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Abstract

Oxidative stress is involved in activating photoreceptor death in several retinal degenerations.
Docosahexaenoic acid (DHA), the major polyunsaturated fatty acid in the retina, protects cultured
retina photoreceptors from apoptosis induced by oxidative stress and promotes photoreceptor
differentiation. Here we investigated whether eicosapentaenoic acid (EPA), a metabolic precursor
to DHA, had similar effects and whether retinal neurons could metabolize EPA to DHA. Adding
EPA to rat retina neuronal cultures increased opsin expression and protected photoreceptors from
apoptosis induced by the oxidants paraquat (PQ) and hydrogen peroxide (H205). Palmitic, oleic,
and arachidonic acids had no protective effect, showing the specificity for DHA. We found that
EPA supplementation significantly increased DHA percentage in retinal neurons, but not EPA
percentage. Photoreceptors and glial cells expressed A6 desaturase (FADS?2), which introduces the
last double bond in DHA biosynthetic pathway. Pre-treatment of neuronal cultures with CP-24879
hydrochloride, a A5/A6 desaturase inhibitor, prevented EPA-induced increase in DHA percentage
and completely blocked EPA protection and its effect on photoreceptor differentiation. These
results suggest that EPA promoted photoreceptor differentiation and rescued photoreceptors from
oxidative stress-induced apoptosis through its elongation and desaturation to DHA. Our data
show, for the first time, that isolated retinal neurons can synthesize DHA in culture.
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INTRODUCTION

Omega 3 (n-3) long-chain fatty acids, such as eicosapentaenoic acid (20:5 n-3, EPA) and
docosahexaenoic acid (22:6 n-3, DHA), are neuroactive lipids that provide multiple health
benefits, ranging from promoting proper fetal development and healthy aging (Krauss-
Etschmann et al. 2007; Su et al. 2008; Smith et al. 2009) to modulation of anti-inflammatory
processes, neuro-inflammation, synaptic plasticity, and neuroprotection (Okabe et al. 2011;
Lu et al. 2010; Kawashima et al. 2010; Crupi et al. 2013; Sinn et al. 2012; Dyall and
Michael-Titus 2008; Patten et al. 2013; Trépanier et al. 2015).

DHA is the most abundant polyunsaturated fatty acid (PUFA) in the brain and the retina. In
parallel with retinal development, levels of DHA increase in rat retinas during the first
month of postnatal life. Twenty-five percent of total fatty acids in retinal tissue and over
50% of those fatty acids esterified in the phospholipids that form the outer segments of
photoreceptors are DHA (Anderson and Maude 1972; Tinoco 1982; Fliesler and Anderson
1983). This PUFA is obtained from the diet or is synthesized in the liver from a-linolenic
acid (18:3 n-3, ALA) and longer chain precursors, and is delivered to the brain and retina
(Scott and Bazan 1989; Bazan et al. 2011). However, the enzymes required for DHA
synthesis are present in the eye. Though retinal pigment epithelium cells are more effective
in synthesizing DHA, retinal cells can also manufacture this fatty acid (Wang and Anderson
1993; Rotstein et al. 1996b). Furthermore, intravitreal injection with radioactive DHA
precursors leads to the accrual and recovery of radioactive DHA in retinal lipids (Bazan et
al. 1982; Wetzel et al. 1991; Alvarez et al. 1994; Stinson et al. 1991), which is very rapid
when [14C]EPA is used as a precursor (Bazan et al., 1982). In rat brains, astrocytes can
convert ALA to DHA, although brain or cerebellar neurons cannot do so (Moore et al.
1991). It is still unclear, however, whether neurons or glial cells are responsible for DHA
biosynthesis in the retina, since both cell types are present in the isolated retinas used for the
abovementioned studies.

DHA has long been recognized for its essential structural functions in the retina. It plays a
crucial role in mediating proper visual function (Wheeler et al. 1975; Neuringer et al. 1984;
Uauy et al. 1990) as it is essential for conformational changes in rhodopsin and for
optimizing the early steps of visual signal transduction (Jeffrey et al. 2001; Litman et al.
2001; Mitchell et al. 1998; 2012). Interestingly, DHA plays dual roles in retinal physiology
and pathology. The high PUFA content in the retina has been associated with the sensitivity
of retinal tissue to oxidative damage, which is involved in photoreceptor death in retinal
neurodegenerative diseases, including retinitis pigmentosa and age-related macular
degeneration (AMD) (Carmody et al. 1999; Lohr et al. 2006; Beatty et al. 1999; Hollyfield
et al. 2008). DHA is oxidized upon light exposure, increasing retinal vulnerability to photo-
oxidative damage (Tanito et al. 2005; Tanito et al. 2009). A DHA oxidation fragment has
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been proposed to form adducts that contribute to the development of AMD (Hollyfield et al.
2008). Noteworthy, products of 5-lipoxygenase oxidation of DHA can be protective in
oxygen-induced retinopathies (Sapieha et al. 2011). DHA also plays a protective role in
photoreceptors; in these cells, it promotes survival, advances differentiation in vitro
(Rotstein et al. 1996b; Rotstein et al. 1998; Rotstein et al. 1997), and prevents apoptosis
induced by oxidative stress (Rotstein et al. 2003; German et al. 2006; German et al. 2013).

EPA, a metabolic precursor of DHA, is a minor structural component in several tissues,
including the retina. It has numerous beneficial effects, including ameliorating
neuroinflammation and cognitive impairment (Labrousse et al. 2012; Taepavarapruk and
Song 2010), diminishing the progression of experimental autoimmune encephalitis in vivo
(Unoda et al. 2013), and offering neuroprotection in in vitro models of Parkinson’s disease
(Luchtman et al. 2013). Increasing n-3 PUFA tissue levels in animal models, by dietary or
genetic means, decreases retinal lesions and pathological angiogenesis (Connor et al. 2007;
Tuo et al. 2009). Serum levels of both EPA and DHA have been significantly associated
with lower risk for neovascular AMD, geographic atrophy and retinopathy of prematurity
(Merle et al. 2014; Reynolds et al. 2013; Fu et al. 2015).

