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Photoreceptor degeneration in age-related macular degeneration (AMD) is associated with an infiltration and chronic accumulation of
mononuclear phagocytes (MPs). We have previously shown that Cx3cr1-deficient mice develop age- and stress- related subretinal
accumulation of MPs, which is associated with photoreceptor degeneration. Cx3cr1-deficient MPs have been shown to increase neuronal
apoptosis through IL-1� in neuroinflammation of the brain. The reason for increased IL-1� secretion from Cx3cr1-deficient MPs, and
whether IL-1� is responsible for increased photoreceptor apoptosis in Cx3cr1-deficient mice, has not been elucidated. Here we show that
Cx3cr1-deficient MPs express increased surface P2X7 receptor (P2RX7), which stimulates IL-1� maturation and secretion. P2RX7 and
IL-1� inhibition efficiently blunted Cx3cr1-MP-dependent photoreceptor apoptosis in a monocyte/retina coculture system and in light-
induced subretinal inflammation of Cx3cr1-deficient mice in vivo. Our results provide an explanation for increased CX3CR1-dependent
IL-1� secretion and suggest that IL-1� or P2RX7 inhibition can help inhibit the inflammation-associated photoreceptor cell loss in late
AMD, including geographic atrophy, for which no efficient treatment currently exists.

Key words: IL-1; inflammasome; monocytes; P2RX7; retina

Introduction
Mononuclear phagocytes (MPs) comprise a family of cells that
include inflammatory monocytes (Mos), macrophages (M�s),
and resident macrophages such as microglial cells (Chow et al.,
2011). Circulating inflammatory Mos express low levels of
CX3CR1, whereas microglial cells express high levels of CX3CR1
(Geissmann et al., 2003; Wolf et al., 2013). Following infection or
injury, inflammatory Mos are recruited to the tissue from the
circulation and differentiate into M�s. These recruited M�s
show a pro-inflammatory phenotype in the early stages of inflam-
mation. If the inflammatory M� response is not quickly con-
trolled, it can contribute to disease progression, in particular in
tissues with low regenerative capacities such as the brain or the

eye (Streilein, 2003; Ransohoff, 2009; Conductier et al., 2010).
Throughout the CNS, neurons constitutively express proteins
such as CX3CL1 to suppress activation of CX3CR1 high microglial
cells (Cardona et al., 2006; Galea et al., 2007; