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Abstract
Ceramide (Cer) has a key role inducing cell death and has been proposed as a messenger in photoreceptor cell death in the retina.
Here, we explored the pathways induced by C2-acetylsphingosine (C2-Cer), a cell-permeable Cer, to elicit photoreceptor death.
Treating pure retina neuronal cultures with 10 μMC2-Cer for 6 h selectively induced photoreceptor death, decreasing mitochon-
drial membrane potential and increasing the formation of reactive oxygen species (ROS). In contrast, amacrine neurons preserved
their viability. Noteworthy, the amount of TUNEL-labeled cells and photoreceptors expressing cleaved caspase-3 remained
constant and pretreatment with a pan-caspase inhibitor did not prevent C2-Cer-induced death. C2-Cer provoked polyADP ribosyl
polymerase-1 (PARP-1) overactivation. Inhibiting PARP-1 decreased C2-Cer-induced photoreceptor death; C2-Cer increased
polyADP ribose polymer (PAR) levels and induced the translocation of apoptosis inducing factor (AIF) from mitochondria to
photoreceptor nuclei, which was prevented by PARP-1 inhibition. Pretreatment with a calpain and cathepsin inhibitor and with a
calpain inhibitor reduced photoreceptor death, whereas selective cathepsin inhibitors granted no protection. Combined pretreat-
ment with a PARP-1 and a calpain inhibitor evidenced the same protection as each inhibitor by itself. Neither autophagy nor
necroptosis was involved in C2-Cer-elicited death; no increase in LDH release was observed upon C2-Cer treatment and
pretreatment with inhibitors of necroptosis and autophagy did not rescue photoreceptors. These results suggest that C2-Cer
induced photoreceptor death by a novel, caspase-independent mechanism, involving activation of PARP-1, decline of mitochon-
drial membrane potential, calpain activation, and AIF translocation, all of which are biochemical features of parthanatos.
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Introduction

Retina neurodegenerative diseases, with diverse etiologies
and pathogenesis, are the leading causes of visual dysfunction
in developed countries. They include inherited diseases, such
as retinitis pigmentosa, which results from over 160 genetic
mutations [1], and retinopathies resulting from the combina-
tion of environmental risks, genetic predisposition, and old
age, such as age-related macular degeneration. The fact that
photoreceptor cell death is a hallmark of most of these

diseases, irrespective of their origin, makes it imperative to
identify common pathways or mediators leading to this death,
to develop new therapeutical approaches aimed at providing
much needed effective treatments.

In the last two decades sphingolipids have been established as
essential players in key cellular functions [2, 3]. Ceramide (Cer) is
a centralmolecule in sphingolipid biosynthetic and catabolic path-
ways. It can be formed by de novo synthesis, through hydrolysis
of phosphodiester bonds in sphingomyelin by sphingomyelinases
or through a recycling pathway, by re-acylation of sphingosine
[2]. Multiple cellular injuries activate these pathways increasing
the levels of Cer, which then triggers different cellular responses,
including cell death [2, 4]. The work of several groups, including
ours, supports a role for Cer as a mediator of photoreceptor death.
Exogenous addition of C2-acetylsphingosine (C2-Cer), an exten-
sively used cell-permeable Cer, induces apoptosis of retina neu-
rons in vitro, whereas inhibiting Cer synthesis prevents oxidative
stress-induced apoptosis of photoreceptors and of 661W cells, a
cone-like cell line [5, 6]. Further evidence points to Cer
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involvement in pathological photoreceptor death in vivo. Cer pro-
duction has been associated with retinal apoptosis following ret-
inal detachment [7] and suppression of acid sphingomyelinase
partially protects the retina from ischemic damage [8]. Cer in-
creases during photoreceptor degeneration in a mouse model of
retinitis pigmentosa, and inhibiting its synthesis preserves photo-
receptor structure and function [9]. In rat models of retinal degen-
eration, such as a light stress rat model and P23H-1 rats, inhibiting
Cer synthesis with FTY720 grants protection from retina and
photoreceptor degeneration [10, 11]. Thus, Cer emerges as a
common arbitrator in diverse retinal pathologies, with different
etiologies, causing photoreceptor death. This leads to the exciting
proposal that targeting either biosynthesis of Cer or the down-
stream cellular pathways it triggers might provide ubiquitous
and effective therapeutical strategies.

Cer has multiple intracellular targets, and mitochondria are
a crucial site of Cer-elicited cell death; Cer increase provokes
mitochondrial dysfunction and caspase-dependent apoptosis
in different cell types [4]. Cer also activates other mechanisms
of cell death. Several groups have reported Cer has a role in
autophagy induction [12, 13]; increases in Cer levels have
been shown to be involved in necroptosis [14]. The pathways
leading to an increase in Cer synthesis in the eye differ in the
diverse models and pathologies analyzed [5, 6, 8]. Cer in-
crease leads to mitochondrial depolarization in rat photorecep-
tors and to activation of caspases, calpains and cathepsins in
661W cells [5, 6], suggesting that Cer might control several
death pathways in photoreceptors.

Information regarding these pathways is still scarce in
the retina, and in vitro models have provided most of the
existing data. We established that a 24-h treatment of pure
neuronal cultures with 10 μM C2-Cer induces the death of
both photoreceptor and amacrine neurons in culture [5]. In
this work, we have determined that a 6-h C2-Cer treatment
triggered the selective death of photoreceptors. Taking ad-
vantage of this model, we here investigated the early steps
activated exclusively in photoreceptors to induce their de-
generation. We have established that C2-Cer triggers a
caspase-independent pathway involving overactivation of
poly(ADP ribose) polymerase 1 (PARP-1), activation of
calpain, and nuclear translocation of AIF, all of which are
established hallmarks of parthanatos, suggesting that this
cell death pathway has a key role in Cer-induced photore-
ceptor death.

Experimental Procedures

Animals

Two-day-old albino Wistar rats bred in our own colony were
used in all the experiments. All procedures concerning animal
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 protocols approved
by the Institutional Committee for the Care of Laboratory
Animals from the Universidad Nacional del Sur (Argentina).

Materials

Plastic culture 35- and 60-mm diameter dishes as well as 24-
multiwell plate (CellStar) were from Greiner Bio-One
(Frickenhausen, Germany). Dulbecco’s modified Eagle’s me-
dium (DMEM), Hanks’ Balanced Salt Solution (HBSS), tryp-
sin, gentamicin, terminal deoxynucleotide transferase dUTP
nick end labeling (TUNEL) kit, and MitoTracker Red
CMXRos were from Invitrogen (Buenos Aires, Argentina).
Poly-ornithine, insulin, trypsin inhibitor, transferrin, hydro-
cortisone, putrescine, trypsin, N-acetyl-D-sphingosine (C2-
ceramide), paraformaldehyde, 4,6-diamidino-2-phenylindole
(DAPI), Bafilomycin A1, monoclonal anti-sintaxin-1 (HPC-
1) and anti-alpha tubulin antibodies, propidium iodide, and
Thiazolyl Blue Tetrazolium Bromide (MTT) were from
Sigma-Aldrich (Buenos Aires, Argentina). C16-ceramide
(d18:1/16:0, N-palmitoyl-D-erythro-sphingosine) was from
Avanti Polar Lipids (Alabaster, Alabama) and a kind gift from
Dr.Marta Aveldaño and Dr. Alejandro Peñalva (Bahía Blanca,
Buenos Aires, Argentina). Monoclonal anti-AIF (E-1), sec-
ondary antibodies, goat anti-mouse IgG-horseradish peroxi-
dase (HRP), z-VAD-FMK, Necrostatin-1, 3-MA, ALLN,
Calpeptin, CA-074, Pepstatin A, PJ34, and BYK204165 were
from Santa Cruz Biotechnology Inc. (Dallas, Texas).
Monoclonal anti-cleaved caspase-3 antibody was from Cell
Signaling Technology, Inc. (Danvers, MA), monoclonal anti-
PAR antibody from Enzo Life Sciences, Inc. (Miami, FL) and
secondary Cy3-conjugated goat anti-rabbit and Cy2-
conjugated goat anti-mouse antibodies from Jackson
ImmunoResearch (West Grove, PA). Anti-Crx antibody was
a generous gift from Cheryl Craft (University of Southern
California, Los Angeles, CA). Solvents were HPLC grade,
and all other reagents were of analytical grade.

Retinal Neuronal Cultures

Pure neuronal retinal cultures were obtained according to pre-
viously established procedures [15]. Briefly, retinas were dis-
sected and dissociated under mechanical and trypsin diges-
tion; cells were then re-suspended in a chemically defined
medium and seeded on 24-well cell culture plates or 35/60-
mm diameter dishes, according to the experimental design.
Culture dishes and wells were pretreated with poly-ornithine
(0.1 mg/mL) for 2 h and then with 25% Schwannoma-
conditioned medium overnight [16]. Cultures were incubated
at 36.5 °C in a humidified atmosphere of 5% CO2 for 3 days.
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Ceramide Addition

C2-Cer was prepared in ethanol, as a 25-mM stock solution,
and then added to neuronal cultures at day 3 in vitro at a final
concentration of 10 μM C2-Cer [5]. The same volume of
solvent was added to control cultures (0.04% ethanol [v/v]).
Different time periods (3, 6, and 9 h) were tested initially and a
6-h treatment was chosen for further experiments, unless oth-
erwise specified.

The effect of C16-Cer on cultured neurons was also ana-
lyzed. A 4-mg/mL (7.41 mM) C16-Cer stock solution was
prepared in ethanol/decane (98:2 v/v), to allow its entrance
to the cell. The solution was added to the cultures at 5, 10,
15, 20 and 25 μM (final concentration in culture) [17] and
neurons were incubated for 6 h. The same volume of solvent
was added to control conditions (maximum solvent concen-
tration, 0.33% ethanol/decane, v/v).

Cell Treatment Protocols

To evaluate the effect of different inhibitors on C2-Cer-in-
duced cell death, cultures were pretreated with each inhibitor
for 1 h before C2-Cer addition. A detailed description of the
inhibitors used is shown in Table 1. To evaluate the effect of
PJ34 pretreatment on C16-Cer-supplemented cultures, neuro-
nal cultures were pretreated with 1 μM PJ34 for 1 h and then
with different concentrations of C16-Cer for 6 h.

For immunocytochemical analyses, cultures were fixed for
30 min with 2% paraformaldehyde (PF, Sigma) in phosphate-
buffered saline (PBS), or with cold methanol at − 20 °C for
15 min, followed by permeation with 0.1% Triton X-100 for
15 min. Non-specific labeling was blocked by 1 h incubation
at room temperature (RT) with 2% skimmed milk in TNT
buffer (100 mM Tris pH 7.4; 150 mM NaCl and 0.1%
Tween 20).

Evaluation of Neuronal Cell Death

Cell death was determined by propidium iodide (PI) labeling.
Cultures were incubated with 25 μM PI for 20 min at 36.5 °C
and then washed twice with PBS before fixation. PI-labeled
cells were considered non-viable [18].

Cell viability and mitochondrial function were evaluated
by using 2-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide (MTT) assay [19]. Viable cells reduced MTT to
a colored, water-insoluble formazan salt. After treatment,
MTT solution (5 mg/ml in PBS) was added to achieve a
0.5 mg/ml MTT final concentration in the culture medium.
Cells were incubated at 36.5 °C for 1.5 h, lysed with solubi-
lization buffer (10% Triton X-100 and 0.01 N HCl in
isopropanol), and the extent of MTT reduction was measured
spectrophotometrically at 570 nm using a microplate reader.
Background absorbance (due to phenol red of DMEM) was

measured at 670 nm and subtracted for all wells. Viability is
expressed as a percentage of the average absorbance of
controls.

Preservation of mitochondrial membrane potential was de-
termined incubating the cultures with 100 nMMitoTracker Red
CMX ROS (Molecular Probes, Invitrogen) at 36.5 °C for
20 min before fixation. Cell labeling was then analyzed by
fluorescence microscope (Nikon Eclipse 2000). MitoTracker
concentrates in mitochondria retaining their membrane poten-
tial, labeling them with a bright red fluorescence; in contrast, a
diffuse, pale red labeling is observed upon mitochondrial depo-
larization [20]. After incubation, cells were gently washed with
PBS and fixed with 2% PF for 30 min.

Nuclear integrity was evaluated by labeling nuclei with
1 μg/ml DAPI for 10 min. Apoptotic cell death was evaluated
by the TUNEL assay. Cells were fixed with 2% PF for 15 min
and stored in 70% ethanol for 48–72 h at − 20 °C. Cells were
then pre-incubated with TdT buffer for 15 min and then with
the TdT reaction mixture (0.05 mM BrdUTP and 0.3 U/μL
recombinant TdT in TdT buffer) at 36.5 °C in a humidified
atmosphere for 1 h. The reaction was stopped with stop buffer
(300 mM NaCl, 30 mM sodium citrate, pH 7.4) at room tem-
perature. Negative controls were prepared by omitting the
enzyme TdT. BrdU uptake was determined with an anti-
BrdU monoclonal antibody.

Plasmamembrane leakage, a feature shared by both necrosis
and necroptosis, was determined by detection of the release of
lactate dehydrogenase (LDH), a cytoplasmic enzyme, to culture
media. LDH leakage was determined as described by Sanchez
Campos et al. [21] with slight modifications. After C2-Cer treat-
ment, incubation media were removed and cells centrifuged at
1000×g for 10 min at 4 °C. LDH activity was measured in the
supernatant, by a spectrophotometrical assay (LDH-P UVAA
kit, Wiener lab, Argentina). In this assay, the conversion rate of
reduced nicotinamide adenine dinucleotide (NADH) to oxi-
dized nicotinamide adenine dinucleotide (NAD+), reaction cat-
alyzed in presence of LDH, was followed at 340 nm. Results
were expressed as percentage of the control.

