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PURPOSE. Simple sphingolipids control crucial cellular pro-
cesses in several cell types. Previous work demonstrated that
sphingolipids, such as ceramide, sphingosine, and sphingosine-
1-phosphate, are key mediators in the regulation of survival,
differentiation, and proliferation of retina photoreceptors. Cer-
amide-1-phosphate (C1P) regulates growth and survival in sev-
eral cell types; however, little is known concerning its func-
tions in the retina. Whether C1P also participates in controlling
photoreceptor development was also explored.

METHODS. Rat retina neuronal cultures were supplemented
with 1 to 10 mM C1P. Proliferation was determined by evalu-
ating 5-bromo-2-deoxyuridine (BrdU) uptake and the number
of mitotic figures and differentiation by evaluating opsin and
peripherin expression by immunocytochemistry and Western
blot. Apoptosis was inhibited with the pan caspase inhibitor
ZVADFMK and evaluated by TUNEL assay, propidium iodide/
annexin V, and DAPI labeling. Preservation of mitochondrial
membrane potential was evaluated.

RESULTS. C1P enhanced BrdU uptake and increased mitosis in
retinal progenitors. C1P addition advanced photoreceptor dif-
ferentiation, enhancing opsin and peripherin expression and
stimulating development of the apical processes in which
these proteins were concentrated. In the absence of these
trophic factors, photoreceptors degenerated after 4 days in
vitro, and at day 6, almost 50% of photoreceptors were apo-
ptotic. C1P decreased photoreceptor apoptosis, reducing this
percentage by half. Inhibiting caspase activity reduced photo-
receptor apoptosis in the controls, but did not increase opsin
expression, implying that C1P has separate effects on differen-
tiation and survival.

CONCLUSIONS. These results suggest for the first time that C1P is
a novel mediator that has multiple functions in photoreceptors,

initially regulating their proliferation and then promoting their
survival and differentiation. (Invest Ophthalmol Vis Sci. 2011;
52:6580–6588) DOI:10.1167/iovs.10-7065

Sphingolipids, which two decades ago were envisioned as
inert membrane components, are now firmly established as

bioactive molecules involved in controlling vital cellular pro-
cesses. Simple sphingolipids, such as ceramide and sphin-
gosine, induce cell cycle arrest and promote apoptosis in
different cell types, whereas their phosphorylated forms, cer-
amide-1-phosphate (C1P) and sphingosine-1-phosphate (S1P),
have the opposite functions, promoting proliferation and sur-
vival (reviewed in Refs. 1, 2). As a group, sphingolipids play
crucial roles in the regulation of normal cell function and tissue
homeostasis, and dysregulation of their levels and metabolism
are involved in the induction and progression of an increasing
number of diseases.3

The effects of C1P have been mainly demonstrated in blood
or related cells, in which it regulates proliferation, migration,
and survival,4–7 among other cellular processes. Increasing
evidence points to a role of C1P in the regulation of prolifer-
ation and apoptosis in fibroblasts and bone marrow–derived
macrophages.2,8 It is also a potent proinflammatory agent,9

with a role in phagocytosis and in the regulation of macro-
phage chemotaxis and migration.7,10 Direct phosphorylation
of ceramide by ceramide kinase (CerK) is the major identified
mechanism for generating C1P.11 This enzyme was first ob-
served in brain synaptic vesicles, and its targeting to the plasma
membrane is associated with an increase in C1P levels.12 C1P
is cleaved by lipid phosphate phosphatases, such as a C1P
phosphatase found in rat brain,13,14 or by the phosphatidic
acid phosphohydrolase.15

Information on the role of C1P in the nervous system is very
scarce; however, the finding of enzymes of C1P metabolism,
such as CerK, in synaptic vesicles11 and C1P phosphatase in
brain,13 the fact that C1P is synthesized in granular cerebellar
cells,16 and the increase in its intracellular levels in neuroblas-
toma cells once they initiate their differentiation,17 suggest that
C1P is an intracellular signal in neuronal cells as well.

The information regarding C1P’s role in the eye is even
scarcer. The expression of CerK has been recently reported in
RPE cells,18 and that of lipid phosphate phosphatases that
hydrolyze C1P has been shown in photoreceptor outer seg-
ments.19 A human CerK-like (CerKL) enzyme has been identi-
fied in the retina, and a mutation in the gene encoding it is
responsible for a form of human retinitis pigmentosa.20,21

