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PURPOSE. The precise molecular cues required for photorecep-
tor development are still unknown. Pax6 and Crx are essential
during early retinal development and for photoreceptor differ-
entiation, respectively. The lipid molecule docosahexaenoic
acid (DHA) has also been shown to promote photoreceptor
differentiation. Pax6 expression during the early steps in pho-
toreceptor development and whether the mutual contribution
of Crx and DHA enhances photoreceptor differentiation were
investigated.

METHODS. Neuroblast proliferation, Crx, and Pax6 expression
were investigated in rat retinas in vivo and in neuronal cultures
with or without DHA. BrdU incorporation, nestin and opsin
expression, apical differentiation, and axonal outgrowth were
determined by phase microscopy and immunochemistry.

RESULTS. Pax6 expression occurred in all proliferating retinal
neuroblasts in vivo; however, after their last mitotic division,
photoreceptors stopped expressing Pax6 and started express-
ing Crx. In vitro, photoreceptor progenitors also showed a
switch from Pax6 to Crx expression immediately after they
exited the cell cycle and started differentiation. In contrast,
those progenitors differentiating into amacrine neurons con-
tinued expressing Pax6 and did not express Crx. Most postmi-
totic photoreceptors expressing Crx showed little axon devel-
opment and few of them expressed opsin. The addition of DHA
dramatically increased differentiation in Crx-positive photore-
ceptors, enhancing opsin expression, apical differentiation,
and axonal outgrowth, without affecting Crx expression.

CONCLUSIONS. The results suggest that Pax6 and Crx expression
are mutually exclusive during photoreceptor differentiation.
Onset of Crx expression may provide a permissive stage that is
essential to initiate photoreceptor differentiation, but addi-
tional support of DHA, among other environmental signals, is
necessary to accomplish further differentiation. (Invest Ophthal-
mol Vis Sci. 2006;47:3017–3027) DOI:10.1167/iovs.05-1659

Rod photoreceptors amount to approximately 70% of the
cells in the rodent retina,1 and are, together with bipolar

neurons, among the last neuronal types to achieve differentia-
tion during retina development. Extensive research has uncov-
ered many of the steps leading to this differentiation; however,
the precise intrinsic pathways and environmental cues in-

volved in the regulation of this process have still to be deter-
mined. It has been established that to begin the developmental
process in the eye and retina, progenitor cells must express the
transcription factor Pax6.2 Hereafter, to proceed with the de-
velopment of rod photoreceptors, retinal progenitors require
the combined expression of several transcription factors, in-
cluding Mash1, Math3, Nrl, NeuroD, Crx, Nr2e3, and the ho-
meobox transcription factor Otx2.3–5 Among this plethora of
transcription factors, Pax6 and the cone–rod homeobox (Crx),
a novel Otx-like paired-homeodomain protein, are critical for
eye and photoreceptor development, respectively.

Pax6 is an eye determinant required during early develop-
ment of the retina. Defects in Pax6 expression are involved in
several abnormalities, including aniridia in humans, the small-
eye syndrome in mice, and Peter’s anomaly among others,2,6,7

whereas homozygous Pax6 mutations cause brain defects, eye
absence, and death.7,8 During early development of the eye,
Pax6 is found in all progenitors cells, playing a critical role in
retina cell fate.9,10 In the mature retina, Pax6 remains specifi-
cally localized in the inner nuclear and ganglion cell layers (INL
and GCL),10 where it is thought to have important functions in
amacrine, horizontal, and ganglion cells.

Crx is essential for the expression of genes associated with
maturation of photoreceptors. Its upregulation appears to be a
necessary step for the expression of rod photoreceptor genes.
Crx binds to and transactivates photoreceptor cell-specific
genes,11 including rhodopsin, interphotoreceptor retinoid-
binding protein, �-phosphodiesterase, and arrestin. In the de-
veloping mouse retina, Crx is expressed as early as embryonic
day (E)12.5,11,12 a time at which the first cone photoreceptors
have completed their last mitotic divisions. Mutations of hu-
man Crx are associated with three retinal diseases: cone–rod
degeneration (CRD),13 retinitis pigmentosa (RP), and Leber
congenital amaurosis (LCA).13,14 In addition, Crx�/� mice lack
outer segments, display a reduced expression of photorecep-
tor-specific genes encoding rhodopsin, cone opsins, rod trans-
ducin �-subunit, cone arrestin, and recoverin, and show flat
rod and cone electroretinograms.15 In contrast, misexpression
of Crx induced adult rat iris cells to express the photoreceptor-
specific antigens and transcripts already described and others
such as cGMP-gated channel, and NeuroD.16 As a whole, the
above studies establish Crx as an important regulator of pho-
toreceptor cell development and gene expression, whose ex-
pression is required for these cells to initiate their differentia-
tion. However, the finding of many nonphotoreceptor cells in
clones infected with virus expressing Crx suggested that Crx
expression alone is not sufficient to instruct the rod cell fate.12

Hence, though the bulk of evidence indicates that Crx is
indispensable for photoreceptor development and differentia-
tion, it is still necessary to establish whether its expression is
necessary and sufficient to achieve fully differentiated photo-
receptors or whether other molecular cues are necessary to
accomplish this purpose.

Previous work from our research group17–21 has shown that
docosahexaenoic acid (DHA), the major polyunsaturated fatty
acid in the retina, is essential for development and differenti-
ation of photoreceptors. DHA is highly concentrated in rod
photoreceptors, where it is crucial for modulating optimal
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visual transduction and retinal function.22 We have also dem-
onstrated that developing photoreceptors in vitro depend on
DHA to exit the cell cycle, avoid apoptosis, and proceed with
their differentiation pathway.18,19,21,23,24 These findings led to
the concept that DHA may act as a novel trophic factor in the
retina. In addition, the effects of DHA on photoreceptor differ-
entiation suggest that DHA may interact with Crx during de-
velopment to enhance photoreceptor differentiation. Two hy-
potheses can be proposed: Either DHA activates Crx
expression and this activation advances photoreceptor differ-
entiation or, conversely, Crx expression provides a permissive
background that allows DHA to proceed with the differentia-
tion pathway in rod photoreceptors.

To further investigate the paths involved in photoreceptor
development, we studied the changes in the expression of
Pax6 and Crx in retinal neuroblasts during development in vivo
and in vitro, and the mutual contribution of Crx expression and
DHA to the differentiation of photoreceptor progenitors. Our
results show that during development, rod photoreceptors
undergo a transition from Pax6 to Crx expression. As soon as
photoreceptor progenitors stop proliferating, they switch off
Pax6 expression and start to express Crx. In vivo, the onset of
this expression was followed by further differentiation, leading
to the achievement of mature photoreceptors. However, we
show that in vitro, expression of Crx in photoreceptor cells
was not sufficient to promote differentiation. The additional
support of DHA was necessary to advance this differentiation,
without affecting Crx expression.

MATERIALS AND METHODS

Albino Wistar rats bred in our own colony were used in all the
experiments. All proceedings concerning animal use were conducted
in accordance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research.

Plastic 35-mm diameter culture dishes were purchased from
Greiner bio-one (Frickenhausen, Germany). DHA was from Biomol
(Plymouth Meeting, PA). Fetal bovine serum (FBS) was from Centro de
Virologı́a Animal (CEVAN, Buenos Aires, Argentina). Dulbecco’s mod-
ified Eagle’s Medium (DMEM) and Ca2�-, Mg2�-free Hanks’ balanced-
salt solution (HBSS) was from Invitrogen-Gibco, Grand Island, NY.
Trypsin, trypsin inhibitor, transferrin, hydrocortisone, putrescine, in-
sulin, polyornithine, selenium, gentamicin, 4,6-diamidino-2-phenylin-
dole (DAPI) and paraformaldehyde (PF) were from Sigma-Aldrich (St.
Louis, MO). Bromodeoxyuridine (BrdU), secondary antibodies Alexa
488 and Alexa 594-conjugated-goat anti-mouse were from Molecular
Probes (Eugene, OR); Cy3-conjugated goat anti-rabbit was from Jack-
son ImmunoResearch (West Grove, PA); biotin-conjugated horse anti-
mouse and goat anti-rabbit and avidin-conjugated horseradish peroxi-
dase were from Vector Laboratories (Burlingame, CA). Tyramide signal
amplification (DuPont NEN, Wilmington, DE) was performed accord-
ing to the manufacturers’ instructions. For some experiments, fluoro-
phore-conjugated tyramine compounds and reaction buffers were syn-
thesized according to previous reports.25 Primary antibody anti-
Syntaxin (HPC-1) was from Sigma-Aldrich, and anti-BrdU (G3G4) and
anti-nestin (rat-401) were from Developmental Studies Hybridoma
Bank (developed under the auspices of the NICHD and maintained by
The University of Iowa, Department of Biological Sciences, Iowa City,
IA 52242). Polyclonal rabbit anti-PAX6, rabbit anti-CRX, and monoclo-
nal anti-opsin (Rho4D2) antibodies were generous gifts of Grant S.
Mastick,26,27 Cheryl M. Craft and Xuemei Zhu,28 and Robert S.
Molday,29 respectively. All other reagents were of analytical grade.

Embryo Collection

Timed pregnant rats were deeply anesthetized and killed by decapita-
tion. The day of vaginal plug observation was considered embryonic
day (E)0.5.

Tissue Cryosections

Eyes from E20 embryos were enucleated and fixed for 3 hours in
PBS-2% paraformaldehyde at 4°C. After lens removal, eyes were im-
mersed in PBS-30% sucrose until sunk, mounted in agar blocks, im-
mersed again in PBS-sucrose overnight, frozen in liquid nitrogen, and
stored at �70°C until they were cut.

Purified Neuronal Cultures

Pure neuronal retinal cultures were obtained according to previously
established procedures.30 However, instead of using postnatal day (P)1
to P2 donor rats, retinas from P0 rats were used, because most pho-
toreceptors are born at this time of development.31 In brief, the retinas
were dissected and dissociated under mechanical and trypsin diges-
tion. After dissociation, the cells were resuspended in a chemically
defined medium and then seeded on 35-mm diameter dishes, sequen-
tially pretreated with polyornithine (0.1 mg/mL) and schwannoma-
conditioned medium.32 Cultures were incubated at 36°C in a humidi-
fied atmosphere of 5% CO2. At different times, neurons were fixed
with 2% paraformaldehyde in PBS, and the number of amacrine and
photoreceptor neurons, the two major cell types in the cultures, was
determined. Neuronal cell types were identified by their morphology
using phase-contrast microscopy and by immunocytochemistry, using
the monoclonal antibodies HPC-1 and Rho4D2, which selectively rec-
ognize amacrine and photoreceptor neurons, respectively.29,33 Photo-
receptors have a small round cell body (3–5 �m) with a single neurite
at one end, which usually ends in a conspicuous synaptic “spherule”;
opsin is diffusely distributed over their cell body, which is usually
darker than that of amacrine neurons. To be identified as photorecep-
tors, the cells had to display at least three of these criteria. Instead of
a typical single axon, amacrine neurons have multiple neurites, show
morphologic heterogeneity and express HPC-1 antigenicity.

DHA Supplementation

DHA was added to the cultures immediately after the cells were
seeded, at a final 6.7 �M concentration, in a complex with bovine
serum albumin (BSA) in a 2:1-molar ratio in DMEM. The same volume
and concentration of a BSA solution was added to control cultures. We
have previously shown that DHA acts in a very narrow concentration
range (i.e., 2–10 �M), with higher concentrations leading to general-
ized neuronal death.17

Antibody Labeling

For immunocytochemical analysis of the cultures, the cells were se-
quentially fixed with paraformaldehyde, permeated with 0.1% Triton
X-100 for 15 minutes, incubated for 30 minutes with 0.1% Tween 20
Tris buffer (TNT) with 2% skimmed milk, and then incubated with the
primary and fluorescence-conjugated secondary antibodies. When tyra-
mide amplification was used, after the primary antibody, cells were
incubated with biotinylated secondary antibodies and avidin-peroxi-
dase, as indicated by the manufacturer.

For double immunostaining with tyramide amplification, peroxi-
dase from the first staining was inactivated with a solution of 3% H2O2

and 1% azide in PBS for 25 minutes. For BrdU staining, after permeation
with Triton X-100, cells were incubated for 25 minutes with 2 N HCl
for DNA denaturation, rinsed in 0.15 M borate buffer, and then pro-
cessed as indicated earlier.

Retinal sections of 8 to 12 �m were mounted on silanized slides, air
dried for 30 minutes, and incubated in warm PBS to remove agar,
followed by fixation for 10 minutes in 2% paraformaldehyde. After
permeation with Triton X-100, sections were incubated with TNT with
2% skimmed milk for 30 minutes and then overnight with the primary
antibody in the same buffer. After several rinses with TNT, sections
were incubated for 2 hours with the fluorescence-conjugated second-
ary antibody.

For BrdU and CRX antibody labeling on sections, Triton X-100
permeation was omitted, and the slides were heated in citric buffer
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(0.1 M sodium citrate-citric acid [pH 6]) at 95°C for 10 minutes to
restore immunoreactivity, allowed to cool, and processed as just de-
scribed. For BrdU labeling, sections were also treated with 2 N HCl and
borate buffer after heating.

For Crx labeling in cultures, cells were fixed for 30 minutes and
processed as described earlier. For Rho4D2 and Crx double labeling,
cells were fixed for 1.5 hours and subjected to simultaneous incuba-
tion with both primary antibodies.

BrdU Injection

For embryonic BrdU uptake experiments, pregnant rats at E20 were
given a single intraperitoneal injection of BrdU (100 mg/kg). After 6
hours, embryos were collected and processed as indicated earlier.
Noninjected rats were used as the control.

BrdU Pulse Labeling

To study the timing of Pax6 and Crx expression during progenitor
differentiation, cultures were pulsed with BrdU at a 50 �M final
concentration for 4 hours at day 0 in vitro, rinsed twice with HBSS and
either fixed immediately after the pulse, or cultured for an additional 1
or 2 days in chemically defined media without BrdU.

To determine the percentage of cells progressing in the cell cycle
at different times in vitro, 50 �M BrdU was added to cultures imme-
diately after the cells were seeded (day 0) or at day 1 and 2 in culture.
After 4 hours, cells were rinsed twice with HBSS and fixed.

Determination of Axonal Length

Photoreceptor cells had a short, single, and usually unbranched axon.
Their relative length was obtained by measuring the axonal length
divided by their respective cell diameter.

Statistical Analysis

The results represent the average of three experiments (�SD). Unless
specifically indicated, each experiment was performed in triplicate. For
cytochemical studies, 10 fields per sample were analyzed in each case.
Statistical significance was determined by Student’s two-tailed t-test.

