
sandwiched together (Fig. 6G, H). Such an arrangement of membranes has been previously
reported in double cone pairs of the guppy retina (Berger, 1967). In that species, subsurface
membranes are thought to lack continuity with the plasma membrane and are presumed to
form two closed pouches, one in each of the two neighboring cells (Berger, 1967).
Supernumerary membranes are absent in the area of contact between different cone types
(Fig. 6I). In agreement with the Zpr-1 staining data, cross section through a double cone pair
is roughly oval at this stage (Fig 6, compare D and E). Transverse sections through the retina
of the medaka adult reveal features typical of most vertebrates: the outer segments of
photoreceptor cells are arranged in multiple strata (Fig. 6A), the inner segments contain
numerous mitochondria (Fig. 6A, B), and their surface is connected to the apical processes
of Muller glia by belts of cell junctions (arrowheads in Fig. 6B, F).

DISCUSSION
As medaka and zebrafish are the only fish species broadly used in genetic and
embryological studies, it is valuable to compare retinal development in these two organisms.
One obvious difference between medaka and zebrafish is the length of embryogenesis,
which in zebrafish takes considerably less time (summarized in Fig. 7A). For example, the
zebrafish optic primordium forms by 12 hpf, whereas the analogous process in medaka
occurs after 26 hours of embryogenesis (Kimmel et al., 1995;Iwamatsu, 2004). Similarly,
based on DiI labeling experiments, the differentiation of the retino-tectal projection in
zebrafish takes less than 2 days, from ca. 30 to 72 hpf. (Burrill and Easter, 1995). In the
medaka, on the other hand, the same phase of development has been documented to take
about four days, from 54 hpf to 6 dpf (Yoda et al., 2004;Del Bene et al., 2007). Thus the
medaka retina requires almost twice as much time to complete this process, compared to
zebrafish. We also observed a lengthening of developmental events while studying
photoreceptor cell differentiation. In the zebrafish retina, two photoreceptor markers, Zpr-1
and rod opsin, appear in the photoreceptor cell layer almost simultaneously (Larison and
Bremiller, 1990;Raymond et al., 1995). In contrast to that, in the medaka eye their onsets of
expression are ca. 24 hours apart. The extended length of medaka embryogenesis is both an
asset and a liability. An advantage of a slower development is that it allows one to better
differentiate the onset of expression or the onset of mutant phenotypes for different genes.
This is valuable when studying developmental pathways as it allows one to form hypotheses
about regulatory interactions. In other types of experiments, slow development is a
disadvantage as it becomes more difficult to manipulate gene function through the injections
of mRNA or antisense compounds into early embryos. One has to note, however, that not all
events are obviously slower in medaka development, compared to zebrafish. When studied
by histological criteria, the time period between the optic nerve formation and the
appearance of the inner plexiform layer takes approximately 8 hours in medaka, not much
longer than the analogous process in the zebrafish retina.

Photoreceptor differentiation in the medaka retina displays complex spatio-temporal
characteristics as evidenced by in situ hybridization with the opsin probe, and
immunostaining with the Zpr-1 antibody (summarized in Fig. 7B). This is not unexpected as
spatio-temporal parameters of opsin expression are complex in many vertebrates (Bruhn and
Cepko, 1996). One intriguing aspect of this process in the medaka retina is the onset of
photoreceptor differentiation in two spatially separate domains. The first one forms in the
center of the retina, dorsal to the optic nerve. The second, much smaller, appears close to the
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ventral margin of the eye. This pattern is very different from what was reported in zebrafish
and goldfish. In these two related species, opsin expression is first present in a small ventral
group of cells and only later spreads dorsally (Raymond et al., 1995;Stenkamp et al., 1996).
For some markers of differentiation, such as atonal or cone opsin, the expression expands
from the ventral retina first to the nasal, then to dorsal, and finally to the temporal region of
the zebrafish eye (Masai et al., 2000). In all layers of the zebrafish retina, however, the first
differentiating neurons are present in a small group of ventrally located cells (Burrill and
Easter, 1995;Schmitt and Dowling, 1996;Passini et al., 1997;Hu and Easter, 1999).
Interestingly, the location of these cells is very reminiscent of the second differentiation
domain in medaka. One is thus tempted to speculate that this is the ancestral origin of
photoreceptor differentiation, and that the central domain of expression in medaka is a more
derived feature. To place such hypothesis on a firmer ground, however, one needs to
consider spatio-temporal patterns of photoreceptor differentiation in the retinae of other fish
species. In salmonid fishes, opsin expression originates in a single area, which is, however,
located in the centro-temporal, and not ventral retina (Cheng et al., 2007). Unfortunately, to
our knowledge no systematic descriptions of photoreceptor differentiation are available for
other groups of teleosts. The progression of neurogenesis from a small ventral group of cells
to other regions of the zebrafish retina has been shown to involve the function of the atonal
and sonic hedgehog genes (Masai et al., 2000;Neumann and Nuesslein-Volhard,
2000;Stenkamp et al., 2000). It will be interesting to see whether they act in a similar
manner in either of the two photoreceptor differentiation domains of the medaka eye.