Diverse model in vivo systems support the protective effects of EPA and DHA and elucidate
their mechanisms of actions; however, few have investigated the potency of EPA. Both
PUFA have shown similar effects in animal and cell models, but this is not always the case.
DHA protects rat retinas from N-methyl-N-nitrosaurea-induced degeneration, but EPA does
not (Moriguchi et al. 2003). The aims of this study were to determine whether EPA, like
DHA, promoted the survival and differentiation of retina photoreceptors in culture and
whether retina neurons could synthesize DHA using EPA as a precursor. The availability of
primary cultures of pure retinal neurons allowed us to investigate these questions, which are
difficult to respond in a more complex, in vivo system. As different oxidants affect cell
viability and antioxidant protection in different ways (Lu et al. 2006), we have evaluated
EPA’s protective effect upon oxidative stress induced by paraquat (methyl viologen
dichloride hydrate, PQ) and hydrogen peroxide (H,05). PQ induces anion superoxide
generation and promotes photoreceptor apoptosis (Rotstein et al. 2003). H,0,, by itself a
reactive oxygen species (ROS) and a physiological mediator of oxidative stress-induced
apoptosis, has been widely used to produce oxidative damage in several cell types, including
photoreceptors (Yamashita et al. 1992; Lu et al. 2006; Hoyt et al. 1997; Chucair et al. 2007;
German et al. 2013). Our results show that supplementation with EPA protected
photoreceptors from oxidative stress-induced apoptosis and promoted their differentiation,
simultaneously increasing DHA levels in neuronal lipids. Inhibiting DHA synthesis not only
prevented this increase, but also blocked EPA’s effects on survival and differentiation.
These results demonstrate, for the first time, that retinal neurons can elongate and desaturate
EPA to synthesize DHA, and that this synthesis of DHA is required for the neuroprotective
effects of EPA on photoreceptors.
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MATERIALS AND METHODS

Materials

In all experiments, we used 1-to-2-day-old albino Wistar rats bred in our own colony. At this
early time of development, we used eyes from male and female pups indistinctly to obtain
retina cells, which were pooled before seeding them. All procedures concerning animal use
were carried out in accordance with the Public Health Service (PHS) Policy on Humane
Care and Use of Laboratory Animals, incorporated in the Institute for Laboratory Animal
Research (ILAR) Guide for Care and Use of Laboratory Animals, the ARRIVE Guidelines
and were approved by the Institutional Review Committee for Laboratory Animal Research
of the Universidad Nacional del Sur. Plastic 35-mm diameter culture dishes (CellStar) were
from Greiner Bio-One (Frickenhausen, Germany). Dulbecco’s modified Eagle medium
(DMEM), trypsin, insulin, and gentamicin were purchased from Invitrogen (Carlsbad, CA).
EPA was obtained from Nu-Chek Prep (Elysian, MN). Bovine serum albumin (BSA,
Fraction V; fatty acid-free; low endotoxin, tissue culture tested), trypsin inhibitor,
transferrin, hydrocortisone, putrescine, insulin, poly-L-ornithine, gentamycin, 4,6-
diamino-2-phenylindole (DAPI), paraquat dichloride (methyl viologen, 1,10-dimethyl-4,40-
bipyridinium dichloride, PQ), fluorescein-conjugated secondary antibodies,
paraformaldehyde, CP-24879 hydrochloride, and monoclonal anti-syntaxin antibody
(HPC-1) were procured from Sigma (St Louis, MO, USA). Monoclonal antibody against
BrdU (clone G3G4) was purchased from Developmental Studies Hybridoma Bank (DSHB),
developed under the auspices of the NICHD, and maintained by The University of lowa,
Department of Biological Sciences (lowa City, IA, USA). Hydrogen peroxide (H,05) 30%
was obtained from Baker (Argentina). Rabbit polyclonal antibody against A6 desaturase
(FADS?2) was procured from Abgent (San Diego, CA). Secondary antibody, Cy2-conjugated
goat anti—rabbit, was from Jackson Immuno Research (West Grove, PA). MitoTracker Red
CMXRos, propidium iodide (PI), recombinant 5-bromo-2-deoxyuridine-5-triphosphate
(BrdUTP), TOPRO-3 (TOPRO) and terminal deoxy-nucleotidyl transferase (TdT) buffer
were purchased from Invitrogen (Argentina). Monoclonal antibody anti—opsin (Rho4D2)
was a generous gift from Robert Molday (University of British Columbia, Canada). Quick-
ZOl was obtained from Kalium Technologies (Argentina), enzyme M-MLV RT from
Promega (Madison, WI), and SYBR fast universal mix from KAPA Biosystems
(Wilmington, Massachusetts). Primers for PCR were purchased from Biodynamics (Buenos
Aires, Argentina).

Solvents were HPLC grade. All other reagents were analytical grade.

Cell cultures

Purified cultures of rat retinal neurons were prepared as previously described (Rotstein et al.
19964a; Rotstein et al. 1997). In brief, retinas from two-day-old rat pups were dissected and
dissociated by trypsin digestion, which was followed by mechanical dissociation. Cells were
then re-suspended in a chemically defined medium that lacked fatty acids and had none of
the trophic factors required for photoreceptors (Rotstein et al. 1996a). We seeded
approximately 0.5x108 cells per dish on 35-mm diameter dishes that had previously been
sequentially treated with poly-ornithine or poly-lysine and Schwannoma conditioned
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medium (Adler 1982). Cultures were incubated at 36°C in a humidified atmosphere of 5%
CO». Dissociated retinal cells grown in these conditions give rise to pure neuronal cultures,
mainly comprised of photoreceptors and amacrine cells, in which photoreceptors start
degenerating through an apoptotic pathway after 4 days in vitro (Rotstein et al. 1996a).
Mixed cultures of Miiller glial cells and neurons were prepared from rat retinas, following
previously described protocols (Politi et al. 1996; Politi et al. 2001a; Abrahan et al. 2009).
Cells were then resuspended in DMEM containing 10% fetal calf serum (FCS) and seeded at
a density of 2.0 x 108 cells per dish in 35-mm diameter plastic dishes, with no previous
treatment. ARPE-19 cell line cultures were prepared as described (German et al. 2008).