RESULTS

Expression of Pax6 and Crx
in Retinal Progenitors

Pax6 is expressed in all multipotent retinal progenitor
cells,10,34,35 whereas expression of Crx, the earliest photorecep-
tor-specific gene to be expressed,35 occurs in postmitotic photo-
receptors.36 To investigate the differential expression of both
genes in proliferating photoreceptor progenitors at the time of

their terminal mitosis, pregnant rats were injected with BrdU at
E20, since most rat photoreceptors are “born” between this time
and P1.31 The uptake of BrdU and its coincidence with Pax6 and
Crx expression were analyzed 6 hours later (Fig. 1). As has been
established,9,26,34,37 at early developmental time points, we ob-
served that all retinal progenitor cells expressed Pax6 (not
shown). At E20, many BrdU-labeled cells still occurred in the
inner retina, and all of them were double labeled with Pax6. The
very few BrdU-labeled cells found in the prospective outer nu-
clear layer were also double-labeled with Pax6 (Figs. 1B, 1C). The
persistence of Pax6 expression in these cells usually accompanied
the presence of mitotic figures, suggesting they might be progen-
itor cells, which incorporated BrdU while they were in the S
phase and then migrated to this layer to complete another round
of mitosis.

When double staining for BrdU uptake and Crx expression
in E20 retinas was performed, numerous Crx-labeled cells were
already present (Fig. 1E). However, none of the cells that
expressed Crx showed uptake of BrdU (Figs. 1D–F). Similar
results were obtained at P0 (not shown). Hence, although
BrdU-labeled cells expressed Pax6 (Figs. 1A–C), Crx expres-
sion was excluded from cycling, BrdU-labeled progenitors.

Expression of Pax6 and Crx in Photoreceptors
during Their Differentiation In Vivo

We then analyzed the changes in Pax6 and Crx expression
during photoreceptor differentiation in vivo. At E20, Pax6
expression extended to most progenitor cells in the retina;
however, while the inner retina still expressed Pax6 (Fig. 2A),
this expression was absent in a narrow line of nuclei corre-
sponding to the prospective outer nuclear layer (Fig. 2A, large
arrow). This group of Pax6-negative cells was Crx positive (Fig.
2B, large arrow), whereas no Crx expression was found in
other retina layers (Fig. 2B). Expression of Crx was excluded
from progenitors undergoing mitosis (Fig. 2E, small arrow),
which in turn still expressed Pax6 (Fig. 2D, small arrow).
Because Crx-labeled cells also excluded BrdU (Figs. 1E, 1F),
these cells may be postmitotic photoreceptor precursors that
have exited the cell cycle and have begun differentiation.

If the onset of Crx expression in photoreceptors was post-
mitotic, as more progenitors left the cell cycle to differentiate
as photoreceptors, the region where Pax6 expression was
replaced by Crx should widen. Specifically, the broadening of
the Pax6-negative band between E20 and P0 closely matched
the expansion in the Crx-expressing region (Figs. 2A, 2B, 2D,
2E). By P5, Pax6 expression completely disappeared from the
outer nuclear layer (Fig. 2G), though it persisted in the inner

FIGURE 1. Expression of Pax6 and
Crx in retinal cells in vivo at E20.
Pregnant rats were administered a
single dose of BrdU at E20, and the
embryos were fixed 6 hours later for
immunocytochemical determinations.
Retinal sections were stained with
DAPI (A, D), Pax6 (B), BrdU (C, F),
and Crx (E). Progenitor cells incorpo-
rated BrdU and migrated toward the
retinal pigment epithelium, where
they completed mitosis. Pax6 was ex-
pressed in progenitor cells (A–C, ar-
rows) even during mitosis (arrow-
heads), whereas Crx was excluded
from cycling progenitor cells (D–F, ar-
rowheads). Bar, 10 �m.
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nuclear and ganglion cell layers (Fig. 2G). This disappearance
was replaced by an intense expression of Crx in the outer
nuclear layer (Fig. 2H).

Accompanying these changes, the cells that were Crx-pos-
itive at E20 and P0, began to express the visual pigment opsin
at P0 (Figs. 2C, 2F), and this expression markedly increased by
P5 (Fig. 2I). From this time point on, the expression of Crx and
opsin was coincident in photoreceptor cells. These results
suggest that the new Crx-positive cells were photoreceptor
precursors undergoing differentiation.

Changes in the Expression of Pax6 and Nestin
in Retinal Progenitors In Vitro

To investigate the changes in the expression of Pax6 during
photoreceptor differentiation, we obtained retinal cell cultures

from P0 donors. Nearly all undifferentiated cells showed a
rather irregular or rounded morphology immediately after they
were seeded and could be grouped as either large cells, which
rapidly differentiated as amacrine neurons, or small cells,
which eventually differentiated as photoreceptors, as previ-
ously described.23 Both neuronal cell types represented more
than 95% of the total cells occurring in the cultures and were
easily recognized by morphologic and immunocytochemical
criteria.23

In close correspondence with in vivo results, the amount of
cells expressing Pax6 was higher at early culture times (Figs.
3C, 3D). Approximately 70% of mitotic cells expressed Pax6
both 4 hours and 1 day after the cells were seeded (not
shown). To establish whether these cells were multipotent
progenitors, we investigated the expression of the neuroecto-