Photoreceptor cells in the retinae of many teleosts as well as in some higher vertebrates are
arranged in regular patterns, referred to as a mosaic. The regularity of fish photoreceptor
mosaics is most obvious in the arrangement of cone cells. Although many exceptions are
known, most teleost cone mosaics consist of 3 elements: the double cone, and two types of
the single cone. This is true for the zebrafish (Larison and Bremiller, 1990), trout
(Bowmaker and Kunz, 1987), perch (Loew and Wahl, 1991), salmon (Cheng et al., 2006),
guppy (Kunz et al., 1983), and many species of the series antherimorpha (Reckel and
Melzer, 2003), which includes medaka. These three elements can be organized in many
ways, including row arrangement, twisted row arrangement, square pattern, and less
frequently pentagonal and hexagonal patterns. The variety of arrangements is further
confounded by the presence of less typical cone morphologies, such as miniature cones,
triple, and even quadruple cones (Reckel and Melzer, 2003). The organization of cones is
frequently inconsistent across the retina, and in many species square mosaic may exist in the
center of the retina while row mosaic is present in its periphery (Cameron and Easter, 1993;
Reckel and Melzer, 2003). We have found this also to be true at stage 40 in medaka larvae.
Yet another complication stems from the fact that in some groups of animals cones switch
fates in the course of life. In salmonid fishes, for example, single cones switch from UV to
blue opsin expression during development (Cheng et al., 2006). Our analysis reveals that the
medaka photoreceptor mosaic features a square arrangement of double cones. This is
consistent with previous reports, which based on different criteria reached the same
conclusion (Nishiwaki et al., 1997). In this type of mosaic, four double cones are arranged in
a cloverleaf pattern around a single cone, and are surrounded by four other evenly spaced
cones, which appear to occupy corners of a square, and are sometimes referred to as corner
cones. A very similar arrangement is detected via Zpr-1 immunostaining of the central retina
both in the adult and at hatching, which indicates that the medaka photoreceptor mosaic is
established at an early stage, and its basic pattern does not change during development. This
pattern of photoreceptor cells is also seen in the adult medaka on electron micrographs.
Consistent with studies in other species, the two members of the medaka double cone pair
are separated from each other by an array of several membranes. Supernumerary membranes
most likely belong to subsurface cisternae, which have been previously reported to exist on
both sides of the interface between double and triple cones (Berger, 1967; Reckel and
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Melzer, 2003). Smaller structures of this type were also reported in other neurons of the
retina and elsewhere in the nervous system (Fisher and Goldman, 1975). Although they were
suggested to provide insulation between neighboring cells, the function of subsurface
cisternae is far from being fully understood.

The use of two teleost model organisms, the zebrafish and medaka, in parallel is likely to be
productive for several reasons. In each of these models, numerous mutations affecting eye
development have been isolated and characterized (Malicki et al., 1996; Neuhauss et al.,
1999; Loosli et al., 2004; Muto et al., 2005). While some of them are likely to affect the
same genes in both species, others will be unique to one organism. This will be the case
even in the unlikely event that saturation mutagenesis is achieved, because homologous
developmental pathways are likely to have evolved differently in each species and will, for
example, display redundancy of different features. Similarly, functional differences are
likely to exist between paralogous loci in each species given that they evolved independently
for 110 million years in zebrafish and medaka lineages (Nelson, 1994). This is because
paralogous genes are likely to take over different aspects of ancesteral gene’s activity, and
this subdivision of functions between different paralogs is most probable to have occured
differently in medaka and zebrafish evolutionary lineages (Postlethwait, 2007). Comparisons
of expression patterns between two species may also be informative as they will reveal
which domains of expression are conserved in both organisms and thus likely to be of
functional importance. In this work, we have focused on the medaka retina, which so far
received less attention, compared to zebrafish. Data presented in this paper will aid further
genetic analysis of retinal development using the two genetic teleost model organisms,
medaka and zebrafish, in parallel.

