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Abstract
In the retina of warm-blooded vertebrates, photoreceptors are specified many days before the onset
of synaptogenesis and the expression of photopigments. The factors that regulate the maturation of
photoreceptors in the developing retina remain unknown. We report here that photoreceptors
transiently express LIM-domain transcription factors during the development of the chicken retina.
We examined the differentiation of photoreceptors through the normal course of embryonic
development and at the far periphery of the postnatal retina, where the differentiation of
photoreceptors is slowed and persists across a spatial gradient. In the embryonic retina, we find
visinin-positive photoreceptors that transiently express Islet2 and Lim3 starting at E8 and ending
around E15, but persisting in far peripheral regions of the retina through the first 2 weeks of postnatal
development. During early stages of photoreceptor maturation, there is coincident and transient
expression of the LIM-domain factors with axonin1, a cell surface glycoprotein that is a member of
the immunoglobulin super family. Coincident with the down-regulation of Islet2 and Lim3, we find
the up-regulation of calbindin, red/green opsin, rhodopsin and a synaptic marker in the OPL
(dystrophin). In the periphery of the postnatal retina, photoreceptors that express Islet2, Lim3 and
axonin1 do not overlap with photoreceptors that express calbindin, red/geen opsin, rhodopsin, and
dystrophin. We propose that Islet2 and Lim3 may promote the expression of genes that are involved
in the early stages of differentiation, but may suppress the expression of genes that are required in
the mature photoreceptors.
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Introduction
The differentiation of photoreceptors involves many different processes that are ordered in
space and time (Cornish et al., 2004; Cornish et al., 2005; Hendrickson and Hicks, 2002; Sears
et al., 2000). Photoreceptor differentiation involves many complex cellular functions including
fate specification, axon extension, formation of specialized synapses with bipolar and
horizontal cells, formation of outer segments, assembly of disks, expression of photo-
transduction machinery, and establishing interactions with retinal pigmented epithelium (RPE)
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cells. These developmental processes are regulated by external and internal cues (Cayouette
et al., 2006). Much of the internal control over the development of photoreceptors is elicited
by transcription factors that activate or suppress the expression of target genes. Despite
differences in the numbers, types and distribution of photoreceptors, these cells develop via
similar mechanisms in different vertebrate species. The genes that control the production and
differentiation of photoreceptors are conserved across vertebrate species. The development of
photoreceptors is driven by a set of transcriptional regulators that are known to include Crx,
Nrl, Nr2e3, and NeuroD (reviewed by Adler and Raymond, 2007; Cepko, 1999; Morrow et
al., 1998). In the retinas of warm-blooded vertebrates, Crx, Nrl, Nr2e3 and NeuroD are
expressed either during fate specification or shortly after the prospective photoreceptors have
exited the cell cycle.

In many warm-blooded vertebrates, the full differentiation of the photoreceptors is delayed for
many days after terminal mitosis. For example, during the development of the chicken retina
the expression of opsins is delayed by about 8-10 days after the terminal mitosis (Bruhn and
Cepko, 1996; Fischer et al., 2007b). In central regions of the retina, most of the rod and cone
photoreceptors are generated between embryonic day 4 (E4) and E6 (Prada et al., 1991). The
differentiation of cone photoreceptors may begin as early as E6 with the onset of visinin
expression, whereas red and green opsins are first expressed in central retina at about E14,
rhodopsin at E15, and blue and violet opsins at E16 (Bradford et al., 2005; Bruhn and Cepko,
1996). At the time of hatching, between E21 and E22, the chicks are able to see, indicating that
the retina contains mature, functional photoreceptors at this time.

Transcription factors that are likely to be involved in the maturation of retinal neurons may
include members of the LIM-domain family of transcriptional regulators. For examples, the
LIM-domain transcription factors, Islet1, Islet2, and Lim3, have been identified in the
developing spinal cord. These factors are expressed by subclasses of motor neurons that
segregate into columns in the spinal cord and produce axons that follow distinct pathways
(Tsuchida et al., 1994). Islet1 is a LIM-domain homeotic transcription factor that is best known
for its ability to regulate insulin production in the pancreas, but also has many important roles
in the development of the central nervous system (Cai et al., 2003; Tsuchida et al., 1994). In
the retina, Islet1 is known to be expressed by ganglion cells, cholinergic amacrine cells, many
bipolar cells and a subset of horizontal cells early during development (Edqvist et al., 2006;
Galli-Resta et al., 1997). The expression of Islet1 is maintained by these cells in the mature
retina (Fischer et al., 2002a; Fischer and Reh, 2003). Nothing is known about the functions of
Islet1 in retinal neurons; Islet1 null mutations in mice are lethal with the embryos dying at
E10.5 (Cai et al., 2003). Islet2 is another LIM-domain homeotic transcription factor that is
known to be expressed by ganglion cells in the retina. Loss of function mutations in Islet2
result in aberrant formation of visceral motor neurons in the spinal cord (Thaler et al., 2004)
and path-finding deficits in retinal ganglion cells (Pak et al., 2004). It remains unknown whether
Islet2 contributes to aspects of retinal development in addition to the guidance of retinal
ganglion cell axons. Another LIM-domain transcription factor that is expressed in the retina is
Lim3, also known as Lim Homeobox Gene 3 (Lhx3). Lim3 is normally expressed by post-
mitotic bipolar cells in the developing retina (Edqvist and Hallbook, 2004). Lim3 is known to
participate in the specification of motor neurons and interneurons in the developing spinal cord
(Thaler et al., 2002), whereas nothing is currently known about the roles of Lim3 in the retina.
Despite the demonstration of important roles of LIM-domain transcription factors in the
developing spinal cord, very little is known about the roles of these factors in the retina. This
paper describes the transient expression of LIM-domain transcription factors in differentiating
photoreceptors and implicates these factors in maintaining photoreceptors in an immature state.
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Methods and Materials
Animals

The use of animals in these experiments was in accordance with the guidelines established by
the National Institutes of Health and the Ohio State University. Fertilized eggs and newly
hatched White Leghorn chickens (Gallus gallus domesticus) were obtained from the
Department of Animal Sciences at the Ohio State University. Chicks were housed in a stainless
steel brooder at about 30°C, kept on a cycle of 12 hours light, 12 hours dark (lights on at 7:00
am), and received water and Purinatm chick starter ad libitum.

Reverse transcriptase PCR
At E14 and P7 retinas from 4 chickens were pooled for each time-point and placed in 3.0 ml
of Trizol Reagent (Invitrogen). Total RNA was isolated according to the Trizol protocol and
re-suspended in 50 μl RNAse-free water. Genomic DNA was removed by using the DNA
FREE kit (Ambion). cDNA was synthesized from mRNA by using Superscripttm III First
Strand Synthesis System (Invitrogen) and oligo dT primers according to the manufacturer's
protocol. Control reactions were performed using all components with the exception of the
reverse transcriptase to exclude the possibility that primers were amplifying genomic DNA.

PCR primers were designed by using the web-based program Primer 3 from the Whitehead
Institute for Biomedical Research
(http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi). Primer sequences are as
follows: Islet1 forward = 5′ CGC CTG ATT TCC CTA TGT GT 3′, Islet1 reverse = 5′ CGT
ATC TGG GAG CTG AGA GG 3′, Islet2 forward = 5′ CCT ACT GCA AGC GGG ACTGCT
GCT TCA TGA GGA TGG AC 3′, Islet2 reverse = 5′ GAC TCG GAG AAG GAG ACC AG
3′, Lim3 forward = 5′ CTG GTG TGC AAG GCT GAC TA 3′, and Lim3 reverse 5′ AGG TCG
TGG TAC TGG TCC TG 3′. Predicted product sizes (in base pairs) were 981 (Islet1), 531
(Islet2), and 515 (Lim3). PCR reactions were performed by using standard protocols and an
Eppendorf thermal cycler. The cDNA for Islet2 is very GC-rich (∼76%). Accordingly, the PCR
reactions with Islet2 primers were added with 2 mM betaine (Sigma) to overcome the high
GC-content. PCR products were run on an agarose gel to verify the predicted product sizes.

TOPO cloning
PCR products were produced with Platinumtm Taq polymerase (Invitrogen), run on an agarose
gel, extracted and purified by using Qiagen's Qiaex II kit according to the manufacturer's
instructions. TOPO cloning was performed using Invitrogen's TOPO TAtm Cloning Kit and
the pCR–II vector according to manufacturer's instructions.

Tissue dissection, fixation and sectioning
Tissues were fixed, cryosectioned and immunolabeled as described elsewhere (Fischer et al.,
1998; Fischer and Stell, 1999). In short, enucleated eyes were hemisected equatorially and the
gel vitreous removed from the posterior eye cup. Eye cups were fixed in 4% paraformaldehyde
plus 3% sucrose in 0.1 M phosphate buffer, pH 7.4, for 30 min at 20°C. Fixed tissues were
washed three times in PBS (phosphate-buffered saline; 0.05 M sodium phosphate, 195 mM
NaCl, pH 7.4), cryoprotected in PBS plus 30% sucrose, immersed in embedding medium
(OCT-compound; Tissue-Tek), and freeze-mounted onto sectioning blocks. Vertical sections,
nominally 12 μm thick, were cut consistently from the posterior pole of the eye in the
nasotemporal (mid-horizontal) plane, and thaw-mounted onto SuperFrost Plustm slides (Fisher
Scientific). Sections were air-dried and stored at -20°C until use.
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In situ hybridization
Standard procedures were used for in situ hybridization, as described elsewhere (Fischer et al.,
2002a; Fischer et al., 2004a). Digoxigenin-labeled riboprobes were synthesized by using a kit
provided by Roche, and stored at -80°C until use. Embryonic (E12) eyes were dissected in
RNase-free Hanks Balanced Salt Solution (HBSS), fixed overnight at 4°C in 4%
paraformaldehyde (PFA) buffered in 0.1 M dibasic sodium phosphate (pH 7.4), and embedded
in OCT-compound. Cryosections were processed for in situ hybridization as described
previously (Fischer et al., 2002a; Fischer et al., 2004a). In short, slides were warmed to room
temperature, sections ringed using a grease pen, and endogenous phosphatases inactivated by
washing in 0.2 M HCl for 15 min. Sections were then treated with 0.5 ug/ml of Protease K for
10 min at 37°C, washed in PBS in DEPC-treated H20, and fixed in 4% PFA for 15 min. Sections
were soaked in 0.25% acetic acid for 15 min, washed in DEPC-treated H20, and then incubated
at 60°C with a hybridization solution (200-500ng of riboprobe, 50% formamide, 4× SSC, 10×
Denhardt's solution, 500 μg of salmon sperm DNA and torula RNA). Post-hybridization
treatment consisted of washing in decreasing concentrations of standard sodium citrate (SSC)
at 60°C followed by a RNAse A digestion for 20 minutes at 37°C. Sections were washed at
room temperature in a MABT solution (0.05M maleic acid buffer, 0.1% Tween-20) and
incubated overnight at 4°C with Fab fragments raised to dioxygenin (DIG) that were conjugated
to alkaline phosphatase (anti-DIG-AP; Roche) plus 10% normal goat serum, 10 mM
levamisole, and 10 mM glycine in MABT. NBT/BCIP (BioChemika) in 0.1 M NaCl, 0.1 M
tris-HCl pH 9.5, 0.05 M MgCl2 and 0.01% Tween-20 was used to precipitate chromophore
from the anti-DIG-AP.

Immunocytochemistry
Retinal sections were immunolabeled as described elsewhere (Fischer et al., 1998; Fischer and
Stell, 1999). In short, sections were ringed with rubber cement, washed three times in PBS,
covered with primary antibody solution (200 μl of antiserum diluted in PBS plus 5% normal
goat serum, 0.2% Triton X-100, and 0.01% NaN3), and incubated for about 24 hours at 20°C
in a humidified chamber. The slides were then washed three times in PBS, covered with
secondary antibody solution, and incubated for at least 1 hour at 20°C in a humidified chamber.
Finally, the slides were washed three times in PBS, the rubber cement removed, and coverglass
mounted on the slides with 4:1 (v:v) glycerol:water.

