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Abstract We have established that docosahexaenoic acid
(DHA), the major polyunsaturated fatty acid in the retina,
promotes survival of rat retina photoreceptors during early
development in vitro and upon oxidative stress by activating
the ERK/MAPK signaling pathway. Here we have investi-
gated whether DHA turns on this pathway through activa-
tion of retinoid X receptors (RXRs) or by inducing tyrosine
kinase (Trk) receptor activation. We also evaluated whether
DHA release from phospholipids was required for its pro-
tective effect. Addition of RXR antagonists (HX531, PA452)
to rat retinal neuronal cultures inhibited DHA protection
during early development in vitro and upon oxidative stress
induced with Paraquat or HyO,. In contrast, the Trk inhibi-
tor K252a did not affect DHA prevention of photoreceptor
apoptosis. These results imply that activation of RXRs
was required for DHA protection whereas Trk receptors
were not involved in this protection. Pretreatment with
4-bromoenol lactone, a phospholipase A, inhibitor, blocked
DHA prevention of oxidative stress-induced apoptosis of
photoreceptors. It is noteworthy that RXR agonists (HX630,
PA024) also rescued photoreceptors from H,;Oyinduced
apoptosis.Hll These results provide the first evidence that
activation of RXRs prevents photoreceptor apoptosis and
suggest that DHA is first released from phospholipids and
then activates RXRs to promote the survival of photore-
ceptors.—German, O. L., S. Monaco, D. L. Agnolazza, N. P.
Rotstein, and L. E. Politi. Retinoid X receptor activation is
essential for docosahexaenoic acid protection of retina pho-
toreceptors. J. Lipid Res. 2013. 54: 2236-2246.
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Photoreceptor cell death, which leads to vision loss, oc-
curs in several retinal neurodegenerative diseases, such as
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retinitis pigmentosa and age-related macular degeneration.
Photoreceptor loss in these pathologies occurs by apopto-
sis and oxidative stress, and lack of trophic factors is impli-
cated in the activation of the apoptotic mechanisms (1).
Identifying the trophic factors and intracellular pathways
activated to prevent this apoptosis is crucial for designing
procedures to rescue photoreceptors in these diseases.

Previous research from our laboratory has demonstrated
that docosahexaenoic acid (DHA), the major n-3 polyun-
saturated fatty acid (PUFA) in the retina, acts as a trophic
factor for photoreceptor cells. DHA promotes differentia-
tion and postpones apoptosis of photoreceptors, which
otherwise occurs in the absence of trophic factors during
their early development in culture (2—4); it also effectively
prevents photoreceptor apoptosis due to oxidative stress
induced by Paraquat (PQ) (5) and HyO, (6). This antiapop-
totic effect is highly specific for DHA, because other satu-
rated, monoenoic, or polyunsaturated fatty acids cannot
stop photoreceptor death (2). DHA has several other pro-
tective effects in the retina, reducing neovascularization
and inflammatory processes and promoting survival in
several cell types (7-13). Furthermore, n-3 fatty acid defi-
ciency alters recovery of the rod photoresponse in rhesus
monkeys (14).

An understanding of the molecular signaling pathways
triggered by survival molecules like DHA is critical to de-
sign potential protective therapies and eventually provide
an effective treatment for neurodegenerative diseases.
Our work has shown that DHA activates the ERK/MAPK
signaling pathway in photoreceptors to promote their
survival and differentiation, stimulating the expression
of antiapoptotic proteins such as Bcl-2 and preserving mi-
tochondrial membrane potential (5, 15). In addition, it
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decreases the intracellular levels of proapoptotic lipid sig-
nals such as ceramide (16). Activation of the ERK/MAPK
pathway is also involved in the effects of peptidic trophic
factors for photoreceptors, like FGF2 and ciliary neu-
rotrophic factor (17, 18). However, which upstream mo-
lecular mechanisms led to its activation by a fatty acid was
an intriguing question. As a PUFA, DHA might modify the
biophysical properties of neuronal membranes and thus
indirectly induce the dimerization and subsequent activa-
tion of the tyrosine kinase (Trk)-like membrane receptors,
which would in turn activate the ERK/MAPK pathway.
Alternatively, DHA might have a direct effect as a receptor
ligand; PUFAs, including DHA, are transcriptional regula-
tors acting through multiple interactions with different nu-
clear receptors (19-21) and transcription factors (22-24).
DHA is an endogenous ligand for retinoid X receptors
(RXRs) in mouse brain (19, 25). These receptors are mem-
bers of the steroid/thyroid receptor superfamily, and are
believed to bind to DNA response elements only after the
formation of either RXR:RXR homodimers or heterodim-
ers with other members of this receptor family, including
retinoic acid receptors (26). RXR signaling is involved in
nervous system development (27) and is essential for nor-
mal development (28). DHA binding to RXRs to activate
the ERK/MAPK pathway, among other survival/differen-
tiation pathways, might provide an explanation for DHA
pleiotropic effects.