EXPERIMENTAL PROCEDURES
Laboratory animals

Wild-type CAB strain of Medaka was kindly provided by Dr. Wittbrodt’s lab. Animals were
maintained under 14/10 hour light/dark cycle. Wild-type embryos were obtained by natural
mating and staged according to Iwamatsu (1994). For effective PTU (N-Phenylthiourea)
treatment, the chorion of embryos was pierced in several locations with a sharp borosilicate
glass microinjection needle, and PTU solution was added to the final concentration of
0.03%.

Histology
Medaka embryos were staged according to Iwamatsu (1994) and fixed overnight in 4%
paraformaldehyde (w/v) in PBST (Phosphate buffered saline, 0.1% Tween) at 4°C. Embryos
were dehydrated in 50%, 75%, 85%, and 95% aqueous solution of ethanol, 15 min. each,
and embedded in JB4 resin (Polysciences, Inc) as described previously (Doerre and Malicki,
2002). Sections, 5 μm thick, were prepared using a microtome (Ultracut E, Reichert Jung)
and photographed with a digital camera (Axiocam, Zeiss), mounted on a microscope
(Axioscope, Zeiss). Images were processed using Photoshop software.

Antibody staining
Embryos were fixed overnight in 4% paraformaldehyde (or a combination of 2%
paraformaldehyde and 2% gluteraldehyde for anti-GABA staining) in PBST at 4°C, washed
2 times, 5 min. each, with PBST and infiltrated in 30% sucrose (w/v) in PBST overnight at
4°C. Subsequently, embryos were embedded in frozen section medium (Neg-50, Richard-
Allan Scientific) and 5 μm sections were collected on glass slides (superfrost, Fisher).
Antibody staining was performed as described previously (Avanesov et al., 2005) using the
following primary antibodies: Zpr-1 (1:150, Oregon Monoclonal Bank), anti-GABA (1:500,
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Sigma), anti-tyrosine hydroxylase (1:100, Chemicon), anti-serotonin (1:250, Sigma), and
anti-α-tubulin (1:500, Sigma).

For whole mount immunostaining experiments, embryos were fixed in 80% methanol and
20% dimethylsulfoxide (Sigma) for 5h, bleached in 10% hydrogen peroxide in methanol/
DMSO solution for 2h, and stored in methanol at -20°C. Embryos were then washed 2
times, 12 min. each, with PBST, blocked with 10% goat serum (Gibco) for 30 min.,
incubated with mouse anti-acetylated α tubulin primary antibody (1:1000, Sigma) for 5h,
washed 3 times, 30 min. each in PBST, and incubated with a fluorophore-conjugated
secondary antibody for 5h. Subsequently, embryos were washed with PBST, 2 times, 30
min. each, and photographed with a digital camera as above. Photoshop software (Adobe)
was used to process digital images.

In situ hybridization
PTU-treated embryos were used for in situ hybridization experiments. Rod opsin cDNA was
obtained from Dr. Kawamura (Matsumoto et al., 2006). Digoxigenin labeled RNA probes
were generated using Dig RNA labeling mix (Roche). Whole-mount in situ hybridization
was performed according to a previously published protocol (Thisse et al., 2004).
Photographs were taken with a digital camera as described above. For in situ hybridization
on sections, a zebrafish whole-mount in situ protocol (Thisse et al., 2004) was used with
several modifications as specified below. Medaka embryos were staged and fixed overnight
at 4°C in 4% PFA in PBST. Following fixation, embryos were washed twice with PBST,
transferred into 30% sucrose, and incubated at 4°C overnight for cryoprotection. Embryos
were then transferred into cryoprotecting medium (Neg-50, Richard-Allan Scientific) and
5μm frozen sections were collected on superfrost slides (Fisher Scientific). Sections were
dried at room temperature for 1 hour, washed twice with PBST, and digested with proteinase
K (Sigma, 10 μg/ml) for 1 minute. Following proteinase digestion, sections were quickly
washed twice in PBST and then incubated in PBST for 5 minutes. After washes, sections
were fixed in 4% PFA in PBST for 10 minutes and then washed in PBST 3 times, 5 minutes
each. 500 μl of prehybridization mix (Thisse et al., 2004) was deposited on each slide and
incubated at 60 °C for 30 min. Prehybridization mix was then replaced with 150 μl of the
hybridization mix and incubated overnight at 60°C. Incubations were performed in a
humidified environment of a water bath chamber to prevent concentration changes of the
hybridization solution. Following hybridization, slides were washed once in 2x SSC for 20
minutes at 60°C, twice in 0.2x SSC, 5 min. each, and once for 10 min. at room temperature
in PBST. Sections were then incubated for 30 min. with 200 μl of blocking solution (2%
sheep serum and 2mg/ml BSA in PBST), and following that overnight with 100μl of anti-
DIG antibody in PBST in a humidified environment at 4 °C. Slides were then washed 3
times, 10 minutes each, with PBST, and incubated in the staining buffer (100mM Tris-HCl
pH 9.5, 50mM MgCl2, 100 mM NaCl, 0.1% Tween 20) for 5 min. Staining was performed
in 100 μl of BM purple substrates (Roche) according to manufacturer’s instructions.
Following staining, sections were washed in PBST, coverslipped and immediately
photographed as described above.