Determination of Reactive Oxygen Species (ROS)
Levels

ROS levels were evaluated using the probe 2 ′ ,7 ′-
dichlorodihydrofluorescein diacetate (H2-DCFDA, DCF)
(Thermo Fisher). This probe can cross the membrane and after
oxidation is converted into a fluorescent compound. After a 4-h
C2-Cer treatment, media was removed, and PBS buffer contain-
ing 1 μM DCF was added. After 20 min of incubation at
36.5 °C, cell labeling was analyzed using an epifluorescence
microscope. Neuronal cultures treated with 350 μM hydrogen
peroxide for 6 h were used as positive controls; dishes contain-
ing culture media, without cells, were used as negative controls.
Fluorescence levels were quantified using ImageJ (freely
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available at http://rsb.info.nih.gov/ij). Results were expressed as
a percentage of the control.

Immunocytochemical Analysis

Neuronal cell types were identified by their morphology using
phase contrast microscopy and by immunocytochemistry.
Photoreceptors were identified by their labeling with an anti-
body against Crx (1:600, overnight, 4 °C), the transcription
factor expressed when progenitor cells begin to differentiate
as photoreceptors, and amacrine neurons with an HPC-1 anti-
body (1:200, 2 h); a Cy3 goat anti-rabbit and a Cy2 anti-mouse
(1:200, 1 h) were used as secondary antibodies, respectively.
Photoreceptors have a small (3–5μm) round and dark cell body
usually with a single neurite at one end, which usually ends in a
conspicuous synaptic Bspherule.^ Amacrine neurons have mul-
tiple neurites, instead of a typical single axon, a bigger cell body
(around 10 μm), and a broad morphological heterogeneity. The
remaining neuronal cell types in culture accounted for less than
5% of total cells.

Activation of caspase-3 was determined by incubating cells
with a cleaved caspase-3 antibody (1:200 overnight, 4 °C); a
Cy3 goat anti-rabbit was used as a secondary antibody.

To evaluate AIF nuclear translocation, cells were fixed with
methanol and incubated with an anti-AIF antibody (1:50 over-
night, 4 °C). A Cy2 goat anti-mouse was used as a secondary
antibody. Nuclei were labeled with TOPRO-3 (Invitrogen,
2 μM, 10 min) and samples were analyzed by laser scanning
confocal microscopy (DMIRE2/TSCSP2 microscope; Leica,
Wetzlar, Germany) with a 63× water objective and processed
(LCS software; Leica).

Production of PAR Polymers

PARP-1 activation was analyzed by evaluating production of
PAR polymers, by immunocytochemistry and Western blot.
For immunocytochemical analysis, cells were incubated with

an anti-PAR antibody (1:50, overnight at 4 °C); Cy2 anti-mouse
(1:200, 90 min) was used as a secondary antibody. To eliminate
unspecific labeling, cells were then washed twice for 10 min
with 0.1% Tween in PBS (PBST) and once with PBS.

For Western blotting, cells were rinsed twice with washing
buffer (10 mM NaF, 1 mM Na3VO4 in PBS), collected in lysis
buffer [10 mM Tris-HCl (pH 7.4), 15 mM NaCl, 5 mM NaF,
1 mM Na3VO4, 1% Triton X-100] containing a protease inhib-
itor mixture (Sigma #P8340) and scrapped followed by lysis on
ice for 30 min (with vigorous vortexing every 10 min). After
quantification of proteins by Bradford assay, 30–40 μg of sam-
ple were mixed with sample buffer [62.5 mM Tris-HCl
(pH 6.8), 2% SDS, 1% glycerol, 3% 2-mercaptoethanol, and
0.01% bromophenol blue], then heated for 7 min at 95 °C, and
finally were subjected to electrophoresis on 10% SDS-PAGE
[22]. Proteins were then electro-transferred to Immobilon-FL
transfer membranes (PVDF) [Merck Millipore, Burlington,
USA] and blocked in PBS buffer containing 5% skim milk or
3% BSA (as necessary) for 2 h at RT. Membranes were then
incubated with specific primary antibodies against tubulin
(1:1000) and PAR (1:400). After three washes with TBS plus
0.1% Tween (TBST), membranes were incubated with horse-
radish peroxidase-conjugated goat anti-mouse antibody in
TBST for 1 h at RT, washed three times with TBST, and then
visualized using an enhanced chemiluminescent technique
(ECL), according to the manufacturer’s instructions. Images
were obtained by scanning at 1200 dpi. Band semi-
quantification was carried out using the ImageJ software.

Statistical Analysis

Statistical analysis was performed using ANOVA, followed by
the Tukey’s multiple-comparison test. Data are shown as mean
± S.E.M. of at least three independent experiments. Differences
were considered significant at p < 0.05 (*), (#); p < 0.01 (**);
and p < 0.001 (***), (###). When relevant, non-significant dif-
ferences between conditions were indicated as ns.

Table 1 List of inhibitors

Inhibitor Source Stock solution Concentrations tested Maximum solvent concentration (% v/v)

3-MA Santa Cruz (sc-205596) 200 mM (DMEM) 100, 250, 500, and 1000 μM –

ALLN Santa Cruz (sc-221236) 26.1 mM (DMSO) 10, 20, and 50 μM 0.19

Bafilomycin A1 Sigma # B1793 20 μM (DMSO) 1, 10, and 100 nM 0.05

BYK204165 Santa Cruz (sc-214642) 66.7 mM (DMSO) 2.5, 5, and 10 μM 0.02

CA-074 Santa Cruz (sc-214647) 16.8 mM (DMSO) 1, 5, and 10 μM 0.06

Calpeptin Santa Cruz (sc-202516) 14 mM (DMSO) 0.5, 1, and 2.5 μM 0.02

Necrostatin-1 Santa Cruz (sc-200142) 38.5 mM (DMSO) 10, 50, and 100 μM 0.26

Pepstatin A Santa Cruz (sc-45036) 7.29 mM (DMSO) 1, 5, and 10 μM 0.14

PJ34 Santa Cruz (sc-204161) 30.4 mM (DMSO) 0.5, 1, 2.5, and 5 μM 0.02

z-VAD-FMK Santa Cruz (sc-311561) 21.4 mM (DMSO) 10, 20, and 50 μM 0.23

The source, stock solutions, concentrations, and final solvent concentration in the incubation media of the different inhibitors tested are listed
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Results

Cer Rapidly Triggered Selective Photoreceptor Cell
Death in Culture

We previously showed that a 24-h treatment with C2-Cer in-
duces the death of photoreceptors and amacrine neurons in 3-
day cultures [5]. To evaluate whether both neuronal types had a
differential sensitivity to C2-Cer, we analyzed its effect after
shorter treatments. C2-Cer induced a rapid increase in neuronal
death. PI-labeled (dead) neurons increased markedly after a 6-h
treatment with 10 μM C2-Cer (Fig. 1a, right column). The
percentage of PI-labeled neurons significantly increased from
less than 10% in controls to 33, 57, and 73% after 3, 6, and 9 h
of C2-Cer treatment, respectively (Fig. 1b).