FIGURE 2. Pattern of Pax6, Crx, and
opsin expression in the developing
retina. Pax6 (A, D, G), Crx (B, E, H),
and opsin (C, F, I) immunostaining
of E20 (A–C), P0 (D–F), and P5 (G–I)
retinas. Pax6 was expressed in pro-
genitor cells (region between arrow-
heads), except for a narrow line of
nuclei that expressed Crx (A, B,
large arrow). Mitotic progenitors ex-
pressed Pax6 but not Crx (small ar-
rows, D, E). At P0, the number of
Pax6-negative cells increased as did
Crx expression (D, E, large arrows),
until it occupied the entire outer nu-
clear layer at P5. These cells differen-
tiated as photoreceptors, as indi-
cated by opsin expression (F, I). Bar,
50 �m.
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derm marker nestin, an intermediate filament that is usually
expressed in cycling, multipotent progenitors in the retina.23

Most small cells coexpressed Pax6 and nestin 4 hours after the
cells were seeded (Figs. 3C, 3E; small and large filled arrows,
respectively). At this time point, the same percentage of small,
undifferentiated cells (approximately 60%) were labeled with
Pax6 and nestin (Fig. 3G). On the contrary, though all large
cells were labeled with Pax6, only 45% of them showed nestin
expression. Consistent with the reported necessity for Pax6
expression in multipotent progenitors,34 97.1% � 3.9% (n � 3)
of the Pax6-positive mitotic cells colabeled with nestin.

The expression of both markers rapidly decreased in small
cells (Figs. 3D, 3F); Pax6 (Fig. 3, arrowheads), and nestin
expression (Fig. 3F) disappeared as differentiation proceeded.

By day 2, only 1% and 5% of these cells expressed Pax6 and
nestin, respectively. Disappearance of nestin expression in
small cells has been shown to be parallel to an increase in opsin
expression.23 In large cells, nestin expression also decreased
during development and was negligible at day 2 (Fig. 3G).
However, these cells retained Pax6 expression as they differ-
entiated (Figs. 3B, 3D, open arrows); 95.9% � 2.1% of the large
cells that expressed Pax6 at day 2 colabeled with HPC-1,
indicating that they were differentiated amacrine cells.

Altogether, these results indicate that undifferentiated pro-
genitors coexpressed nestin and Pax6. Once differentiated,
both neuronal types lost nestin expression, and although am-
acrine cells retained expression of Pax6, photoreceptors no
longer expressed it.

FIGURE 3. Expression of Pax6 and
nestin in undifferentiated retinal cells
in vitro. Retinal cells from P0 rats
were cultured for 4 hours (A, C, E) or
2 days (B, D, F), and Pax6 (C, D) and
nestin expression (E, F) were then
analyzed. After 4 hours in vitro, small
and big undifferentiated cells coex-
pressed nestin and Pax6 (A, C, E;
small and large filled arrows, re-
spectively). Those large cells that had
started their differentiation pathway
to become amacrine cells still ex-
pressed Pax6 but failed to express
nestin (A, C, E; open arrows). After 2
days in vitro, most undifferentiated
cells exited the cell cycle, and nestin
expression almost completely disap-
peared (F). During neuronal differen-
tiation, Pax6 expression occurred in
large cells (B, D, open arrows), but
not in small cells (B, D, arrow-
heads). The percentage of small and
large cells that expressed Pax6 and
nestin is shown in (G). Nestin ex-
pression decreased rapidly in both
big and small undifferentiated cells,
which eventually differentiated as
amacrine and photoreceptor neu-
rons, respectively. Pax6 expression
decreased in photoreceptors, but
was retained in amacrine neurons.
Div, days in vitro. Bar, 20 �m.
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Changes in the Expression of Pax6 and Crx
during Photoreceptor Differentiation In Vitro

To investigate further the photoreceptor differentiation pro-
cess in vitro, we analyzed the pattern of Crx expression. After
4 hours of seeding the cells, almost a third of the cells ex-
pressed Crx, and this expression increased to nearly 70% of
retinal neurons at day 2 (Fig. 4). This increase was consistent
with the decrease in Pax6 and nestin expression in small cells
(Fig. 3G).

Next, we performed BrdU pulse labeling experiments to
establish whether the downregulation of Pax6 and the onset of
Crx expression were linked to departure from the cell cycle in
photoreceptor progenitors. First, we pulse labeled the cultures
with BrdU for 4 hours at day 0, cultured the cells for 1 and 2
more days in the absence of BrdU and analyzed Pax6 and Crx
expression immediately after the pulse and after 1 or 2 days.
Initially almost all (98%) BrdU-positive cells expressed Pax6
(Fig. 5). This percentage decreased to 53% and 15% at days 1
and 2 in vitro, respectively (Figs. 5A–F, 5M). In contrast, Crx
expression in BrdU labeled cells, which was almost negligible
4 hours after the cells were seeded, increased to 85% of BrdU
labeled cells at day 2 (Figs. 5G–L, 5M). These results confirmed
that Pax6 was expressed in most progenitor cells while they
were still in the cell cycle. They also showed that most of the
proliferating progenitor cells at day 0 eventually differentiated

as photoreceptors, which lost Pax6 expression and massively
began to express Crx. To confirm that Crx was expressed in
postmitotic precursors, we pulse-labeled 0-, 1-, and 2-day cul-
tures with BrdU for 4 hours and analyzed BrdU uptake and Crx
expression immediately after the pulse. The amount of progen-
itors showing BrdU uptake markedly decreased during culture
time. Whereas approximately 22% of retinal cells showed BrdU
labeling after a 4-hour pulse at day 0, this labeling was reduced
to only 4% of them by day 1 and practically disappeared by day
2 (Table 1), indicating that at this time in vitro virtually all cells
had exited the cell cycle. On the contrary, Crx labeling in-
creased during development from 30% to 70% of total cell
number (Fig. 4E); �2% of Crx-positive cells were labeled with
BrdU after the pulse (Table 1) at every time analyzed, indicat-
ing that Crx was only expressed in postmitotic precursors.