Electron Microscopy
Adult Medaka fish were anesthetized with 0.1% Tricane, placed on ice, and decapitated with
a razor blade. Eyes were extracted and fixed overnight in 2.5% glutaraldehyde and 2%
formaldehyde in 0.1M cacodylate buffer and 0.08M calcium chloride at 4°C. Fixed tissue
was washed 3 times, 5 min each, in the cacodylate buffer and postfixed in 2% osmium
tetraoxide in cacodylate buffer for 1.5 h. Following postfixation, eyes were washed for 5
min. in distilled water followed by 30 min. staining in 2% uranyl acetate. Tissue was then
dehydrated in an ethanol series (25% ethanol for 5 min., 50% for 7 min., 70% for 10 min.,
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95% for 5 min., 95% for 10 min., 100% for 5 min., 100% for 10 min. and finally 100% for
15 min.) and embedded in Epon (Marivac Ltd., Que., Canada). Ultrathin transverse and
tangential sections of the eye photoreceptor layer were obtained using standard protocols.
Digital electron micrographs were produced using Philips CM-102 electron microscope and
processed with Photoshop software.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Differentiation of laminar architecture in the medaka retina
Tansverse plastic sections stained with methylene blue. A: Retinal lamination is absent at
stage 28 (2 days 16 hours, 19 somite stage). B: At stage 29 (3 days 2 h, 30 somite stage) the
optic nerve is clearly visible, however the retina is not subdivided into layers. C: Both
plexiform layers are seen in the central retina above the optic nerve at stage 30 (3 days 10 h,
35 somite stage). An array of elongated photoreceptor cells is visible between the OPL and
the RPE in the central retina, but not in the retinal periphery at this stage. D: Both plexiform
layers extend into the retinal periphery by stage 34 (5 days 1hrs). E: All retinal laminae are
clearly visible at stage 39 (6 days). The retinal pigment epithelium is thickened to
accommodate the differentiation of photoreceptor outer segments. F: The retina of adult
medaka features the same array of 3 nuclear and 2 plexiform layers as the larval retina. The
retinal pigment epithelium and the photoreceptor cell layer are much more prominent
relative to other laminae at this stage. In all panels, dorsal is up, lateral is left. The optic
nerve is indicated by asterisks. GCL, ganglion cell layer; INL, inner nuclear layer; IPL,
inner plexiform layer; L, lens; OPL, outer plexiform layer; PRCL photoreceptor cell layer;
RPE, retinal pigment epithelium.
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Fig. 2. Patterns of retinal neurons in the larval medaka
A-C: Ventral view of medaka embryos stained with anti-acetylated tubulin antibody. At
stage 26 (A), staining is detectable in a small group of ganglion cell bodies (arrowhead) and
their axons (arrows). By stage 28 (B), ganglion cell bodies and the optic nerve (arrows) are
clearly visible. By stage 30 (C), the ganglion cell layer (arrowheads) as well as the optic
nerve (arrows) display prominent staining. D-I: Immunostaining of plastic sections (D and
G) and cryosections (E, F, H, I) through the stage 40 (D - F) and the adult (G - I) medaka
retina with antibodies against GABA (D, G), serotonin (E, H, green in F), and tyrosine
hydroxylase (I, red in F). J-L: Immunostaining of transverse cryosections through the retina
with the Zpr1 antibody at stage 40 (J) and in the adult (K) reveals regular arrangement of
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photoreceptors cell layer. Cell bodies, outer segments (asterisk), and synaptic termini
(arrowhead) of photoreceptor cells are immunoreactive (L). In (A-C), asterisks indicate the
midline. In (D-F, and J) dorsal is up, lateral is left. In (G-I and K-L) the ventricular surface
of the retina is up. L, lens.
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Fig. 3. Mitotic spindle orientation in the neuroepithelium of the medaka retina
A: A diagram showing how the angle of mitotic spindle orientation was evaluated. B:
Immunostaining with anti-α tubulin antibody reveals a mitotic spindle near the apical
surface of the retinal neuroepithelium in the medaka eye at stage 29. C: Quantitative
evaluation of mitotic spindle orientations in retinae from 10 embryos at stage 29 (n = 17). In
(B), apical is up.
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Fig. 4. The progression (wave) of photoreceptor differentiation visualized via in situ
hybridization with the rod opsin probe and immunostaining with the Zpr-1 antibody
A, B: Anterior (A) and medial (B) view of the eye following whole mount in situ
hybridization with the rod opsin probe at stage 35. Expression is detected in the central
retina (arrows) dorsal to the optic nerve (asterisk). C: Cryosection through the retina