Fatty acid supplementation

Neurons, cultured in fatty acid-free, chemically defined media, were supplemented with
fatty acids complexed with bovine serum albumin (BSA) in a 2:1 (fatty acid:BSA) molar
ratio added at day one in vitro (Rotstein et al. 1996a). The same volume of a BSA solution
was added to the control cultures. To evaluate whether EPA protected photoreceptors
exposed to oxidative stress, we used EPA concentrations ranging from 1 to 6 uM. A 3 pM
concentration was chosen for subsequent experiments.

To ascertain the specificity of the effect of EPA addition and exclude both a nonspecific
effect of fatty acids in a fatty acid-lacking media, and a general, non-specific lipid effect,
palmitic (PAM), oleic (OLA), and arachidonic (ARA) acids complexed with BSA were
added at 4 UM concentration (Rotstein et al. 1996a, 2003). This concentration is slightly
higher than that used for EPA because different fatty acids vary in the optimal concentration
required to achieve a certain effect and we had previously established that 4 yM PAM, OLA
and ARA concentrations are not deleterious (Rotstein et al., 1996; 1997; 2003).

H>0, and Paraquat (PQ) treatments

Cultures were treated with HyO», as previously described (Chucair et al. 2007), with slight
modifications. On day 3, cultures were incubated for 30 min at 36°C with 10 uM H,05,. The
medium was replaced with 2.5 mL fresh neuronal medium, and cells were incubated for 5.5h
and then fixed.

On day 3, 48 uM of PQ (final concentration in the incubation medium, in Ca2*-Mg-free
Hank’s solution) was added to cultures. Neurons were then incubated for 24 h before
fixation.

Inhibition of DHA synthesis

To evaluate whether retinal neurons metabolized EPA to DHA, on day 1 cultures were
supplemented with or without CP-24879 hydrochloride (CP), an inhibitor of A5/A6 fatty
acyl desaturases (FADS1, FADS2) solubilized in DMSO (5uM final concentration in
culture), 1 h before EPA addition (Levin et al. 2002; Obukowicz et al. 1998). The same
volume of DMSO was added to control cultures. On day 3, cultures were treated with H,O».
Cells were scraped for lipid analysis on day 4 or fixed to evaluate differentiation on day 6.
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Immunocytochemical methods

Neurons were fixed with 2% paraformaldehyde (PF) in phosphate-buffered saline solution
(PBS, 0.9% NaCl in 0.01 M NaH,POy; pH 7.4) for at least 1 h, followed by permeation with
Triton X-100 (0.1% in PBS). Neuronal cell types were identified by their morphology using
phase contrast microscopy, and with immunocytochemistry using monoclonal antibodies
Rho4D2 and syntaxin (HPC-1), which selectively recognize photoreceptors and amacrine
neurons, respectively (Barnstable 1980; Kljavin et al. 1994; Hicks and Barnstable 1987).
Controls for immunocytochemistry were performed by omitting either the primary or the
secondary antibody. Morphological scoring was performed according to the following
criteria. Photoreceptors usually display at least three of the following characteristics: a) a
small round cell body (3-5 um); b) a single neurite at one end, which usually ends in a
conspicuous synaptic “spherule”; ¢) sometimes they display a connecting cilium at the
opposite end, but they fail to develop their characteristic outer segments; d) opsin is
diffusely distributed over their cell body; €) their cell body is usually darker than that of
amacrine neurons. Amacrine neurons are larger than photoreceptors (7—20 um) and have
multiple neurites.

Cell Viability and Apoptosis

Cell viability was determined by the exclusion of propidium iodide (PI). For Pl staining,
cultures were incubated before fixation for 20 min in 0.5ug/mL PI solution (Jordan et al.
1997).

Apoptosis was determined by Terminal Deoxynucleotide Transferase dUTP Nick End
Labeling assay (TUNEL). Cells were fixed on day 4 with 2% PF for 15 min, and then stored
in 70% ethanol for 48 h at —20°C. Before the enzymatic reaction, cells were washed twice
with PBS, for 5 min each time, at room temperature. Cells were pre-incubated with 1X TdT
buffer for 15 min, and then incubated with the TdT reaction mixture (0.05mM BrdUTP,
0.3U/uL 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 (300mM NaCl, 30mM sodium citrate; pH
7.4) at room temperature. Negative controls were prepared by omitting TdT. The presence
of BrdU was determined with an anti-BrdU monoclonal antibody, according to standard
immunocytochemical techniques.

Since changes in nuclei integrity are a hallmark of apoptosis, we determined the amount of
cells with pyknotic or fragmented nuclei by incubating cells with DAPI for 20 min after
fixation.

Evaluation of mitochondrial membrane potential

To assess the percentage of cells with preserved mitochondrial membrane potential
following oxidative stress, the cultures were incubated before fixation for 20 min with the
fluorescent probe MitoTracker (0.1 ug/mL), which labels with a bright red fluorescence
active mitochondria. The number of photoreceptor cells displaying fluorescent mitochondria
was determined and quantified.
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Evaluation of Photoreceptor Differentiation

Opsin expression was evaluated by immunocytochemistry, using Rho4D2 (Barnstable 1980;
Hicks and Barnstable 1987), followed by a Cy2-conjugated goat anti-mouse secondary
antibody and by RT-PCR, as described below.

Evaluation of Fatty acyl A6 Desaturase Expression

Expression of FADS2 in neuronal cultures was determined by immunocytochemistry, and
RT-PCR, after fixation or lysis of the cultures.

For immunocytochemical analysis, once fixed, photoreceptors in neuronal cultures were
labeled with Rho4D2 and glial cells in mixed neuro-glial primary cultures were labeled with
an anti-vimentin antibody. FADS2 expression in neuronal, neuro-glial, and ARPE-19 cell
cultures was determined with an anti-FADS2 antibody. Nuclei were stained with TOPRO or
DAPI.