Working dilutions and sources of antibodies used in this study included the following. (i) Two
different mouse monoclonal antibodies to Islet1 that were both raised to the C-terminus (amino
acids 247-349) of rat Islet1 and used at 1:50 (40.2D6 and 39.3F7; Developmental Studies
Hybridoma Bank – DSHB; University of Iowa). The 40.2D6 monclonal antibody is known to
recognize both Islet1 and Islet2, and has a well-established pattern of labeling in the chicken
retina (Fischer et al., 2002a; Fischer et al., 2007a). By comparison, the 39.3F7 monoclonal
antibody recognizes Islet1 alone (see results). (ii) Mouse anti-Islet2 was raised to recombinant
full-length chicken Islet2 fused to GST and used at 1:50 (51.4H9; DSHB). In the chicken retina,
the monoclonal antibody to Islet2 is known to selectively label a subset of ganglion cells
(Edqvist et al., 2006). (iii) Mouse anti-Lim3 was raised to recombinant full-length murine Lim3
fused to GST and used at 1:50 (67.4E12; DSHB). In the chicken retina, the monoclonal
antibody to Lim3 is known to selectively label the nuclei of bipolar cells (Edqvist and Hallbook,
2004; Edqvist et al., 2006). (iv) Mouse anti-visinin was raised to purified bovine visinin and
used at 1:100 (7G4; DSHB). In the chicken retina, this monoclonal antibody is known have
specificity for visinin which is expressed by rod and cone photoreceptors (Fischer et al.,
2007a; Fischer et al., 2004b; Toy et al., 2002). (v) Mouse anti-calbindin was raised to calbindin
D28k purified from chicken gut and used at 1:400 (300; Swant Immunochemicals; Bellinzona,
Switzerland). In the chicken retina, antibodies to calbindin are known to label a few amacrine,
bipolar and ganglion cells, as well as cone photoreceptors including their axon terminals in the
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outermost stratum of the OPL (Ellis et al., 1991; Fischer and Reh, 2000; Pasteels et al., 1990;
Rogers, 1989). (vi) Mouse anti-Inter Photoreceptor Retinoid Binding Protein (IRBP) was raised
to purified bovine IRBP and used at 1:1000 (F7; Dr. J. Saari; University of Washington). This
monoclonal antibody is known to have specificity for IRBP which occupies the intercellular
spaces between the outer-segments of photoreceptors in the chicken retina (Fischer et al.,
1999). (vii) Rabbit anti-axonin1 was raised to purified chicken axonin1 and used at 1:1000
(Dr. E. Stoeckli; University of Zurich). The polyclonal antibodies to axonin1 are known to
selectively label differentiating neurons in the embryonic chick spinal cord (Stoeckli and
Landmesser, 1995) and retina (Drenhaus et al., 2004). Mouse anti-axonin1 (TAG-1) was raised
to E5 chick spinal cord membranes and used at 1:300 (23.4-5; DSHB). This monoclonal is
known to recognize axonin1 and produced labeling in the chick retina that is identical to that
observed with the polyclonal to axonin1 (see results) and match patterns of labeling produced
from in situ hybridization (Morino et al., 1996). (viii) Rabbit anti-red/green opsin was raised
to recombinant human red/green opsin and used at 1:400 (AB5405; Chemicon; Temecula, CA).
In the chicken retina, the polyclonal antibody to red/green opsin is known to label the outer-
segments and ellipsoids of cone photoreceptors (Fischer et al., 2007a). (ix) Mouse anti-
rhodopsin was raised to purified bovine rhodopsin and used at 1:200 (rho4D2; Dr. R. Molday;
University of British Columbia). In the chicken retina, the monoclonal antibody to rhodopsin
is known to selectively label the outer-segments of rod photoreceptors (Fischer et al., 2007a;
Fuhrmann et al., 1998; Montiani-Ferreira et al., 2005; Xie and Adler, 2000). (x) Mouse anti-
dystrophin was raised to recombinant human dystrophin fragment encoded by exons 45-46 and
used at 1:50 (MANDYS1 clone 3B7; DSHB). (xi) Mouse anti-CASK-1 was raised to amino
acids 318-415 of rat CASK/Lin2 and used at 1:50 (K56A/50.1; NeuroMab; Davis, CA). The
specificity of the monoclonal to CASK-1 has been determined by western blot analysis
(Khanna et al., 2006). (xii) Mouse anti-PSD-95 was raised to amino acids 77-299 of human
PSD-95/SAP-90 and used at 1:50 (K28/43; NeuroMab). The specificity of the monoclonal to
PSD-95 has been determined by western blot analysis (Naisbitt et al., 2000). (xiii) Mouse anti-
SV2 was raised synaptic vesicles that were purified from the Ommata electric organ and used
at 1:50 (SV2; DSHB). The SV2 monoclonal antibody is known to recognize a ∼95 kDa (on
western blots) transmembrane proteoglycan that is present at synapses in the central and
peripheral nervous system (Bindra et al., 1993; Buckley and Kelly, 1985; Feany et al., 1992).
In the embryonic chicken retina, antibodies to dystrophin, CASK-1, PSD-95 and SV2 label
the axon terminals of photoreceptors in the OPL (Bergmann et al., 2000; Bergmann et al.,
2002; Blank et al., 1997; Wahlin and Adler, 2007).

We evaluated the specificity of primary antibodies by comparison with published examples of
labeling results and immunoassays. None of the observed labeling was due to non-specific
binding of secondary antibody or auto-fluorescence in the fixed tissues, because sections
labeled with secondary antibodies alone were devoid of fluorescence. Secondary antibodies
used in these studies included goat-anti-rabbit-Alexa488 or -568 and goat-anti-mouse-
Alexa488, -568 or -647 (Invitrogen), diluted to 1:1000 in PBS plus 0.2% Triton X-100.

Photography, measurements, cell counts, and statistical analyses
Photomicrographs were obtained by using a Leica DM5000B microscope equipped with
epifluorescence and a 12 megapixel Leica DC500 digital camera. Confocal microscopy was
done with a Zeiss LSM 510 meta. Images were optimized for color, brightness and contrast,
and double-labeled images overlaid by using Adobe Photoshop™6.0. Measurements from
digital images were made by using Image Pro Plus 6.2 (Mediacybernetics). Cell counts and
measurements were made on at least 5 sections from 4 different animals, and means and
standard errors calculated for those data sets. Cell counts were consistently made from the same
region of the retina for each data set to avoid the possible confounding variable of region-
specific differences within the retina.
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Results
A recent study by Edqvist and colleagues has described the expression of Islet1, Islet2 and
Lim3 in the outer nuclear layer (ONL) of the embryonic chick retina from E3 through E9
(Edqvist et al., 2006). The expression of these LIM-domain factors may be in differentiating
photoreceptors, but unambiguous evidence is currently lacking. Thus, we sought to identify
the time course of expression of the LIM-domain factors in the presumptive ONL in the
embryonic chick retina and assess whether the expression resides in developing photoreceptors.
Accordingly, sections of the retina were obtained from different developmental stages and were
labeled with antibodies to Islet1, Islet2 and Lim3. At E8, when the ONL becomes
morphologically distinct from the INL, we found numerous nuclei in the ONL that were
immunoreactive for Islet1, Islet2 and Lim3 (Figs. 1a, 1g and 1m). This pattern of labeling
persisted at E10 and E12 (Figs. 1b, 1h, 1i, 1n and 1o). By E14, levels of Islet1-immunoreactivity
in the nuclei of cells in central regions of the ONL were reduced compared to levels seen in
inner retinal neurons (Fig. 1c). By comparison, peripheral regions of the E14 retina contained
Islet1-immunoreactive nuclei in the ONL with relatively high levels of immunofluorescence
(Fig. 1d). These findings are consistent with those of Edqvist and colleagues (2006). However,
since the 40.2D6 monoclonal is known to recognize both Islet1 and Islet2, we tested whether
an antibody specific to Islet1 alone produced similar patterns of labeling in the embryonic
retina. We found that the 39.3F7 monclonal antibody to Islet1 labeled inner retinal neurons in
a pattern identical to that of the 40.2D6 antibody (Fig. 1e). However, the 30.3F7 antibody did
not label nuclei in the embryonic ONL at any stage of development (Fig. 1e). Thus, Islet1 may
not be expressed by differentiating photoreceptors.

To assess whether Islet2 and Lim3 are expressed by differentiating photoreceptors we
immunolabeled retinal sections from different stages of development. At E7, when the ONL
is not yet morphological distinct, we observed a mixture of nuclei that were weakly and strongly
immunoreactive for Islet2 (Fig. 1f) and Lim3 (Fig. 1l) in the distal layers of the retina. Although,
the identity of the cells that were weakly immunoreactive for Islet2 remains uncertain, the
majority of Lim3-immunoreactive cells likely were differentiating bipolar cells, since Lim3 is
known to be expressed by differentiating bipolar cells (Edqvist et al., 2006). At E8, when the
ONL becomes morphologically distinct from the INL, we found numerous nuclei in the ONL
that were immunoreactive for Islet2 and Lim3 (Figs. 1a, 1g and 1m). This pattern of labeling
persisted at E10 and E12 (Figs. 1b, 1h, 1i, 1n and 1o). At E15, immunoreactivity for Islet2 was
no longer detectable in central regions of the ONL (Fig. 1j). By comparison, peripheral regions
of the E15 retina contained Islet2-positive nuclei in the ONL (Fig. 1k). By contrast, Lim3-
immunoreactive nuclei were detected in central regions of the ONL at E15, but were absent 3
days later at E18 (Fig. 1p and 1q) with the exception of cells in far peripheral regions of the
ONL (data not shown). In addition to the expression of the LIM-domain factors in presumptive
photoreceptors, we observed; (1) persistent Islet1-specific immunoreactivity in horizontal,
bipolar, cholinergic amacrine, and ganglion cells; (2) persistent Islet2-immunoreactivity in a
sub-set of ganglion cells; and (3) persistent Lim3-immunoreactivity in bipolar cells. Taken
together, our findings, for the most part, are in agreement with those of Edqvist and colleagues
(2006).