Another pending question is whether DHA acts as a free
fatty acid or is esterified to phospholipids to carry out its
biological functions. Although the retina, particularly the
photoreceptors, is highly enriched in DHA-containing phos-
pholipids (29), the amount of unesterified (free) DHA is
negligible under basal conditions in the retina and brain
(30-34). However, DHA might be released from phospho-
lipids by the activation of a specific phospholipase Ay (35).

In this work we investigated the mechanisms involved
in DHA protection upstream ERK/MAPK in different ex-
perimental models of retinal degeneration in vitro, ei-
ther induced by oxidative damage or by trophic factor
deprivation during early development in vitro. Our re-
sults support that RXR activation is essential for DHA
protection of photoreceptors and that its release and
subsequent action as free DHA is required for this pro-
tection. In addition, our data suggest that activation of
RXRs has an intrinsically neuroprotective effect, promot-
ing photoreceptor survival independently of the agonist
involved in their activation.

MATERIALS AND METHODS

Materials

One to two day old albino Wistar rats bred in our own colony
were used in all the experiments. All procedures concerning ani-
mal use were carried out in strict accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and following the guidelines of the Institutional Com-
mittee for the Care of Laboratory Animals from the Universidad
Nacional del Sur (Argentina).

Plastic 35 mm diameter culture dishes and multi-chambered
slides (NUNC) were from Inter Med (Naperville, IL). Dulbecco’s
modified Eagle’s medium (DMEM) (GIBCO) was from Life
Technologies (Grand Island, NY). Trypsin, trypsin inhibitor,
transferrin, hydrocortisone, putrescine, insulin, polyornithine,
selenium, gentamycin, 4,6-diamidino-2-phenylindole (DAPI),
fluorescein-conjugated secondary antibodies, paraformaldehyde,
PQ, bovine serum albumin (BSA), and monoclonal anti-syntaxin
clone HPC-1 syntaxin were from Sigma (St. Louis, MO). Mono-
clonal antibodies for pan-RXR (sc-774) and secondary antibody,
goat anti-mouse IgG-HRP, and goat anti-rabbit IgG-HRP were
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Second-
ary antibodies, Cy2-conjugated-goat anti-mouse, and Cy5-conju-
gated-goat anti-rabbit were from Molecular Probes (Eugene, OR).
Monoclonal Rho4D2 was a generous gift from Dr. R. Molday
(University of South Columbia). DHA was from Nu-Chek (Elysian,
MN). MitoTracker (CMXRos) was from Molecular Probes. Ter-
minal deoxynucleotidyl transferase (TdT), recombinant, 5-bromo-
2’deoxyuridine 5-triphosphate (BrdUTP), and TdT buffer were
from Molecular Probes and Invitrogen (Argentina), respectively.
Hy0O, was from Merck (Argentina). 4-Bromoenol lactone (BEL) was
from Santa Cruz Biotechnology, Inc. and generously provided by
Dr. Gabriela Salvador (Universidad Nacional del Sur, Argentina).
RXR noncommercial pan-agonists (HX630 and PA024) and pan-
antagonists (HX531 and PA452) were generous gifts from Dr.
Kagechika (Tokyo Medical and Dental University, Japan). All other
reagents used were analytical grade.

Retinal cultures

Pure retinal cultures were obtained following procedures pre-
viously established (2, 3, 36). Photoreceptors and amacrine neu-
rons were the two major cell types present in the cultures and
were identified by their morphology using phase contrast micros-
copy and by immunocytochemistry, using the monoclonal anti-
bodies syntaxin (HPC-1) and Rho4D2, which selectively react
with amacrine and photoreceptor neurons, respectively (37-39).
Photoreceptors were identified by at least three of the following
criteria: 1) a small round cell body (3-5 pm), usually darker than
that of amacrine neurons; 2) a single neurite, usually ending in a
conspicuous synaptic “spherule”; 3) they display sometimes a
connecting cilium at the opposite end, but fail to develop their
characteristic outer segments; 4) they are labeled by Rho4D2 an-
tibody; and 5) they show opsin expression diffusely distributed
over their cell body. Amacrine neurons are larger than photore-
ceptors (7-20 pm) and have multiple neurites. Almost all ama-
crine neurons show HPC-1 immunoreactivity starting at early
stages of development, and this immunoreactivity is retained
even after undergoing degenerative changes that alter their mor-
phological appearance (40).