Evaluation of Opsin and FADS2 Transcription

Opsin and FADS?2 transcription levels were analyzed by quantitative RT-PCR. Total RNA
from cells isolated from pure neuronal cultures, pure glial cultures, and brain tissues from 10
day old rats, was extracted using Quick-ZOI (Kalium Technologies,) according to the
manufacturer’s instructions. cDNA was made with enzyme M-MLV RT (Promega) using
random hexamer primers. Quantitative PCR was performed using SYBR fast universal mix
(KAPA Biosystems) in a Corbette RG 6000 thermal cycler.

The primers used in this study were: TBP, FTGGGATTGTACCACAGCTCCA and
RCTCATGATGACTGCAGCAAACC; Opsin, F CACCCTTGGAGGTGAAATCGG and
RTGATTCTCCCCAAAGCGGAA,; FADS2, F CATCGGACACTATTCGGGAGA and
RCCCTGAAGTCCTCGGTGATC. All primers were designed to span introns with an
efficiency above 90%.

Fatty acid analysis

Day 4 cultured neurons were washed with ice-cold PBS, scraped, and transferred to glass
tubes. After a 10-min centrifugation at 1000 rpm, the supernatant was removed, the cell
pellets were extracted with chloroform:methanol (2:1, vol/vol) and the extracts were
partitioned (Folch et al. 1957). All samples were kept in an N, atmosphere. To analyze the
fatty acid composition of neuronal phospholipids, lipids were separated by thin-layer
chromatography (TLC), using hexane-ether-acetic acid (80:20:1, vol/vol) (Rotstein et al.
1997). Phospholipids were scraped into screw cap glass tubes with nonstick coating, and
extracted with chloroform:methanol:water (5:5:1, vol/vol). To prepare the methyl ester
derivatives of their fatty acids, methanolys was performed with NaOH 0.5 N in methanol at
50°C for 10 min. Methyl esters were extracted twice with chloroform and were partitioned
with methanol:hexane:water (1:1:1, vol/vol) to remove impurities. Analysis of methyl esters
was performed by gas-liquid chromatography, using 10% SP2330 glass columns on an 80-
to-100-mesh high-density, white diatomite support (Chromosorb WAW:; Supelco,
Bellefonte, PA). A gas chromatograph with flame ionization detector was used (model 3200;
Varian; Sunnyvale, CA). The runs were temperature-programmed, 5°C/min, with 165°C and
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225°C as initial and final temperatures, respectively. Nitrogen was the carrier gas, at a flow
rate of 30 ml/min.

Statistical analysis

The results represent the average of at least three separate experiments (£ SD), and each
experiment was performed in triplicate. For cytochemical studies, 10 fields per sample were
analyzed in each case and scoring was done in a blinded manner. Statistical significance was
determined either by one-way analysis of variance (ANOVA) followed by a Tukey’s post
hoc test or by Student’s t-test, as indicated in each figure legend.

RESULTS

The addition of EPA prevented oxidative stress-induced apoptosis of photoreceptors

DHA protects cultured photoreceptors from oxidative stress-induced apoptosis (Rotstein et
al. 2003; German et al. 2013). To evaluate whether EPA had a similar protective effect, we
supplemented cultured retinal neurons with 3 uM EPA on day 1 and induced oxidative stress
on day 3 with 48 uM PQ for 24 h. On day 4, cultures with or without EPA had few TUNEL-
positive cells (Fig. 1a, b, e, f), and pyknotic nuclei (Fig. 1q, r, u, v). Both TUNEL-positive
cells (Fig. 1c, g, arrowheads) and cells having pyknotic nuclei (Fig. 1k, s, w, thin arrows),
including photoreceptors (Fig. 1k, o, s, w, wide white arrow) increased after PQ treatment.
Supplementation with EPA before PQ treatment prevented the increase in TUNEL-positive
cells (Fig. 1d, h, arrowheads) and in cells with pyknotic nuclei (Fig. 11, p, t, X).

We then investigated which EPA concentration was the most effective for neuroprotection.
The percentage of Pl-labeled cells was slightly above 20% in control and EPA-
supplemented cultures, and doubled upon PQ treatment (Fig. 1y). The addition of 2 yM EPA
slightly reduced the percentage of Pl-labeled cells in PQ-treated cultures, though not
significantly, whereas 3 pM EPA completely prevented its increase. Addition of 6 uM EPA
increased the number of Pl-labeled cells upon PQ treatment, suggesting that high amounts of
EPA could lead to cell death. Treatment with 3 uM EPA prevented photoreceptor apoptosis
and reduced the percentage of photoreceptors with fragmented or pyknotic nuclei to levels
near those of controls, despite PQ treatment (Fig. 1z). Hence, we used 3 UM EPA for further
experiments.

To evaluate whether EPA supplementation could protect photoreceptors from oxidative
damage induced by a different oxidant, we treated retina neurons in culture with H,O,
(Chucair et al. 2007; Abrahan et al. 2009). Controls and EPA-supplemented cultures had
few TUNEL-labeled cells (Fig. 2 a, b, e, f, large arrowheads); most photoreceptors showed
intact nuclei (Fig. 1i, j, g, r, thin arrows) and preserved their mitochondrial membrane
potentials, as determined by MitoTracker labeling (Fig. 2 m, n, small arrowheads, u). H,O»
increased the number of TUNEL-positive cells (Fig. 2 c, g, large arrowheads) and the
number of cells with pyknotic and fragmented nuclei (Fig. 2k, s, thin arrows; v), and
induced mitochondrial membrane depolarization, as evidenced by the loss of red fluorescent
mitochondria (Fig. 20, u). Pretreatment of the cultured retinal neurons with EPA prevented
the increase in TUNEL-positive cells (Fig. 2d, h) and the number of photoreceptors with
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fragmented nuclei (Fig. 2l, t, thin arrows, v) induced by H,05, preserving their
mitochondrial membrane potentials (Fig. 2p, u). Together, our data suggest that
supplementation with EPA protected photoreceptors from the oxidative stress induced by
both PQ and H,05.