Similarly, a 6 h C2-Cer treatment increased neuronal pyknot-
ic nuclei (Fig. 1a, right column, arrowheads), which were very
few in controls. The percentage of neurons having pyknotic
nuclei rapidly increased from around 10% in controls to 37,
49, and 55% after 3, 6, and 9 h of C2-Cer treatment, respectively
(Fig. 1d). Neuronal mitochondria functionality was already af-
fected after a 6-h C2-Cer treatment; while most neurons in con-
trols showed brightly labeled (functional) mitochondria (Fig.
1e, left column), a remarkable loss of mitochondrial fluores-
cence was observed in C2-Cer-treated cultures (Fig. 1e, right
column, thin arrows). MTT assays (Fig. 1f) corroborated that
neuronal viability significantly and progressively decreased to
about 80, 70, and 50% after 3, 6, and 9 h of C2-Cer treatment,
respectively.

As stated above, C2-Cer elicits photoreceptor and amacrine
neuron death after 24 h. In contrast, a 6-h treatment with C2-
Cer only affected photoreceptors. Few photoreceptors and
amacrine neurons, identified by their Crx and HPC-1 labeling,
respectively, had pyknotic nuclei in controls (arrowheads in
Fig. 2a, upper panel), whereas in C2-Cer-treated cultures the
amount of photoreceptors with pyknotic nuclei remarkably
increased (arrowheads in Fig. 2a, lower panel), from less than
15% to about 45% of photoreceptors (Fig. 2b). On the con-
trary, C2-Cer treatment did not affect amacrine neurons, which
preserved intact nuclei (broken arrows in Fig. 2a); the percent-
age of these neurons having pyknotic nuclei remained at 10%
in both control and C2-Cer-treated cultures (Fig. 2b). Taking
advantage of this selectivity, we chose a 6-h incubation time
for further investigating the pathways leading to photoreceptor
death.

Noteworthy, analysis of TUNEL labeling of neuronal cells
revealed almost no increase in TUNEL-labeled cells after a 6-
h C2-Cer treatment compared to controls (thin arrows in
Fig. 3a, first column), which remained at around 5% in both
control and C2-Cer-treated cultures, even 15 h after C2-Cer
addition (Fig. 3b). A double-staining analysis, with an anti-
body against Crx, revealed that almost no TUNEL-labeled
cells were Crx positive (Fig. 3a, third column).

C2-Cer Increased Reactive Oxygen Species Formation
in Photoreceptors

Mitochondria are a main target of Cer, which usually affects
their functionality and membrane polarization. The impair-
ment in mitochondrial function leads to an increased ROS
formation, which might then activate different cell death path-
ways. Hence, we explored whether Cer treatment rapidly in-
duced ROS production. Evaluation of ROS levels in neuronal
cultures using the DCF fluorescent probe evidenced a remark-
able increase in DCF-labeled cells in C2-Cer-treated cultures
compared to controls (Fig. 3c). Whereas controls showed few
and diffusely labeled photoreceptors, their number increased,
together with a significant increase in fluorescence intensity,
after 4 h of C2-Cer treatment (Fig. 3c, d).

Cer-Induced Photoreceptor Death Is Caspase
Independent

As shown in Fig. 1e, C2-Cer treatment induced the loss of
mitochondrial membrane permeability, a central event in trig-
gering cell death. In the Bintrinsic apoptotic pathway,^ this leads
to the formation of the apoptosome and the subsequent cleav-
age and activation of caspase-3. However, immunocytochemi-
cal analysis revealed no differences in cells showing cleaved
caspase-3 labeling in control and C2-Cer-treated cultures
(Fig. 4a, central column). Only about 5% of the cells showed
cleaved caspase-3 labeling both in controls and Cer-treated cul-
tures after 6 h; even after a 15-h treatment, their increase was
non-significant compared to controls (Fig. 4b), suggesting that
caspase-3 did not participate in C2-Cer-induced death.

To investigate whether other caspases were involved in this
death, cultures were pretreated with the pan-caspase inhibitor
z-VAD-FMK. After 6 h of C2-Cer h treatment, z-VAD-FMK
concentrations ranging from 10 to 50 μM did not prevent the
decrease in viability induced by C2-Cer (Fig. 4c), implying
that C2-Cer-induced death was caspase-independent.

PARP-1 Overactivation Is Involved in Cer-Induced
Photoreceptor Death

Overactivation of PARP-1 has been shown to promote a
caspase-independent form of cell death named parthanatos. To
evaluate whether PARP-1 was involved in photoreceptor death,
we pretreated neuronal cultures with PJ34, a cell-permeable and
highly specific PARP-1 inhibitor, before C2-Cer addition.
Pretreatment with 1 μM PJ34 significantly reduced cell death,
as shown by MTT assay (Fig. 5a). Pretreatment with 5 μM
BYK, a potent and selective PARP-1 inhibitor, also led to a
significant decrease in C2-Cer-induced photoreceptor death
(Fig. 5b). PJ34 pretreatment markedly reduced the nuclear
pyknosis provoked by C2-Cer (arrowheads in Fig. 5c). This
pretreatment significantly diminished the increase in the
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percentage of photoreceptors with pyknotic nuclei induced by
C2-Cer compared to controls (Fig. 5d).

Overactivation of PARPs, mainly that of PARP-1, leads to a
rapid accumulation of polyADP ribose (PAR) polymers.
Immunocytochemical labeling demonstrated that C2-Cer in-
creased PAR expression compared to controls (Fig. 5e).
Western blot analysis confirmed that C2-Cer rapidly increased
PAR levels. A strong PAR labeling was observed, stretching
between 150 and 240 kDa, in a smear-like fashion. After 2 h of
C2-Cer addition, PAR levels augmented nearly by 50%, com-
pared to controls (Fig. 5f), decreasing after 4 h and increasing
slightly, although non-significantly, after 6 h. As a whole, these
results strongly support that a rapid PARP overactivation was
involved in photoreceptor death.

C16-Cer-Induced Neuronal Death Was Prevented
by Inhibiting PARP

We previously showed that oxidative stress increases neuronal
synthesis of [3H]16:0-Cer and this increase leads to photorecep-
tor death [5]. Hence, we evaluated whether C16-Cer, a

biological ceramide, also induced neuronal death through the
activation of PARP-1. A 6-h treatment with 10 to 25 μM C16-
Cer markedly decreased neuronal viability (Fig. 5g).
Pretreatment with 1 μM PJ34 significantly augmented this vi-
ability (Fig. 5g), suggesting that PARP-1 activation was in-
volved in C16-Cer-induced neuronal death.