DHA supplementation
DHA (6.7 pM), complexed with BSA was added at day 1 in

vitro (2). Cultures supplemented with the same volume and con-
centration of BSA were used as controls (BSA controls).

PQ treatment

PQ (48 pM final concentration in the incubation medium, in
a calcium- and magnesium-free solution) was added to 3 day cul-
tures (5). Neurons were then incubated for 24 h before fixation.

H,0, treatment

Treatment of the cultures with HyOy was done essentially ac-
cording to Chucair et al. (41), with slight modifications. Briefly,
cells were treated at day 3 in culture with 10 uM HyO, for 30 min
at 36°C; the medium was then removed, replaced with fresh
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neuronal medium, and the cultures were returned to the incuba-
tor for 5.5 h before fixation.

Addition of HX531 and PA452

Cultures were treated with two different RXR pan-antagonists,
HX531 and PA452 (42-44), at different concentrations: 0.1, 1, and
10 uM or 1 and 10 uM, respectively. These antagonists were added
to the cultures at day 1, and DHA or BSA was added 1 h later; the
cultures were then either treated or not treated at day 3 with PQ
and the cells were fixed 24 h later. A 1 pM concentration of each
RXR pan-antagonist was used in further experiments, because a
lower HX531 concentration showed little effect on apoptosis and
higher HX531 and PA542 concentrations were toxic to neurons.

Addition of HX630 and PA024

Cultures were treated with either of two different RXR pan-
agonists, HX630 and PA024 (44-46), at different concentrations:
10, 100, and 1,000 nM or 1, 10, and 100 nM, respectively. Ago-
nists were added at day 1 and cultures were then either treated or
not treated at day 3 with HyOy; 6 h later the cells were fixed. A
100 nM HX630 and 10 nM PA024 concentration was used in fur-
ther experiments, because these were the lowest concentrations
with protective effects on photoreceptor apoptosis.

Addition of K252a

To evaluate whether DHA activated Trk receptors, cultures
were treated at day 1 with the Trk receptor inhibitor K252a (47, 48)
at different concentrations (200, 300, 400, 800, and 1,000 nM);
cultures were supplemented with BSA or DHA 1 h later and were
fixed at day 6. As a positive control, we evaluated the inhibition of
insulin activation of Trk receptors in amacrine neurons by treat-
ing cultures with K252a at 200, 300, and 400 nM at day 1; cultures
were supplemented with insulin or vehicle 1 h later and cells
were fixed at day 6.

Addition of BEL

To determine whether DHA release from phospholipids by a
calcium-independent phospholipase A, (iPLLAy) was required for
DHA neuroprotective effect, we inhibited iPLA,y with the suicide
substrate BEL, an irreversible inhibitor of this enzyme (35, 49, 50).
Day 1 retinal neurons were supplemented with BSA or DHA for
24 h; culture medium was then replaced by fresh medium and at
day 3 and cells were incubated with BEL (5 uM) for 30 min and
finally either treated or not treated with HyO, for 6 h.

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.
After blocking with PBS (5% BSA), samples were incubated with
the appropriate primary antibody prepared in PBS (3% BSA).
After washing with PBS, the samples were incubated with second-
ary Cy2-conjugated-goat anti-mouse or Cyb-conjugated-goat anti-
rabbit antibody. To evaluate mitochondrial function, cultures
were incubated for 30 min before fixing with the fluorescent
probe MitoTracker (0.1 pg/ml). The samples were examined using
a Leica TCS SP2 AOBS confocal laser microscope. Neuronal cell
types were identified with specific monoclonal antibodies as de-
scribed above.

