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Abstract

Identifying the trophic factors for retina photoreceptors and
the intracellular pathways activated to promote cell survival
is crucial for treating retina neurodegenerative diseases.
Docosahexaenoic acid (DHA), the major retinal poly-
unsaturated fatty acid, prevents photoreceptor apoptosis
during early development in vitro, and upon oxidative stress.
However, the signaling mechanisms activated by DHA are
still unclear. We investigated whether the extracellular signal
regulated kinase (ERK)/mitogen-activated protein kinase
(MAPK) or the phosphatidylinositol-3-kinase (PI3K) pathway
participated in DHA protection. 1,4-Diamino-2,3-dicyano-1,4-
bis(2-aminophynyltio) butadiene (U0126), a specific MEK
inhibitor, completely blocked the DHA anti-apoptotic effect.
DHA rapidly increased ERK phosphorylation in photorecep-
tors, whereas U0126 blocked this increase. U0126 hindered
DHA prevention of mitochondrial depolarization, and blocked

the DHA-induced increase in opsin expression. On the
contrary, PI3K inhibitors did not diminish the DHA protective
effect. DHA promoted the early expression of Bcl-2, de-
creased Bax expression and reduced caspase-3 activation
in photoreceptors. These results suggest that DHA exclu-
sively activates the ERK/MAPK pathway to promote photo-
receptor survival during early development in vitro and upon
oxidative stress. This leads to the regulation of Bcl-2 and
Bax expression, thus preserving mitochondrial membrane
potential and inhibiting caspase activation. Hence, DHA, a
lipid trophic factor, promotes photoreceptor survival and
differentiation by activating the same signaling pathways
triggered by peptidic trophic factors.
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Identifying the trophic factors required for retina photore-
ceptor survival, and the intracellular pathways they activate
in order to prevent photoreceptor apoptosis, is crucial for
designing procedures to rescue photoreceptors from dying in
retina neurodegenerative diseases. Several trophic factors,
such as taurine, retinoic acid, basic fibroblast growth factor
(FGF), brain-derived neurotrophic factor, ciliary neurotroph-
ic factor (CNTF), pigment epithelium-derived factor, inter-
leukin-1B and glial-derived neurotrophic factor (Altschuler
et al. 1993; Fontaine et al. 1998; Lavail et al. 1998; Morrow
et al. 1998; Frasson et al. 1999; Jablonski et al. 2000; Politi
et al. 2001a) are known to promote photoreceptor survival
and differentiation. Docosahexaenoic acid (DHA), the most
abundant polyunsaturated fatty acid in the retina, is also
essential for photoreceptor survival during early development
in culture (Rotstein et al. 1996, 1997, 1998; Politi et al.
2001a,b). DHA has long been known to be critical for proper
visual function; its deficiency impairs the electric response to
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illumination, decreases visual acuity and affects retinal
development (Neuringer ef al. 1984, 1985; Uauy et al.
1990). We demonstrated that, in addition to its structural
relevance, DHA postpones the apoptosis of photoreceptors,
which otherwise occurs in the absence of trophic factors
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during their early development in culture (Rotstein et al.
1997; Politi et al. 2001b), and effectively prevents photore-
ceptor apoptosis induced by oxidative stress (Rotstein et al.
2003). DHA also induces photoreceptor progenitors to exit
the cell cycle (Insua ef al. 2003) and stimulates their
differentiation (Rotstein et al. 1996, 1998). Hence, DHA
acts as a lipid trophic molecule controlling several aspects of
photoreceptor development and survival.

The protective effect of DHA has also been shown in a
neuroblastoma cell line (Kim ef a/. 2000) and in retinal
pigment epithelium cells subjected to oxidative stress
(Mukherjee et al. 2004). Being a lipid molecule, the way
in which DHA promotes survival is intriguing. Trophic
factors usually promote cell survival by activating the
phosphatidylinositol-3-kinase (PI3K) and/or the extracellu-
lar-signal regulated kinase (ERK) pathway. The PI3K
pathway is actively involved in the regulation of survival
and growth in the retina (Hernandez-Sanchez et al. 1995),
and is essential for the survival of amacrine neurons
mediated by insulin growth factor 1 (Politi et al. 2001c)
and in estrogen-mediated neuroprotection for retinal neurons
(Yu et al. 2004). The signaling pathway of either the
mitogen-activated protein kinases (MAPKs) or the ERKs,
which participates in neuronal survival, proliferation and
differentiation, is also functional in the retina. It comprises a
family of serine/threonine kinases, named MAPKSs, and
MAPK kinases (either MAPKK or MEK), which activate
ERK through phosphorylation (Chang and Karin 2001). Its
activation is required for FGF2-stimulated survival in rat
retinal neurons (Desire ef al. 2000), and specifically in
photoreceptors (Kinkl et al. 2001).

In this work we investigated whether these pathways were
involved in the anti-apoptotic effect of DHA on photorecep-
tors, and whether DHA modulated Bcl-2 and Bax expression
during the in vitro development of photoreceptors. Our
results show that DHA prevented photoreceptor apoptosis
exclusively through the activation of MEK and the subse-
quent phosphorylation of ERK, as blocking the PI3K pathway
did not affect DHA protection. Activation of ERK then led to
the regulation of the levels of anti- and pro-apoptotic proteins
of the Bcl-2 family. This suggests that the ERK/MAPK
pathway is the main pathway activated by DHA in photor-
eceptors to promote survival both early during development
and upon oxidative stress; hence, although a lipid molecule,
DHA activated the same pathways as well-known peptidic
trophic factors to promote photoreceptor survival.

Materials and methods

Materials

Albino Wistar rats (1-2-days old) bred in our own colony were used
in all the experiments. All proceedures concerning animal use were
carried out in accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. Plastic 35-mm diameter
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culture dishes and multichambered slides were from Inter Medical
(Nunc, Naperville, IL, USA). Fetal calf serum was from Centro de
Virologia Animal (CEVAN, Buenos Aires, Argentina) and Dul-
becco’s modified Eagle’s medium (DMEM) was from Life Technol-
ogies (Grand Island, NY, USA). Trypsin, trypsin inhibitor, transferrin,
hydrocortisone, putrescine, insulin, polyornithine, selenium, genta-
mycin, 4,6-diamidino-2-phenylindole (DAPI), fluorescein-conju-
gated secondary antibodies, paraformaldehyde, TRITC-labeled
phalloidin, paraquat dichloride (methyl viologen, 1,1’-dimethyl-
4,4 -bipyridinium dichloride; PQ) and monoclonal anti-syntaxin
clone HPC-1 syntaxin were from Sigma (St Louis, MO, USA).
Monoclonal antibodies for Bax, Bcl-2, phospho-ERK1/2 and secon-
dary antibody, goat anti-mouse IgG-horseradish peroxidase (HRP)
and goat anti-rabbit I[gG-HRP, were from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA, USA) and ERKI1/2 was from Promega
(Madison, WI, USA). Secondary antibody, Alexa 488-conjugated-
goat anti-mouse, MitoTracker (CMXRos) was from Molecular Probes
(Eugene, OR, USA). Tyramine was from NEN Life Science Products
(DuPont, Wilmington, DE, USA) and ABC reagents from Vector
Laboratories (Burlingame, CA, USA). 1,4-Diamino-2,3-dicyano-1,4-
bis(2-aminophynyltio) butadiene (U0126), wortmaninn, LY294002
and kainic acid were from Biomol (Plymouth Meeting, PA, USA).
Monoclonal Rho4D2 was a generous gift from Dr R. Molday
(University of South Columbia). DHA, from Sigma, was further
purified following the method described by Rotstein et al. (1996,
1997). All other reagents used were analytical grade.

Neuronal cultures

Pure neuronal cultures were obtained following procedures previ-
ously established (Rotstein et al. 1996, 1997). Neuronal cell types
were identified by their morphology using phase-contrast microscopy
and by immunocytochemistry, using the monoclonal antibodies
syntaxin (HPC-1) and Rho4D2, which selectively react with amacrine
and photoreceptor neurons, respectively (Barnstable 1980; Hicks and
Barnstable 1987; Kljavin et al. 1994).

Photoreceptors have a small round cell body (3-5 pm in
diameter) with a single neurite, which usually end in a conspicuous
synaptic ‘spherule’; sometimes they display a connecting cilium at
the opposite end, but they fail to develop their characteristic outer
segments; opsin is diffusely distributed over their cell body, which is
usually darker than that of amacrine neurons. To be identified as
photoreceptors, the cells had to display at least three of the above
described criteria. Amacrine neurons are larger than photoreceptors
(7-20 pm in diameter) and have multiple neurites. Almost all of
them show HPC-1 immunoreactivity starting at early stages of
development, and this immunoreactivity is retained even after
undergoing degenerative changes that alter their morphological
appearance (Politi et al. 2001c).

Selective elimination of amacrine neurons

To specifically evaluate protein expression and activity in photor-
eceptors, amacrine neurons were selectively eliminated from the
cultures with 60 pm kainic acid (Abrams et al. 1989).

DHA supplementation

DHA (6.7 um), complexed with bovine serum albumin (BSA), was
usually added at day 1 in vitro (Rotstein et al. 1996). However, in
experiments using either U0126 or PI3K inhibitors, DHA was added
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at different times in vitro, as indicated in each case. The same
volume and concentration of BSA solution was added to control
cultures.

Addition of U0126

Cultures were treated with the MEK inhibitor U0126 at a final
concentration of 10 pm. Three different protocols were assayed. In
the first, U0126 was added at day 1 in vitro and cultures were
supplemented with either BSA or DHA 30 min later. In the second,
either BSA or DHA was added at day 1 and U0126 was added at
day 4. In the third, U0126 was added at day 4 and 30 min later the
cultures were supplemented with either BSA or DHA. As the
inhibitor showed the same effect in all cases, the first protocol
described was used for further experiments.

Addition of wortmaninn and LY294002

Cultures were also treated with two different inhibitors of PI3K,
wortmaninn and LY294002, at 100 nm and 10 pm concentrations,
respectively. Because of the short lifetime of wortmaninn, these
inhibitors were added at day 4; DHA was added 1 h later and cells
were fixed after 24 h.

Paraquat addition

Cultures treated with U0126 at day one in vitro, 30 min before DHA
supplementation, were treated at day 3 with 48 um PQ (Rotstein
et al. 2003) for 24 h.

Measurement of caspase-3 activity

The activity of caspase-3 was determined in 6-day-old cultures by a
fluorometric assay (EnzChek ™" Caspase-3 Assay Kit #2; Molecular
Probes); essentially following the method described by the
manufacturer with slight modifications. Half of the culture media
was removed from cultures supplemented with either BSA (control)
or DHA, which were then treated with kainic acid. After 1 h, cells
were washed twice with DMEM, and the original media was
restored for another 1 h of incubation. Cells were harvested and
washed in phosphate-butfered saline (PBS), lysed as reported in the
manufacturer’s instructions, and centrifuged at 13 000 rpm
(14 400 g) for 15 min at 4°C. The protein content was determined
by the method described by Bradford (1996); 70 uL of each sample
was then mixed with the caspase-3 specific substrate Z-DEVD-R110
and incubated at room temperature (22°C) for 30 min. Substrate
cleavage was monitored at room temperature (22°C) using an
excitation wavelength of 485 nm and emission detection at 530 nm
in a SLM model 4800 fluorimeter (SLM Instruments, Urbana, IL,
USA). The temperature was set at 20°C with a thermostated
circulating water bath (Haake, Darmstadt, Germany). A standard
curve with the R110 reference standard was prepared to determine
nmoles of product produced in the caspase-3 reactions, and results
were shown as nmoles of product/pg protein. To confirm that
substrate cleavage was the result of caspase activity, part of the lysed
samples were incubated with the caspase-3-specific inhibitor Ac-
DEVD-CHO, and caspase activity was then evaluated.

Immunocytochemical methods

Cultures were fixed for at least 1 h with 2% paraformaldehyde in
PBS, followed by permeation with Triton X-100 (0.1%) for 15 min.
Neuronal cell types were identified with specific monoclonal
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antibodies, as described above. Alexa 488-conjugated goat anti-
mouse was used as the secondary antibody. Tyramide signal
amplification was occasionally used to improve visualization,
following the procedure described by the manufacturer. Controls
for immunocytochemistry were performed by omitting either the
primary or the secondary antibody.

The number of photoreceptors expressing either Bax or Bcl-2
with respect to the total number of photoreceptors was determined
by immunocytochemistry using specific monoclonal antibodies.

Determination of apoptotic cells

Apoptotic cells were determined by evaluating the integrity of nuclei
after staining cell nuclei with DAPI, a fluorescent dye that binds to
DNA. Briefly, cells were permeated with 0.1% Triton X-100,
washed with PBS and incubated with DAPI for 20 min. Cells were
considered to be apoptotic when they showed either fragmented or
condensed (pycnotic) nuclei.

Evaluation of mitochondrial membrane potential

To assess the number of cells preserving their mitochondrial
membrane potential, cultures were incubated for 30 min before
fixing with the fluorescent probe MitoTracker (0.1 pg/mL); the
number of either photoreceptors or amacrine cells displaying
fluorescent mitochondria with respect to the total number of each
cell type was determined.

Expression of phospho-ERK in photoreceptors

Cultures were supplemented with either BSA or DHA after 24 h,
and pERK expression was determined after 1 and 4 h by
immunocytochemistry using a pERK monoclonal antibody.

To confirm the effects of DHA on pERK expression, the levels of
ERK1/2 and phospho-ERK1/2 were determined by western blot. At
day 3, cultures were treated overnight with kainic acid to eliminate
amacrine neurons, which had a significant pERK expression, and
were stimulated at day 4 with DHA. To evaluate whether U0126
blocked the DHA-mediated pERK increase, this inhibitor was added
before DHA stimulation. At different time periods cells were rinsed
with PBS and lysates were prepared. Proteins, dissolved in 6X
Laemmli sample buffer, were separated on sodium dodecyl sulfate
(SDS)-polyacrylamide (10%) gels (Laemmli 1970), and electro-
transferred to polyvinylidene difluoride (PVDF) membranes, which
were then blocked to avoid non-specific binding for either 2 h at
room temperature or overnight at 4°C in PBS buffer containing 5%
skimmed milk. Anti-phospho ERK1/2 (p42/44) or anti-ERK1/2
antibodies were then allowed to react with the membranes overnight
at 4°C or for 2 h at room temperature, respectively. Membranes
were washed three times in PBST (0.1% Tween 20), incubated with
a1 : 10 000 dilution of either peroxidase-conjugated anti-mouse or
anti-rabbit secondary antibody, respectively, for 1 h at room
temperature, and washed three additional times with PBST.
Visualization was performed by an enhanced chemiluminiscent
technique (ECL) following the manufacturer’s instructions. Images
were obtained and bands were quantified as described by Gentili
et al. (2001).

Statistical analysis
The results represent the average of at least three separate
experiments (+ SD), unless specifically indicated, and each experi-
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ment was performed in triplicate. For cytochemical studies, 10 fields
per sample were analyzed in each case. Statistical significance was
determined by a Student’s two-tailed #-test.

Results

The anti-apoptotic effect of DHA during photoreceptor

development is closely related to the preservation

of the mitochondrial membrane potential

In our culture conditions photoreceptors develop normally
for 3—4 days and then degenerate through an apoptotic
pathway (Rotstein et al. 1996, 1997). Consistent with
previous results, most photoreceptors in control conditions
showed pycnotic nuclei by day 6 (Figs 1c and g), whereas in
DHA-supplemented cultures most photoreceptors presented
intact nuclei at the same time of development (Fig. 1f). DHA
reduced photoreceptor apoptosis at every time studied
(Fig. 1g). Photoreceptor apoptosis during early development
in vitro was parallel to a decrease in the number of

\

Mitotracker

Fig. 1 Docosahexaenoic acid (DHA) prevented photoreceptor apop-
tosis and mitochondrial depolarization during development in culture.
Phase contrast (a and d) and fluorescence (b, ¢, e and f), micrographs
showing mitochondrial membrane potential with the fluorescent probe
MitoTracker (b and e) and nuclei integrity observed with DAPI (c and f)
in 6-day-old retinal neurons either with (d, e and f) or without (a, b and
c) 6.7 um DHA, added at day 1 in culture. Note that in DHA-supple-
mented cultures photoreceptors showed bright fluorescent mitochon-
dria and intact nuclei (arrows in d, e and f), whereas in cultures without
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photoreceptors maintaining their mitochondrial membrane
potential (Figs 1b and h). Although about 50% of photore-
ceptors showed active mitochondria at early culture times,
few had functional mitochondria after 11 days (Fig. lh).
DHA prevented mitochondrial depolarization (Figs le and
h); by day 7, and still by day 11, the number of photore-
ceptors retaining their mitochondrial membrane potential in
DHA-supplemented cultures was significantly higher than
in controls (Fig. 1h).