C2-Cer-Induced PARP-1 Activation Led to AIF Nuclear
Translocation

AIF is among the Bdeath factors^ released from mitochondria
upon different death signals that lead to the loss of mitochon-
drial membrane permeability and its nuclear translocation has a
deadly effect [23]. To explore whether C2-Cer-induced AIF
nuclear translocation, AIF localization was evaluated by immu-
nocytochemistry and confocal microscopy. Double labeling
with an AIF (green in Fig. 6a) antibody and TOPRO-3 (blue
in Fig. 6a) evidenced that AIF was almost absent from nuclei in
controls; in contrast, C2-Cer enhanced AIF and TOPRO-3
colocalization in neuronal nuclei, implying it promoted AIF
nuclear translocation (compare left and right micrographs in

Fig. 1 C2-ceramide rapidly induced neuronal death. Three-day neuronal
cultures were supplemented with vehicle (Ctl) or with 10μMC2-Cer (C2-
Cer) for different time periods in culture. Fluorescence photomicrographs
show cells labeled with propidium iodide (PI, red in a), nuclei labeled
with DAPI (blue in c and e), and mitochondria labeled with MitoTracker
(red in e) after a 6-h treatment with vehicle or with C2-Cer; note the
increase in neurons having pyknotic nuclei (arrowheads in c) and in

neurons evidencing mitochondrial depolarization (thin arrows in e) in
C2-Cer-treated cultures. Scale bar, 10 μm. Graphs show the percentage
of PI-labeled neurons (b), of neurons having pyknotic nuclei (d), and of
decrease in viability compared to controls, determined by MTT assay (f)
after different times in culture. Values in b, d, and f are the mean ± SEM
of three different experiments. *p < 0.05; **p < 0.01; ***p < 0.001, sta-
tistically significant differences compared to controls
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Fig. 6a, upper lane, arrowheads). Evaluation of AIF nuclear
localization by confocal imaging analysis in the xz plane con-
firmed the absence of AIF in nuclei in controls and its nuclear
translocation after C2-Cer treatment, as evidenced by the
colocalization of AIF and TOPRO-3 labeling (Fig. 6b, first
and third lanes, respectively). The percentage of neurons show-
ing AIF nuclear localization increased from about 20% in con-
trols to 60% after 6 h of C2-Cer treatment (Fig. 6c).

PARP-1-mediated cytotoxicity has AIF as a central effector
in many cell types [24–26]. To evaluate whether AIF nuclear
translocation resulted from PARP-1 overactivation, we
pretreated neuronal cultures with PJ34. This PARP-1 inhibitor
noticeably decreased AIF nuclear translocation after C2-Cer
treatment (Fig. 6a, lower lane). This decrease was confirmed
by analysis on the xz plane; scarce AIF and TOPRO-3
colocalization was observed in PJ34-pretreated cultures, com-
pared to those solely treated with C2-Cer (Fig. 6b, third and

fourth lanes, respectively). The percentage of neurons show-
ing AIF nuclear localization significantly decreased from 60%
to about 20% in C2-Cer-treated cultures without or with PJ34
pretreatment, respectively (Fig. 6c).

C2-Cer Induced Calpain Activation to Promote
Photoreceptor Death

Cysteine proteases such as calpains and cathepsins participate
in AIF cleavage, which is essential for its translocation [27,
28]; however, the requirement for their activation in PARP-1-
mediated death is still under debate [26, 29]. We first analyzed
the effect of ALLN, an inhibitor of several cysteine proteases,
such as calpain 1 and 2 and cathepsins B and L. ALLN pre-
treatment remarkably preserved neuronal viability.
Pretreatment with 20 μMALLN, 1 h before C2-Cer treatment,
markedly reduced the nuclear pyknosis observed in C2-Cer-

Fig. 2 A 6-h treatment with C2-Cer induced the selective death of pho-
toreceptors. Cultures were treated with vehicle (control) or with C2-Cer
for 6 h. a Fluorescence photomicrographs show photoreceptors and
amacrine neurons labeled with Crx (red) and HPC-1 (green, broken ar-
rows) antibodies, nuclei labeled with DAPI (blue), and merge.
Arrowheads indicate Crx-labeled photoreceptors having pyknotic nuclei.

Scale bar, 10 μm. b Bars show the percentage of photoreceptors and
amacrine neurons, identified as shown in a, having pyknotic nuclei in
controls and C2-Cer-treated cultures; values are the mean ± SEM of three
different experiments. ***p < 0.001, statistically significant differences
compared to controls
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treated cultures (Fig. 7a, compare central and right micro-
graphs; b). ALLN pretreatment maintained 80% viability,
compared to controls, preventing the 50% decrease induced
by C2-Cer (Fig. 7c). This implies that either calpains or ca-
thepsins, or both, were involved in C2-Cer-induced photore-
ceptor death.

We then pretreated the cultures with different concentra-
tions of calpeptin, a potent calpain I and II inhibitor, before
C2-Cer addition. MTT assays showed that 1 μM calpeptin
significantly preserved neuronal viability upon C2-Cer treat-
ment (Fig. 7d). Calpeptin decreased nuclear pyknosis in pho-
toreceptors compared to the observed in C2-Cer-treated cul-
tures (Fig. 7e, arrowheads; f). Noteworthy, ALLN neuropro-
tection was more effective than that of calpeptin.

Finally, we investigated whether PARP-1 and calpains
acted additively or synergically to trigger photoreceptor death.
We simultaneously inhibited PARP-1 and calpain activation
by supplementing the cultures with both 1 μMPJ34 and 1 μM
calpeptin before C2-Cer treatment. This combined treatment
had the same protective effect as PJ34 alone and slightly
higher than that of calpeptin (Fig. 7g). This suggests that
PARP-1 and calpain are acting through the same pathway to
protect photoreceptors from C2-Cer-induced death.

Inhibiting cathepsins had no effect on neuronal viability.
MTT assays showed that pretreatment of neuronal cultures
with 1–10 μM CA-074, a selective cathepsin B inhibitor,

and 5–10 μM pepstatin A, an inhibitor of acidic proteases
such as cathepsin D, failed to prevent C2-Cer-induced reduc-
tion in neuronal viability (Supplementary Fig. 1).

Since calpains have been reported to cleave AIF and pro-
mote its translocation, we evaluated the effect of calpeptin
pretreatment on AIF translocation. Colocalization of AIF
and TOPRO-3 labeling (arrowheads in Fig. 8a) was highly
visible in C2-Cer-treated cultures and markedly decreased
when cultures were pretreated with calpeptin. The increased
colocalization after C2-Cer treatment and its decrease with
calpeptin pretreatment were clearly appreciated when AIF
and TOPRO-3 labeling were analyzed in the xz plane (Fig.
8b, merge in third and fourth lane, respectively). Quantitative
analysis confirmed that calpeptin pretreatment reduced C2-
Cer-induced AIF translocation (Fig. 8c). As a whole, these
data suggest that calpains participated in photoreceptor death
induced by C2-Cer and were involved in AIF nuclear
translocation.

PARP-1 has been implicated as a player in other caspase-
independent death pathways such as necroptosis and autoph-
agy. Necroptosis is characterized by the loss of plasma mem-
brane integrity, as occurs in necrosis, following a program
orchestrated by the death domain receptor-associated adaptor
kinase 1 (RIPK1). LDH leakage, which results from the loss
of plasma membrane integrity, was similar in controls and in
C2-Cer-treated cultures (Supplementary Fig. 2A).