Cultures were analyzed by phase contrast and epifluorescence
microscopy using a Nikon Eclipse E600 microscope with a C-C
phase contrast turret condenser and a Y-FL. Epi-Fluorescence at-
tachment and a laser scanning confocal microscope (Leica
DMIREZ2) with a 63x water objective; images were collected and
processed with LCS software (Leica) and Photoshop 8.0 (Adobe
Systems, San Jose, CA).
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Western blot analysis

Proteins (20 pg) dissolved in 4x Laemmli sample buffer were
seeded in SDS polyacrylamide gels (10% acrylamide) and elec-
trotransferred to PVDF membranes. After blocking with 5% non-
fat milk in TBST buffer (50 mM Tris pH 7.2-7.4, 200 mM NacCl,
0.1% Tween-20), the membranes were incubated overnight with
a pan-RXR antibody in TBST plus 3% nonfat milk. After washing,
membranes were incubated with a horse radish peroxidase-
conjugated secondary antibody in TBST plus 3% nonfat milk.
Finally, the blots were developed by ECL with the use of Kodak
BioMax Light film and digitalized with a GS-700 imaging densi-
tometer (Bio-Rad, Hercules, CA). ARPE-19 cells were used as a
positive control for RXR expression.

Cell viability and apoptosis

Cell death was determined by quantifying cells labeled with
propidium iodide (PI), 0.5 pg/ml in culture, after 30 min incu-
bation (51).

Apoptosis was determined by two different methods: DAPI
and terminal deoxynucleotidyl transferase dUTP nick end label-
ing (TUNEL). Nuclei integrity was evaluated after staining cell
nuclei with DAPI, a fluorescent dye that binds to DNA. Briefly,
cells were permeated with 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, a characteristic feature of apoptotic cell death.
The amount of apoptotic photoreceptors or amacrine cells was
determined in cultures double-labeled with DAPI and with either
Rho4D2 or HPC-1, to unambiguously identify cells as either pho-
toreceptors or amacrine neurons, respectively, and thus establish
the total number of each cell type. The percentage of apoptotic
photoreceptors or amacrine neurons was calculated, taking into
account the percentage of Rho4D2-labeled cells or HPC-1-labeled
cells, respectively.

For TUNEL assay, the cells were fixed at day 4 with 2% para-
formaldehyde for 15 min and then stored in 70% ethanol for 48 h
at —20°C. Before labeling, cells were washed twice with PBS for
5 min each at room temperature. Samples were preincubated
with TdT buffer for 15 min and then incubated with the TdT re-
action mixture (0.05 mM BrdUTP, 0.3 U/l TdT in TdT buffer)
at 37°C in a humidified atmosphere for 1 h. The reaction was
stopped by 15 min incubation with stop buffer (300 mM NaCl,
30 mM sodium citrate, pH 7.4) at room temperature. Negative
controls were prepared by omitting TdT. BrdU was detected with
an anti-bromodeoxyuridine (anti-BrdU) monoclonal antibody,
following a standard immunocytochemical technique.

Statistical analysis

The results represent the average of at least three separate ex-
periments (+ SD), unless specifically indicated, and each experi-
ment was performed in triplicate. For cytochemical studies, 10
fields per sample were analyzed in each case. Statistical signifi-
cance was determined by either Student’s #test or two-way ANOVA
followed by a Tukey’s test.

RESULTS

RXRs are expressed in photoreceptors

We first investigated whether retinal neurons growing
in culture expressed RXRs. Confocal microscopy analysis
of 6 day retinal cultures showed that both photoreceptors
and amacrine neurons expressed these receptors. Triple
immunofluorescence detection with a pan-RXR antibody



that recognizes the three RXR isoforms (Fig. 1Al in blue),
a photoreceptor marker (Rho4D2) (Fig. 1AIl in green),
and a mitochondrial marker (Fig. 1AIIl in red) evidenced
that in photoreceptors RXRs were localized in the nucleus
(Fig. 1AIV merge). Instead, amacrine neurons labeled
with the HPC-1 antibody (Fig. 1AVII) showed mainly a
cytoplasmic RXR expression and only a sparse nuclear dis-
tribution (Fig. 1AI, VI). Expression of RXRs in neuronal
cultures was confirmed by Western blot analysis (Fig. 1B).