The MEK inhibitor U0126 blocked DHA prevention of
photoreceptor death during development

To establish whether the activation of the ERK/MAPK
pathway was involved in the protective effect of DHA, we
treated cultures with the MEK /2 inhibitor U0126 at day 1,
before DHA supplementation. At day 6, DHA-supplemented
cultures showed less apoptotic photoreceptors than in
controls, with more photoreceptors having active mitochon-
dria (Figs 2b, e and h). The addition of U0126 blocked DHA
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DHA, photoreceptors presented faintly fluorescent mitochondria and
pycnotic nuclei (arrows in a, b and c). Amacrine neurons are indicated
with arrowheads. The scalebar in panel (f) represents 10 um. Retinal
neurons were cultured for different times either without (control) or with
DHA. (g) Bars represent the percentage of apoptotic photoreceptors,
determined by analyzing nuclei integrity with 4,6-diamidino-2-pheny-
lindole (DAPI), and the percentage of photoreceptors preserving their
mitochondrial membrane potential (h). *Statistically significant differ-
ences, compared with control (p < 0.01).
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Fig. 2 Effect of 1,4-diamino-2,3-dicyano-1,4-bis(2-aminophynyltio)
butadiene (U0126) on docosahexaenoic acid (DHA) prevention of
photoreceptor death during development. Phase contrast (a—c) and
fluorescence (d—i) micrographs showing mitochondrial membrane
potential (d—f) and nuclei labeled with DAPI (g—i), in 6-day-old retinal
neurons cultured with DHA (b, e and h), without DHA (a, d and g), or

protection: photoreceptor cell bodies shrunk, they lost their
neurites and their characteristic morphology, most of their
nuclei were either fragmented or pycnotic (arrows in Figs 2¢
and i), and they failed to preserve their mitochondrial
membrane potential (Fig. 2f). The percentage of apoptotic
photoreceptors increased to about the same level as that
found in controls (Fig. 3a). U0126 did not affect the
apoptosis of photoreceptors in 6-day-old control cultures,
which remained at 60% of the total photoreceptors, as in
cultures lacking U0126 (Fig. 3a).

By day 6, the percentage of photoreceptors still preserving
mitochondrial membrane potential in control conditions was
about 40%, and this percentage was unaffected by U0126.
In contrast, the addition of U0126 prior to DHA supple-
mentation decreased the percentage of photoreceptors main-
taining mitochondrial membrane potential (Fig. 3b) from
60%, in DHA-supplemented UO0126-lacking cultures, to
about 40% when U0126 was added before DHA.

© 2006 The Authors

with DHA plus U0126 (c, f and i). DHA prevented both the loss of
mitochondrial membrane potential and nuclear fragmentation in pho-
toreceptors (thin white arrows in b, e and h). This protective effect was
blocked by U0126; note mitochondrial depolarization and the presence
of fragmented nuclei (open arrows in f and i). The scalebar in (i)
represents 10 pm.

U0126 blocked DHA protection of photoreceptor
apoptosis induced by oxidative stress

To find out whether the activation of the MEK/ERK pathway
was also involved in the DHA protection of photoreceptors
from oxidative stress, DHA-supplemented cultures, pre-
treated either with or without U0126, were treated with the
oxidant PQ at day 3. In the absence of U0126, DHA
effectively prevented photoreceptor apoptosis occuring after
PQ treatment (Figs 4a, ¢ and e). The addition of U0126
inhibited this protection, and PQ increased photoreceptor
death with a concomitant loss of mitochondrial membrane
potential in these cells, in spite of DHA supplementation
(Figs 4b, d and 5a). As previously demonstrated (Rotstein
et al. 2003), PQ increased photoreceptor apoptosis from
around 25% in controls to about 60% of total photoreceptors
in PQ-treated cultures (Fig. 5(a)), whereas DHA supplemen-
tation reduced PQ-induced apoptosis to about 40% of
photoreceptors. However, when U0126 was added before
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Fig. 3 1,4-Diamino-2,3-dicyano-1,4-bis(2-aminophynyltio) butadiene
(U0126) inhibited docosahexaenoic acid (DHA) prevention of photo-
receptor death during development. Retinal neurons were cultured for
6 days either without (control) or with DHA in cultures incubated either
with (+U0126) or without U0126 (-U0126). The percentage of apop-
totic photoreceptors (a) was determined with DAPI and the percentage
of photoreceptors preserving mitochondrial membrane potential (b)
was determined by using MitoTracker. *Statistically significant differ-
ences, compared with control (p < 0.01).

DHA, the number of apoptotic photoreceptors was the same
as that found in PQ-treated cultures lacking DHA (Fig. 5a),
suggesting MEK1/2 activation was essential for DHA
protection.

Although DHA prevented PQ-induced mitochondrial
depolarization in photoreceptors (Figs 4c and 5b), U0126
hampered this protection; in its presence, PQ treatment of
DHA-supplemented cultures decreased the number of pho-
toreceptors preserving mitochondrial membrane potential to
the same values observed in samples without DHA (Figs 4d
and 5b).