However, this enzyme was unable to phosphorylate ceramide,
since no alterations in ceramide or C1P levels were observed in
the CerKL2/2 mouse,22 and its natural substrate and biological
role have still to be uncovered. Nevertheless, these findings
suggest that mutations in the enzymes controlling sphingolipid
metabolism affect the balance between sphingolipid molecules
with opposing functions, thus prompting the activation of
neurodegenerative processes in the retina.
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Recent work from our laboratory has established the rele-
vance of sphingolipids in controlling key processes in retina
photoreceptors.3 We demonstrated that ceramide and sphin-
gosine are mediators of photoreceptor apoptosis; their addi-
tion triggers apoptosis, and inhibition of their synthesis pre-
vents oxidative stress-induced apoptosis of these cells.23,24 We
also showed that S1P actively promotes the proliferation, dif-
ferentiation, and survival of photoreceptors in the vertebrate
retina.25

Searching for other sphingolipid mediators involved in reg-
ulating photoreceptor development, we investigated the role
of C1P in the survival, proliferation, and differentiation of rat
retina photoreceptors in culture. Our results demonstrate for
the first time that addition of C1P at the early stages of culture
was mitogenic and increased the number of photoreceptor
progenitors. At later culture stages, C1P promoted the differ-
entiation of photoreceptors and prevented apoptosis.

MATERIALS AND METHODS

Albino Wistar rats bred in our own colony were used in all the
experiments. All procedures involving animals were performed in
accordance with the ARVO Statement for the Use of Animals in Oph-
thalmic and Vision Research. Plastic 35- and 60-mm diameter culture
dishes (Cellstar) were from Greiner Bio-One (Frickenhausen, Ger-
many). Dulbecco’s modified Eagle’s medium (DMEM), trypsin, insulin,
gentamicin, red mitochondrial stain (MitoTracKer Red CMXRos), Alexa
Fluor 488-conjugated annexin V, propidium iodide (PI), 5-bromo-2-
deoxyuridine (BrdU), 5-bromo-29-deoxyuridine-59-triphosphate (Br-
dUTP), and terminal deoxynucleotidyl transferase (TdT) were from
Invitrogen (Carlsbad, CA). Poly-L-ornithine, trypsin inhibitor, transfer-
rin, hydrocortisone, putrescine, 4,6-diamidino-2-phenylindole (DAPI),
tyramine, paraformaldehyde, and monoclonal anti-acetylated a-tubulin
antibody were from Sigma-Aldrich (St. Louis, MO). C8-ceramide-1-
phosphate and D-erythro (C1P) were from Biomol (Plymouth Meeting,
PA). The cell-permeant pan caspase inhibitor carbobenzoxy-valyl-ala-
nyl-aspartyl-[O-methyl]-fluoromethylketone (Z-VAD.FMK) was from
Promega (Madison, WI). The monoclonal antibody against BrdU (clone
G3G4) was from DSHB (developed under the auspices of the NICHD
and maintained by The University of Iowa, Department of Biological
Sciences, Iowa City, IA). The secondary antibody Cy2-conjugated goat
anti-mouse was from Jackson ImmunoResearch (West Grove, PA).
Monoclonal anti-actin antibody and the secondary antibodies used for
Western blot, goat anti-mouse IgG-horseradish peroxidase (HRP) and
goat anti-rabbit IgG-HRP, were from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Fluorophore-conjugated tyramine compounds and
reaction buffers were synthesized according to previous reports.26,27

The secondary antibodies biotin-conjugated goat anti-mouse and avi-
din-conjugated HRP were from Vector Laboratories (Burlingame, CA).
Monoclonal antibodies anti-opsin (Rho4D2) and anti-peripherin (clone
Per3B6) were generous gifts from Robert Molday (University of British
Columbia, Vancouver, BC, Canada). Solvents were HPLC grade, and all
other reagents were analytical grade.

Neuronal Cultures
Purified cultures of rat retinal neurons were prepared as previously
described.28,29 Approximately 0.5 3 105 cells/cm2 were seeded on
35-mm diameter dishes, pretreated with polyornithine and Schwanno-
ma-conditioned medium,30 and then cultured in a chemically defined
medium.29 Proliferation was analyzed in neuronal cultures prepared
from day 0 rat retinas, in which neuroblast proliferation is very ac-
tive31; these cultures were maintained for 1 day in vitro. Differentiation
was evaluated in cultures obtained from retinas of 2-day-old rats; the
cells were kept in culture for 6 days.

Addition of C1P
A stock solution of C1P (10 mM) was prepared in dimethylsulfoxide
(DMSO); dilutions with DMEM were then prepared. C1P’s effects on

proliferation and differentiation were evaluated using concentrations
ranging from 1 to 10 mM (final concentration in the culture medium).
A final 1-mM C1P concentration was chosen for subsequent experi-
ments. The same volume of the solution used as vehicle was added to
the controls.