To verify the findings of the immunolabeling studies we used RT-PCR and in situ hybridization
(ISH). We found distinct PCR products for Islet1, Islet2 and Lim3 in E14 and P7 retinas (Fig.
2a). These products were cloned and sequenced to verify the identity of the cloned cDNA
fragments. Consistent with the findings using the Islet1 antibody, we found ISH-labeling in
the GCL (not shown) and distal INL (Fig. 2b). However, we failed to detect significant levels
of Islet1 mRNA in the E12 ONL (Fig. 2b), suggesting that Islet1 may not be expressed by
developing photoreceptors. We failed to successfully detect Islet2 mRNA by using ISH. This
likely occurred because the Islet2 fragment that we sub-cloned is 76% GC-rich and, thus, we
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obtained low-quality riboprobe. Consistent with the immunolabeling studies, we detected
mRNA for Lim3 in presumptive bipolar cells in the distal INL and in the ONL (Fig. 2c). The
ISH-product in the photoreceptors was concentrated in the distal portion of the developing cells
(Fig. 2c). Sense probes to Islet1 and Lim3 failed to produce labeling (not shown).

To determine whether the Islet2- and Lim3-immunoreactive nuclei that were observed in the
embryonic ONL were those of photoreceptors, we double-labeled sections of the retina with
antibodies to the LIM-domain factors and visinin. Visinin is the avian homolog of mammalian
recoverin and is known to be expressed by all types of photoreceptors in the chicken retina
(Bruhn and Cepko, 1996; Fischer et al., 2004b; Yamagata et al., 1990). Since both of these
antibodies were raised in mouse, we applied the antibodies in sequence with the antibodies to
the LIM-domain factors applied first and the anti-visinin applied second. At E12, we found
that all (n=129) Islet2-positive nuclei in the ONL were localized to visinin-positive
photoreceptors (Figs. 3a-d). High levels of Islet2-immunoreactivity were observed in visinin-
positive photoreceptors with nuclei located in the proximal half of the ONL, whereas low levels
of Islet2-immunoreactivity was observed in nuclei in the distal half of the ONL (Figs. 3b-d).
The nuclei in the distal half of the ONL appeared to be those of the accessory member of double
cones. We found few instances (about 3%) of visinin-positive photoreceptors that were
negative for Islet2. At this stage of development the photoreceptors have not yet extended
axons nor established connections with inner retinal neurons, but begin to form outer segments
(Fig. 3a). In addition, visinin was transiently expressed at low levels by a few bipolar cells and
many amacrine cells with somata located near the middle of the INL (Fig. 3e). To assess
whether the Lim3-immunoreactive nuclei in the ONL were those of photoreceptors, we labeled
E12 sections sequentially with antibodies to Lim3 and visinin. We found that all (n=176) Lim3-
positive nuclei were localized to visinin-positive photoreceptors (Fig. 3e-h). However, not all
visinin-positive photoreceptors at E12 were immunoreactive for Lim3 (69.7 ± 8.7%),
indicating that Lim3 may be expressed by a subset of differentiating photoreceptors (Figs. 3f-
h). The Lim3-positive nuclei were found primarily in the proximal half of the ONL and
confined to photoreceptors with robust visinin-immunoreactivity (Figs. 3f-h).

Axonin1 is transiently expressed by differentiating photoreceptors
We found that axonin1 is expressed in a spatial and temporal pattern similar to that seen for
the LIM-domain factors in differentiating photoreceptors. Axonin1 is a member of the
immunoglobulin superfamily and is known to function as a cell adhesion molecule to guide
the formation neurites in the developing CNS (Perrin et al., 2001; Sonderegger et al., 1998;
Stepanek et al., 2005; Stoeckli, 1998; Stoeckli and Landmesser, 1995). In the retina, axonin1
has been shown to be expressed in differentiating amacrine and ganglion cells (Drenhaus et
al., 2004). In addition, there is a brief account that axonin1 mRNA is expressed by
photoreceptors in the embryonic chicken retina (Morino et al., 1996). We found that
immunoreactivity for axonin1 occurs transiently in differentiating photoreceptors that express
visinin (Figs. 4a-f). In parallel to the time-course of expression of Islet2 and Lim3 in
photoreceptors, the expression of axonin1 in the ONL begins at E8 (Figs 4a and 4b), peaks at
E12 (Fig. 4c), and decreases dramatically at about E15 (Fig. 4d). By E18, immunoreactivity
for axonin1 in the photoreceptors is greatly diminished (Fig. 4e), similar to levels of
immunoreactivity in the distal retina of the postnatal eye (Fig. 4f).

To assess whether axonin1 was present in photoreceptors that expressed the LIM-domain
transcription factors we used double-immunolabeling and confocal microscopy. In the E12
retina, we found that most of the visinin-positive photoreceptors were immunoreactive for
axonin1 (Fig. 4g). The majority of visinin-immunoreactive photoreceptors were also labeled
for axonin1. By contrast, a small number of photoreceptors that were weakly immunoreactive
for visinin failed to label for axonin1 (Fig. 4g). At E12, axonin1-immunoreactivity in the ONL
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is co-localized to cells that express Islet2 and Lim3 (Figs. 4h and 4i). All of the axonin1-positive
photoreceptors are immunoreactive for Islet2 or Lim3. Similarly, all of the nuclei in the ONL
at E12 that are immunoreactive for Islet2 and Lim3 are positive for axonin1. In the embryonic
retina, the patterns of immunolabeling were identical for both rabbit polyclonal and mouse
monoclonal antisera to axonin1 (data not shown). These findings suggest that the expression
of axonin1 overlaps temporal with the expression of Islet2 and Lim3 in differentiating
photoreceptors in the embryonic chicken retina.

The slowed maturation of photoreceptors in far peripheral regions of the postnatal retina
coincides with the transient expression of LIM-domain transcription factors

The retinas of postnatal chickens are known to contain a zone of progenitors that proliferate
and continue to add neurons to the peripheral edge of the retina (Fischer, 2005; Fischer et al.,
2002b; Fischer and Reh, 2000). This zone of progenitors in the chicken retina is similar to the
well-described circumferential marginal zone (CMZ) of frogs and fish (Hitchcock et al.,
2004; Raymond and Hitchcock, 1997; Raymond and Hitchcock, 2000; Reh and Fischer,
2001; Reh and Levine, 1998). However, unlike the CMZ of frogs and fish, the CMZ of chickens
does not produce photoreceptors (Fischer and Reh, 2000). The photoreceptors near the CMZ
are known to be generated during embryonic development (Fischer and Reh, 2000; Ghai et al.,
2007). However, the maturation of neurons in far peripheral regions of the retina is greatly
slowed compared to the maturation of neurons that are generated in central regions of the retina
(Ghai et al., 2007). Thus, we used sections of far peripheral regions of the retina to make
observations of photoreceptor maturation across the gradient of maturity that extends centrally
away from the CMZ.

