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PURPOSE. Endophthalmitis models have reported the virulent role of Panton-Valentine
leucocidin (PVL) secreted by Staphylococcus aureus on the retina. PVL targets retinal
ganglion cells (RGCs), expressing PVL membrane receptor C5aR. Interactions between
PVL and retinal cells lead to glial activation, retinal inflammation, and apoptosis. In
this study, we explored oxidative stress and retinal neurotransmitters in a rabbit reti-
nal explant model incubated with PVL.

METHODS. Reactive oxygen species (ROS) production in RGCs has been assessed with
fluorescent probes and immunohistochemistry. Nuclear magnetic resonance (NMR) spec-
troscopy quantified retinal concentrations of antioxidant molecules and neurotransmit-
ters, and concentrations of neurotransmitters released in the culture medium.Quantifying
the expression of some pro-inflammatory and anti-inflammatory factors was performed
using RT-qPCR.

RESULTS. PVL induced a mitochondrial ROS production in RGCs after four hours’ incu-
bation with the toxin. Enzymatic sources of ROS, involving nicotinamide adenine dinu-
cleotide phosphate–oxidase and xanthine oxidase, were also activated after four hours in
PVL-treated retinal explants. Retinal antioxidants defenses, that is, glutathione, ascorbate
and taurine, decreased after two hours’ incubation with PVL. Glutamate retinal concen-
trations and glutamate release in the culture medium remained unaltered in PVL-treated
retinas. GABA, glycine, and acetylcholine (Ach) retinal concentrations decreased after
PVL treatment. Glycine release in the culture medium decreased, whereas Ach release
increased after PVL treatment. Expression of proinflammatory and anti-inflammatory
cytokines remained unchanged in PVL-treated explants.

CONCLUSIONS. PVL activates oxidative pathways and alters neurotransmitter retinal concen-
trations and release, supporting the hypothesis that PVL could induce a neurogenic
inflammation in the retina.

Keywords: Panton-Valentine leucocidin, oxidative stress, antioxidant, neurotransmitter,
retinal explant

Bacterial endophthalmitis is a severe ocular infection
occurring in most cases after traumatisms or surgery.

Staphylococcus aureus is found in approximately 20% of
cases of endophthalmitis.1 A wide range of virulence factors
synthetized by S. aureus has been identified. Among them,
Panton-Valentine leucocidin (PVL) is of particular inter-
est. PVL is involved in severe necrotic infections of the
skin, pneumonitis, and osteomyelitis and is present in
most community-acquired methicillin-resistant S. aureus
(CA-MRSA) strains.2–4 The prevalence of CA-MRSA is contin-
uously increasing and represents a major threat to address
because of its resistance to antimicrobial treatments.5 PVL

is understood as a pore-forming toxin, composed of two
subunits LukS-PV and LukF-PV, which organize in an
alternate octamer.6 LukS-PV specifically binds to the C5a
membrane receptor (C5aR) in humans and rabbits, but not
in mice or rats, on account of a species polymorphism
of C5aR.7 After injection in the vitreous of the rabbit’s
eye, PVL causes a significant inflammatory reaction, reti-
nal necrosis, and the breakdown of the blood-retinal barrier
(BRB).8,9 Glial reaction was also observed in rabbit retinal
explants infected by PVL.10 Liu et al.11 recently reported that
PVL targets rabbit retinal ganglion cells (RGCs) expressing
C5aR. RGCs are long-projection neurons that send visual
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information from the retina to the brain. Rabbit retinal infec-
tion with PVL induces in vivo a glial reaction, microglial
apoptosis, and an inflammatory reaction in the retina with
production of interleukin (IL)-6.11 The mechanisms leading
to this production of inflammatory cytokines are still unclear.
Indeed, IL-6 is probably secreted by infiltrated leucocytes in
the retina more than by retinal glial cells. Retinal neurons
are not known to produce IL-6, and in vitro experiments on
rabbit retinal explants demonstrated recently that IL-6 was
not overexpressed after PVL treatment.10 We hypothesized
that retinal inflammation observed after RGCs infection by
PVL could be mediated directly by neurons. At least two
pathways could be involved: oxidative stress or neurogenic
inflammatory response.

In rabbit retinas, PVL induces the production of nitrated
proteins, an indirect hallmark of reactive nitrogen species
(RNS) production by NO synthase.11 But a direct evidence
of ROS production in PVL-treated retinas has not been
demonstrated yet. Oxidative stress results from an imbalance
between pro-oxidant and antioxidant factors. Regulation of
the retinal redox homeostasis relies on nonenzymatic antiox-
idants, such as ascorbate, glutathione, and vitamins A and E,
that are present at high concentrations in the retina.12 The
outcome of antioxidants in PVL-treated retinas could provide
further evidence of a PVL-induced oxidative stress in the
retina.

PVL induces the apoptosis of amacrine and microglial
cells in rabbit retinal explants.10 One hypothesis for this PVL-
induced apoptosis could be glutamate excitotoxicity, that
is, excessive glutamatergic stimulation secondary to massive
glutamate release, leading to glial reaction and neuron cell
death. In cultured rat cerebellar neurons, PVL triggers an
increase in free intracellular Ca2+, followed by an important
glutamate release.13 A rise of [Ca2+]i has also been measured
in PVL-infected sensory neurons from dorsal root ganglia,
demonstrating that PVL toxicity is not restricted to a single
neuron cell type.13

To study the effects of PVL on retinal cells, we used a
rabbit retinal explant model that we previously developed.10

Retinal explants display the advantage of maintaining the
cellular microenvironment, contrary to a primary cell culture
that requires tissue dissociation.

The purpose of this work was to study the effects of
PVL on oxidative pathways and retinal neurotransmitters
in a rabbit retinal explant model. We focused our atten-
tion on RGCs, expressing the PVL membrane receptor
C5aR.10

MATERIALS AND METHODS

PVL Purification

LukS-PV and LukF-PV subunits from the strain S. aureus V8
(ATCC 49775) were fused to the glutathione-S-transferase
(GST) gene in the plasmid pGEX6P-1 (GE-Healthcare,
Chicago, IL, USA). The plasmid was transfected into the
strain Escherichia coli BL21. After culture, induction with
IPTG and lysis of E. coli, each protein was purified by
affinity chromatography (Glutathion Sepharose 4B; Sigma-
Aldrich Corp., St. Louis, MO, USA). After elution, the GST tag
was removed using PreScission Protease (GE-Healthcare).
A cation exchange chromatography ended the purification
of LukS-PV and LukF-PV. The purity of each subunit was
assessed by SDS-PAGE.14

Retinal Explant Culture and Incubation with PVL

The surgical procedure followed the guidelines of the Asso-
ciation for Research in Vision and Ophthalmology in an
agreed animal facility D67-484-31. Rabbits (strain HY79b,
Hypharm) aged 12 months and weighing 3 to 3.5 kg
were anesthetized by an intramuscular injection of ketamine
(20 mg/kg) and xylazine (5 mg/kg) (Bayer Healthcare,
Leverkusen, Germany) followed by a lethal intravenous
injection of 2 mL of pentobarbital (Vetoquinol). After enucle-
ation, the eyes were dissected in CO2-independant medium
(Gibco; Thermo Fisher Scientific, Waltham, MA, USA) as
previously described.10 Briefly, the retina was separated
from the pigment epithelium and choroid. Each retina was
divided into 6 retinal explants (7 × 7 mm). Retinal explants
were deposited on a semi-permeable membrane in a Tran-
swell insert (Corning Inc., Corning, NY, USA), with the
photoreceptor layer facing down. The insert was placed in a
culture dish filled with 2 mL of culture medium (Neurobasal
A medium, Thermo Fisher Scientific), supplemented with 1%
(v/v) antibiotic-antimycotic solution (penicillin 20 mM and
streptomycin 5 mM). PVL was diluted in culture medium
(Neurobasal A medium) to a reference concentration of
1.76 μM, that had previously been used on rabbit reti-
nal explants.10 A droplet of 10 μL (100 μg of toxin) was
deposited on the surface of rabbit retinal explants. Rabbit
retinal explants were incubated in the dark with the toxin for
one, two, four, or eight hours, at 37°C with 5% CO2. An equal
volume of culture medium was deposited on the surface of
control explants.

Oxidative Stress Inhibitors

The respiratory chain of mitochondria and some enzymes,
such as nicotinamide adenine dinucleotide phosphate
(NADPH)-oxidase and xanthine oxidase, can generate free
radicals.15 The 2,4-dinitrophenol (DNP) is a mitochondrial
uncoupling agent that inhibits the production of free radi-
cals in mitochondria.16 DNP was diluted to a concentration
of 1 μM and 750 μM in the culture medium (Neurobasal
A medium). Diphenylene iodonium (DPI) is an inhibitor of
NADPH-oxidase (NOX) and was diluted to a concentration
of 20 μM in the culture medium.15 The inhibitor of xanthine
oxidase, allopurinol, was diluted at a concentration of 1 mM
in culture medium.17 Each of these inhibitors was incubated
with the rabbit retinal explants for one hour, before incuba-
tion with the toxin.

Fluorescent Probes

The production of free radicals in mitochondria was
assessed with MitoSOX (Invitrogen, Carlsbad, CA, USA), a
fluorescent probe that is specifically oxidized by superox-
ide radicals (O2

•−) in mitochondria.18 In its reduced state,
MitoSOX is nonfluorescent, whereas it emits a red fluores-
cence when oxidized.18 MitoSOX was solubilized at 5 mM in
100% DMSO and then diluted to 5 μM in Hanks’ balanced salt
solution. Once the incubation with the toxin was completed,
rabbit retinal explants were incubated with the solution of
5 μM MitoSOX for 10 minutes at 37°C. MitoSOX
is membrane-permeant and was directly deposited on
the surface of the explants. After three washes with
culture medium, the explants were fixed with 4% (v/v)
paraformaldehyde for one hour at 4°C.
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The cytosolic production of free radicals was evaluated
with dihydrorhodamine 123 (DHR), a membrane-permeant
fluorescent probe that can be oxidized by superoxide radical
(O2

•−), hydroxyl radical (HO•), hydrogen peroxide (H2O2)
and peroxynitrite (ONOO−).18 The reduced form of DHR
is nonfluorescent, whereas its oxidized form emits a green
fluorescence.18 DHR was solubilized at 10 mM in 100%
DMSO and then diluted to 10 μM in culture medium. After
incubation with the toxin, rabbit retinal explants were incu-
bated with the solution of 10 μM DHR for one hour at
37°C. Retinal explants were washed three times with culture
medium before fixation with 4% (v/v) paraformaldehyde for
one hour at 4°C.