following in situ hybridization with the rod opsin probe at stage 36. Although detectable in a
fairly broad domain, rod opsin signal is present dorsal to the optic nerve only. D: Lateral
view of the eye following whole mount in situ hybridization with the rod opsin probe at
stage 37. The second domain of rod opsin expression appears in the ventral retina
(arrowhead). E: Transverse cryosection through the retina following in situ hybridization
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with the rod opsin probe at stage 38. F: Lateral view of the eye following whole mount in
situ hybridization with the rod opsin probe at stage 38. G: By stage 39, the expression of rod
opsin is seen around the entire circumference of the eye. H: In situ hybridization with a rod
opsin probe on cryosections of the adult retina. As expected, expression is seen in the
nuclear region of the photoreceptor cells layer (blue signal). I-P: Confocal images of
transverse cryosections through the retina stained with the Zpr-1 antibody. I:
Immunostaining is detected in the central retina at stage 33. J: Zpr-1 expression domain
remains restricted dorsal to the optic nerve. K: The second domain of Zpr-1 staining is
detected in the ventral retina (arrowhead) by stage 36. L: Magnification of the ventral retina
at stage 36. M, N: Zpr-1 expression domain in the ventral retina expands by stage 37.
Transmitted light image is superimposed on immunofluorescence signal (green). O:
Magnification of the ventral retina enclosed in a box in panel (N). P: Zpr-1 is detected
throughout the entire retina by stage 38. In all panels dorsal is up. Asterisks indicate the
optic nerve. L, lens.
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Fig. 5. Photoreceptor mosaic in the larval medaka
Confocal images of tangential sections through the retina stained with the Zpr-1 antibody at
stage 40. A: Tangential section through the central retina, region above the optic nerve.
Double cones form a regular pattern. B: Tangential section through the rostral retina. In
contrast to the central retina, double cones are organized in rows.
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Fig. 6. Photoreceptor mosaic in the adult medaka
A, B: The ultrastructure of a transverse section through the photoreceptor cell layer. Typical
features are present: outer segments (asterisks), mitochondria-rich inner segments (brackets),
and junctions of the inner limiting membrane (arrowhead in B). C: The ultrastructure of a
tangential section through the photoreceptor cell layer in the central retina. Note the regular
distribution of short single cone outer segments (arrowheads). Black line in (A) indicates the
approximate position of the tangential section shown in (C). D: Tangential section through
the central retina stained with the Zpr-1 antibody. The regular arrangement of double cones
is visible. E: An enlargement of the photoreceptor pattern shown in (C). Arrows point to the
interface between the two members of double cone pairs. Boxes indicate regions of the
photoreceptor mosaic enlarged in panels (H-I). F: Detail of image shown in panel (B). Cell
junctions of the outer limiting membrane are indicated with arrowheads. G, H: Details of the
cell-cell interface between two members of the double cone pair. Note the presence of 6
parallel membranes, four of which most likely belong to subsurface cisternae. Areas shown
correspond to box 1 and 2 in panel (E). I, Cell-cell interface between a double cone and a
single cone. Area shown corresponds to box 3 in panel (E).
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Fig. 7. Summary of selected events occurring during retinal neurogenesis in medaka
A: A schematic representation of the time course of events during retinal neurogenesis in
medaka, compared to that in the zebrafish. Time is provided in days post fertilization (dpf,
top scale bar). Developmental stages (S3 – S39) are also provided for medaka (bottom scale
bar). The two top horizontal bars represent the time course of histological differentiation in
zebrafish and medaka, color-coded to indicate when the optic nerve (ON, red) and the
plexiform layers (PL, green) differentiate. The two bottom bars illustrate the onset of
expression for markers of ganglion cell and photoreceptor differentiation: acetylated tubulin
(AcTu, orange), Zpr-1 (Zpr1, red), and rod opsin (opsin, blue). The two vertical bars
indicate the hatching period in zebrafish (yellow) and medaka (blue). (B) A schematic
representation of the photoreceptor differentiation in the retina of medaka. Circle represents
lateral view of the eye, and the black dot indicates the optic nerve. The distribution of the
rod opsin transcript at 4 stages is shown in red. Arrows indicate the directions of wave
expansion.
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