In the P1 eye, immunoreactivity for Islet2 and Lim3 was detected in nuclei in the ONL that
were confined to far peripheral regions of the retina (Fig. 5a and 5b). Similar to results observed
in the embryonic retina, the 39.3F7 antibody to Islet1 failed to label nuclei in the ONL of the
postnatal retina, whereas the 40.2D6 antibody labeled nuclei in the ONL in a pattern similar
to that seen for Islet2 and Lim3 (data not shown). We found that the levels of expression of
Islet2 and Lim3 in the ONL gradually decrease with increasing distance from the CMZ. The
zone of Islet2/Lim3-expressing cells in the ONL decreased in breadth as postnatal development
proceeded from P1 to P7 (Figs. 5a-d), and was nearly absent by P14 (Figs. 5e and 5f). In
peripheral temporal regions of P1 retina, the domain of photoreceptors that was
immunoreactive for Islet2, Lim3 or axonin1 was nearly 1000 μm in radial diameter; 906.8 ±
49.7 μm, 963.4 ± 48.6 μm and 918.3 ± 48.6 μm, respectively (n=6). By comparison, at P14 the
domain of photoreceptors that was immunoreactive for Islet2, Lim3 or axonin1 was less than
50 μm in radial diameter; 21.8 ± 6.9 μm, 35.8 ± 4.9 and 22.5 ± 6.3 μm, respectively, (n=6).
These observations are consistent with the hypotheses that Islet2 and Lim3 are expressed by
photoreceptors during post-mitotic maturation and this differentiation is greatly slowed in far
peripheral regions of the retina.

Consistent with the hypothesis that the axonin1 is coincident with the expression of LIM-
domain transcription factors in differentiating photoreceptors, we found a near-complete
overlap of axonin1 and Islet2 or Lim3 in photoreceptors at the peripheral edge of the postnatal
retina (Fig. 5). Similar to the patterns of labeling seen for the LIM-domain factors in the ONL,
we found that the number of photoreceptors in the ONL that express axonin1 is decreased in
far peripheral regions of the postnatal retina from P1 through P14 (Fig. 5). In the postnatal
retina, the patterns of immunolabeling for axonin1 were identical for both the rabbit polyclonal
and mouse monoclonal antisera (data not shown).

The onset of expression of calbindin and red/green opsin is delayed in photoreceptors that are
found in far peripheral regions of the postnatal retina (Ghai et al., 2007). Thus, we sought to
assess whether the expression of LIM-domain factors in photoreceptors overlapped with that
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of calbindin and red/green opsin. In the P7 retina, we found that as levels of immunoreactivity
for Islet2 (Figs. 6a-d) and Lim3 (Figs. 6e-h) gradually decreased, there was a coincident
increase in labeling for calbindin and red/green opsin (Fig. 6). In some instances, we observed
Lim3-positive nuclei that were found within the domain of calbindin-positive photoreceptors;
these cells failed to express calbindin and red/green opsin (Fig. 6i).

Similar to the gradual increase in immunoreactivity for red/green opsin in photoreceptors in
the far peripheral retina, we observed a gradual increase in immunoreactivity for rhodopsin in
outer segments with increasing distance from the CMZ (Figs. 7a and 7c). At P1 in far peripheral
regions of the temporal retina, the region of photoreceptors that were rhodopsin-negative was
about 700 μm in radial diameter (Figs 7a and 7c). By comparison, the region of photoreceptors
that was rhodopsin-negative was reduced to less than 50 μm at P14 (Fig. 7f). Since all of the
photoreceptors in the periphery of the retina are generated in the embryo prior to E14, our
findings indicate that there is a gradual maturation of rod photoreceptors during the last week
of embryonic development and over the first 2 weeks of postnatal development. The onset of
rhodopsin expression in the photoreceptors was complimentary to the gradual decrease in
immunoreactivity for Islet2 (Fig. 7b) and Lim3 (Fig. 7d). In other words, the region of
photoreceptors that begin to express rhodopsin coincides with the photoreceptors that down-
regulate the expression of the LIM-domain factors.

Bruhn and Cepko (1996) reported that mRNA for rhodopsin first appears at E15, about 1 day
after the mRNA for red/green opsin is first detected. Thus, we postulated that the onset of
rhodopsin-immunoreactivity should occur farther away from the CMZ in the postnatal retina
than the onset of immunoreactivity for red/green opsin. Indeed, at P1 in the far peripheral retina,
the onset of rhodopsin-immunoreactivity was about 100 μm further away from the CMZ than
the onset of expression of red-green opsin (Fig. 7e). At P14, this difference was greatly reduced
to about 10 μm (Fig. 7f). Taken together, these findings suggest that the spatial gradient of
maturation at the peripheral edge of the retina faithfully recapitulates the temporal gradient of
maturation in the embryonic retina.

Unlike calbindin, red/green opsin and rhodopsin, we found that the onset of IRBP expression
precedes the off-set of expression of the LIM-domain factors. We found that immunoreactivity
for IRBP in the retina first appears at E12 and is increased by E15 (Fig. 8a and 8b). In peripheral
regions of the P7 retina, immunoreactivity for IRBP was present among the photoreceptor
outer-segments that were found near the CMZ (Figs. 8c-e). Levels of IRBP-immunoreactivity
gradually increased with increasing distance from the CMZ. The expression of Islet2 and Lim3
was present in many photoreceptors that were immunoreactive for IRBP (Figs. 8c-e). These
findings indicate that the down-regulation of LIM-domain transcription factors does not
coincide with the onset of IRBP expression.

The expression of synaptic proteins by maturing photoreceptors
The maturation of photoreceptors involves the establishment of synaptic contacts with inner
retinal neurons, and the synaptogenesis requires the expression of proteins such as dystrophin,
CASK-1, PSD-95 and SV2. During the development of the chicken retina, immunoreactivity
for CASK-1, PSD-95 and SV2 first appear in the OPL at E12-E13, whereas dystrophin first
appears at about E15 (Bergmann et al., 2000; Blank et al., 1997; Wahlin and Adler, 2007). In
the central regions of the P1 retina, we found immunoreactivity for dystrophin, CASK-1, and
PSD-95 at low levels in the IPL, whereas immunoreactivity for SV2 was high in the IPL (9a-
d). By comparison, immunoreactivities for dystrophin, CASK-1, PSD-95 and SV2 were very
intense in the OPL of central regions of retina (Fig. 9a-d). In the OPL, crescent-shaped
structures were labeled for dystrophin, CASK-1, PSD-95 and SV2; these structures were
present in the inner and outer strata of the OPL. These crescent-shaped structures likely are the
axon terminals of rod and cone photoreceptors. Consistent with this hypothesis, labeling for
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dystrophin, CASK-1, PSD-95 and SV2 in the distal OPL was localized to the axon terminals
of calbindin-positive cones, whereas labeling for the synaptic markers in the proximal OPL
was in the terminals of calbindin-negative photoreceptors (Fig. 9e-v). Since the antibodies to
calbindin and the synaptic markers were all raised in mouse, we used sequential, reciprocal
double-labeling to assess whether these proteins are co-localized in the axon terminals of
photoreceptors. Our findings are consistent with previous reports that have detected synaptic
proteins in the axon terminals of photoreceptors in the chicken retina (Bergmann et al., 2000;
Blank et al., 1997; Wahlin and Adler, 2007).