Fig. 3 C2-Cer enhanced the formation of reactive oxygen species (ROS)
but did not increase DNA internucleosomal fragmentation. a
Fluorescence photomicrographs show cultures treated with vehicle or
with C2-Cer for 6 h, labeled with TUNEL (green, thin arrows), to evaluate
DNA internucleosomal fragmentation, a characteristic of apoptosis, Crx
(red), to identify photoreceptors, and merge. Note the lack of
colocalization of TUNEL labeling and Crx expression in the merge im-
ages. b Percentage of TUNEL-positive neurons after different times in

culture. c Phase and fluorescence micrographs show cultures treated with
vehicle or with C2-Cer for 4 h, labeled with DCF, to detect formation of
ROS (green), and merge; thick white arrows indicate ROS formation in
photoreceptors. dBars depict the percentage of increase, in arbitrary units
of fluorescence intensity, in C2-Cer-treated cultures compared to controls;
**p < 0.01, statistically significant differences compared to controls.
Scale bars, 20 μm
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Pretreatment with necrostatin-1, a potent RIPK1 inhibitor, in
concentrations ranging from 10 to 100 μM, did not reduce C2-
Cer-induced cell death (Supplementary Fig. 2B).

PARP-1 plays dual roles in the modulation of parthanatos
and autophagy under oxidative stress [30]. Evaluation of the
possible role of autophagy in C2-Cer-induced photoreceptor
death showed that pretreatment with 100–1000 μM 3-MA, an
autophagy inhibitor, failed to prevent C2-Cer-induced cell
death (Supplementary Fig. 2C). Similarly, pretreatment with
0.1–10 nM Bafilomycin A1, another autophagy inhibitor, did
not preserve neuronal viability after C2-Cer treatment
(Supplementary Fig. 2D). As a whole, these results imply that
neither programmed necrosis nor autophagy participates in the
demise of photoreceptors following C2-Cer treatment and
PARP-1 activation.

Discussion

Cer accretion emerges as a common feature during retina neu-
rodegeneration, leading to the death of photoreceptors.
However, the pathways leading to this death are still ill-de-
fined.We here provide evidence for a novel pathway activated
by Cer in photoreceptors to trigger their death. We demon-
strated that treatment with 10 μM C2-Cer for 6 h induced the

selective death of cultured retina photoreceptors through a
caspase-independent pathway. This death involved ROS gen-
eration, activation of PARP-1, accumulation of PAR, activa-
tion of calpains, the loss of mitochondrial membrane potential,
and translocation of AIF, all of which are features character-
izing a recently established cell death pathway named
parthanatos. Hence, our results suggest that C2-Cer elicited
photoreceptor death by activating parthanatos as the cell death
routine.

Accumulating evidence in animal models of diverse retinal
pathologies supports a role for Cer as a key mediator trigger-
ing photoreceptor death. Cer levels are increased in the retinas
of animal models of retinal degeneration; Cer accumulates
during retina degeneration in an animal model of retinitis
pigmentosa, and inhibiting its synthesis delays both rod and
cone photoreceptor death and preserves visual function [9,
31]. Light stress induces Cer de novo synthesis and retina
degeneration involving photoreceptor death, and prevention
of this synthesis protects retina structure and function [10].
Ischemia provokes an increase in Cer levels due to activation
of acid sphingomyelinase (ASMase) and the resulting retina
damage is reduced in ASMase +/- mice [8]; Cer accumulates
at early stages during degeneration of P23H-1 rat retinas [11].
In an early work we established that oxidative stress increases
Cer synthesis in retina neurons in culture and a 24-h treatment

Fig. 4 C2-Cer induced cell death by a caspase-independent pathway. a
Phase and fluorescence photomicrographs of cultures treated with vehicle
or with C2-Cer for 6 h showing expression of cleaved caspase-3 (middle
column, arrows) and nuclei labeled with DAPI (right); arrowheads show
pyknotic nuclei. Scale bar, 10 μm. b Percentage of cells showing the

presence of cleaved caspase-3 after different times of C2-Cer addition. c
Bars depict the effect on neuronal viability, compared to controls, of
pretreatment with different concentrations of pan-caspase inhibitor z-
VAD-FMK (z-VAD), followed (black bars) or not (white bars) by a 6-h
C2-Cer treatment. ns, non-significant statistical differences
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Fig. 5 C2-Cer promoted neuronal death through activation of PARP-1. a,
b Cultures were pretreated with different concentrations of two PARP-1
inhibitors, PJ34 and BYK, respectively, before a 6-h treatment with C2-
Cer; viability was then determined by MTT assays. c Fluorescence pho-
tomicrographs show nuclei labeled with DAPI in cultures pretreated with
1 μM PJ34 and then with vehicle or with C2-Cer for 6 h; arrowheads
show pyknotic nuclei. d Bars show the percentage (mean ± SEM) of
photoreceptors having pyknotic nuclei in controls and cultures pretreated
with PJ34, with or without a 6-h C2-Cer treatment. e Photomicrographs
show expression of PAR polymers (green) and nuclei labeled with DAPI

(blue) in cultures treated with vehicle or with C2-Cer for 2 h. Scale Bars,
10 μm. f Analysis by Western blot of the levels of PAR polymers at 0, 2,
and 4 h of C2-Cer addition (up); bars depict the percent of change in
normalized PAR polymer levels, compared to control condition (time
zero). g The curves show the viability (as mean percentage ± SEM),
determined by MTT assays, of neurons pretreated with (•) or without
(○) PJ34 and then with different concentrations of C16-Cer for 6 h.
*p < 0.05, **p < 0.01, ***p < 0.001, statistically significant differences
compared to controls; #p < 0.05, statistically significant differences be-
tween PJ34-treated and non-treated conditions
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with 10 μMC2-Cer provokes the death of photoreceptors and
amacrine neurons [5]. We now demonstrated that photorecep-
tors weremore sensitive than amacrine neurons to C2-Cer; a 6-
h treatment with 10 μMC2-Cer induced the selective death of
photoreceptors, whereas amacrine neurons were virtually un-
affected. This selectivity enabled us to investigate the intracel-
lular mechanisms involved in Cer induction of photoreceptor
death in culture. C2-Cer induced a rapid and significant chro-
matin condensation and nuclear pyknosis in photoreceptors
and provoked mitochondrial membrane depolarization. In ad-
dition, C2-Cer promoted a rapid formation of ROS; increased
ROS levels occurred early during C2-Cer-elicited photorecep-
tor death. Multiple studies have demonstrated a close connec-
tion between Cer-induced cell death, loss of mitochondrial
function and ROS production. We showed that a 24-h treat-
ment with C2-Cer leads to mitochondrial depolarization in
photoreceptors [5]. Mitochondrial dysfunction is involved in
Cer-induced death of cortical neurons and neuroblastoma cells
[32, 33]. Cer enhances mitochondrial membrane permeability,
thus leading to the release of pro-apoptotic mitochondrial pro-
teins such as cytochrome c, Omi, and AIF and to the collapse
of mitochondrial potential [34–38]. Cer affects mitochondrial
membrane permeability indirectly, by promoting Bax translo-
cation to mitochondria [39, 40] or acting synergistically with
Bax to permeabilize mitochondrial outer membrane [41].
Early in vitro studies show Cer inhibits electron transport
and induces formation of ROS in intact mitochondria, which
are an early event in Cer-induced death; C2-Cer inhibits

several respiratory chain complexes [38, 42] and enhances
ROS production [43]. C2-Cer has been recently shown to in-
crease ROS production in neuroblastoma cells [44].