U0126 blocked the increase in opsin expression
promoted by DHA addition

DHA improves the early steps of photoreceptor differenti-
ation, increasing opsin expression in these cells (Rotstein
et al. 1998). We now investigated if this effect also depended
on the activation of the ERK/MAPK pathway. DHA addition
doubled the number of photoreceptors expressing opsin,
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compared with control cultures (Fig. 6). However, the
addition of U0126 before DHA supplementation barred this
increase, and the number of opsin-expressing photoreceptors
in cultures with DHA and U0126 was the same as that found
in controls, suggesting that the increase in opsin expression
required the activation of the ERK/MAPK pathway.

DHA promoted phosphorylation of ERK

Next, we investigated whether the addition of DHA promo-
ted ERK phosphorylation. In 1-day-old cultures supple-
mented with either DHA or BSA, no increase in pERK
labeling was observed 1 h after the addition of DHA.
However, after 4 h, pERK labeling in photoreceptors in
DHA-supplemented cultures markedly increased, compared
with controls (Fig. 7).

We then analyzed pERK levels by western blot. To
eliminate the amacrine neuron contribution to ERK phos-
phorylation, 3-day-old cultures were treated with kainic acid
overnight, and the time-course of ERK phosphorylation after
DHA stimulation was then analyzed. Both ERK isoforms,
ERK1 (44 kDa) and ERK2 (42 kDa), were present in
photoreceptors, with ERK2 being the major isoform
(Fig. 8a). DHA activation of MEK was very rapid; although
the levels of pERK1/2 were the same in DHA-treated and
untreated cultures 5 min after the addition of DHA (not
shown), an increase in ERK phosphorylation was already
observed after 10 min (Fig. 8a). Although total ERK levels
were constant after DHA supplementation, ERK presented
two peaks of phosphorylation, one at 10 min and the other
one after 4 h of DHA addition, to finally decrease after 9 h
(Figs 8a, b and c).

The addition of U0126 at day 4, 30 min before the
addition of DHA, blocked the DHA-induced increase in
pERK (Fig. 9); 10 min after the addition of DHA, cultures
treated with U0126 showed no increase in pERK levels
(Fig. 9b). These results suggest that DHA activated MEK,
which in turn phosphorylated ERK. The inhibition of MEK
activation blocked the increase in pERK levels prompted by
DHA, consequently impeding DHA effects on photo-
receptors.

Interestingly, under basal conditions, amacrine neurons,
the other major cell type in the cultures, also showed an
intense pERK labeling; however, ERK phosphorylation in
these cells was not enhanced by DHA (Fig. 7, arrowheads).
Moreover, the addition of U0126 did not increase amacrine
cell apoptosis (not shown). This indicates that although the
ERK/MAPK pathway was operative in these neurons, it was
not regulated by DHA, and ERK activation was not involved
in promoting amacrine cell survival.

Wortmaninn and L.Y294002 did not inhibit the
protective effect of DHA

To establish if the PI3K pathway also participated in DHA
protection of photoreceptors, cultures were treated with either
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Fig. 4 Effect of 1,4-diamino-2,3-dicyano-
1,4-bis(2-aminophynyltio) butadiene
(U0126) on docosahexaenoic acid (DHA)
prevention of photoreceptor apoptosis upon
oxidative stress. Cultured retinal neurons
were incubated either with DHA (a, c and €)
or with DHA plus U0126 (b, d and f) and
treated at day 3 with 48 pm paraquat (PQ)
for 24 h. Phase contrast (a and b) and
fluorescence (c—f) micrographs showing
mitochondria labeled with MitoTracker (c
and d) and nuclei labeled with 4,6-diamidi-
no-2-phenylindole (DAPI) (e and f). DHA
prevented the loss of mitochondrial mem-
brane potential and nuclear fragmentation
of photoreceptors (thin white arrows in ¢
and e) induced by oxidative stress, and
U0126 blocked this protection, as shown by
the pale fluorescence indicating mitoch-
ondrial depolarization and the noticeable
nuclei fragmentation (open arrows in d and
f). The scalebar in (b) represents 10 um.

wortmaninn or LY294002 at day 4, and apoptosis in cultures
with and without DHA was evaluated 24 h later. None of
these inhibitors diminished the anti-apoptotic effect of DHA
(not shown). At day 5 in culture, already 46% of photore-
ceptors were apoptotic in the control BSA-supplemented
conditions, either with or without wortmaninn and
LY294002. DHA reduced photoreceptor apoptosis to 30%,
and this reduction was unaffected by treatment with either
wortmaninn or LY294002 before the addition of DHA.

On the contrary, amacrine neurons, which depend on the
PI3K pathway for their survival (Politi ef al. 2001c),
markedly increased their apoptosis in cultures treated with
wortmaninn and LY294002 (not shown). Altogether, these
results strongly suggest that DHA did not activate the PI3K
pathway to achieve photoreceptor protection.

DHA increased Bcl-2 expression and decreased Bax
expression in photoreceptors

We then investigated whether DHA affected the expression
of Bcl-2 and Bax, anti- and pro-apoptotic proteins of the Bcl-
2 family, respectively, which are crucial regulators of
mitochondrial outer membrane permeability. In cultures
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lacking trophic factors, about 37% of the total photoreceptors
expressed Bcl-2 at day 4, and this expression decreased
during development reaching 20% by day 9 (Fig. 10a). DHA
promoted an early and significant increase in Bcl-2 expres-
sion: at day 4, about 60% of photoreceptors expressed this
protein, almost doubling the value in control cultures.
Although Bcl-2 expression then decreased with time, it was
still significantly higher than in controls by day 6 (30% and
40% of photoreceptors, in control and DHA-supplemented
cultures, respectively) and only matched control values by
day 9.