To determine whether other major retinal fatty acids are able to provide this protection, we
assessed the effect of fatty acids, such as palmitic (PAM), oleic (OLA), and arachidonic
(ARA) acids, with chain lengths or unsaturation different from those of EPA, on
photoreceptor viability in PQ-treated cultures. PQ doubled the percentage of Pl-positive
cells, compared with controls; the addition of 4 uM PAM, OLA, or ARA did not prevent this
increase (Fig. 3a). Only supplementation with 3 uM EPA reduced the number of PI-positive
cells. Similarly, the percentage of photoreceptors with pyknotic or fragmented nuclei was
the same in PQ-treated cultures, with or without PAM, OLA, or ARA (Fig. 3b), whereas the
addition of EPA reduced PQ-induced apoptosis of photoreceptors.

EPA enhances opsin expression in photoreceptors

Differentiation of photoreceptors is restricted in our culture conditions; after their final
mitosis, most of the photoreceptors remain as round cells and very few express opsin or
develop apical processes resembling the characteristic outer segments of mature
photoreceptors (Rotstein et al. 1998). The addition of DHA increases opsin levels and
promotes the development of apical processes (Garelli et al. 2006). Supplementation with
EPA had similar effects on photoreceptor differentiation. EPA-supplemented cultures had
more opsin-labeled photoreceptors than did controls (Fig. 4a—d, arrows). The fold increase
in opsin-positive photoreceptors was nearly 3 and 1.75 after 4 and 6 days in culture,
respectively (Fig. 4e). RT-gPCR analysis confirmed that EPA addition increased opsin
expression in 6-day cultures (Fig. 4f).

The addition of EPA also promoted the formation of apical processes; photoreceptors in
controls had diffuse opsin labeling on their cell bodies and lacked apical processes (Fig. 4c),
whereas EPA supplementation induced the development of these processes, which showed
an intense opsin labeling (Fig. 4d, arrowheads).

EPA supplementation increased DHA levels in neuronal phospholipids

Adding DHA to neuronal cultures leads to a rapid accretion of this fatty acid in neuronal
lipids; however, adding fatty acids, such as PAM, OLA, and ARA, does not modify their
levels in neuronal lipids, even though these fatty acids are esterified in these lipids (Rotstein
et al. 1996b; Rotstein et al. 1998). Analysis of the fatty acid composition of neuronal lipids
revealed that the (mole) percentage of EPA was very low in neuronal phospholipids in
controls, and no significant increase occurred upon EPA supplementation (Fig. 5a). In
contrast, the percentage of DHA increased significantly, almost doubling in EPA-
supplemented cultures compared with controls, whereas the percentage of docosapentaenoic
acid, n-3 (n-3 DPA), an EPA immediate elongation product (Fig. 5b) had a slight, non-
significant, rise (Fig. 5a). This finding suggests that isolated retinal neurons took up EPA
and elongated and desaturated it to synthesize DHA.
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Neurons and glial cells express FADS2

The ability to synthesize DHA using EPA as a precursor requires the presence of FADS2 to
introduce the last double bond. Immunocytochemical analysis of neuronal cultures revealed
that opsin-positive cells (arrows in Fig. 6a, d) expressed FADS2 (Fig. 6b, d). This
expression colocalized with TOPRO labeling (Figs. 6c¢, d), implying this enzyme was
present in photoreceptors and had a nuclear localization. In neuro-glial cultures, FADS2
expression was observed both in vimentin-labeled glial cells (Fig. 6e, g, arrowheads) and in
neurons (Fig. 6e, g, arrows), and it mostly colocalized with TOPRO labeling (Figs. 6f, g)
suggesting it localized in nuclei in both cell types. FADS2 expression was also observed in
ARPE-19 cells, and though colocalization with DAPI labeling was observed, it evidenced a
predominantly cytoplasmic localization (Fig. 6h—j).

Analysis by RT-PCR showed that retinal neurons in control conditions expressed FADS2
and this expression was the same when neuronal cultures were supplemented with EPA (Fig.
6k, ). Pure glial cultures had high levels of FADS2 mRNA, which was also present in the
rat brain lysates used as positive controls (Fig. 6l).

Synthesis of DHA is required for EPA effects on photoreceptors

Our results demonstrated that the effects of EPA addition were similar to those of DHA,
protecting photoreceptors from apoptosis induced by oxidative stress and advancing
photoreceptor differentiation. The data also showed that EPA supplementation led to DHA
accretion in cultured neurons. To discern whether EPA exerted its effects by itself or
through its further elongation and desaturation to DHA, we inhibited DHA synthesis by pre-
treating neuronal cultures on day 1 with CP, an inhibitor of A5/A6 desaturases, before EPA
supplementation. As expected, analysis of phospholipid fatty acid composition revealed that
pre-treatment with CP completely prevented the increase in the (mole) percent of DHA
induced by EPA supplementation, leading to a small, though non-significant, increase in n-3
DPA percentage in EPA-supplemented neurons (Fig. 7a).

We then evaluated the effect of inhibiting DHA synthesis on EPA protection from oxidative
damage. While the apoptosis of H,O,-treated photoreceptors in EPA-supplemented cultures
remained at the same levels as found in controls, pre-treatment with CP completely blocked
EPA protection, increasing the percentage of apoptotic photoreceptors to the values
observed in HyO-treated cultures lacking EPA (Fig. 7b).

Finally, we analyzed whether inhibiting DHA synthesis affected EPA enhancement of
photoreceptor differentiation. While EPA increased the number of opsin-positive
photoreceptors compared with controls (Fig. 7c), pre-treatment with CP completely blocked
this increase; the percentage of photoreceptors expressing opsin was similar to that observed
in controls.