Incomplete Photoreceptor Differentiation in
Crx-Expressing Cells

Previous data have demonstrated that expression of Crx is
essential for progenitor cells to become photoreceptors.12,15

Our present results show that downregulation of Pax6 expres-
sion and upregulation of Crx expression occurred in postmi-
totic precursors fated to become photoreceptors. In vivo, the
onset of Crx expression led to the subsequent expression of
opsin and to photoreceptor differentiation (Fig. 2). However, a
similar developmental pattern did not occur in vitro. By day 3,
92.5% of the retinal neurons in control cultures showing pho-
toreceptor morphology expressed Crx (Table 2). Still, only
8000 cells/dish—that is, just 1.6% of the total photoreceptor
cells, expressed opsin at day 3 in vitro (Fig. 6A) and this
expression was widely distributed over the entire plasma-
lemma, both at this time and even at day 5 in vitro, as is
observed in immature photoreceptors (Fig. 7E). Moreover,
most Crx-positive cells in vitro lacked their characteristic outer
segments, since only 6410 photoreceptors/dish (i.e., approxi-
mately 1.2% of these cells, had apical processes resembling the
outer segment structures; Fig. 6B).

DHA Effects on Crx-Positive Photoreceptors

Because previous work had established that DHA enhanced
photoreceptor differentiation,17,20 we first assessed whether
this effect of DHA was related to its modulation of Crx expres-
sion. Analysis of this expression in cultures with or without
DHA showed that the percentages of Crx-positive cells were
similar in control and in DHA-treated cultures at days 3, 4, and
5 in vitro (Table 2). Hence, DHA did not seem to enhance Crx
expression in photoreceptors.

Nevertheless, DHA supplementation improved all the mark-
ers of photoreceptor differentiation analyzed in every Crx-
positive cell studied. In control cultures, the number of Crx-
positive photoreceptors that coexpressed opsin was 8009
cells/dish at day 3 and increased to 22,853 and 24,540 cells/
dish at days 4 and 5, respectively (Fig. 6A). When the cultures
were supplemented with DHA, the number of Crx-positive
photoreceptors that expressed opsin remained at 11,909 cells/
dish at day 3, but dramatically increased up to 48,344 and
44,246 cells/dish at days 4 and 5, respectively (Fig. 6A). Of
note, in those few cases in which the cells expressed opsin but
lacked Crx, these cells always showed fragmented or pyknotic
nuclei (not shown).

In close correspondence with these findings, the number of
Crx-positive photoreceptors having apical processes was sig-
nificantly higher in DHA-supplemented cultures than in control
cells (Fig 6B). In control cultures, the number of Crx-positive
cells with apical processes was 6,410, 22,270, and 22,038
cells/dish, by days 3, 4, and 5, respectively. In DHA-treated
cultures, this number remained similar to that in the control

FIGURE 4. Crx expression in retinal neurons in culture. Phase contrast
(A, C) and Crx staining (B, D) of retinal cell cultures after 4 hours (A,
B) and 2 days (C, D) in vitro. (E) Percentage of total cells that
expressed Crx at different times during their development in vitro.
This percentage increased from 30% to 70% between days 0 and 2 in
vitro. Bar, 10 �m.
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cultures at day 3 (i.e., 5260 cells/dish), but then remarkably
increased up to 48,345 and 50,770 cells/dish at days 4 and 5,
respectively (Fig. 6B). In day 5-control cultures, most photore-
ceptors were Crx-positive (Fig. 7C), but still lacked their char-
acteristic outer segments (Figs. 7A, 7C, 7E), whereas conspic-
uous apical processes were observed in Crx-positive cells in
DHA-treated cultures (Figs. 7B, 7D, 7F).

In addition, Crx-positive cells exhibited longer axons in
DHA-treated than in control cultures (Fig. 7, arrowheads).
Whereas in control cultures approximately 50% of Crx-positive
cells had a short axon of approximately one cell diameter, in
DHA-supplemented cultures, the major population of Crx-pos-

itive cells exhibited longer axons, having a length of 2, 3, and
4 cell body diameters (Fig. 7G).

As a whole, these results suggest that DHA did not affect
Crx expression in progenitor cells. Instead, its interaction with
Crx-positive cells was essential to continue their differentiation
as photoreceptors after 3 days in vitro—that is, once they had
reached a certain stage of differentiation.