RXR antagonists blocked DHA protective effects on
photoreceptor degeneration in vitro

We have established that DHA protects retina photore-
ceptors from apoptosis induced by oxidative stress or
trophic factor deprivation. To investigate whether DHA
exerted its protective effect through activation of RXRs,
retinal neurons were either treated or not treated (con-
trol) with the RXR pan-antagonists, HX531 or PA452,
prior to the addition of BSA or DHA, and then exposed to
oxidative damage or cultured for 6 days without trophic
factors (BSA control) or with DHA. As previously shown
(5), generation of oxidative damage with PQ triggered
apoptosis in retina neurons, increasing the number of
TUNEL-positive cells (Fig. 2AVI, VII) and inducing a
2-fold increase in photoreceptor apoptosis compared with
BSA controls (BSA) (P<0.001) (Fig. 2B). DHA supplemen-
tation protected photoreceptors (Fig. 2AVIII) (5, 15, 16),
reducing the percentage of photoreceptors with frag-
mented or pycnotic nuclei from 56% to nearly 35% (P <
0.001) (Fig. 2B). However, when cultures were pretreated
with RXR antagonists, PA452 or HX531, before DHA addi-
tion, the number of TUNEL-positive cells (Fig. 2AX, IX) and
the percentage of apoptotic photoreceptors were similar to

A

Opsin

HPC-1

Fig. 1.

those found in PQ-treated cultures lacking DHA (P < 0.05)
(Fig. 2B).

Similar results were obtained when cultures were exposed
to oxidative damage with HyO,. As previously demonstrated
(41), HyO, increased photoreceptor apoptosis from about
30% in BSA controls (BSA) to about 50% in HyOo-treated
cultures (P < 0.05), and DHA prevented this increase
(Fig. 2C). Pretreating cultures with RXR antagonists inhib-
ited DHA protection, because the percentage of apoptotic
photoreceptors after HyO, treatment was similar in DHA-
supplemented and in DHA-lacking cultures (Fig. 2C).

In the absence of trophic factors, photoreceptors develop
normally for 3—4 days in culture and then start degenerat-
ing through an apoptotic pathway that is postponed by DHA
(2, 4, 15). To find out whether the activation of RXRs was
involved in this protective effect of DHA, cultures were pre-
treated with RXR antagonists and then either supplemented
or not supplemented with DHA. As previously reported,
in day 6 BSA controls (BSA) the percentage of TUNEL-
positive photoreceptors (Fig. 2D) amounted to 19.4%, and
DHA supplementation reduced it to about 9% (P < 0.01)
(15). RXR antagonists blocked this reduction, increasing
TUNEL-positive photoreceptors to about the same percent-
age found in DHA-lacking cultures (Fig. 2D).

These results demonstrate that activation of RXRs was
essential for DHA rescue of photoreceptors subjected to
oxidative stress and during development in vitro.

RXR agonists rescued cultured photoreceptors from
apoptosis induced by oxidative stress

To evaluate whether activation of RXRs had a neuro-
protective effect by itself, we treated the cultures with two
RXR agonists, HX630 or PA024, before addition of HyO,.

NEU ARPE-19

Expression of RXRs in retina photoreceptors in vitro. A: Phase (V and IX) and fluorescence (I-1V, VI-VIII) micrographs of 6 day

retina neuronal cultures immunolabeled with pan-RXR antibody (blue staining in I, IV, and VI), Rho4D2 (I, green), MitoTracker (III and
VIII, red staining), merge (IV), and HPC-1 (VII, green staining). Note that opsin (+) cells (photoreceptors) express RXRs mainly in their
nuclei. In contrast, HPC-1 (+) cells (amacrine neurons) express RXRs mainly in the cytoplasm, with only scarce aggregates in their nuclei
(n). The scale bar in I-V represents 20 pum and in VI-IX, 10 wm. B: Proteins obtained from lysates from 3 day neurons (NEU) and from
human retinal pigment epithelial cells (ARPE-19, used as a positive control) were analyzed by Western blot with a pan-RXR antibody.
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Fig. 2. Effect of RXR antagonists on DHA prevention of photoreceptor apoptosis. A: Phase (left) and fluo-
rescence (right) micrographs showing TUNEL in 4 day cultures without (I, VI; BSA) or with PQ (II, VII;
BSA+PQ) treatment, and supplemented with DHA, without (III, VIII) or with pretreatment with RXR an-
tagonists HX531 (IV, IX) and PA452 (V, X) before PQ) addition. The scale bar represents 10 pm. B: Day 1
retinal neurons were preincubated with vehicle (control) or with either RXR antagonist for 1 h, and then
supplemented without (BSA) or with DHA (DHA). The cultures were finally treated or not treated at day 3
with PQ for 24 h. The percentage of apoptotic photoreceptors was determined by analyzing nuclear frag-
mentation with DAPI. C: Retinal neurons were preincubated with vehicle (control) or with the RXR antago-
nist for 1 h, then supplemented without (BSA) or with DHA (DHA) and finally treated or not treated with
H,0, for 5.5 h at day 3. The percentage of apoptotic photoreceptors was determined with DAPI. D: Retinal
neurons were cultured for 6 days without (BSA) or with DHA (DHA) in cultures incubated without (control)
or with the RXR antagonists (1 wM HX531 or 1 uM PA452). The percentage of apoptotic photorecep-
tors was determined by TUNEL assay. Each value represents the mean of three experiments + SD. *P < 0.05,
*#%P<0.001.