Evaluation of Neuroblast Proliferation

To investigate C1P effect on the proliferation of photoreceptor pro-
genitors, we supplemented neuronal cultures with C1P 1 hour after
seeding the cells and proliferation was evaluated 1 day later. BrdU
uptake was determined by incubating 0-day cultures with 30 mM BrdU
(final concentration in culture) for 16 to 18 hours. Cells were fixed for
at least 30 minutes, treated with 2 N HCl for 30 minutes more for DNA
denaturation, and neutralized with 0.1 M boric acid. BrdU uptake was
determined with a monoclonal antibody against BrdU. Mitotic figures
were evaluated by fluorescence microscopy, after permeating cells
with 0.1% Triton X-100 in phosphate-buffered saline (PBS) for 15
minutes and incubating them for 20 minutes with DAPI, a DNA marker.

Immunocytochemical Methods

Cultures were fixed for at least 1 hour with 2% paraformaldehyde (PF)
in PBS at room temperature, followed by permeation with 0.1% Triton
X-100. Photoreceptors were identified by immunocytochemistry with
the monoclonal antibody Rho4D2, by their morphology, and by other
criteria, as previously described.32,33 Cy2-conjugated goat anti-mouse
was used as the secondary antibody. Tyramide signal amplification was
occasionally used to improve visualization. Controls for immunocyto-
chemistry were performed by omitting either the primary or the
secondary antibody.

Cultures were then analyzed by phase-contrast and fluorescence
microscopy (Eclipse E600; Nikon, Tokyo, Japan, with a C-C phase-
contrast turret condenser and a Y-FL epi-fluorescence attachment), and
a laser scanning confocal microscope (DMIRE2; Leica, Wetzlar, Ger-
many) with a 363 water objective. Images were collected and pro-
cessed (LCS software; Leica, and Photoshop Elements 7.0; Adobe
Systems, San Jose, CA).

Evaluation of Photoreceptor Differentiation

Opsin and peripherin expression and the amount of photoreceptors
with either opsin or peripherin positive-apical processes were evalu-
ated using Rho4D2 and anti-peripherin monoclonal antibodies, respec-
tively.34,35 Cy2-conjugated-goat anti-mouse secondary antibody and
tyramide signal amplification were used for opsin and peripherin
detection, respectively. For double immunostaining of acetylated a-tu-
bulin and peripherin, a modification of the protocol described by
Uchihara et al.36 was used. The cultures were then analyzed by phase-
contrast and fluorescence microscopy. Confocal microscopy was used
for cultures in which double immunostaining of acetylated a-tubulin
and peripherin was performed.

Protein Extraction and Western Blot Analysis

Opsin and peripherin levels were evaluated by Western blot. The
medium was removed and the cells were rinsed with PBS and collected
in lysis buffer (3 mM KCl, 50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1
mM EDTA, 1% Tween-20, and 1% NP-40) containing a protease inhib-
itor mixture and lysed in ice for 20 minutes. Proteins were quantified
with a protein assay (DC; Bio-Rad, Hercules, CA), based on the Lowry
assay and separated by one-dimensional SDS-PAGE.37 Proteins (either
10 or 20 mg/sample) were subjected to electrophoresis on 10% SDS-
polyacrylamide minigels and then transferred to PVDF membranes
(Immobilon P; Millipore, Billerica, MA). The membranes were then
washed in buffer with 5% nonfat milk for 1 hour at room temperature,
to block nonspecific binding. Anti-opsin, anti-peripherin, and anti-actin
antibodies were allowed to react with the membrane overnight at 4°C
or 2 hours at room temperature, respectively. The membranes were
then thoroughly washed and incubated with HRP-conjugated goat
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anti-mouse or anti-rabbit secondary antibodies, in Tris-buffered saline.
Tween-20 (TBS-T) for 1 hour at room temperature. They were then
visualized by using an enhanced chemiluminescence technique (ECL),
according to the manufacturer’s instructions. Images were obtained by
scanning at 600 dpi. Densitometric quantification of the bands was
performed using ImageJ software (developed by Wayne Rasband, Na-
tional Institutes of Health, Bethesda, MD; available at http://rsb.info.nih.
gov/ij/index.html).

Evaluation of Photoreceptor Apoptosis

Apoptosis was determined at day 6 by three different methods: termi-
nal deoxynucleotide transferase dUTP nick-end labeling method
(TUNEL) to evaluate DNA integrity, DAPI staining to assess the amount
of fragmented or pyknotic nuclei, and annexin/PI labeling to evaluate
phosphatidylserine translocation to the outer layer of the plasma mem-
brane, a hallmark of apoptosis.