We tested the hypothesis that the onset of expression of synaptic proteins in the axon terminals
of photoreceptors is gradually established over the gradient of maturation that exists at the
peripheral edge of the postnatal retina. In far peripheral regions of the retina, we found spatial
gradients for levels of expression and gradual accumulation within the OPL of dystrophin,
CASK-1, PSD-95 and SV2. Immunolabeling for dystrophin, CASK-1, PSD-95 and SV2 in the
OPL increased with increasing distance from the CMZ (Fig. 10). At P1, the onset of
immunoreactivity for dystrophin appeared about 400 μm into the neural retina away from the
CMZ (Fig. 10a). At P14, by comparison, the onset of immunoreactivity for dystrophin appeared
about 80 μm away from the CMZ (Fig. 10b). Unlike the patterns of labeling observed for
dystrophin, immunoreactivity for CASK-1, PSD-95 and SV2 was observed in photoreceptors
near (<50 μm) for the CMZ at P1 (Figs. 10c, 10e and 10f). Similar to prior reports (Bergmann
et al., 2000;Wahlin and Adler, 2007), immunoreactivities for CASK-1, PSD-95 and SV2 first
appear in the distal aspects of differentiating photoreceptors near the outer limiting membrane,
and become concentrated in axon terminals as photoreceptors mature; this is evident in the far
peripheral OPL at P14 (Figs. 10d, 10f and 10h). These findings suggest that these proteins may
have important functions during the early stages of photoreceptor differentiation in addition to
functions during the establishment and maintenance of synapses in the OPL.

In peripheral regions of P1 and P7 retinas, we found that there was a coincident up-regulation
of dystrophin-immunoreactivity in the OPL as Islet2-immunreactivity was down-regulated in
the ONL (Figs. 10i-k). By contrast, immunoreactivities for CASK-1, PSD-95 and SV2 in the
OPL overlapped with the region of ONL that contained photoreceptor nuclei that were
immunoreactive Islet2 (Figs. 10l-m) and Lim3 (not shown).

Discussion
Here we present evidence that the LIM-domain transcription factors Islet2 and Lim3 are
transiently expressed by differentiating photoreceptors in the chicken retina. In addition, we
find that the expression of axonin1 coincides temporally and spatially with the LIM-domain
factors in the differentiating photoreceptors. By contrast, as the LIM-domain factors are down-
regulated in the photoreceptors, we find an up-regulation of red/green opsin, rhodopsin,
calbindin, and the synaptic protein dystrophin. By comparison, the onset of expression of IRBP,
PSD-95, CASK-1 and SV2 in differentiating photoreceptors precedes the down-regulation of
the LIM-domain factors. A summary of these findings in the embryonic retina and in the far
periphery of the postnatal retina is illustrated in Figure 11.

Islet1 is likely not expressed by differentiating photoreceptors in the chicken retina. It is likely
that the 40.2D6 monoclonal antibody that we used to Islet1 cross-reacted with Islet2 in
developing photoreceptors. By comparison, the 39.3F7 antibody to Islet1 failed to label nuclei
of differentiating photoreceptors. Consistent with the findings of the immunolabeling studies,
we failed to detect significant levels of Islet1 mRNA in developing photoreceptors by using
ISH. However, we detected Lim3 mRNA in presumptive bipolar cells and in developing
photoreceptors cells at E12. The ISH-labeling for Lim3 in the photoreceptors was concentrated
in the distal portion of the cells near the outer limiting membrane; similar to the patterns of
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labeled reported for a variety of photoreceptor-specific genes in the chicken retina (Bradford
et al., 2005; Hackam et al., 2003). Taken together, these findings suggest that Islet2 and Lim3
are expressed in the differentiating photoreceptors, whereas Islet1 is not.

The photoreceptors in far peripheral regions of the retina appear to be immature and
differentiate much more slowly than those in central regions of the retina. In central regions
of the retina, most cone photoreceptors are generated between E5 and E7 (Prada et al., 1991),
begin to express visinin shortly after terminal mitosis at about E7 (Bruhn and Cepko, 1996),
and begin to express opsins by about E15 (Bruhn and Cepko, 1996). These findings indicate
that cone photoreceptors in central regions of the retina may be photosensitive about 9 days
after terminal mitosis. The photoreceptors in far peripheral regions of the retina do not express
opsin or calbindin in the postnatal retina up to P14, more than 21 days after terminal mitosis,
whereas visinin is expressed by these cells as early as E12 (Ghai et al., 2007). In addition to
the delayed onset of expression of red/green opsin and calbindin, we report here that the
immature photoreceptors in the peripheral retina do not express rhodopsin or dystrophin during
the first 2 weeks of postnatal development. Taken together, our findings indicate that the
maturation of photoreceptors in far peripheral regions of the retina is greatly slowed compared
to the rates of maturation of photoreceptors in central regions of the retina. Furthermore, the
immature phenotype of photoreceptors in the peripheral retina is coincident with the expression
of Islet2, Lim3 and axonin1. Consistent with the hypothesis that Islet2 and Lim3 regulate the
delayed onset of expression of certain genes in photoreceptors, several reports have
demonstrated that LIM-domain factors can act as transcriptional repressors, often through
interactions with LIM-domain binding proteins (Bach et al., 1999; Mochizuki et al., 2000;
Ostendorff et al., 2002).

In differentiating photoreceptors, the LIM-domain factors may regulate the delayed expression
of many genes in addition to the genes described here. For example, the report by Bradford
and colleagues (2005) describes the onset of expression of peripherin, guanylate cyclase
activating protein (GCAP) and blue opsin in chick photoreceptors at about E15. The timing of
expression of these photoreceptor-specific genes corresponds well with when the LIM-domain
factors are down-regulated in the ONL. By contrast, the expression of some genes that are
required by mature photoreceptors does not correlate with the down-regulation of LIM-domain
factors. For example, we found that the onset of IRBP expression does not correlate with the
down-regulation of LIM-domain factors in differentiating photoreceptors. We observed low
levels of IRBP-immunoreactivity in the distal retina at E12, when there high levels of
immunoreactivity for the LIM-domain factors in the ONL. By comparison, Bradford et al
(2005) reported that mRNA for IRBP is detected in the embryonic chick retina from E5 through
E18. Taken together, these findings indicate that mRNA for IRBP is present in differentiating
photoreceptors several days before the protein, suggesting that the expression of IRBP is, in
part, regulated post-translationally. Consistent with the findings in the embryonic retina, we
found that IRBP was expressed by photoreceptors in the far peripheral regions of the postnatal
retina that also express the LIM-domain factors. Thus, our findings suggest that the expression
of IRBP may not be regulated by LIM-domain transcription factors. Similar to the expression
pattern of IRBP, the onset of expression of PSD-95, CASK-1 and SV2 precedes the down-
regulation of the LIM-domain factors across the gradient of maturity in the far periphery of
the postnatal retina. Consistent with these findings, immunoreactivity for PSD-95 and CASK-1
appears in the embryonic retina in the OPL at about E12 (Wahlin and Adler, 2007), several
days before the down-regulation of the LIM-domain factors. Although CASK-1, PSD-95 and
SV2 are expressed before the down-regulation of the LIM-domain factors in differentiating
photoreceptors, these synaptic proteins are trafficked and gradually concentrated in the axon
terminals as Islet2 and Lim3 are down-regulated. It is possible that the expression of Islet2 and
Lim3 in photoreceptors somehow influences the trafficking and concentration of CASK-1,
PSD-95 and SV2 into axon terminals. Taken together, these findings suggest that the expression
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of CASK-1, PSD-95 and SV2 is not regulated by the LIM-domain factors. Alternatively, the
expression may be a function of gene dosage, and the expression of CASK-1, PSD-95 and SV2
(among other genes) might be allowed with sufficient down-regulation of the LIM-domain
factors.