After incubation with either MitoSOX or DHR and
after fixation, rabbit retinal explants were cryoprotected in
sucrose baths overnight at 4°C. Explants were embedded
in inclusion medium (Optimal Cutting Temperature, Sakura
Finetek) and frozen at −80°C. Transversal retinal cryosec-
tions of 8 mm thickness were obtained with a cryomicrotome
(Leica,Wetzlar, Germany) mounted on SuperFrost Plus slides
(ThermoFisher Scientific, Waltham, MA, USA) and stored
at −20°C.

Immunolabeling

Retinal sections were permeabilized in 0.05% (v/v) Triton X-
100 for one hour. They were incubated for one hour with
blockade serum, a mixture of 5% (w/v) normal goat serum
(Abcam, Cambridge, MA, USA) and 1% (w/v) BSA. Retinal
sections were incubated for two hours at room tempera-
ture in a humid chamber with an anti-RNA binding protein
with multiple splicing (RBPMS) primary antibody directed
against RGCs (Guinea Pig anti-RBPMS polyclonal antibody,
2 μg/mL; Sigma-Aldrich). After three washes with PBS, reti-
nal sections were incubated with fluorescent secondary anti-
bodies in the same conditions (goat anti-IgG polyclonal
Alexa Fluor 488 nm, 2 μg/mL[Abcam] or goat anti-IgG
polyclonal Alexa Fluor 594 nm, 2 μg/mL [Abcam]). After
three washes with PBS, sections were counterstained with
Hoescht 33258 for 30 minutes and were mounted in 10%
(v/v) Mowiol solution (Polysciences, Warrington, PA, USA).

Microscopy

Images of immunolabeled sections were obtained with an
epifluorescence Olympus BX60 microscope (magnification
×200) connected to a Hamamatsu C11440 digital camera
(Hamamatsu Photonics, Hamamatsu City, Japan). The dimen-
sions of the microscopic field captured by the camera were
300 × 300 μm. RGCs cells were identified on the sections by
immunolabeling with an anti-RBPMS antibody. Colocaliza-
tion of the fluorescent probe (MitoSOX or DHR) with anti-
RBPMS antibodies was analyzed on the sections. MitoSOX-
positive and DHR-positive RGCs were counted on three

different explants (for each explant, RGCs were counted
on five retinal sections) and were expressed as a percent-
age of all RGCs. Fluorescence intensity of the fluorescent
probes (MitoSOX and DHR) was recorded within RGCs with
a constant exposure time of 600 msec. The mean fluores-
cence intensity within RGCs was quantified in arbitrary units,
using 16-bit images analyzed with ImageJ. For each study
field, the fluorescent background was measured in three
microscopic areas without cells and was subtracted to the
mean fluorescence measured in RGCs. Mean fluorescence
intensity was measured in RGCs of three different explants
(five microscopic fields were analyzed for each explant).

Nuclear Magnetic Resonance Spectroscopy

Quantification of antioxidant molecules and neurotransmit-
ters in rabbit retinal explants and in the culture medium
was measured using nuclear magnetic resonance (NMR)
spectroscopy as previously described.19 Briefly, each reti-
nal explant was placed in a single-use 25 μL insert.
10 μL of deuterium oxide (D2O) were added in the insert.
After centrifugation at 5000g for five minutes, deuterium
oxide was added again to fill the insert. For culture
medium, 15 μL of medium was poured in the 25 μL
insert, and 10 μL of deuterium oxide was added. NMR
experiments were conducted on a Bruker Avance III
500 MHz NMR spectrometer (Bruker BioSpin, Billerica,
MA, USA) at 4°C. The spectrometer was equipped with
a triple-resonance (1H, 13C, 31P) HRMAS (High Resolution
Magic Angle Spinning) probe. Metabolites were identified
with different sequences: total correlation spectroscopy,
heteronuclear single quantum coherence, and Carr-Purcell-
Meiboom-Gill.19 Spectra obtained were analyzed with the
quantification software Chenomx (Edmonton, Canada), and
the amount of each metabolite was expressed in nanomoles
per milligram of tissue. Mean retinal concentrations of each
metabolite have been established after analyzing six rabbit
retinal explants.

Real-Time-qPCR

In total 500 μL TRIzol reagent (Sigma-Aldrich) was poured
into tubes containing the frozen rabbit retinal explants. Reti-
nal tissue was homogenized in the tube and incubated for
five minutes at room temperature. Total RNA was extracted
with TRIzol reagent according to the manufacturer’s instruc-
tions. Total RNA concentration was quantified using spec-
trophotometry (NanoDrop; ThermoFisher Scientific). Total
RNA was treated with DNase I (Sigma-Aldrich) at room
temperature for 15 minutes according to manufacturer’s
instructions. Reverse transcription (RT) was performed using
Superscript II Reverse Transcriptase (Invitrogen). The RT
mixture contained 1 μg total RNA, 1 μL random primers
(500 μg/mL), 1 μL dNTP mix (10 mM), and 5 μL DEPC-

TABLE. Sequences of Forward and Reverse Primers Used in the Study

Gene Name Forward Primer Reverse Primer

β-actin 5′-CGCATGCAGAAGGAGATCAC-3′ 5′-CGACTCGTCATACTCCTGCT-3′
COX 2 5′-GGGACATGGGGTGGACTTAA-3′ 5′-TGTGAGGCGGGTAGATCATC-3′
IL 4 5′-GCAGTTCTACCTCCACCACA-3′ 5′-ATTTCTCTTGCATGGCGGTC-3′
IL 10 5′-TTGTTAACCGAGTCCCTGCT-3′ 5′-CCACTGCCTTGCTCTTGTTT-3′
IL 12 5′-CACGGTGAAGGCCTGTTTAC-3′ 5′-AAGCTTTGCATTCATGGCCA-3′
TGF-β 5′-CTTCCCCTCCGAAACTGTCT-3′ 5′-CCACTCTGGCTTTTGGGTTC-3′
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FIGURE 1. A double labeling with MitoSOX and anti-RBPMS antibody was used to assess mitochondrial ROS production in RGCs of rabbit
retinal explants. Two hours after PVL treatment, the proportion of MitoSOX-positive RGCs did not differ between PVL-treated explants and
controls (A–F and S). MitoSOX-positive RGCs significantly increased in rabbit retinal explants four and eight hours after PVL treatment
compared to controls (G–R and S). Results are expressed as mean ± SEM; * P < 0.05; ** P < 0.01; *** P < 0.001; scale bar: 50 μm. GCL,
ganglion cell layer; INL, inner nuclear layer; NFL, nerve fiber layer; ONL, outer nuclear layer; RBPMS, RNA binding protein with multiple
splicing.
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FIGURE 1. Continued

FIGURE 2. Mitochondrial ROS quantification in RGCs of rabbit reti-
nal explants four and eight hours after PVL treatment. Mitochon-
drial ROS quantification was assessed by measuring the MitoSOX
fluorescence in RGCs on retinal cross-sections. Fluorescence inten-
sity values from control explants after four hours of incubation were
used to normalize the results. In PVL-treated explants, ROS produc-
tion increased significantly 4h and 8h after PVL treatment. Pharma-
cologic inhibition with 1 μM DNP or 750 μM DNP, a mitochondrial
uncoupling agent, significantly reduced ROS production in RGCs
four and eight hours after PVL treatment. Results are expressed as
mean ± SEM; * P < 0.05; ** P < 0.01; *** P < 0.001.

treated water. After heating at 65°C for five minutes, the
mixture was chilled on ice for five minutes. Then, 4 μL of
5X First Strand Buffer, 2 μL of DTT (0.1 M), 1 μL of RT
(200 units), and 1 μL of DEPC-treated water were added to
the mixture. The RT mixture was incubated in a thermo-
cycler at 42°C for 50 minutes and at 70°C for 15 minutes.
The quantitative PCR was performed with the LightCycler
480 SYBR Green I Master kit (Roche, Mannheim, Germany).
The PCR mix was prepared in a 96-well plate, and each well
contained 5 μL of cDNA, 10 μL of Master Mix, 2 μL of forward
and reverse primers (10 μM), and 3 μL of PCR-grade water.
The plate was placed in a Real-Time PCR platform (Light-
Cycler 480; Roche). The amplification program began with
an initial denaturation step (95°C for 10 minutes), followed
by 45 cycles of amplification (denaturation at 95°C for
15 seconds, annealing at 60°C for 20 seconds, and exten-
sion at 72°C for 15 seconds), and a melting curve analy-
sis (60°C to 95°C, increment +0.1°C/sec). The specificity
of PCR amplification products was checked by detecting
a single melting curve peak. The absence of amplification
products in wells without RT ascertained no significant DNA
contamination occurred. The primers were designed with
Primer3 software (version 4.1.0, http://primer3.ut.ee/) and
had a melting temperature (Tm) around 60°C. The sequences
of forward and reverse primers are described in the Table.

The β-actin was used as a housekeeping gene, and target
genes were normalized using this reference gene. The �Ct

method was used to estimate the relative expression of the
genes between control and PVL-treated explants. Expression
fold changes were calculated using the 2−��Ct method. The
tests were made in triplicate.

Statistical Analysis

Unpaired Student’s t-tests were used to compare data
between PVL-treated explants and controls. Multiple
comparison tests were performed using one-way ANOVA
followed by Tukey’s post hoc test (GraphPad Prism 5 soft-
ware; GraphPad, San Diego, CA, USA). Statistical signifi-
cance was defined as P < 0.05. Results are expressed as
mean ± SEM.