For TUNEL staining, the cells were fixed at day 6 with 2% PF for 15
minutes and stored in 70% ethanol for 48 hours at 220°C. They were
then preincubated with 13 TdT buffer for 15 minutes and incubated
with the TdT reaction mixture (0.05 mM BrdUTP and 0.3 U/mL TdT in
TdT buffer) at 37°C in a humidified atmosphere for 1 hour. The
reaction was stopped by a 15-minute incubation with stop buffer (300
mM NaCl and 30 mM sodium citrate; pH 7.4) at room temperature.
Negative controls were prepared by omitting TdT. BrdU uptake was
determined with an anti-BrdU monoclonal antibody, according to a
standard immunocytochemical technique.

Nuclei integrity was evaluated after staining cell nuclei with DAPI;
the cells were considered to be apoptotic when they showed either
fragmented or condensed (pyknotic) nuclei. The percentage of apo-
ptotic photoreceptors was determined by double labeling with DAPI
and Rho4D2, to unambiguously identify cells as photoreceptors and
establish the total number of these cells.

For annexin V/PI staining, the incubation medium was removed,
and the dishes were washed twice with ice-cold PBS. The cells were
then incubated with a 1:4 dilution of annexin V conjugate in annexin-
binding buffer (10 mM HEPES, 140 mM NaCl, and 2.5 mM CaCl2; pH
7.4) at room temperature in the dark for 15 minutes. PI was added
immediately after, and the cells were incubated for another 15 minutes
in the same conditions. The cells were then washed twice in cold PBS,
fixed in 1% PF in annexin-binding buffer for 1 hour and washed in cold
PBS. Labeling with annexin V, PI, or both were then analyzed by
confocal microscopy.

Evaluation of Mitochondrial Membrane Potential

To assess preservation of mitochondrial membrane potential, cultures
were incubated for 20 minutes before fixation with a fluorescent probe
(0.1 mg/mL; MitoTracker Red; Invitrogen), which labels with a bright
red fluorescence mitochondria retaining their membrane potential.

Effect of Inhibition of Apoptosis on
Opsin Expression

To ascertain whether C1P effects on differentiation resulted from the
increase in photoreceptor survival promoted by C1P, we supple-
mented day 1 cultures with a cell-permeant, pan-caspase inhibitor,
Z-VAD.FMK, prepared in DME (20 mM, final medium concentra-
tion),38,39 and 1 hour later, with or without C1P. Cells were fixed at
day 6. Apoptosis was determined by evaluating nuclei integrity after
DAPI staining and opsin expression was quantified by immunochem-
istry.

Statistical Analysis

For cytochemical studies, 10 fields per sample, randomly chosen, were
analyzed in each case. Each value represents the average of at least
three experiments, with three to four dishes for each condition 6 SD.
Statistical significance was determined by Student’s two-tailed t-test.

RESULTS

C1P Enhanced the Proliferation of
Photoreceptor Progenitors

In neuronal cultures obtained from day 0 rat retinas, neuro-
blasts actively proliferate during the first 1 or 2 days, to
finally differentiate mostly as photoreceptors.31 To evaluate
whether C1P affected the proliferation of photoreceptor
progenitors, different concentrations of C1P were added to
cultures prepared from day 0 rat retinas, 1 hour after seeding
the cells. C1P supplementation enhanced the amount of BrdU-
positive cells, compared with the controls (Figs. 1A–D). A slight
increase in the amount of these cells, compared with the
controls, was already observed at 1 mM C1P, and this in-
crease was much higher at 5 and 10 mM C1P. The latter
concentration doubled the population of BrdU-positive cells
(Fig. 1E). The amount of mitotic figures also increased with
the addition of with C1P, from 11,200 6 3,400 in the
controls to 18,500 6 1,840 and 26,190 6 4,120 mitotic
figures per dish, at 5 and 10 mM C1P, respectively (Fig. 1F).
These results suggest that C1P effectively stimulated the
proliferation of photoreceptor progenitors and that this ef-
fect was concentration dependent.

C1P Stimulated Photoreceptor Differentiation

We then investigated whether C1P influences photoreceptor
differentiation. As we have reported,28,40 after 6 days, in vitro
control cultures lacking photoreceptor trophic factors showed
a few photoreceptors expressing opsin; 1 mM C1P sharply
increased the amount of opsin-positive photoreceptors per
dish, from approximately 30,000 to more than 50,000
(Fig. 2A). Higher C1P concentrations also increased, although
not significantly, the number of photoreceptors expressing
opsin. Western blot assays confirmed this increase; higher
levels of opsin were clearly evident in C1P-supplemented cul-
tures, compared with those observed in the controls, after 6
days in vitro (Fig. 2B).

We then analyzed the expression of peripherin, a structural
protein found in the rims of outer segment discs that allows the
correct folding and maintenance of these structures. Addition
of C1P promoted peripherin expression; peripherin-positive
photoreceptors increased approximately 30% in 1 mM C1P-
supplemented cultures compared with the controls (Fig. 3A).
This increase in peripherin levels was confirmed by Western
blot analysis (Fig. 3B).