The function of delayed photoreceptor maturation remains uncertain. It is possible that the
delayed onset of expression of photopigments, and other genes involved in phototransduction,
is required for normal development. It is possible that active phototransduction in immature
photoreceptors is damaging, may attenuating survival, or somehow interferes with the
establishment of proper connections with inner retinal neurons. In addition, it is possible that
the onset of opsin expression may first require the establishment of the proper trafficking
mechanisms and formation of outer segments to prevent phototransduction from occurring
within the inner segments. For example, mistrafficking of the phototransduction machinery to
the inner segments of photoreceptors is often observed in diseased retinas (Huttl et al., 2005;
Michalakis et al., 2005; Sung and Tai, 2000). It has been postulated that phototransduction in
the inner segments of photoreceptors is damaging and may lead to cell death (Kong et al.,
2006; Michalakis et al., 2005; Nir and Agarwal, 1991; Rohrer et al., 2005). In developing
photoreceptors, if the phototransduction machinery is expressed before the outer segments are
formed, phototransduction will occur within the inner segments. Thus, in species where retinal
development occurs with exposure to light, it may be important to delay the onset of expression
of the phototransduction machinery until the cells mature sufficiently (i.e. form outer segments)
to confine phototransduction to the outer segments. Further studies are required to determine
why the maturation of photoreceptors (i.e. the delayed onset of expression of photopigments
and components of the phototransduction machinery) is protracted in developing retinas.

The slowed maturation of photoreceptors in peripheral regions of the retina may be regulated
by the local microenvironment and LIM-domain transcription factors. There is speculation that
the progenitors in the CMZ are maintained into postnatal development by a variety of secreted
growth factors (Fischer et al., 2002a; Fischer and Reh, 2000; Moshiri et al., 2005). It is possible
that the microenvironment in the far peripheral retina serves to not only maintain proliferating
progenitors in the CMZ, but also to greatly slow the maturation of photoreceptors. The precise
mechanisms that control the rate of photoreceptor maturation remain uncertain. There are
several possibilities that may account for the immature photoreceptors in the far peripheral
retina; (1) the milieu of secreted factors that maintains the CMZ at the far peripheral edge of
the retina inhibits the maturation of photoreceptors, (2) the factors that stimulate the maturation
of photoreceptors are lacking in peripheral regions of the retina, (3) the photoreceptors in the
peripheral retina are intrinsically programmed to mature slowly, or (4) a combination of these
aforementioned possibilities is responsible for the slowed maturation of photoreceptors in the
far peripheral regions of the retina. Based on the findings presented here, we propose that the
slowed maturation of photoreceptors in far peripheral regions of the postnatal retina is, in part,
regulated by the sustained expression of Islet2 and Lim3 in response the environmental cues.