The percentage of photoreceptors expressing Bax, almost
negligible during the first days in culture, markedly increased
during development in vitro, consistent with the increase in
photoreceptor apoptosis (Fig. 10b), from 2% at day 4 to 10%
and almost 30% of these cells at days 6 and 9, respectively.
DHA did not affect the percentage of Bax-expressing
photoreceptors at early culture times, but reduced it signi-
ficantly by day 9.

As Bcl-2 and Bax both form heterodimers, which of these
proteins predominates seems to be critical in determining cell
fate (Bernardi et al. 2001). In control cultures, the ratios
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Fig. 5 1,4-Diamino-2,3-dicyano-1,4-bis(2-aminophynyltio) butadiene
U0126 blocked docosahexaenoic acid (DHA) protective effects on
photoreceptors subjected to oxidative stress. Retinal neurons (3-days
old) were pre-incubated with either the MEK inhibitor U0126 (+U0126)
for 30 min or with vehicle (-U0126), and then supplemented either
without (control) or with DHA at day 1. The cultures were finally either
treated or not with paraquat (PQ) for another 24 h. The percentage of
apoptotic photoreceptors (a) was determined with 4,6-diamidino-2-
phenylindole (DAPI) and the percentage of photoreceptors preserving
mitochondrial membrane potential (b) was quantified using Mito-
Tracker. *Statistically significant differences, compared with control
(p <0.01).

between the percentages of photoreceptors expressing Bcl-2
vs. those expressing Bax were the highest, about 13%, by
day 4 and markedly decreased during development, to less
than 1% by day 9 (Fig. 10c), consistent with the increase in
photoreceptor apoptosis. DHA significantly increased the
Bcl-2/Bax ratio, compared with controls; it was almost 25
after 4 days in vitro, and although it decreased during
development, it was still double that of controls by day 6,
and only dropped to the same value as found in controls by
day 9.

DHA decreased caspase-3 activity

Caspase activation leads to much of the orchestrated cellular
destruction that occurs in apoptosis. However, involvement
of caspases in photoreceptor apoptosis is still controversial.
Because mitochondrial depolarization leads to the subse-
quent activation of caspase-9 and -3, we investigated whether
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Fig. 6 1,4-Diamino-2,3-dicyano-1,4-bis(2-aminophynyltio) butadiene
(U0126) inhibited docosahexaenoic acid (DHA) up-regulation of opsin
expression in photoreceptors. The bars represent the number of
photoreceptor cells that expressed opsin in 6-day-old cultures either
supplemented or not with DHA, and in either the presence (+U0126) or
absence (-U0126) of U0126. *Statistically significant differences,
compared with control (p < 0.05; n = 6).

the activation of the latter participated in photoreceptor
apoptosis during development in vitro, and whether the
addition of DHA prevented this activation. Caspase-3
activity was measured in photoreceptors treated overnight
with kainic acid. In 6-day-old control cultures, a time of
development at which about 60% of photoreceptors were
apoptotic, caspase-3 activity was four times higher than in
cultures treated with a caspase-3 inhibitor, indicating that the
enzyme was markedly stimulated (Fig. 11). DHA reduced
caspase-3 activity by 25%, suggesting that it partially
prevented caspase activation, but did not completely block it.

Discussion

DHA has been shown to be an effective survival factor for
retinal photoreceptors both during development in vitro
(Rotstein et al. 1997, Politi et al. 2001a,b) and during
oxidative damage (Rotstein et al. 2003). Our present results
demonstrate that DHA enhanced ERK phosphorylation in
photoreceptors, whereas the addition of U0126, a specific
MEK inhibitor, completely blocked the anti-apoptotic effect
of DHA. On the contrary, inhibitors of the PI3K signaling
pathway did not decrease DHA protection of photoreceptors.
This suggests that DHA promoted photoreceptor survival
during early development in culture and upon oxidative
stress exclusively through the activation of the ERK/MAPK
pathway.

ERK expression is distributed throughout the whole
mouse retina at PO, and decreases in a time-dependent
manner in the outer nuclear layer, although it is still
detectable in adult retina (Rhee and Yang 2003). In the
neonatal retina, activation of ERK by cytokines is develop-
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Fig. 7 Docosahexaenoic acid (DHA) in-
duced extracellular signal-regulated kin-
ase 1/2 (ERK1/2) activation in vitro. Phase
contrast (a and b) and fluorescence (c and
d) photomicrographs of 1-day-old retinal
neurons cultured either without (a and c) or
with (b and d) DHA for 4 h. pERK expres-
sion was then analyzed using a specific
monoclonal antibody. The increase in the
number of photoreceptors (arrows) expres-
sing pERK was clearly visible in DHA-sup-
plemented cultures (arrows in b and d),
whereas amacrine neurons showed an in-
tense pERK labeling in both conditions
(arrowheads in a—d). The scalebar in (b)
represents 10 um.