Next, we investigated C1P’s effect on the development of
apical processes. As previously reported,28,40 most photore-
ceptors in control cultures failed to develop apical processes.
A small number of photoreceptors had acetylated a-tubulin-
stained cilia (Figs. 4A, 4C, arrowheads), and peripherin immu-
noreactivity was observed only occasionally (Figs. 4B, 4C, ar-
rows; Fig. 4G, open arrow), usually localized in the cilia (Fig.
4C, merged image). Opsin expression was diffusely distributed
throughout their cell bodies, neurites, and, when present, in
cilia (Fig. 4I, open arrow). After the addition of C1P, many
photoreceptors developed prominent apical processes, in-
tensely stained with peripherin (Figs. 4E, 4F, 4H, arrows) and
opsin (Fig. 4J, arrow), protruding from a-tubulin-labeled cilia
(Fig. 4D, arrowhead). More than 15% of opsin-positive photo-
receptors had apical processes in control cultures (Fig. 5A);
addition of C1P doubled the percentage of photoreceptors
with apical processes at all concentrations assayed. The effect
of C1P on advancing photoreceptor differentiation was evident
when we analyzed the distribution of peripherin-positive pho-
toreceptors that had developed cilia or cilia plus apical pro-
cesses. Among the few photoreceptors expressing peripherin
in control cultures, most (almost 75%) had only cilia, and only
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;25% of them developed apical processes. In contrast, in
C1P-supplemented cultures, ;70% of peripherin-positive pho-
toreceptors developed apical processes and cilia (Fig. 5B), and
only ;30% stopped their differentiation after developing cilia.

These results allow us to propose that C1P stimulates the
synthesis of proteins characteristic of mature photoreceptors,

such as opsin and peripherin, and also promotes the formation
of apical processes, in which these proteins are localized.

C1P Promoted Photoreceptor Survival In Vitro

In cultures lacking trophic factors for photoreceptors, these
neurons develop for 2 to 3 days and then start degenerating
through an apoptotic pathway.28 Previous work from our lab-
oratory has shown that supplementation with DHA and S1P
reduces the apoptosis.25,41,42 In the present study, we investi-
gated whether C1P had a similar protective effect on photore-
ceptors. Apoptosis of neuronal cells is associated with the
presence of many annexin V/PI-labeled neurons.24,43 By day 6,
photoreceptor degeneration due to the lack of trophic factors
has already started,44 as evidenced by the amount of annexin
V/PI (Figs. 6A–D, arrows) and TUNEL-labeled cells (Figs. 6I, 6J).
A considerable reduction in annexin V/PI (Figs. 6E–G, arrow in
H) and TUNEL-labeled cells (Figs. 6K, 6L) was evident in C1P-
supplemented cultures. Evaluation of nuclei integrity estab-
lished that ;45% of photoreceptors were apoptotic in control
cultures after 6 days in culture; addition of C1P decreased this
percentage to less than 25% (Fig. 6M). This result suggests that
C1P promotes the survival of photoreceptors, reducing their
apoptosis during development in vitro.
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FIGURE 1. C1P increased BrdU incorporation and mitosis in photo-
receptor progenitors. Neuronal cultures prepared from retinas of day 0
rat pups were supplemented with 1, 5, and 10 mM C1P or with vehicle
(Ctl) 1 hour after seeding the cells; 4 hours later, they were incubated
with BrdU for 18 hours and then fixed. Phase-contrast (A, B) and
fluorescence (C, D) micrographs of control (Ctl) (A, C) and C1P-
supplemented (B, D) cultures showing BrdU uptake (C, D). Ratio of
increase of BrdU-positive neuronal progenitors, compared with the
controls (E) and number of progenitor cells per dish showing mitotic
figures (F). *Statistically significant differences, compared with the
controls (P # 0.05). Scale bar, 10 mm.
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FIGURE 2. C1P increased opsin levels. Neuronal cultures prepared
from retinas obtained from day 2 rats were supplemented at day 1 with
1, 2.5, or 5 mM C1P or with vehicle (Ctl) and then fixed or lysed at day
6 in vitro for immunocytochemistry or Western blot analysis, respec-
tively, to evaluate opsin expression. Effect of C1P concentration on the
number of photoreceptors expressing opsin per dish (A); each value
represents the average of at least three experiments, with three to four
dishes for each condition 6 SD; at least 10 fields, randomly chosen,
were counted for each dish. Western blots and their densitometric
analyses show opsin expression in day 6 cultures without (Ctl) or with
1 mM C1P supplementation (B); Western blot analysis and densitomet-
ric analyses are representative of three independent experiments with
similar results. *Statistically significant differences compared to con-
trols (P # 0.05).
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Apoptosis of photoreceptors due to the lack of trophic
factors involves the loss of their mitochondrial membrane
potential43; this was clearly evident in control, 6-day neuronal
cultures (Figs. 6N, 6O, arrowheads). C1P preserved mitochon-
drial potential; many photoreceptors with brilliantly labeled
mitochondria were observed in C1P-supplemented cultures
(Figs. 6P, 6Q, thin arrows). Although only 35% of photore-
ceptors preserved mitochondrial potential in the controls,
this percentage increased to almost 60% after C1P addition
(Fig. 6R).