RESULTS

PVL Induces Mitochondrial ROS Production in
RGCs

In the rabbit, PVL targets RGCs both in vivo and in the retinal
explant model.10,11 Double labeling with MitoSOX and anti-
RBPMS antibody was used to study the mitochondrial ROS
production in RGCs of rabbit retinal explants. The propor-
tion of MitoSOX-positive RGCs remained unchanged after
two hours’ PVL incubation compared to controls (3.1% ±
2.2% vs. 2.0% ± 1.5%; P > 0.05, Figs. 1A–1F, 1S). However,
after four hours’ PVL treatment, MitoSOX-positive RGCs
significantly increased, to reach respectively 80.9% ± 2.2%
of total RGCs compared with 6.3% ± 2.7% in controls
(P < 0.001, Figs. 1G–1L, 1S), and 84.8% ± 3.6% after eight
hours versus 12.1% ± 5.1% in controls (P < 0.001, Figs. 1M–
1R, 1S). Relative quantification of ROS production in RGCs
assessed that the amount of mitochondrial ROS increased
in PVL-treated RGCs. ROS production in PVL-treated RGCs
was 3.3-fold higher than the one of control RGCs after four
hours (P< 0.001, Fig. 2) and 2.7-fold higher after eight hours
(P< 0.001, Fig. 2). To confirm the mitochondrial origin of the
ROS detected with MitoSOX, we used DNP, a mitochondrial
uncoupling agent that annihilates the mitochondrial proton
gradient. Both 1 μM DNP and 750 μM DNP inhibited ROS
production in PVL-treated RGCs, respectively, by 29.3% (P <

0.001, Fig. 2) and 58.2% (P < 0.001, Fig. 2) after four hours,
and by 22.2% (P < 0.001, Fig. 2) and 31.5% (P < 0.001,
Fig. 2) after eight hours. These results suggest that PVL
induces a mitochondrial ROS production in RGCs of rabbit
retinal explants within the few hours after PVL treatment.

PVL Induces Enzymatic ROS Production in RGCs

Double labeling with DHR and anti-RBPMS antibody was
used to evaluate the cytosolic ROS production in RGCs
of rabbit retinal explants. The proportion of DHR-positive
RGCs remained unchanged after two hours’ PVL incubation
(5.4% ± 3.4% vs. 1.5% ± 1.0%; P > 0.05, Figs. 3A–3F, 3S).
DHR-positive RGCs significantly increased after four and
eight hours’ PVL incubation to reach, respectively, 77.0% ±
4.2% of the total RGCs versus 7.9% ± 4.67% in controls after
four hours (P < 0.001, Figs. 3G–3L, 3S) and 92.8% ± 2.5%
versus 11.6% ± 2.8% after eight hours (P < 0.001, Figs. 3M–
3R, 3S). Relative ROS quantification in RGCs showed that the
amount of cytosolic ROS increased in PVL-treated RGCs. ROS
production in PVL-treated RGCs was 2.2-fold higher than the
one in controls after four hours (P < 0.001, Fig. 4) and 2.3-
fold higher after eight hours (P < 0.001, Fig. 4). To assess the
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FIGURE 3. A double labeling with dihydrorhodamine 123 and anti-RBPMS antibody was used to assess cytosolic ROS production in RGCs
of rabbit retinal explants. Two hours after PVL treatment, the proportion of DHR-positive RGCs did not differ between PVL-treated explants
and controls (A–F and S). DHR-positive RGCs significantly increased four and eight hours after PVL treatment compared to controls (G–R
and S). Results are expressed as mean ± SEM; * P < 0.05; ** P < 0.01; *** P < 0.001; scale bar: 50 μm. GCL, ganglion cell layer; INL, inner
nuclear layer; NFL, nerve fiber layer; ONL, outer nuclear layer; RBPMS, RNA binding protein with multiple splicing.
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FIGURE 3. Continued

FIGURE 4. Cytosolic ROS quantification in RGCs of rabbit retinal
explants four and eight hours after PVL treatment. Cytosolic ROS
quantification was assessed by measuring DHR fluorescence in
RGCs on retinal cross-sections. Fluorescence intensity values from
control explants after four hours of incubation were used to normal-
ize the results. In PVL-treated explants, ROS production increased
significantly four and eight hours after PVL treatment. Pharma-
cologic inhibition with DPI or allopurinol, respectively inhibiting
NADPH-oxidase and xanthine oxidase, significantly reduced ROS
production in RGCs four and eight hours after PVL treatment.
Results are expressed as mean ± SEM; * P < 0.05; ** P < 0.01;
*** P < 0.001.

origin of these ROS, we used DPI and allopurinol, respec-
tively, to inhibit NADPH-oxidase and xanthine oxidase. DPI
reduced ROS synthesis in PVL-treated RGCs by 14.5% after
four hours (P < 0.05, Fig. 4), and by 27.6% after eight hours
(P < 0.001, Fig. 4). Allopurinol reduced ROS synthesis in
PVL-treated RGCs by 19.6% after four hours (P < 0.001, Fig.
4), and by 24.1% after eight hours (P < 0.001, Fig. 4). These
results suggest that NADPH-oxidase and xanthine oxidase
are both enzymes involved in ROS production in PVL-treated
rabbit retinal explants. Taken together, these results reveal
that PVL induces both mitochondrial and enzymatic oxida-
tive pathways in RGCs of rabbit retinal explants.