Discussion

Though several studies have shown that DHA is synthesized in the eye, the ability of retinal
neurons to perform this synthesis had not been established. Here, we demonstrate that
isolated retinal neurons in culture can synthesize DHA, using EPA as a precursor. Our
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results show that adding EPA to retinal neuron cultures leads to increased DHA levels in
neuronal phospholipids, prevents oxidative stress-induced photoreceptor apoptosis, and
enhances photoreceptor differentiation. The data also demonstrate that FADS2, which
catalyzes the desaturation reaction required for the synthesis of DHA from EPA, is present
in photoreceptors, and its inhibition blocks the effects of EPA on these cells. This finding
suggests that isolated retinal neurons in culture can elongate and desaturate EPA to
synthesize DHA, and that this synthesis is required for EPA protection and enhancement of
differentiation in photoreceptors.

EPA and DHA are known for their beneficial effects on brain and retinal function (Calder
2007; Deckelbaum and Torrejon 2012). DHA promotes cell survival in ischemic stroke and
prevents apoptosis of a neuron-like cell line (Eady et al. 2012; Kim et al. 2000). DHA also
protects retinal ganglion cells from oxidative stress (Shimazawa et al. 2009), attenuates
retinal degeneration in a mouse model of inherited retinal degeneration (Ebert et al. 2009),
and prevents the apoptosis of rat retina photoreceptors during development in vitro and
when subjected to oxidative stress (Rotstein et al. 1996a; Rotstein et al. 2003). Mounting
evidence supports the protective effect of EPA in the eye. An EPA-enriched diet reduces
choroidal neovascularization (Koto et al. 2007) and ocular inflammation in experimentally
induced uveitis (Suzuki et al. 2010). Although higher plasma levels of EPA have been
associated with higher macular pigment density (Delyfer et al. 2012) and a decreased risk of
progression of AMD (SanGiovanni et al. 2008), the beneficial effects of EPA on AMD are
still under debate (2013; Merle et al. 2014; 2015). Here, we demonstrate that
supplementation with EPA efficiently promoted the survival of photoreceptors in culture and
prevented their apoptosis triggered by the oxidants PQ and H,0,. EPA supplementation
preserved mitochondrial membrane potential in photoreceptors, which is consistent with the
involvement of the mitochondrial pathway in triggering the apoptosis of these cells (Rotstein
et al. 2003; German et al. 2006). Non n-3 fatty acids, such as PAM, OLA, and ARA, have
beneficial functions in other systems (Juman et al. 2013; Murakami et al. 2003; Sales-
Campos et al. 2013; Lopez-Huertas 2010; Shrestha et al. 2013), but did not prevent
photoreceptor apoptosis upon oxidative stress, suggesting that only supplementation with
EPA and DHA protected these cells from apoptosis.

When cultured in the absence of their trophic factors, photoreceptors show little
differentiation, remaining as round cells with small cell bodies and short cilia (Rotstein et al.
1996a). DHA advances the differentiation of cultured photoreceptors (Rotstein et al. 1996a;
Rotstein et al. 1998; Garelli et al. 2006). Supplementation with EPA also advanced the
differentiation of photoreceptors, increasing opsin expression. Hence, the addition of EPA
turned on the survival and differentiation pathways in photoreceptors.

Since EPA is a metabolic precursor of DHA, the similarity between its effects and those of
DHA led us to reason that EPA might exert these effects through its successive elongation
and desaturation to DHA. This fatty acid is synthesized in the eye in dogs and rats. Pigment
epithelium and microvascular endothelial cells can actively synthesize DHA (Wang and
Anderson 1993; Delton-Vandenbroucke et al. 1997). Intravitreal injection of radioactive
precursors of DHA leads to the rapid synthesis and acylation of DHA in retinal lipids (Bazan
et al. 1982; Wetzel et al. 1991; Stinson et al. 1991). The retina has high levels of elongase
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and low levels of desaturase expression (Tikhonenko et al. 2010). Isolated retinas incubated
with DHA precursors, such as [*C]- ALA or DPA n-3 acids, synthesize modest amounts of
radioactive DHA (Wang and Anderson 1993), can elongate [1*C]DPA n-3 to [14C]24:5 n-3,
and form labeled 24:6 n-3 and DHA (Rotstein et al. 1996b). Since both neurons and glial
cells are present in the whole retinas used in these studies, it was essential that we establish
whether neurons or glial cells were responsible for the synthesis of DHA. Our results show
that FADS2, the enzyme involved in the last desaturation step in this synthesis (Voss et al.
1991), is present in isolated retina neurons, and is expressed in photoreceptors. EPA is
elongated by either ELOVL5 or ELOVL2 to DPA n-3 (Gregory et al. 2013) (Fig. 5b), which
is further elongated to 24:5 n-3; this fatty acid is then desaturated by FADS2 to 24.6 n-3,
which gives rise to DHA after its peroxisomal -oxidation. Supplementation of isolated
retinal neurons with EPA increased DHA content in neuronal lipids without EPA accretion.
Inhibiting FADS?2 activity in these neurons abolished the increase in DHA content and
prompted an accumulation of DPA n-3 in neuronal lipids. Hence, our data support that
isolated retinal neurons can synthesize DHA from EPA. Our results offer evidence of the
presence of active FADS?2 in retinal neurons in culture, and suggest that the enzymes
required for EPA elongation (i.e., ELOVL2 and/or 5) are also present and active in these
neurons.

Elongase and desaturase activities are generally lower in the brain than in the liver (Igarashi
et al. 2007). The liver has a greater capacity for DHA synthesis from circulating ALA than
the brain and it is the primary source of brain and retinal DHA (Rapoport et al. 2007;
Igarashi et al., 2007; Scott and Bazan 1989). The contribution and the physiological
relevance of neuronal enzymatic activities to the high levels of DHA present in the retina
has yet to be established. Although it is highly unlikely for neuronal enzymatic activities to
be responsible for these levels, they might participate in keeping DHA levels constant in
photoreceptors upon transient decreases in the plasma levels of this fatty acid. In rats fed
with [3H]JALA, [3H]EPA appears more rapidly and at higher levels in plasma than [3H]DHA
(Domenichiello et al. 2014). Since at least in brain, the rates of uptake of plasma EPA and
DHA have been shown to be similar (reviewed in Chen et al. 2015), EPA might be a readily
available precursor for DHA synthesis in neuronal tissues in an ALA-enriched, DHA-
deficient, diet. These enzymes might also have a role in the event of minor local changes in
DHA levels in photoreceptor phospholipids. Since DHA is released from these lipids and
subsequently activates RXR and the ERK/MAPK pathway to achieve photoreceptor
protection (German et al. 2006; German et al. 2013), neuronal fatty acid elongase and
desaturase enzymes might be activated to synthesize and replenish DHA in phospholipids,
once it is released. Interestingly, large scale human genotyping projects have associated
different forms of AMD with variants in genes encoding FADS?2 and proteins involved in
DHA signaling pathway, such as a co-activator of the n-3 long chain PUFA sensing
peroxisome proliferator activated receptor (PPAR)-RXR transcription complex and
constituents of the stress-activated MAPK pathway (Edwards et al. 2008; SanGiovanni et al.
2013; SanGiovanni and Lee 2013; Meyers et al. 2014). Further work is required to establish
the function of these proteins in retina neurons, both in vitro and in vivo.
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FADS?2 is also present in pigment epithelium and glial cells. Pigment epithelium cells have
been proposed as relevant sources of retinal DHA (Wang and Anderson 1993). Brain glial
cells provide neurons with DHA (Moore et al. 1991). Retinal glial cells can take up DHA
and deliver it to photoreceptors in co-culture (Politi et al. 2001b). Hence, retinal pigment
epithelium and glial cells might also contribute to maintain DHA levels in photoreceptors,
through its synthesis and further delivery to neurons.

Adding DHA to neuronal cultures leads to a 5-fold increase in its content in neuronal lipids,
amounting to about 25% of the total fatty acids (Rotstein et al. 1996b), a level similar to that
found in the mature rat retina (Fliesler and Anderson 1983; Rotstein et al. 1996b).
Interestingly, though EPA supplementation led to a much lower (2-fold) accumulation of
DHA in neuronal lipids, this slight increase in DHA levels was sufficient to promote
photoreceptor survival. The high content of DHA in retina photoreceptors is undoubtedly
relevant to modulate conformational changes in rhodopsin upon light exposure and
appropriate function of retina enzymes (Grossfield et al. 2006; Mitchell et al. 2001,
Gawrisch et al. 2008). However, as occurs with other signaling molecules, the function of
DHA as a signal might only require a minute accrual of DHA to reach a threshold level that
allows the release of DHA and subsequent RXR activation. In addition, once released, DHA
might serve as a precursor for several DHA-derived bioactive metabolites, such as
Neuroprotectin D1, which has a protective effect in retinal pigment epithelia and in a cone
photoreceptor cell line (Bazan et al. 2010; Halapin and Bazan 2010; Bazan et al. 2011,
Kanan et al. 2014) and reduces pathological retinal neovascularization (Connor et al. 2007).

EPA is known to be a precursor of potent lipid mediators, such as resolvins, which are
responsible for several of its beneficial effects (Serhan et al. 2000; Dona et al. 2008).
However, our data show that the protective effects of supplementation with EPA require its
elongation and desaturation to DHA in neuronal cultures. Inhibition of FADS2 and,
consequently, of DHA synthesis completely blocked EPA’s prevention of oxidative stress-
induced apoptosis and prevented the increase in opsin levels in photoreceptors. This implies
that, at least in isolated retinal neurons, the effects of EPA on survival and differentiation of
photoreceptors are derived from its metabolism to DHA, and not to EPA itself or EPA-
derived metabolites.

In conclusion, this work shows that EPA supplementation can protect photoreceptors from
oxidative stress-induced apoptosis, and this protection derives from EPA’s elongation and
desaturation to DHA. We also provide the first evidence that retinal neurons have the
enzymatic machinery for synthesizing DHA, which is crucial for photoreceptor function.
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Figure 1. Addition of EPA protected photoreceptor s from Paraquat-induced apoptosis
Rat retina neuronal cultures were supplemented with 3 uM eicosapentaenoic acid (EPA) or

with its vehicle, a bovine serum albumin (BSA) solution (=) at day 1 and treated with 48 uM
Paraquat (PQ) at day 3. Cultures were fixed 24 h later. Phase contrast (a—d, i-l) and
fluorescence photomicrographs (e—h, m—x) show the effect of EPA addition on apoptosis,
evaluated by TUNEL assay (e—h) and by DAPI labeling (g-t; merge in u-x, blue labeling), to
evidence pyknotic nuclei. Photoreceptors were identified by immunocytochemistry, using
Rho4D2, anti-opsin, monoclonal antibody (m—p; merge in u—x, green labeling). Note that
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the amount of TUNEL-labeled, apoptotic cells (arrowheads in e-h) and cells showing
pyknotic nuclei (s, w, thin arrows), including opsin-labeled photoreceptors (o, s, w, wide
white arrow), increased in PQ-treated cultures (c, g, k, 0, s, w) compared to controls and
EPA-supplemented cultures. EPA addition prevented these increases (d, h, I, p, t, X) upon
PQ treatment. Bars depict the effect of different EPA concentrations on cell viability (y),
determined by propidium iodide (PI) labeling and apoptosis of photoreceptors (PhRS) (z),
determined by analyzing the amount of pyknotic or fragmented nuclei. Three separate
experiments with three dishes for each condition were analyzed and 10 fields per dish were
counted blindly in all experiments. Bar, 20 um. *p<0.05; statistically significant differences
determined by a one way-ANOVA test, followed by a Tukey’s post hoc test.
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Figure 2. EPA addition protected photoreceptors from H>Oo-induced apoptosis
Phase contrast (a—d, i—I) and fluorescence photomicrographs (e—h, m-t) of neuronal cultures