mentally regulated, and is mediated by its upstream kinase,
MEK1/2; increased pERK levels in response to cytokine
signals are found both in retinal proliferating progenitors and
in postmitotic photoreceptor precursors, in which it might
influence cell fate specification and promote differentiation
and survival, respectively (Rhee et al. 2004). The ERK/
MAPK pathway has been shown to participate in the
protective response to bright light damage in the retina
(Liu et al. 1998). Trophic factors such as FGF2 and CNTF
activate this pathway to promote photoreceptor survival
(Kinkl et al. 2001; Rhee ef al. 2004) and prevent light-
induced damage after optic nerve section (Valter et al. 2005).
Our results show that DHA stimulated this kinase cascade,
activating MEK1/2 to enhance ERK1/2 phosphorylation.
Activation of these enzymes was essential for the anti-
apoptotic effect of DHA; MEK inhibition, which prevented
ERK phosphorylation, completely abolished the DHA pro-
tection of photoreceptors, both during development and
during oxidative damage. In addition, DHA improvement of
the early steps of photoreceptor differentiation, i.e. the
up-regulation of opsin expression and the increased devel-
opment of apical processes (Rotstein ef al. 1998) was
completely blocked by U0126, indicating that this effect
depended on ERK activation. Hence, DHA triggered the
ERK/MAPK pathway to promote both survival and early
differentiation of photoreceptors. Interestingly, although
these are long-term effects and despite the continuous
presence of DHA in the incubation medium, DHA-induced
phosphorylation of ERK was transient in vitro. Cytokine
signal transduction has been shown to have feedback
regulatory mechanisms that lead to a rapid decrease of
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signaling events (O’Shea et al. 2002); similar mechanisms
might be operative in DHA-activated signaling pathways, the
elucidation of which demands further investigation. Another
intriguing question is how DHA activates this pathway,
which is usually activated by the binding of ligands to
tyrosine kinase-like membrane receptors (Trk), then leading
to receptor dimerization and autophosphorylation. DHA
might: (i) directly bind as a ligand to these receptors; (ii)
activate one of the proteins involved in the signaling cascade,
downstream of the Trk receptor; or (iii) given its lipidic
characteristics, modify the biophysical properties of neuronal
membranes to induce the dimerization and consequent
activation of these receptors. An alternative pathway might
be the activation of nuclear receptors prior to the activation
of the ERK/MAPK pathway, as in mouse brain DHA has
been identified as a ligand for nuclear retinoid X receptors
(RXR) (Mata de Urquiza et al. 2000), which act as ligand-
activated transcription factors. Given the pleiotropic effects
of these nuclear receptors, it is plausible that the DHA-
induced RXR activation might activate different survival/
differentiation pathways, including the regulation of the
ERK/MAPK pathway. Additional research is required to
establish which of the listed events is triggered by DHA to
activate the ERK/MAPK pathway.

DHA has been shown to promote neuroblastoma cell
survival upon serum deprivation by facilitating the translo-
cation and activation of Akt, a downstream effector of the
PI3K pathway, without stimulating PI3K activity (Akbar
et al. 2005). Activation of this pathway was nevertheless
required for DHA protection, as either wortmaninn or
LY294002 blocked the effect of DHA on neuroblastoma
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Fig. 8 Docosahexaenoic acid (DHA) stimulated the rapid phos-
phorylation of extracellular signal-regulated kinase 1/2 (ERK1/2).
Retinal neurons (3-days old) were treated with kainic acid for 24 h to
eliminate amacrine neurons, and then photoreceptors were stimulated
with either DHA or bovine serum albumin (BSA) and finally lysed at the
indicated timepoints. Total protein extracts (10 pg/lane) were analyzed
by western blot using an anti-pERK1/2 antibody. After stripping,
loading of equal quantities of ERK1/2 expression was verified by re-
probing the same blots with anti-ERK1/2 antibody (lower panels). (a
and b) Time course of pERK activation stimulated by DHA on pho-
toreceptors. (c) Densitometric scanning of the p42ERK2 phosphory-
lation shown in (a and b). Western blots are representative of three
independent experiments with similar results. *Statistically significant
differences, compared with control (p < 0.05).

cell survival. On the contrary, our results show that these
inhibitors did not reduce the DHA protection of photorecep-
tors. Concurrently, LY294002 and wortmannin increased the
apoptosis of amacrine neurons, which do depend on this
pathway for their survival (Politi ef al. 2001c), demonstra-
ting that they effectively inhibited PI3K. This indicates that
DHA did not stimulate the PI3K pathway to prevent
photoreceptor death, and suggests that DHA might activate
distinct signaling pathways in different cell types. Altogether,
these results lead us to propose that the ERK/MEK pathway
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Fig. 9 1,4-Diamino-2,3-dicyano-1,4-bis(2-aminophynyltio) butadiene
(U0126) blocked extracellular signal-regulated kinase (ERK) activation
induced by docosahexaenoic acid (DHA). Three-day cultures were
treated with kainic acid for 24 h; photoreceptors were then pre-incu-
bated with the ERK kinase (MEK) inhibitor U0126 (10 pm) for 30 min
and then stimulated with either DHA or bovine serum albumin (BSA)
for 10 min. Total protein extracts (10 pg/lane) were analyzed by
western blot: (a) upper panels show immunodetection using an anti-
pERK1/2 antibody and lower panels show immunodetection using
anti-total-ERK1/2 (western blots were stripped and re-probed with an
anti-ERK1/2 antibody). ERK activation was partially blocked by U0126
leading to a 50% reduction in the intensity of pERK immunolabeling,
compared with cultures stimulated with DHA alone. (b) Densitometric
scanning of the p42ERK2 phosphorylation shown in (a). Western blots
are representative of three independent experiments with similar
results. *Statistically significant differences, compared with control
(p <0.05).

was the only signaling pathway involved in promoting retinal
photoreceptor survival after DHA stimulation.

Increasing evidence has demonstrated the role of mito-
chondria in the regulation of apoptotic cell death (reviewed
in Budihardjo ef al. 1999; Hengartner 2000; Green and
Kroemer 2004). Preservation of the mitochondrial membrane
potential was crucial for the prevention of photoreceptor
apoptosis; its loss was parallel to the increase in photore-
ceptor apoptosis during early development in vitro and upon
oxidative damage, and DHA protection was closely related to
the avoidance of mitochondrial depolarization. In parallel to
the inhibition of DHA protection, U0126 markedly reduced
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Fig. 10 Docosahexaenoic acid (DHA) regulated Bcl-2 and Bax
expression in photoreceptors in culture. The bars show the percentage
of photoreceptors expressing Bcl-2 (a), Bax (b), quantified by using
specific monoclonal antibodies, and the Bcl-2/Bax ratio (c), in cultures
either without (control) or with DHA at different times in vitro. *Statis-
tically significant differences, compared with control (p < 0.01; n = 5).
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the percentage of photoreceptors with intact mitochondria.
This is consistent with DHA activating a signaling pathway
able to block an early event in apoptosis induction, upstream
of mitochondria depolarization.