As previously reported, at day 3 in vitro only 20% of
photoreceptors showed PI labeling (Fig. 3AV, B), an in-
dicator of cell death. Generation of oxidative damage
with HyO, induced a 2-fold increase in PI labeling and
increased the number of apoptotic photoreceptors from
about 25% in control cultures to almost 50% in HyOs
treated cultures (P < 0.05) (Fig. 3C). In these cultures,
photoreceptors had shrunken cell bodies, fragmented
neurites, lost their characteristic morphology (Fig. 3AII),
and showed fragmented or pycnotic nuclei (arrows in
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Fig. 3AX). Both RXR agonists efficiently prevented pho-
toreceptor death after HyO, treatment (Fig. 3AVII, VIII,
XI, XII; B, C), decreasing the percentage of Pl-labeled
photoreceptors and of photoreceptors with fragmented
nuclei. PA024 was much more effective than HX630, be-
cause it had a similar protective effect at a 10-fold lower
concentration.

These results support that activation of RXRs, either by
well-established agonists or by DHA, has a protective effect
on photoreceptors.
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Trk receptors were not involved in the protective
effect of DHA

To establish whether activation of Trk receptors was also
involved in the protective effect of DHA during in vitro
development of photoreceptors, we treated the cultures
with a Trk receptor inhibitor, K252a, before DHA supple-
mentation. Analysis of photoreceptor nuclear integrity after
6 days in culture showed a high percentage of apoptotic
photoreceptors in BSA controls whereas DHA effectively
decreased this percentage (P < 0.001), preventing photo-
receptor apoptosis (Fig. 4A). Addition of K252a at differ-
ent concentrations (200, 300, and 400 nM) did not impair
the protective effect of DHA (Fig. 4A); higher K252a
concentrations (800 nM) were toxic (not shown). As a con-
trol, we analyzed the effect of K252a on amacrine neurons,
which depend on insulin signaling through a Trk receptor
to activate the PI3K pathway and thus prevent apoptosis
(40). By day 6, the percentage of apoptotic amacrine cells
in insulin-lacking cultures was about 78% (Fig. 4B) and
was reduced to nearly 22% in insulin-supplemented cul-
tures (P<0.05) (Fig. 4B). Treatment with =200 nM K252a
significantly increased (P < 0.05) the percentage of apop-
totic amacrine cells, regardless of the presence of insulin
(Fig. 4B). These results confirm that K252a effectively

inhibited Trk receptors and imply that these receptors
were not involved in DHA protection of photoreceptors.

An iPLAy-specific inhibitor blocked DHA protective
effect on photoreceptor apoptosis induced by H,O,

We then investigated whether DHA remains acylated to
phospholipids to exert its protection or acts as a free fatty
acid, either by being preserved as such in photoreceptor
membranes or through its release from membrane phos-
pholipids. To evaluate this, we blocked iPLA,, the main
phospholipase involved in DHA release from phospholip-
ids, with a specific inhibitor, BEL, before subjecting neu-
ronal cultures to HyOs-oxidative stress. In the absence of
BEL, DHA effectively prevented photoreceptor apopto-
sis induced by HyO, treatment, reducing the number of
TUNEL-positive cells (Fig. 5AVII) and the percentage of
apoptotic photoreceptors almost to BSA control values
(Fig. 5B). Addition of BEL completely inhibited this pro-
tection, leading to a marked increase in the amount of
TUNEL-positive cells and doubling the percentage of pho-
toreceptors with fragmented nuclei in spite of DHA pres-
ence (P<0.001) (Fig. bBAVIII, B). This suggests that DHA
has to be released from membrane phospholipids to pre-
vent photoreceptor apoptosis.
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Fig. 4. Inhibition of Trks did not affect DHA prevention of pho-
toreceptor death during development in vitro. A: Retinal neurons
were cultured for 6 days without (—) or with DHA (+) in cultures
treated without (—) or with (+) different concentrations of K252a,
a Trk inhibitor. The percentage of apoptotic photoreceptors was
determined with DAPI. B: Retinal neurons were cultured for 6 days
without (control) or with insulin in cultures incubated either with-
out (—) or with (+) different concentrations of K252a. The per-
centage of apoptotic amacrine neurons was determined with DAPI.
Bars represent means + SD. Statistically significant differences com-
pared with control: ¥*P < 0.05, **P < 0.01, ***P < 0.001.