supplemented with vehicle (=) or 3 um EPA at day 1 in culture and treated at day 3 with 10
UM H,0,. Apoptosis was evaluated by TUNEL assay (e-h); large arrowheads (a—d) indicate
the corresponding TUNEL-labeled (apoptotic) cells in e-h. Mitochondrial functionality (m-
p) was determined with Mitotracker; small arrowheads show photoreceptors preserving their
mitochondrial membrane polarization. Pyknotic or fragmented nuclei (g-t) were determined
by DAPI labeling; arrows indicate apoptotic photoreceptors. Bars, 15 pm. Bars depict mean
+ SD of the percentage of photoreceptors preserving their mitochondrial membrane
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polarization (u) and the ratio of increase in the number of apoptotic photoreceptors (v).
Three different experiments with three dishes for each condition were analyzed and 10 fields
per dish were counted blindly in all experiments. ** p<0.01; statistically significant
differences determined by a one way-ANOVA test followed by a Tukey’s test.
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Figure 3. Oxidative stress-induced apoptosis of photoreceptor s was prevented only by EPA

addition

Neuronal cultures were supplemented at day 1 with either 3 uM EPA, or 4 uM oleic (OLA),
palmitic (PAM), or arachidonic (ARA) acid, or vehicle (=) and treated with PQ at day 3.

Bars depict the percentage

of Pl-labeled cells (a) and of photoreceptors with fragmented or

pyknotic (apoptotic) nuclei (b). Three experiments with three dishes for each condition were

analyzed and 10 fields per

dish were counted blindly in all experiments. *p<0.05,

statistically significant differences determined by a one-way ANOVA test followed by a

Tukey’s test.
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Figure 4. EPA addition stimulated opsin expression in photor eceptors
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Phase contrast (a, b) and fluorescence (c, d) photomicrographs of control (a, ¢) and 3 uM
EPA-supplemented (b, d) 6 day neuronal cultures, show opsin expression (c, d) determined
by immunocytochemistry. Note that EPA supplementation increased the number of opsin-
expressing photoreceptors (arrows) and led to the formation of apical processes (arrowheads
in d). Bar, 10 um. Bars () depict the fold-change in the amount of photoreceptors
expressing opsin in EPA-supplemented, 4 and 6 day cultures compared to controls,
determined by immunocytochemistry. Bars (f) depict the fold-change in the level of opsin
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MRNA, determined by gRT-PCR in 6-day cultures supplemented with EPA compared to
controls. Three experiments with three dishes for each condition were analyzed and 10 fields
per sample were counted blindly in all experiments. *p<0.05; ** p<0.01, statistically
significant differences compared to controls, determined by a Student’s t-test.
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Figure 5. Addition of EPA increased docosahexaenoic acid (DHA) levelsin retina neurons
Retina neurons were supplemented with vehicle (=) or with 3 uM EPA added at day 1 in

vitro and the fatty acid composition of neuronal phospholipids was determined by GLC at
day 4. Bars (a) depict mean £ SD of the mole % content of EPA, docosapentaenoic acid
(DPA) and DHA in neuronal phospholipids. Three different experiments with two dishes for
each condition were analyzed. * p<0.05, statistically significant differences, compared to the
respective controls, determined by a Student’s t-test. Sequence of metabolic reactions (b)
leading to 22:6 n-3 (DHA) synthesis from 18:3 n-3 that involves its desaturation by FADS?2,
the further elongation and desaturation catalyzed by ELOVL5,2 and FADSL to synthesize
20:5 n-3 (EPA), which is successively elongated by ELOVL5,2 and ELOVL?2 to 24:5 n-3,
which is then desaturated by FADS?2 to 24:6 n-3, which after a (peroxisomal) -oxidation
gives rise to DHA.
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Figure 6. Retina neurons expressed FADS2
Fluorescence confocal photomicrographs (a—j) of 6 day neuronal cultures (a—d), and

neuroglial mixed cultures (e-g) and epifluorescence photomicrographs of ARPE-19 cell
cultures (h—j) showing expression of opsin (green in a, d), FADS2 (red in b, d, e, g, h, j),
vimentin (green in g) and nuclei labeled with TOPRO (c, d, f, g) or DAPI (i, j). Note that
glial cell nuclei (arrowheads in f) were much larger than those of neurons (arrows in f).
FADS2 expression was observed in nuclei in opsin-labeled photoreceptors (arrows in a—d),
neurons (arrows in e, g) and vimentin-labeled glial cells (arrowheads in e, g). In contrast, in
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ARPE-19 cells expression of FADS2 was mainly observed in the cytoplasm (h, j). Bars, 20
um. Electrophoresis of FADS2 mRNAs after RT-PCR (K) in 4 day neuronal cultures
supplemented with vehicle (=) or 3 uM EPA,; a specific 167 bp band was observed in
samples from neuronal cultures, which was absent in Reverse Transcriptase negative control
(RT negative) and No Template Control (NTC) conditions. Bars (I) depict relative
quantification of FADS2 mRNA levels by RT-PCR in lysates prepared from 4 day neuronal
cultures (n=3) supplemented with vehicle (=) or 3 uM EPA, from 13 day pure glial cultures
(n=3) from rat retina (glia) and from PN10 rat brain (n=1).
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Figure 7. Inhibition of DHA synthesis blocked EPA effects on photor eceptor apoptosis and
differentiation

Neuronal cultures were treated with or without CP, a FADS1/FADS2 inhibitor, before
supplementation with vehicle or with 3 uM EPA at day 1. Bars (a) depict mean + SD of
EPA, DPA and DHA mole % content in total phospholipids extracted from 4 day neuronal
cultures supplemented with vehicle (=), CP, EPA and EPA+CP. Three separate experiments
with two dishes for each condition were analyzed. Bars (b) depict mean + SD of the
percentage of photoreceptors (PhRs) showing pyknotic or fragmented (apoptotic) nuclei in
neuronal cultures treated without (white bars) or with H,O, (grey bars) at day 3. Bars (c)
depict the mean + SD of the percentage of photoreceptors expressing opsin after 6 days in
culture in each experimental condition. Three separate experiments with three dishes for
each condition were analyzed and 10 fields per sample were counted blindly in (b) and (c).
*p<0.05, **p<0.01, statistically significant differences determined by a one way-ANOVA
test followed by a Tukey’s test.
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