PVL Induces a Drop of Antioxidant Molecules in
Retinal Explants

The redox state of a cell relies on a balance between
pro-oxidant and antioxidant molecules. We analyzed reti-
nal concentrations of glutathione, taurine and ascorbate,
three nonenzymatic molecules with antioxidant properties,
in PVL-treated and in control rabbit retinal explants.12,20

After one and two hours of PVL incubation, retinal concen-
trations of glutathione, taurine, and ascorbate were signif-
icantly reduced compared to control explants. Glutathione

FIGURE 5. Relative concentrations of antioxidant molecules in PVL-
treated rabbit retinal explants after one and two hours’ incubation.
Concentration values from control explants after one hour of incu-
bation were used to normalize the results. Glutathione concentra-
tion decreased significantly one and two hours after PVL treatment.
Taurine and ascorbate concentrations significantly decreased two
hours after PVL treatment. Ascorbate was undetectable after two
hours in PVL-treated explants. Results are expressed as mean ±
SEM; * P < 0.05; ** P < 0.01; *** P < 0.001; n = 6 explants. nd,
not detected.

retinal concentration in PVL-treated explants decreased by
40.8% (P < 0.05, Fig. 5) after one hour, and by 61.7%
after two hours (P < 0.01, Fig. 5) compared to controls.
Taurine concentration in PVL-treated explants did not differ
significantly from controls after one hour but significantly
decreased by 67.7% after two hours (P < 0.01, Fig. 5).
Ascorbate retinal concentration did not differ significantly
between PVL-treated explants and controls after one hour,
but decreased significantly by nearly 100% after two hours
(P < 0.01, Fig. 5) compared to controls. Indeed, after
two hours’ PVL incubation, ascorbate was so reduced that
it became undetectable. The drop of these antioxidant
defenses seems to be an early event after PVL treatment,
because all the three antioxidants decreased within the two
hours after PVL treatment. Thus mitochondrial and enzy-
matic ROS productions are associated with a drop of antiox-
idant molecules, suggesting that PVL induces a shift of the
redox homeostasis toward a pro-oxidative state.

PVL Alters Retinal Neurotransmitter
Concentrations and Neurotransmitter Release

Excessive glutamate release can induce excitotoxicity and
neuronal cell death. It has been formerly demonstrated that
PVL can trigger glutamate release in a primary culture of
neurons.13 Hence, we tested whether PVL can elicit gluta-
mate release in our rabbit retinal explant model. In PVL-
treated explants, glutamate concentration in retinal explants
and glutamate release in the culture medium did not change
significantly compared to control explants (P > 0.05, Figs.
6A, 6B). However, the concentration of the other neurotrans-
mitters was altered in PVL-treated explants. The concentra-
tion of glycine was reduced in PVL-treated retinal explants
by 43.5% after one hour (P < 0.05, Fig. 6A) and by 68.0%
after two hours (P < 0.001, Fig. 6A) compared to controls.
The release of glycine in the culture medium decreased by
30.2% in PVL-treated explants after two hours (P < 0.05, Fig.
6B). The retinal concentration of acetylcholine decreased in
PVL-treated explants by 33.2% after one hour (P < 0.05, Fig.
6A) and by 57.3% after two hours (P < 0.001, Fig. 6A),
whereas its concentration increased in the culture medium
by 57.3% after one hour (P < 0.05, Fig. 6B) and by 68.7%
after two hours (P < 0.01, Fig. 6B), suggesting that PVL
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FIGURE 6. Relative concentrations of neurotransmitters in rabbit
retinal explants (A), and in the culture medium of rabbit retinal
explants (B), after one and two hours’ incubation with PVL. Concen-
tration values from control explants after one hour of incubation
were used to normalize the results. Glutamate retinal concentrations
and glutamate release in the culture medium remained unchanged
after one and two hours in PVL-treated explants, compared to
controls (A–B). GABA retinal concentrations decreased significantly
after 2h incubation with PVL (A). GABA was not detected in the
culture medium of PVL-treated and control explants (B). Glycine
retinal concentrations decreased after one and two hours’ incu-
bation with PVL (A) and glycine release in the culture medium
decreased after two hours (B). Acetylcholine retinal concentrations
decreased after one and two hours (A) and acetylcholine release in
the culture medium increased after one and two hours (B). Results
are expressed as mean ± SEM; * P < 0.05; ** P < 0.01; *** P < 0.001;
n = 6 explants. nd, not detected.

induced a release of acetylcholine. GABA retinal concen-
tration decreased in PVL-treated explants by 54.6% after
two hours (P < 0.001, Fig. 6A). GABA was not detected
in the culture medium of control and PVL-treated retinas
(Fig. 6B). Taken together, these results suggest that PVL
deeply disturbs the distribution of retinal neurotransmitters
in rabbit retinal explants.

Expression of Proinflammatory and
Anti-Inflammatory Factors in PVL-Treated
Explants

We formerly demonstrated that PVL did not induce the
expression of some of the most common inflamma-
tory cytokines (IL-6, IL-8, TNF-α, VEGF) in rabbit retinal
explants.11 We further explored the expression profile of
proinflammatory and anti-inflammatory cytokines in rabbit
retinal explants after eight hours of incubation with PVL
using RT-qPCR. The mRNA expression of proinflamma-
tory cytokines (IL-4 and IL-12) was not significantly differ-
ent in PVL-treated explants and in control explants (P
> 0.05, Fig. 7). In addition, mRNA expression of anti-
inflammatory cytokines IL-10 and transforming growth
factor-β (TGF-β) did not differ significantly between PVL-
treated explants and controls (P > 0.05, Fig. 7). We finally
analyzed the expression of cyclooxygenase-2 (COX-2), the
inducible isoform of cyclooxygenase, that synthetizes proin-
flammatory prostaglandins.21 COX-2 mRNA expression did