Distinguishing between C1P Survival and
Differentiation Effects

The described results provided evidence that C1P promotes
both survival and photoreceptor differentiation. To ascertain
whether increased differentiation resulted from increased sur-
vival or whether they were separate effects, we inhibited
caspase activation, which we have previously shown to partic-
ipate in photoreceptor apoptosis in culture.42 Addition of
ZVAD-FMK, a pan-caspase inhibitor, to control cultures signif-
icantly decreased photoreceptor apoptosis by day 6 in vitro, to
levels similar to those found in C1P-supplemented cultures
(Fig. 7A). Despite the reduction in apoptosis, opsin-expressing

photoreceptors remained at percentages similar to those found
in cultures lacking the caspase inhibitor (Fig. 7B). Of note, the
presence of this inhibitor did not affect photoreceptor survival
and differentiation in C1P-supplemented cultures.

DISCUSSION

Our recent work has established that simple sphingolipids
such as ceramide, sphingosine, and S1P are crucial players in
the development and decision between death or survival of
retina photoreceptors. In this work, we showed for the first
time a role of C1P in the development of photoreceptor neu-
rons in vitro. Its addition initially stimulated the proliferation of
neuroblasts in culture and then advanced the differentiation of
photoreceptors, promoting the formation of apical processes
and prompting an increase in the levels of constitutive proteins
of photoreceptor outer segments, such as opsin and periph-
erin. It also decreased the apoptosis of photoreceptors during
their early development in culture. The present results suggest
that C1P may be a further bioactive sphingolipid involved in
the regulation of the proliferation, differentiation, and survival
of photoreceptors.

Although C1P was identified over two decades ago, its roles
started to be uncovered during the past decade; recent work
has established it as a key regulator of cell growth and survival
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FIGURE 3. C1P promoted peripherin expression. Neuronal cultures
prepared from retinas from 2-day-old rats, with or without 1 mM C1P
supplementation and fixed or lysed at day 6, for immunocytochemistry
or Western blot analysis, respectively, to evaluate peripherin expres-
sion. Ratio of increase in the number of peripherin-expressing photo-
receptors with respect to the controls (A); each value represents the
average of at least three experiments, with three to four dishes for each
condition 6 SD; at least 10 fields, randomly chosen, were counted for
each dish. Western blots and their densitometric analyses showing
changes in peripherin levels (B); the nonglycosylated (bottom band)
and the glycosylated (top band) forms of peripherin are shown. West-
ern blot analysis and densitometric analyses are representative of three
independent experiments with similar results. *Statistically significant
differences compared to the controls (P # 0.05).

FIGURE 4. C1P stimulated opsin and peripherin localization in pho-
toreceptors apical processes. Neuronal cultures prepared from retinas
obtained from 2-day-old rats without (A–C, G, I) or with 1 mM C1P
(D–F, H, J) added at day 1 were fixed at day 6. Confocal (A–F) and
fluorescence photomicrographs show labeling with a-acetylated tubu-
lin (A, D), peripherin (B, E, G, H, arrows), merged labeling (C, F) and
opsin (I, J). Note that in control cultures a-acetylated tubulin-stained
cilia (A, C, arrowheads) colocalized with peripherin labeling (C, ar-
rowhead and arrow), which showed only weak staining (G, open
arrow); opsin staining was evident in cell body and cilium (I, open
arrow). In C1P-supplemented cultures, photoreceptors had prominent
apical processes that protruded from a-acetylated tubulin-labeled cilia
(D, F, arrowheads) and showed an intense peripherin (E, H, arrows)
and opsin labeling (J, arrow). Scale bar, 5 mm.
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in macrophages and fibroblasts.8 Its exogenous addition in-
duces several responses, such as cell survival, DNA synthesis,
and increase in Ca21 levels.2,45 C1P functions in the retina are
virtually unknown. In Drosophila, a mutation in CerK leads to
failure in the phototransduction pathway and degeneration in
photoreceptors.46 Particularly intriguing is the identification in
the retina of a CerKL enzyme, homolog to CerK, since an
autosomal recessive form of human retinitis pigmentosa is due
to its mutation20,21; this is the first direct evidence of a rela-
tionship between sphingolipid metabolism and retinal degen-
eration. Though as stated above, CERKL does not seem to
regulate ceramide nor C1P levels,22 its overexpression protects
cultured cells from oxidative-stress–induced apoptosis.