DISCUSSION

This work provides the first evidence, to our knowledge,
that activation of nuclear RXRs is essential for the protec-
tive effect of DHA, and supports that, by itself, the activa-
tion of RXRs, even by agonists other than DHA, has a
protective effect on photoreceptors, preventing apoptosis
due to induction of oxidative stress. Our results also dem-
onstrate that DHA has to be released from membrane
phospholipids to elicit photoreceptor survival.

Our previous work has established that DHA promotes
the differentiation and the survival of retina photorecep-
tors both during development in vitro and upon oxidative
damage (3-5) through the activation of the ERK/MAPK
signaling pathway (15). As DHA has been established as a
natural ligand for RXRs (19), we explored whether these
nuclear receptors might be involved in DHA effects. Im-
munochemical and Western blot analyses of rat retina
neuronal cultures revealed RXRs were expressed in photo-
receptors and showed an almost exclusive nuclear localiza-
tion. In contrast, RXRs were heavily concentrated in the
cytoplasm in amacrine neurons and only as sparse aggre-
gates in the nuclei. This is consistent with previous findings
in rodent and chick retinas, showing RXRs had specific
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and dynamic patterns of distribution in ocular tissues dur-
ing developmentin vivo (52). In mouse retina, one of RXR
isoforms, RXRy, is expressed in postmitotic cones and par-
ticipates in regulating cone development (53). The vary-
ing cellular localization of RXRs might correspond with
different roles in amacrine and photoreceptor neurons.

We then investigated whether these nuclear receptors
were involved in DHA protection of photoreceptors up-
stream of ERK/MAPK activation. Addition of RXR antago-
nists revealed that they completely blocked the protective
effect of DHA from apoptosis induced with two different
oxidants, PQ and HyO,. DHA also acts as a natural RXR
agonist in other cell types. In a human placental choriocar-
cinoma cell line, BeWo cells for instance, RXR antagonists
PA451 and HX531 inhibited DHA induction of adipose
differentiation-related protein (Adrp) mRNA and ADRP
protein accumulation (44), suggesting that DHA activated
RXRs to increase ADRP levels. We have previously demon-
strated that DHA activates defense mechanisms to prevent
apoptosis induced both by oxidative stress and the absence
of trophic factors at early stages of development and turns
on a program to advance differentiation of photoreceptors
(54). Our present findings demonstrate that DHA requires
the activation of RXRs to promote the survival of photore-
ceptors. The evidence that establishes DHA as a potent li-
gand for RXRs, which induces their robust activation (19,
25), supports the hypothesis that DHA might directly bind
and activate RXRs to promote photoreceptor survival. Alter-
natively, DHA-derived metabolites, such as neuroprotectin
D1, which acts as an activator for peroxisome proliferator-
activated receptor y (55), might also act as ligands for RXRs,
activating downstream survival pathways in photorecep-
tors. Although further research is required to establish
whether DHA directly activates RXRs, DHA signaling
through RXRs appears to be central for its pleiotropic ef-
fects in these neurons.

An alternative or complementary pathway for DHA sig-
naling might be its indirect activation of Trk receptors.
GM1 ganglioside, a lipid molecule as well, has the poten-
tial to protect injured and aged central neurons, as some
neurotrophins do, through modulation of Trk and Erk
phosphorylation and activity in the brain (56-58). How-
ever, in our studies DHA protection of photoreceptors was
unaffected by selectively inhibiting Trk receptors, imply-
ing that Trk receptors were not involved in the antiapop-
totic effect of DHA. As a whole, our results support that
DHA promotes photoreceptor survival mainly through the
activation of RXRs, which in turn might trigger the ERK/
MAPK signaling pathway leading to photoreceptor rescue.
DHA signaling through RXRs appears to be pivotal for or-
chestrating survival mechanisms in photoreceptors.