DISCUSSION

Three major conclusions can be drawn from this work: first, Pax6
expression occurred in most progenitor cells while they pro-

FIGURE 5. Timing of Crx and Pax6
expression in retinal progenitors in
culture. Progenitor cells were pulse
labeled with BrdU for 4 hours in vitro
and subjected to BrdU and Pax6
(A–F) or BrdU and Crx (G–L) double
immunostaining immediately after
the pulse (A–C and G–I), 1 day later
(not shown), or 2 days later (D–F and
J–L). Immediately after the pulse,
progenitor cells expressed Pax6
(A–C, arrowheads) but not Crx
(G–I, arrows). Two days later, most
postmitotic progenitors lost Pax6 ex-
pression (D–F, arrowheads) and be-
gan to express Crx (J–L). (M) Quan-
titative data of Pax6 and Crx
expression in BrdU-labeled cells in
vitro. Bar, 10 �m.
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gressed in the cell cycle during early eye and retina development.
Second, immediately after finishing their last mitotic division,
photoreceptor precursors stopped expressing Pax6 and began
expressing Crx, one of the earliest hallmarks of photoreceptor
differentiation; and third, Crx expression was not sufficient to
achieve complete differentiation of photoreceptors, a task that
demanded, at least, the contribution of DHA.

Early Expression of Pax6 in Cycling
Progenitor Cells

The development and differentiation of rod photoreceptors
require the sequential participation of two key transcription
factors in the retina, Pax6 and Crx. Pax6 is essential for eye
development and is well established as an eye determinant38;
however, the molecular processes it regulates to induce pro-
genitor cells to become an eye remain ill-defined. Pax6 has a
DNA binding domain that affects cell proliferation in the de-
veloping brain and has been shown to regulate the cell cycle in
cortical progenitors, whereas Pax6 mutant mice have a re-
duced proliferation in their optic vesicle.39–41 During the early
stages of development in the prospective retina, it is absolutely
essential for progenitor cells to remain in the cell cycle until
the required number of cells is reached. Since Pax6 expression
is activated in progenitor cells throughout their whole prolif-
eration period and is switched off in photoreceptor progeni-
tors as soon as they stop proliferating, it may participate in the
regulation of cell cycle progression. Our present results con-
sistently support this hypothesis. Both in vivo and in vitro
experiments showed that Pax6 expression was parallel to BrdU
uptake and in vitro experiments showed that retinal progeni-
tors coexpressed Pax6 and nestin, while progressing in the cell
cycle. Pax6 expression closely corresponded with an effective
mitotic activity in progenitor cells. Altogether, these results
support previous data suggesting that Pax6 may be involved in
regulating cell cycle progression in retina progenitors.

The Switch from Pax6 to Crx during
Photoreceptor Differentiation

At early stages of development, Pax6 expression was observed
in both amacrine and photoreceptor progenitors; however, its
expression was excluded from photoreceptors once they be-
came postmitotic. In vitro and in vivo experiments showed
that as soon as photoreceptor progenitors departed the cell
cycle, they switched off Pax6 expression and massively began
to express Crx, the photoreceptor-specific transcription factor
essential for establishing a photoreceptor fate.11,12 In the retina
in vivo, Crx occurred only in the prospective outer nuclear
layer, and only in those cells in which Pax6 expression had
already disappeared (Fig. 2). Specifically, overexpression of
Pax6 has been reported to lead to the development of fewer
photoreceptors.42 The onset of Crx expression preceded that
of opsin, as has been previously reported.43 The pattern of Crx
expression was similar to that described in the mouse retina at
similar developmental stages, where it was weak by E20 and P0
in the outer layer of the neuronal retina and then increased in
the prospective photoreceptor layer by P3 to P6.11,12,44,45 In
vivo and in vitro experiments showed that Crx was only ex-

TABLE 1. BrdU Incorporation in Total and Crx-Positive Cells

Days In Vitro
BrdU/Total Cell

Number (%) BrdU-Crx/Crx (%)

0 21.7 � 4.4 2.0 � 1.4
1 3.8 � 1.8 0.8 � 0.2
2 0.1 � 0.0� 0.0 � 0.0†

Retinal cell cultures from P0 retinas were pulse labeled with BrdU for
4 hours at days 0, 1, and 2 in vitro, fixed after the pulse, and subjected to
immunocytochemistry to detect BrdU incorporation and Crx expression.
Data are the mean � SD of results in three separate experiments. At least
three culture dishes were used for each experiment.

� 0.1% � 0.02%.
† Less than 0.01%.

TABLE 2. Percentage of Photoreceptors Expressing Crx

Days In Vitro Control DHA

3 92.5 � 2.2 93.0 � 0.6
4 93.6 � 3.0 94.1 � 1.5
5 93.8 � 2.1 94.0 � 2.3

Retinal neurons were cultured in the absence or presence of DHA,
and the percentage of photoreceptors that expressed Crx was quanti-
fied at 3, 4, and 5 days in vitro. Data are the mean � SD of results in
four separate experiments. At least three culture dishes were used for
each experiment.

FIGURE 6. DHA’s effect on photoreceptor differentiation. The num-
ber of photoreceptors that expressed Crx and either expressed opsin
or had apical processes was analyzed in cultures of 3 to 5 days in vitro
without or with the addition of DHA. Addition of DHA induced further
differentiation on photoreceptors that already expressed Crx.
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pressed in cells in which BrdU incorporation, and hence the
capability to proliferate were already absent.