Permeabilization of mitochondria is central to most path-
ways of programmed cell death. Activation of the apoptotic
mitochondrial pathway is frequently associated to neuronal
death, with the involvement of the caspase-9/caspase-3 cas-
cade [32, 45]. Activated caspases are responsible for many of
the characteristic features that usually define apoptotic cell
death, such as the fragmentation of DNA detected by
TUNEL labeling, which depends on a caspase-mediated
DNA cleavage. However, our evidence suggests that activa-
tion of caspases was not involved in C2-Cer-induced photore-
ceptor death. Treatment with C2-Cer did not enhance TUNEL
labeling in photoreceptors. No increase in the presence of
cleaved caspase-3 in photoreceptors was observed in C2-
Cer-treated cultures, implying this caspase was not activated
by C2-Cer. In addition, z-VAD-FMK, a pan-caspase inhibitor,
could not preclude C2-Cer-induced photoreceptor death.
Hence, our results suggest that Cer promoted photoreceptor
death through a caspase-independent pathway. The involve-
ment of caspases in photoreceptor death appears to be age and
disease dependent. Caspases participate in apoptosis of pho-
toreceptors early during development, in vivo and in vitro [46,
47]. Multiple proteases are involved in photoreceptor death in
animal models of retina degeneration. Caspases are active in
rd and rds mice [48], but their inhibition does not prevent
photoreceptor degeneration [49]. Caspase-independent

Fig. 6 C2-Cer-induced nuclear translocation of AIF was prevented by
inhibiting activation of PARP-1. Cultures were pretreated or not with
PJ34 and then treated with vehicle or with C2-Cer for 6 h. a Confocal
photomicrographs in the xy plane show neuronal localization of AIF
(green) and nuclear labeling with TOPRO-3 (blue); arrowheads show
colocalization of AIF and TOPRO-3 labeling. Scale bar, 10 μm. b

Confocal photomicrographs in the xz plane show localization of AIF (left
column, green), nuclear labeling with TOPRO-3 (middle column, blue),
and merge (right column). c Percentage of photoreceptors (mean ± SEM)
showing AIF nuclear localization; ***p < 0.001, statistically significant
differences compared to controls; ###p < 0.001, statistically significant
differences compared to C2-Cer
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pathways and proteases other than caspases are also active
participants in the demise of photoreceptors in retina degener-
ation [46, 48, 50]. Different cysteine proteases, including
caspases, are activated in Cer-induced death of cone-like
661W cells [6].

PARP-1 activation has now emerged as the cornerstone of a
distinctive mode of caspase-independent cell death named
parthanatos [51–53]. PARP-1 plays opposing roles in cellular
function. It has a vital role in DNA damage surveillance and
repair, protecting cells against genotoxic stressors [54, 55].
Paradoxically, extensive DNA damage leads to an excessive
PARP activation ultimately causing cell death. PARP-1
overactivation provokes NAD+ depletion and glycolysis inhi-
bition, and the resulting energetic collapse leads to regulated
necrosis [56, 57]. It also causes the massive formation of PAR

polymers, with the consequent increase in protein poly(ADP
ribosyl)ation (PARylation) [52] and the accumulation of PAR
polymers in mitochondria, which leads to mitochondrial
membrane depolarization and promotes the release and nucle-
ar translocation of AIF [58, 59]. ROS can cause direct DNA
damage, originating DNA strand breaks that are a frequent
cause of PARP overactivation; hence, the early increase in
ROS levels induced by C2-Cer might promote PARP-1
overactivation. In concordance with this hypothesis, inhibition
of PARP-1 was neuroprotective for photoreceptors.
Pretreatment with two well-known PARP-1 inhibitors, PJ34
and BYK, increased cell viability upon C2-Cer treatment;
PJ34 prevented the increase in nuclear pyknosis induced by
C2-Cer. C2-Cer augmented the formation of PAR polymers; a
rapid and transient increase in the levels of PAR polymer

Fig. 7 Inhibition of calpain activity protected photoreceptors from C2-
Cer-induced death. Cultures were treated with vehicle or with C2-Cer
after pretreatment with 20 μM ALLN, a calpain and calpeptin inhibitor
(a–c), 1 μM calpeptin, a calpain inhibitor (d–f) and 1 μM calpeptin +
1 μM PJ34 (g). a, e Photomicrographs show DAPI nuclear labeling of
cultures pretreated with ALLN or Calpeptin, respectively, before C2-Cer

treatment; arrowheads indicate pyknotic nuclei. Scale bars, 10 μm. b, f
Percentage of photoreceptors (mean ± SEM) having pyknotic nuclei. c, d,
g Percentage of viability compared to controls (mean ± SEM) in cultures
pretreated with ALLN, calpeptin, or calpeptin + PJ34 and then with
vehicle or with C2-Cer. *p < 0.05, **p < 0.01, ***p < 0.001, statistically
significant differences compared to C2-Cer
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levels and in their expression in photoreceptors was observed
in C2-Cer -treated cultures, implying C2-Cer enhanced protein
PARylation. PAR levels result from the balance between the
activities of PARP and polyADP ribose glycohydrolase, in-
volved in PAR degradation; this enzyme might contribute to
the decrease in PAR polymer levels observed after 2 h of C2-
Cer treatment. Noteworthy, the Western blot profile of PAR
labeling, a unique, broad band, strikingly resembled that ob-
served in rd1 retinas [60, 61] suggesting that retinal neurons
might have a characteristic, retina-dependent, polyADP
ribosylation pattern.

We previously demonstrated that oxidative stress induced
photoreceptor death in culture by increasing the synthesis of
Cer, including C16-Cer [5], which promotes cell death in sev-
eral cell types [62, 63]. We now showed that treatment with
C16-Cer, a biological Cer, with a longer acyl chain and differ-
ent biophysical properties to that of C2-Cer, also induced neu-
ronal death and inhibiting PARP-1 activation reduced this
death. As a whole, these findings support the involvement of
PARP-1 activation in Cer-induced photoreceptor death.
PARP-1 inhibition has been shown to ameliorate ischemia-
reperfusion damage in the inner retina [64], to provide partial
neuroprotection against NMDA-induced ganglion cell loss
[65] and to prevent photoreceptor apoptosis induced by N-
methyl-N-nitrosourea injection in rats [66]. Increased retinal
PARP activity and protein PARylation are present in retinas of
rd1 and rd2 mice, animal models of retina degeneration, and

PARP-1 inhibition increases photoreceptor survival in both
rd1 and rd2 retinas [60, 61, 67]. As described above, Cer is
an arbitrator of cell death in these models. Our results link for
the first time Cer-induced photoreceptor death to the activa-
tion of PARP-1 in these cells (Fig. 9). Although several works
have demonstrated Cer induces PARP-1 cleavage [68–71], to
our knowledge Cer-induced death has only been associated
with PARP-1 activation followed by PAR accumulation and
AIF release in neuroblastoma cells [72]. Hence, our results
support the inclusion of PARP-1 activation among the cell
death routines triggered by Cer.