FIGURE 7. Expression of proinflammatory cytokines (IL-4 and IL-
12), anti-inflammatory cytokines (IL-10 and TGF-β) and COX-2
enzyme after eight hours’ incubation in PVL-treated and control
rabbit retinal explants. β-actin was used as a housekeeping gene,
and target genes were normalized using this reference gene. Rela-
tive gene expression of cytokines and COX-2 enzyme remained
unchanged after eight hours in both PVL-treated and control
explants. Results are expressed as mean ± SEM; * P < 0.05;
** P < 0.01; *** P < 0.001; n = 3 explants.

not change significantly in PVL-treated explants compared
to controls (P > 0.05, Fig. 7). Consequently, IL-4, IL-10, IL-
12, TGF-β, and COX-2 do not seem to trigger the inflamma-
tory response observed in rabbit retinal explants after PVL
treatment.

DISCUSSION

In the rabbit, it has been recently reported that PVL targets
retinal ganglion cells, which express the membrane recep-
tor C5aR in vivo and in the retinal explant model.10,11 The
present results demonstrate that PVL also unbalances the
redox state in rabbit retinal explants and particularly in
RGCs. PVL activates mitochondrial and enzymatic oxida-
tive pathways, resulting in ROS production. On the other
hand, PVL may induce a decrease of antioxidant defenses
because glutathione, taurine and ascorbate are reduced
after PVL treatment, at least in the rabbit retinal explant
model.

These results are in accordance with a previous observa-
tion that PVL induced oxidative stress in the retina. Indeed,
Liu et al.11 reported that PVL increased the production of
RNS in rabbit retinal explants only four hours after PVL
treatment.

The present results showed that DNP, a mitochondrial
uncoupling agent, inhibited ROS production, suggesting that
the mitochondrial respiratory chain was a source of ROS in
PVL-treated RGCs. In our study, pharmacologic inhibition
of NADPH-oxidase and xanthine oxidase activities demon-
strated that enzymatic oxidative pathways are also involved
in PVL-induced RGCs ROS production. Initially, PVL-induced
oxidative stress has been assessed in human polymorphonu-
clear neutrophils (hPMNs) that express PVL membrane
receptor C5aR.22 In hPMNs, PVL activates NADPH-oxidase
and myeloperoxidase, leading to a release of superox-
ide radical (O2

•−).23 In our rabbit retinal explants, inhibi-
tion of NADPH-oxidase and xanthine oxidase only partially
decreased PVL-induced ROS production, suggesting that
other enzymatic sources of ROS could be activated by PVL,
such as myeloperoxidase or lipoxygenase, two oxidative
enzymes expressed in the retina.24,25

Oxidative stress is the result of an imbalance between
ROS production and antioxidant defenses. The present study
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FIGURE 8. Timeline describing the chronology of inflammatory events in rabbit retinal explants incubated with PVL. PVL targets RGCs of
rabbit retinal explants only 30 min after the onset of the incubation, as described by Liu et al.10. In the present study, we demonstrated that
PVL unbalances the redox state in retinal explants. Incubation with PVL induces an early decrease of antioxidant defenses and activates
mitochondrial and enzymatic oxidative pathways, resulting in ROS production. PVL alters the homeostasis of retinal neurotransmitters with a
decrease of glycine, GABA and acetylcholine retinal concentrations. Liu et al.10 previously reported glial activation and cell apoptosis in PVL-
treated explants. But oxidative stress and neurotransmitters imbalance seem to be earlier events than glial activation and cell apoptosis. This
chronology suggests that oxidative stress and neurotransmitters imbalance could be involved in the early initiation of retinal inflammation,
supporting the hypothesis of a neurogenic inflammation in PVL-treated retinal explants.

demonstrated that PVL treatment decreases retinal concen-
trations of glutathione, ascorbate and taurine, three nonen-
zymatic molecules involved in the redox homeostasis.12 The
drop of these antioxidants could reveal the switch from their
reduced form to their oxidized form. Kamegawa et al.26 simi-
larly reported a fall of the reduced form of several antioxi-
dants, such as glutathione, ascorbate, and vitamin E in rabbit
retinas a few hours after a pro-oxidative molecule (lipid
hydroperoxide) was injected intravitreally. The present study
showed that the antioxidant decrease is an early event after
PVL treatment, because glutathione, taurine, and ascorbate
dropped strongly only two hours after incubation with the
toxin. This observation might explain why oxidative stress
fluorescent probes (MitoSOX and DHR) did not reveal any
ROS production before four hours after PVL treatment: this
chronology suggests that in the early phase of PVL infec-
tion, antioxidant molecules could regulate the redox home-
ostasis in the retina. In a second phase, antioxidant mech-
anisms could be saturated, or their regeneration could be
impaired, leading to a switch towards a pro-oxidative state
in the retina (Fig. 8). Liu et al.11 also detected an increase
in oxidative stress (i.e., reactive nitrogen species) four hours
after PVL treatment. Of note, PVL is detected on its target
RGCs in rabbit retinal explants after 30 minutes’ exposure.11

Our results suggest that oxidative stress could be an early
event after PVL infection and could thus induce damage
to proteins, lipids, carbohydrates and nucleic acids soon
after the onset of an endophthalmitis. Intravitreal antibi-
otics used to treat endophthalmitis are effective to elimi-
nate the pathogen but have no effect on oxidative stress or
secreted toxins.1 Thus targeting pro-oxidative mechanisms
or supplying antioxidant defenses could be promising ways
to explore, to limit retinal damage caused by PVL in endoph-
thalmitis.