C1P as a Promoter of Proliferation and
Differentiation of Photoreceptors

In mice, genesis of rod photoreceptors starts at embryonic day
13, peaks at birth, and many progenitor cells remain mitotically
active postnatally until as late as postnatal days 3 to 5.47,48 We
have shown that cultures obtained from day 0 rat retinas show
many mitotically active neuroblasts, which differentiate mainly
as photoreceptors.25,31 Uncovering molecular signals able to
regulate the proliferation of progenitor cells and instruct their
later differentiation as photoreceptors has become increasingly
relevant, since the finding of stem cells in the retina, which
may provide a therapeutic alternative to replace lost neurons in
retinal degenerations. The present results show that exoge-
nous addition of C1P to postnatal day (PN)0 neuronal cultures
had a mitogenic effect, promoting the proliferation of photo-

receptor progenitors. As stated above, C1P has been shown to
enhance proliferation in fibroblasts and macrophages, al-
though at a much higher concentration.5,49 Recent work has
uncovered the intracellular pathways activated by C1P in mac-
rophages to promote cell division, which include the phos-
phatidylinosititol-3-kinase (PI3K)/protein kinase B (or Akt), the
MAPK (mitogen protein kinase)/extracellularly regulated
(ERK) 1-2 and c-Jun N-terminal kinase (JNK) pathways and the
translocation of PKC (protein kinase C)-a from cytosol to the
cell membrane.5,50 Although further research is needed to
establish whether C1P turns on similar pathways in retinal
neuroblasts, our results clearly support C1P as one of the
molecular cues that activate the cell cycle in photoreceptor
progenitors.

Development of photoreceptors is a multistep process;
once they undergo their final mitosis, they gradually advance in
their differentiation, requiring several days to express specific
proteins and acquire their characteristic morphology. They
initially develop a connecting cilium and then start expressing
opsin and assembling and accumulating opsin-enriched mem-
branes at the tip of the cilium. These membranes will eventu-
ally form the outer segment discs, where all the phototrans-
duction machinery is located. In vitro, the differentiation of
photoreceptors seems to be arrested in the absence of trophic
factors, with photoreceptor cells resembling their immature in
vivo counterparts.44 Exogenously added C1P promoted photo-
receptor differentiation, and it increased the levels of opsin and
peripherin, two photoreceptor-specific proteins that are essen-
tial components of photoreceptor outer segments. C1P also
stimulated the formation of apical processes that resemble
rudimentary outer segments and promoted the localization of
opsin and peripherin in these processes. It is noteworthy that
CERK overexpression has been shown to inhibit differentiation
induced by all-trans retinoic acid in a neuroblastoma cell
line,51 suggesting that C1P effect on differentiation depends on
the cell type.

We have shown that S1P and glial-derived neurotrophic
factor (GDNF), a photoreceptor trophic factor stimulate the
cell cycle in photoreceptor progenitors. Moreover, GDNF up-
regulates the expression of sphingosine kinase-1, the enzyme
responsible for S1P synthesis, thus increasing the levels of S1P,
which signals GDNF mitogenic effect.25 Likewise, we have
demonstrated that S1P and docosahexaenoic acid (DHA) allow
photoreceptor differentiation to proceed,25,28,40,52 as C1P did.
As is the case with GDNF, S1P is a mediator of the effects of
DHA, which also promotes S1P synthesis by upregulating sph-
ingosine kinase-1 expression.25 Information implicating
trophic factors in the regulation of C1P levels is still scarce.
IL1-b increases C1P levels in a pulmonary adenocarcinoma cell
line.53 TNF-a stimulates CerK activity in HL-60 cells,54 whereas
downregulation of CerK reduces growth, promotes apoptosis,
and blocks epithelial growth factor-induced proliferation in
lung adenocarcinoma cells.55 This leads us to propose that the
synthesis of C1P in photoreceptors might be modulated by
trophic factors such as GDNF and DHA, to promote the pro-
liferation and later differentiation of photoreceptor progeni-
tors; however, establishing whether C1P acts as a second
messenger for photoreceptor trophic factors necessitates fur-
ther research.