Increasing evidence supports the relevant role of the Bel-2
family in the regulation of apoptosis during retina develop-
ment. This apoptosis is almost completely absent in Bax—/—
retina (Hahn et al. 2003), and is effectively prevented by the
overexpression of Bel-2 (Strettoi and Volpini 2002). The role
of Bcl-2 family members appears to be different in mature
and degenerating retinas (Donovan et al. 2006). No Bcl-2
expression was found in the photoreceptors of mature rat
retinas (Chen et al. 1999), and conflicting data exists on the
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Fig. 11 Docosahexaenoic acid (DHA) decreased caspase-3 activity.
Neuronal cultures were supplemented at day 1 either with (+DHA) or
without (-DHA) DHA, and then treated at day 6 with kainic acid for 1 h.
Cell lysates were incubated with a caspase-3 substrate in either
the absence or presence of Ac-DEVD-CHO, a caspase-3 inhibitor
(-DHA + INH) and then caspase activity was analyzed by a fluori-
metric assay. The bars depict the activity of caspase-3, shown as
nmoles of product/ng photoreceptor protein. Note that although DHA
partially blocked caspase-3 activity, Ac-DEVD-CHO almost completely
blocked this activity in cultures lacking DHA.

role of Bcl-2 in retinal degeneration. Although Bcl-2
overexpression has been shown to enhance photoreceptor
survival in several animal models of retinal degeneration
(Chen et al. 1996; Nir et al. 2000), other studies show either
little or no protection (Joseph and Li 1996; Tsang et al.
1997). We here show that the variations in the levels of Bcl-2
and Bax observed in photoreceptors during their early
development in vitro were consistent with the changes in
apoptosis and in mitochondrial potential. Bax levels notice-
ably increased during development and also upon oxidative
damage (Rotstein et al. 2003); on the contrary, the Bcl-2/Bax
ratio decreased, accompanying the increase in apoptosis.
DHA protection correlated with an increase in Bcl-2
expression in photoreceptors, and a concomitant prevention
of the increase in Bax expression. This led to an increase in
the Bcl-2/Bax ratio, which was probably related to DHA
preservation of mitochondrial functionality at this early
developmental time. As development proceeded, DHA failed
to keep a high Bcl-2/Bax ratio and this decrease accompanied
mitochondrial depolarization and photoreceptor apoptosis.
DHA protection upon oxidative stress at an early develop-
mental time similarly involved the up-regulation of Bcl-2
levels and down-regulation of those of Bax (Rotstein et al.
2003) in photoreceptors, and an enhancement of Bcl-2 and
Bcl-xp expression in pigment epithelium cells (Mukherjee
et al. 2004). Our results suggest that the effectiveness of
DHA as a survival molecule is closely related to its capacity
to maintain high Bcl-2 levels in photoreceptors, and empha-
size the relevance of the relative levels of Bcl-2 and Bax in
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preserving mitochondrial polarization and, hence, photo-
receptor survival during early development.

Caspase involvement in retinal cell death is still a matter of
considerable controversy. Caspase-3, one of the main effector
caspases, responsible for many of the proteolytic events of
apoptosis, is activated in rat retinas subjected to intense light
exposure (Chang et al. 2005). However, conflicting results
exist regarding its involvement in photoreceptor death during
development and in animal models of retinal degeneration
(Liu et al. 1999; Carmody and Cotter 2000; Bode and
Wolfrum 2003; Sanvicens et al. 2004; Zeiss et al. 2004;
Donovan et al. 2006). We have determined that caspase-3
was active in 6-day-old photoreceptors, a time of develop-
ment at which about 60% of photoreceptors are already
apoptotic. The addition of DHA partially decreased caspase-
3 activity, without blocking it completely. Similar results,
showing the down-regulation of caspase-3 activity by DHA,
were described in neuroblastoma cells (Kim et al. 2000).
This partial reduction was consistent with the inability of
DHA to completely prevent photoreceptor cell death, but
rather to postpone it during early development in vitro. As
caspase activation in the mitochondrial pathway is closely
dependent on mitochondrial outer membrane permeabiliza-
tion (reviewed in Hengartner 2000; Green and Kroemer
2004), the preservation of mitochondrial membrane barrier
properties was probably the cause of this reduction in
caspase-3 activity. This protection prevented the exit of
death factors from mitochondria, thus precluding caspase-3
activation.

As a whole, our results suggest that DHA promotes
photoreceptor survival and differentiation by the same
mechanisms used by well-known peptidic trophic factors.
Interestingly, this lipid survival molecule coincides with
other photoreceptor trophic factors, such as CNTF and FGF2,
in the activation of the ERK/MAPK survival pathway to
prevent photoreceptor death. Sensory neurons have been
shown to switch their trophic requirements, but preserve the
signaling pathways mediating their survival (Salvarezza
et al. 2003). As photoreceptors depend on several trophic
factors for their survival, it can be proposed that these trophic
molecules might act during development in either a sequen-
tial or overlapping manner, through the activation of different
receptors, and, in spite of this trophic switch, the same
signaling pathway is conserved to stimulate the cellular
machinery leading to survival.
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