Phospholipids are the main storage sites for PUFAs in
mammals, and their release is tightly controlled by phos-
pholipase A, (59). To take part in RXR activation, DHA
might remain as a free fatty acid in photoreceptor mem-
branes or be stored in membrane phospholipids to be
deacylated when required. DHA accumulation in mem-
brane phospholipids, chiefly phosphatidylserine, has been
shown to be responsible for the protective effect of DHA
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in Neuro2A cells (60). DHA is extraordinarily enriched in
the retina; in rat retina it increases during development
from about 5% to 25% of the fatty acids esterified in phos-
pholipids between postnatal days 2 to 30 (2), and itis particu-
larly concentrated in the outer segments of photoreceptors
(29). When added to neuronal cultures, DHA is efficiently

Fig. 5. Inhibition of iPLA, blocked DHA protec-
tion of photoreceptors from oxidative stress-induced
apoptosis. Retinal neurons, supplemented without
(BSA) or with DHA (DHA) at day 1 for 24 h were
preincubated or not preincubated (control) with
iPLA, inhibitor BEL (5 uM) at day 3 for 30 min and
finally treated or not treated with HyO, for 5.5 h at
day 3. A: Micrographs show: left column, phase con-
trast; right column, TUNEL (+) cells. The scale bar
represents 10 wm. B: The percentage of apoptotic
photoreceptors in the different experimental condi-
tions was determined with DAPI. Bars represent
means + SD. *¥¥P < (0.001.
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taken up and esterified in phospholipids to reach the con-
centration found in adult rat retinas, with minor amounts
remaining as free DHA (2, 61). The release of DHA, and
thus the size of this free fatty acid pool, is tightly controlled,
mainly by iPLA, (35). Inhibiting iPLA, in retinal neurons
supplemented with DHA before inducing oxidative damage
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completely blocked the antiapoptotic effect of DHA on
photoreceptors. This result suggests that DHA is stored
in phospholipids and has to be released from them to trig-
ger the mechanisms leading to photoreceptor protection.
Ischemia and seizures elicit a rapid release of DHA in
brain (31, 62); likewise, and as occurs with arachidonic
acid (63), oxidative damage might elicit the activation of
iPLA, and its subsequent release of DHA, which would
then lead to the activation of RXRs to promote photore-
ceptor survival.

However, DHA release might turn out to be a double-
edged sword. A massive release of DHA would have cata-
strophic consequences for retina integrity. DHA acts in a
narrow window of concentrations in cultured retina neu-
rons, and over 10 wM is deleterious for photoreceptors
(2). DHA is peroxidized during neurodegenerative dis-
eases of the retina and its products are toxic to neurons
(64), depleting cellular detoxification systems. It is note-
worthy that despite its sensitivity to peroxidation, DHA
protects photoreceptors in culture from oxidative stress-
induced apoptosis (5), supporting the relevance of a
precisely regulated release. These data underscore the
importance of an adequate chemical state and concentra-
tion of DHA when administrated in clinical trials of retina
pathologies and suggests the convenience of using agents
more stable than DHA which mimic its protective effect
and reduce the deleterious effects of bioactive subprod-
ucts for therapeutical purposes. The requirement for
RXR activation in DHA neuroprotection prompted us to
investigate whether activation of these nuclear receptors
might have an intrinsic protective effect for photorecep-
tors. Our results demonstrated that two synthetic RXR
agonists effectively prevented photoreceptor apoptosis in-
duced by oxidative stress. This implies that agonists other
than DHA can turn on survival mechanisms in photore-
ceptors through activation of RXRs, involving these recep-
tors for the first time, to our knowledge, in photoreceptor
in vitro neuroprotection. Given the differences in com-
plexity between the in vitro system used here and the
retina in vivo regarding cell differentiation, structural or-
ganization, and interactions between different cells and
cell types, further research is required to find out whether
activation of RXRs has the same protective effect on pho-
toreceptors in vivo. This finding would be of potential
clinical significance; diverse therapeutic protocols cur-
rently treat several diseases with RXR synthetic agonists
(65-68), which have already been tested for their safety
and might eventually be useful for treating retinal neuro-
degenerative diseases. In this context, the finding that
PA024 had a more potent protective effect on photore-
ceptors than HX630 emphasizes the need to screen differ-
ent synthetic agonists to select the most effective one.

In conclusion, our work suggests a novel pathway for
DHA effects in photoreceptors, which involves its initial
release from phospholipids upon cellular stress followed
by its activation of RXRs to promote photoreceptor survival.
In addition, the finding that protection of photoreceptors
can also be achieved through activation of RXRs by syn-
thetic ligands introduces versatility into the control of the
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survival of these cells and may provide new potential tools for
treating diseases involving the death of photoreceptors il
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