Crx appears to be indispensable for photoreceptor devel-
opment. In the few cases in which photoreceptors expressed
opsin but lacked Crx, their nuclei were always fragmented or
pyknotic. This indicates that these cells were rapidly progress-
ing in a degenerative pathway, and is consistent with the
finding that mutations in the Crx gene lead to the degeneration
of photoreceptors.13,14

Altogether, these results suggest that photoreceptors may
initially require the expression of Pax6 to regulate their prolif-
eration and that disappearance of this expression precedes the
onset of their differentiation, a process that requires activation
of Crx expression.

DHA as a Molecular Cue for Promoting
Photoreceptor Differentiation

In the retina in vivo, the onset of Crx expression preceded the
beginning of opsin expression, which concurred with Crx
expression later in development (Fig. 2). These results agree
with previous reports relating Crx expression to photorecep-
tor differentiation.11,12 They also support the model that sug-
gests that specification of photoreceptor fate involves a se-
quence of developmentally regulated steps.11

The pattern of development was different in vitro. During
the first 2 days in vitro, almost all cells having a photoreceptor
morphology started to express Crx. This suggests that either
the signals required for the activation of this expression were
present in the culture medium or, more probably, that these
cells had already received the cues for the induction of Crx
expression while they were still in the embryonic retina. In any
case, the onset of Crx expression allowed them to initiate their
differentiation as photoreceptors. However, the close initial
association between the expression of Crx and photoreceptor
morphology did not correspond with the progression to an
advanced stage of differentiation in these cells. Hence, Crx
expression alone was not sufficient to steer photoreceptor
differentiation in vitro. Previous work has determined that
photoreceptor progenitors require several transcription factors
to proceed with the differentiation pathway, including Nrl,
NeuroD, and Nr2e3,3,4,16,46 as well as environmental cues
such as taurine,47 basic fibroblast growth factor,48 and glial
cell line– derived neurotrophic factor.18 We have previously
shown that DHA promotes photoreceptor differentiation in
vitro.17,20,23 Our present results evidenced that DHA did not
influence Crx expression in photoreceptor progenitors to
achieve this effect. This finding implies that photoreceptor
fating was independent of DHA. In contrast, DHA had a key
role in enhancing photoreceptor differentiation in Crx-express-
ing cells, which were already committed to differentiation as
photoreceptors. In these cells, DHA markedly promoted opsin
expression, apical differentiation and axonal outgrowth, an
improvement in their differentiation that required that photo-
receptors had already developed for 4 days in vitro (Figs. 6, 7),
consistent with the previously observed delay between termi-
nal mitosis in rod photoreceptor progenitors and the onset of
rhodopsin expression.37 Hence, DHA did not alter Crx expres-
sion; conversely, the onset of Crx expression allowed photo-
receptors to reach a permissive stage in their development at
which they became responsive to DHA and needed it to ad-
vance in their differentiation.

An intriguing question is how DHA achieves these effects. It
has been established that DHA is a natural and specific ligand
that induces activation of retinoid orphan receptors in mouse
brain.49,50 By binding to these receptors, which are het-
erodimer partners for other nuclear receptors, DHA may reg-
ulate gene expression. Moreover, DHA has been shown to
regulate transcription of several genes in fetal explants from
human retina.51 It can then be hypothesized that DHA may
increase opsin expression by a similar mechanism. An alterna-
tive explanation may be the activation by DHA of signaling
pathways usually involved in promoting cell survival and dif-
ferentiation, such as the extracellular signal regulated kinase
(ERK) or the phosphatidylinositol-3-kinase pathway. In addi-
tion, as a critical outer segment constituent, DHA may improve
disc and outer segment biogenesis. Rhodopsin has been shown
to associate with DHA-containing phospholipids in the trans-
Golgi network and then remain closely associated during mi-
gration throughout photoreceptor outer segments.52,53 DHA
addition to the culture medium prompts its concentration in
photoreceptor apical processes,24 and a rapid increase in its

FIGURE 7. Effects of DHA in neurite outgrowth in Crx-positive pho-
toreceptors. Five-day in vitro cultures without (A, C, E) or with the
addition of DHA (B, D, F) showing Crx (C, D) and opsin immunolo-
calization (E, F). Neurite length (G) was measured as the number of
cell diameters, in 4-day cultures without or with DHA. After addition of
DHA, photoreceptor cells developed longer neurites. Bar, 10 �m.
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content in neuronal lipids.49,50 Hence, DHA may enhance
opsin expression and simultaneously provide the DHA-contain-
ing phospholipids required for building these membranes, thus
allowing the development of apical processes. The involve-
ment of these pathways in photoreceptor differentiation re-
mains to be established.

There is a growing consensus now that developing photo-
receptors require the participation of several trophic factors
for their survival and differentiation, such as bFGF and glial-
derived neurotrophic factor (GDNF).18,54 These results
strongly suggest that DHA is also a critical molecular cue,
essential for photoreceptor development and differentiation.
The onset of Crx expression seems to be associated to the
potential to develop a photoreceptor identity rather than to the
acquisition of specific differentiated photoreceptor features.
The acquisition of these features requires of the combined or
sequential involvement of intrinsic and extrinsic factors,
among which the contribution of DHA is undoubtedly essential
to develop differentiated, functional photoreceptors.
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