Conclusions
We conclude that Islet2 and Lim3 are transiently expressed by differentiating photoreceptors
in the chicken retina. In photoreceptors, the expression of Islet2 and Lim3 overlap temporally
and spatially with high levels of expression for the cell surface glycoprotein axonin1. By
comparison, as Islet2 and Lim3 are down-regulated in photoreceptors several genes are up-
regulated; these genes include calbindin, rhodopsin, red-green opsin and dystrophin. By
contrast, there was little correlation between the down-regulation of Islet2 and Lim3 and the
onset of expression of IRBP, visinin, CASK-1, PSD-95 and SV2 in photoreceptors. We propose
that Islet2 and Lim3 regulate aspects of photoreceptor maturation. Specifically, we propose
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that Islet2 and Lim3 may promote the expression of axonin1, but suppress the expression of
red/green opsin, rhodopsin, calbindin and dystrophin.
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Figure 1.
Immunoreactivities for Islet1, Islet2 and Lim3 are transiently observed in the nuclei of cells in
the outer nuclear layer of the chick retina. Retinal sections were obtained from chick embryos
on embryonic day 7 (E7), E8, E10, E12, E14 and postnatal day 4 (P4). Sections were labeled
with antibodies to Islet1 (monoclonal 40.2D6; a-d), Islet1 (monoclonal 39.3F7; e), Islet2 (f-
k) or Lim3 (l-q). For panels a through e, the lower portions of each panel are high-magnification
views of the ONL at the different stages of development. The calibration bar (50 μm) in panel
e applies to panels a-e, the bar in k applies to f-k, and the bar in q applies to l-q. Abbreviations:
ONL – outer nuclear layer, INL – inner nuclear layer, GCL – ganglion cell layer.
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Figure 2.
RT-PCR and in situ hybridization for Islet1, Islet2 and Lim3 in the embryonic chicken retina.
Panel a; mRNA was harvested from retinas obtained from E14 and P7 chickens, reverse-
transcribed to generate cDNA, amplified by using PCR, run on an agarose gel, and stained with
ethidium bromide. The left-most lanes contain base-pair standards Vertical sections of the E12
retina were hybridized with riboprobes to Islet1 (b) or Lim3 (c). The calibration bar (50 μm)
in panel c applies to panels b and c. Abbreviations: ONL – outer nuclear layer, INL – inner
nuclear layer, RT – reverse transcriptase, Isl1 – Islet1, Isl2 – Islet2.
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Figure 3.
Immunoreactivity for Islet2 and Lim3 are present in the nuclei of visinin-positive
photoreceptors in E12 retinas. Vertical sections of E12 retinas were labeled with antibodies to
visinin (red), and Islet2 (green; a-d) or Lim3 (green; e-h). Both of the antibodies to visinin and
the LIM-domain factors were mouse monoclonal. Thus, the antibodies were applied
sequentially with the anti-Islet2 or anti-Lim3 applied first and the anti-visinin applied second.
It was expected that the second secondary antibody (anti-mouse Alexa-568) recognized the
first primary antibody. Accordingly, the visinin-positive photoreceptors that express Islet2 or
Lim3 have nuclei with some red fluorescence. Arrows indicate developing, visinin-positive
photoreceptors that express Islet2 or Lim3 and arrow-heads indicate visinin-positive
photoreceptors that are not immunoreactive for Lim3. The calibration bar (50 μm) in panel e
applies to panels a and e, and the bar in h applies to b-d and f-h. Abbreviations: ONL – outer
nuclear layer, INL – inner nuclear layer, IPL – inner plexiform layer, GCL – ganglion cell
layer.
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Figure 4.
Axonin1 is transiently expressed by differentiating photoreceptors. Retinal sections were
obtained at E7, E8, E12, E15, E18 and P1. Expression of axonin1 in photoreceptors begins at
E8, peaks at E12 and decreases by E15. (a-f) Sections were labeled with antibodies to axonin1
(green) and visinin (red). (g-j) In the embryonic retina axonin1 is expressed by photoreceptors
that are positive for Islet1, Islet2 and Lim3. Sections of E10 retina were labeled with antibodies
to axonin1 (green) and Islet1, Islet2 or Lim3 (red). The images in panels g-j were obtained by
using confocal microscopy and projection of two 1μm-thick optical sections. Arrows indicate
examples of double-labeled cells. The calibration bar (50 μm) in panel f applies to panels a-
f, and the bar in i applies to g-i. Abbreviation: ONL – outer nuclear layer.
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Figure 5.
Immunoreactivities for Islet2, Lim3 and axonin1 are present in the nuclei of differentiating
photoreceptors in the far peripheral regions of retina of postnatal chickens. Retinal sections
were labeled with antibodies to axonin1 (red) and Islet2 or Lim3 (green). Tissues were obtained
at P1 (a and b), P7 (c and d) and P14 (e and f). The arrows indicate the domain of photoreceptors
in the ONL that are immunoreactive for the LIM-domain factors and axonin1. The calibration
bar (50 μm) in panel b applies to panels a and b, and the bar in f applies to c-f. Abbreviations:
CMZ – circumferential marginal zone.
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Figure 6.
The up-regulation of calbindin and red-green opsin coincides with the down-regulation of Islet2
and Lim3 expression in photoreceptors in the far peripheral regions of the retina. Vertical
sections of the far peripheral retina (adjacent to the CMZ) were labeled with antibodies to
calbindin (red; b,d,f,h and i), red-green opsin (magenta; c,d and g-i), and Islet2 (green; a and
d) or Lim3 (green; e and h). Tissues were obtained at P7. Small double-arrows indicate the
region of the ONL that contains photoreceptors that begin to express calbindin, double arrow-
heads indicate the first photoreceptors that are immunoreactive for red-green opsin, and the
small arrow-heads indicate Lim3-positive/calbindin-negative photoreceptors mixed among.
The calibration bar (50 μm) in panel h applies to panels a-h. Panel i is a four-fold enlargement
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of the boxed-out area in panel h. Abbreviations; ONL – outer nuclear layer, INL – inner nuclear
layer, CMZ – circumferential marginal zone.
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Figure 7.
The onset of expression of rhodopsin in the far peripheral retina coincides with the down-
regulation of expression or Islet1, Islet2 and Lim3. Sections of far temporal regions of the P1
(a-e) or P14 (f) retina were labeled with antibodies to rhodopsin (red) and Islet2 (green; a and
b), Lim3 (c and d), or red-green opsin (green; e and f). The red arrows indicated the onset of
rhodopsin immunoreactivity in rod outer segments, the green arrows in panels a-d indicate the
gradual down-regulation of Islet2 or Lim3 in photoreceptor nuclei, and the green arrows in
panels e and f indicate the onset of red/geen opsin expression in cone outer segments. The
double-ended arrows indicate the CMZ at the peripheral edge of the retina. The calibration bar
(50 μm) in panel f applies to panels a,c,e and f. Panels b and d are three-fold enlargements of
the areas that are boxed-out in panels a and c, respectively. Abbreviations: RPE – retinal
pigmented epithelium, PRL – photoreceptor layer, ONL – outer nuclear layer, INL – inner
nuclear layer, CMZ – circumferential marginal zone.
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Figure 8.
The onset of expression for IRBP does not coincide with the down-regulation of LIM-domain
factors in photoreceptors. Vertical sections of the central (a and b) and far peripheral (c-d)
retina were obtained at E12 (a), E15 (b) and P7(c-d). Sections were labeled with antibodies to
IRBP (red) and Islet1, Islet2 and Lim3. Panels a and b include images obtained by using bright-
field differential interference contrast and epifluorescence. Arrows in panels c-e indicate the
region of ONL where photoreceptors are immunoreactive for the LIM-domain transcription
factors. The calibration bar (50 μm) in panel b applies to all panels a and b, and the bar e applies
to c-e. Abbreviations: ONL – outer nuclear layer, INL – inner nuclear layer, IPL – inner
plexiform layer, GCL – ganglion cell layer, DIC – differential interference contrast, CMZ –
circumferential marginal zone.
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Figure 9.
The synaptic proteins dystrophin, CASK-1, PSD-95 and SV2 are concentrated in the OPL and
in the axon terminals of calbindin-positive photoreceptors in central regions of the postnatal
retina. Vertical sections of the retina were labeled with antibodies to dystrophin (a, e and g),
CASK-1 (b, h, j, k and m), PSD-95 (c, n, p, q, and s), SV2 (d, t and v), and calbindin (red).
Since the antibodies to calbindin and the synaptic markers were all raised in mouse, sequential
reciprocal double-immunolabeling was used to distinguish photoreceptor axon terminals that
were positive for calbindin and the synaptic markers from those that were positive for the
synaptic markers alone. Co-localization of the synaptic markers and calbindin within the axon
terminals appears yellow. Arrows indicate axon terminals in the proximal OPL that are labeled
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for CASK-1, PSD-95 or SV2 that are negative for calbindin when the antibodies to the synaptic
markers were applied second, after the anti-calbindin (k-m and q-v). By contrast, the synaptic
markers appear in both channels when the antibodies to these markers were applied first, after
the anti-calbindin (h-j and n-p). The calibration bar (50 μm) in panel d applies to panels a-d,
and the bar in p applies to panels e-p. Abbreviations: ONL – outer nuclear layer, OPL – outer
plexiform layer, INL – inner nuclear layer, IPL – inner plexiform layer, GCL – ganglion cell
layer.
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Figure 10.
The onset of expression in photoreceptors and accumulation in the OPL of synaptic markers
in the far peripheral retina overlap with the down-regulation of LIM-domain transcription
factors. Vertical sections of the far peripheral retina were labeled with antibodies to dystrophin
(a,b and i-k), CASK-1 (c, d and l), PSD-95 (e, f and m), SV2 (g, h and n) and Islet2 (green
nuclei; i, j and l-m). Tissues were obtained at P1, P7 and P14. The small, thin arrows indicate
the onset of expression of dystrophin, CASK-1 and PSD-95 in photoreceptors, the arrow-heads
indicate the accumulation of the synaptic proteins in the OPL, the large arrows in panels a-h
indicate the edge of the CMZ, and the double-ended arrows in panels i-n indicate the CMZ.
The calibration bar (50 μm) in panel n applies to all panels and a-i and l-n, and the bar in j
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applies to j alone. Abbreviations; OPL – outer plexiform layer, ONL – outer nuclear layer,
CMZ – circumferential marginal zone.
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Figure 11.
Schematic diagram summarizing the distribution of Islet1, Islet2, Lim3, axonin1, opsin,
rhodopsin, calbindin, dystrophin, CASK-1, PSD-95, SV2 and IRBP in the outer layers of the
developing retina and far periphery of the postnatal retinal. The distribution of these genes in
the embryonic retina represents a temporal distribution in the ONL, whereas the distribution
of these genes in the far periphery of the postnatal retina represents the spatial distribution
within the ONL relative to the CMZ. Abbreviations: NPE – non-pigmented epithelium, CMZ
– circumferential marginal zone, RPE – retinal pigmented epithelium, ONL – outer nuclear
layer, OPL – outer plexiform layer.
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