C1P as an Antiapoptotic Mediator
in Photoreceptors

C1P has been shown to promote cell survival, acting as a
potent inhibitor of apoptosis in macrophages and lung epithe-
lial cells.6,8,56,57 Our results are the first to show a protective
effect of C1P on neurons, promoting the survival of photore-
ceptors during their development in vitro. Previous work has
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FIGURE 5. C1P promoted the development of apical processes. Neu-
ronal cultures supplemented at day 1 without (Ctl) or with 1, 5, or 10
mM C1P were incubated for 5 days and then immunostained to detect
opsin and peripherin. The effect of the concentration of C1P on the
formation of apical processes in opsin-positive photoreceptors (A) was
studied. The percentage of peripherin-positive photoreceptors devel-
oping only cilia or cilia plus apical processes (B) without (Ctl) or with
C1P were also determined. *Statistically significant differences com-
pared to the controls (P # 0.05).
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shown that an increase in ceramide levels triggers apoptosis of
photoreceptors in different situations of cell stress,23 and this
death involves the loss of mitochondrial potential.23 C1P pro-
tection of photoreceptors involves the preservation of this
potential, suggesting that it activates pathways that are up-
stream mitochondrial depolarization. C1P has been shown to
prevent apoptosis in macrophages by blocking the increase in
ceramide levels that triggers apoptosis, by inhibiting either
acid sphingomyelinase or de novo synthesis of ceramide.6,57

C1P protection is similar to that exerted by S1P and DHA,
which prevent photoreceptor apoptosis at early stages of in
vitro culture.25,28,42,44 Inhibiting ceramide accumulation pre-
vents apoptosis in retina photoreceptors in vitro, and DHA
protective effects involve the upregulation of the expression of

enzymes that decrease ceramide levels.23 Similarly, photore-
ceptor trophic factors may upregulate CerK expression as an
additional way of avoiding a dangerous increase in intracellular
ceramide content.

In our study, C1P stimulated photoreceptor differentiation,
increasing opsin and peripherin expression, and concurrently
enhanced photoreceptor survival, decreasing apoptosis. These
may be separate effects, in a sequential pathway, or increased
differentiation might simply be a consequence of a larger
population of surviving photoreceptors being able to advance
their differentiation. Since we have established that at least
caspase-3 is activated during photoreceptor apoptosis in
vitro,42 we used a pan-caspase inhibitor to distinguish between
these two alternative explanations. Although this inhibitor con-

FIGURE 6. C1P prevented photore-
ceptor apoptosis during develop-
ment in vitro. Cultures supple-
mented with vehicle (A–D, I, J, N, O)
or with 1 mM C1P (E–H, K, L, P, Q)
at day 1, were fixed at day 6. Nomar-
sky (A, E), phase-contrast (I, K), con-
focal fluorescence (B, C, F, G), fluo-
rescence (J, L, N, P), and merged
Nomarsky1fluorescence (D, H, O,
Q) micrographs show annexin V (B,
F, green), PI (C, G, red fluores-
cence), annexin V/PI (D, H), TUNEL
(J, L), and red mitochondrial tracer
(MitoTracker; Invitrogen) (N, O, P,
Q) labeling. The percentage of apo-
ptotic photoreceptors (M) was deter-
mined by quantifying the number of
pyknotic, or fragmented, nuclei with
DAPI. The percentage of photore-
ceptors preserving their mitochon-
drial membrane potential (R) was
evaluated using the mitochondrial
tracer. Note that the amount of cells
double labeled with annexin V and PI
in control cultures (B, C, arrows in
D) and TUNEL-positive cells (J) were
markedly reduced in C1P-supple-
mented cultures (F, G, arrows in H;
L). Mitochondrial depolarization was
evident in many photoreceptors in
the controls (N, O, arrowheads); ad-
dition of C1P preserved photorecep-
tor mitochondrial potential (P, Q,
thin arrows). *Statistically significant
difference compared with the con-
trol (P , 0.05). Scale bar, 20 mm.
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siderably reduced photoreceptor apoptosis in cultures lacking
C1P, no simultaneous increase in opsin expression accompa-
nied this reduction. Remarkably, the amount of apoptotic pho-
toreceptors in C1P-supplemented cultures was the same in
cultures, with or without the caspase inhibitor. These results
imply that C1P effects on photoreceptor differentiation do not
result from an increased survival of these cells, but are separate
effects. They also suggest that C1P inhibits caspase activation,
probably through its prevention of mitochondrial membrane
permeabilization, as part of its antiapoptotic effect.

In conclusion, these results are the first evidence that C1P
acts as an intracellular signal in photoreceptors, promoting the
proliferation of photoreceptor progenitors during early devel-
opment in vitro, and later on, their differentiation and survival.
These multiple effects of C1P, together with those previously
established for ceramide, sphingosine, and S1P underscore the
relevance of sphingolipids as key mediators in the regulation of
development and survival in photoreceptors.
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