Our results also evidence that PARP-1 activation provoked
by C2-Cer led to AIF nuclear translocation in photoreceptors.
C2-Cer enhanced AIF release from mitochondria, increasing
its presence in photoreceptor nuclei and augmenting nuclear
pyknosis. Inhibition of PARP-1 markedly prevented AIF nu-
clear translocation, reducing nuclear pyknosis. AIF, a bifunc-
tional oxidoreductase that functions as both a ROS scavenger
in oxidative phosphorylation and an apoptogenic molecule, is
anchored to the mitochondrial inner membrane, with vital
functions in bioenergetics. Different insults promote its cleav-
age and release to the cytosol followed by its translocation to
the nucleus, where it induces DNA fragmentation [23, 73]. In
the retina, AIF is usually localized in the inner segments of
photoreceptors, which contain mitochondria and endoplasmic
reticulum [74]. PARP-1 overactivation is known to promote
AIF release from mitochondria and its subsequent nuclear

Fig. 8 Inhibiting calpain activation prevented C2-Cer-induced AIF
nuclear translocation. Cultures were pretreated or not with calpeptin and
then treated with vehicle or with C2-Cer for 6 h. a Confocal
photomicrographs in the xy plane show neuronal localization of AIF
(green) and nuclear labeling with TOPRO-3 (blue); arrowheads show
colocalization of AIF and TOPRO-3 labeling. Scale bar, 10 μm. b

Confocal photomicrographs in the xz plane show localization of AIF (left
column, green), nuclear labeling with TOPRO-3 (middle column, blue),
and merge (right column). c Percentage of photoreceptors (mean ± SEM)
showing AIF nuclear localization. ***p < 0.001, statistically significant
differences compared to controls; #p < 0.05, statistically significant differ-
ences compared to C2-Cer
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translocation; PAR polymers diffuse from the nucleus to the
mitochondria, where they bind to AIF and promote its nuclear
translocation, resulting in a large scale DNA fragmentation
[25, 58, 75, 76]. Excitotoxic damage induces ROS formation,
which causes DNA damage and provokes the excessive
PARP-1 activation and AIF-mediated cell death [58].
Similarly, C2-Cer-induced increase in ROS levels in photore-
ceptors might cause DNA damage, promoting overactivation
of PARP-1 and the resulting increase in PAR polymers, which
might in turn lead to AIF translocation and the subsequent
photoreceptor pyknosis (Fig. 9). Hence, PARP-1 activation
and the resulting AIF translocation might be the key events
setting off a cell death cascade in photoreceptors, acting as
caspase-independent death effectors.

Calpains and cathepsins have also been shown to partici-
pate in AIF release [28, 77, 78]. Calpains are calcium-
dependent cysteine proteases that may trigger caspase-
independent cell death pathways. Both calpains and cathep-
sins participate in photoreceptor death after Cer treatment or in
the rd1 retina [6, 48]. Inhibiting calpain activity with ALLN
and calpeptin reduced neuronal death induced by C2-Cer, de-
creasing photoreceptor nuclear pyknosis. Calpain inhibition
with calpeptin also decreased AIF nuclear translocation. This
suggests that C2-Cer activated calpains to provoke photore-
ceptor death and this activation contributed to AIF

translocation. In contrast, two different cathepsin inhibitors
showed no protective effect. Noteworthy, ALLN, a broad-
spectrum protease inhibitor that inhibits calpains, cathepsins,
and the proteasome [79] was more effective than calpeptin at
preserving photoreceptor viability. This is consistent with pre-
vious reports that general protease inhibitors are more effec-
tive at precluding AIF release than more specific inhibitors
[27] and suggests that several cysteine proteases might partic-
ipate in AIF cleavage. Although the involvement of other
proteases cannot be ruled out, our data support calpains par-
ticipate in AIF release and subsequent photoreceptor death.

The sequential activation of PARP-1 and calpains play a
role in necrotic programmed cell death [80]. Evaluation of the
effect of the combined treatment with a PARP-1 (PJ34) and a
calpain (calpeptin) inhibitor evidenced the same protection as
either of them by itself, with no additive or synergic effect.
This implies that either PARP-1 is activated upstream of
calpain activation or both PARP-1 and calpain share a down-
stream pathway leading to photoreceptor death (Fig. 9).

Cer has been involved in the initiation of necroptosis and
autophagy [12, 81] and caspase-independent, cell death pro-
grams in which PARP-1 activation has also been implicated.
The sequential activation of PARP-1, calpains, and Bax may
play a role in necrotic programmed cell death [80] and PARP-
1 activation and PAR polymer accumulation have been

Fig. 9 C2-Cer unleashes parthanatos to elicit a rapid photoreceptor death.
C2-Cer induces mitochondrial dysfunction in photoreceptors, enhancing
the formation of ROS, which lead to DNA damage. This damage brings
about the activation of PARP-1, promoting the polymerization of ADP-
ribose and resulting in the excessive synthesis of PAR polymers, which
diffuse to the cytoplasm and mitochondria and can further affect

mitochondrial membrane permeabilization, decreasing mitochondrial
membrane potential (MMP) and causing AIF release. In addition, C2-
Cer causes activation of calpains, which also contribute to AIF release.
AIF then translocates to the nuclei and provokes large-scale DNA frag-
mentation, irreversibly committing photoreceptors to death
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postulated to regulate necroptosis [82, 83]. Necroptosis leads
to cell death with some of the morphological characteristics of
necrosis, such as the loss of plasma membrane integrity,
through the activation of a program orchestrated by RIPK1
and inhibited by necrostatin [84]. Our results evidence C2-Cer
did not induce the loss of plasma membrane integrity, as de-
termined by the absence of LDH leakage; in addition,
necrostatin, the selective RIPK1 inhibitor could not preserve
photoreceptor viability, ruling out programmed necrosis as a
cell death program activated by C2-Cer in photoreceptors.
PARP-1 has also been proposed to participate in autophagy
[85], which is usually a protective pathway, oriented at pre-
serving cell viability upon situations such as trophic factor or
nutrient withdrawal. Autophagy might either contribute to C2-
Cer-induced photoreceptor death or have a protective role up-
on C2-Cer treatment. In this context, a dual role for PARP-1
has been shown in the modulation of parthanatos and autoph-
agy upon oxidative stress, activating both parthanatos and a
pro-survival autophagy [30]. Pretreatment with 3-MA and
Bafilomycin A1, which inhibit autophagosome formation
and the late phase of autophagy, respectively, did neither pre-
vent nor enhance photoreceptor death. This suggests that au-
tophagy neither contributed to C2-Cer-induced death nor had a
protective role upon C2-Cer treatment.

In conclusion, our results strongly support a novel mecha-
nism for Cer-induced death of retina photoreceptors, involv-
ing PARP-1 overactivation, increased PAR formation, calpain
activation, subsequent AIF release from mitochondria, and
DNA degradation. This Cer-elicited pathway may be of rele-
vance both from the perspective of pathogenesis and in the
search of molecular targets for treating these diseases since the
increased levels of Cer and PARP can contribute to advance or
exacerbate neuroinflammation [86] even in the absence of
photoreceptor death.
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