Apoptosis of amacrine and microglial cells has been
reported in PVL-treated rabbit retinal explants.10 Apop-
tosis could result from glutamate excitotoxicity. Jover et
al.13 reported that PVL can induce an important glutamate

release in cultured neurons. Hence, we tested whether PVL
could elicit glutamate release in our retinal explant model.
Glutamate retinal concentrations and glutamate release in
the culture medium remained unchanged in PVL-treated
explants, which suggests that glutamate excitotoxicity is not
responsible for the cell apoptosis previously reported. Our
results showed that acetylcholine concentration was reduced
in PVL-treated retinal explants, whereas it was increased
in their culture medium, suggesting that acetylcholine is
released in the retina after PVL treatment. Acetylcholine acti-
vation of muscarinic receptors M1 and M3 was reported
to stimulate the expression of NO synthase in rat retinal
neurons.27 NO synthase is an oxidative enzyme involved in
RNS synthesis.27,28 Liu et al.11 reported that PVL can induce
RNS production in PVL-treated explants. Hence, release of
acetylcholine could be a potential way of NO synthase acti-
vation and oxidative species production after PVL infection.
It is interesting to note that acetylcholine stimulation of α7-
nicotinic receptor could also display a neuroprotective effect
as already demonstrated in cases of glutamate excitotoxic-
ity.29

If neurotoxic neurotransmitters may be released in reti-
nas after PVL treatment, we also observed in retinal explants,
a concentration drop of some neuroprotective neurotrans-
mitters such as GABA and glycine. GABA is a hyperpolar-
izing neurotransmitter, and its retinal concentrations were
reduced in PVL-treated explants. GABAA receptor is consid-
ered to display neuroprotective effects.30 Indeed, GABA-
induced membrane hyperpolarization can for instance
prevent Ca2+ influx, which leads to apoptosis.31 The drop
of GABA retinal concentrations could impair this protective
mechanism in PVL-treated explants. Glycine is part of the
antioxidant defenses of the cells, because glycine is a compo-
nent of glutathione (γ -L-glutamyl-cysteinyl-glycine).32 Our
rabbit retinal explant model showed that glycine concen-
trations were reduced in PVL-treated explants and in the
culture medium of PVL-treated explants. We can hypothe-
size that glycine is consumed under oxidative conditions to
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generate glutathione in PVL-treated explants, thus explain-
ing the decrease of glycine concentrations.

Although culture medium cannot be considered as a
physiological fluid compartment, we used culture medium
to indirectly assess the effect of PVL treatment on neuro-
transmitters in retinal cultures. Neurotransmitters may have
diffused from the edge of retinal explants to the culture
medium. We were able to detect glutamate, glycine and
acetylcholine in the culture medium, but GABA was not
detectable in the culture medium of PVL-treated and control
explants. We could assume that GABA is less diffusible
in the retina tissue. Indeed, it was reported in the brain
that GABA uptake by glial cells plays a crucial role to
prevent GABA diffusion away from synapses to extrasynap-
tic areas.33 Another explanation could be that GABA concen-
tration in the culture medium was too low to be detected
with our NMR spectrometry method. Indeed, for the three
other neurotransmitters (glutamate, glycine, acetylcholine),
neurotransmitter concentrations measured in the culture
medium were approximately 100-fold inferior to their reti-
nal concentrations. GABA may certainly have diffused in
the culture medium, but its concentration may have stayed
below the NMR detection limit.

In the retina, proinflammatory and anti-inflammatory
cytokines are secreted by retinal glial cells, in case of
tissue injury or infection.34,35 Cytokines regulate the immune
system and attract leukocytes to the harmed tissue.34 In PVL-
treated retinal explants, expression of the most common
pro-inflammatory cytokines (IL-6, IL-8, TNF-α, VEGF) was
not upregulated as previously reported by Liu et al.11

Some cytokines, such as IL-10 and TGF-β, display anti-
inflammatory features. Their role is to regulate the intensity
of the inflammatory response.36 In our study, we confirmed
that the expression profile of proinflammatory and anti-
inflammatory cytokines (IL-4, IL-10, IL-12, TGF-β) in PVL-
treated retinal explants remained unchanged compared to
control retinas. These results suggest that cytokine-mediated
inflammatory pathways do not seem to be involved in
the early inflammatory response following PVL infection.
But oxidative stress and neurotransmitters imbalance could
account for the early initiation of a neuron-mediated inflam-
mation in PVL-treated retinas (Fig. 8). Future studies should
focus on the intracellular machinery leading to oxidative
stress and neurotransmitter alterations, particularly intracel-
lular Ca2+ imaging, to provide further support to the hypoth-
esis of a neurogenic inflammation in PVL retinal infection.
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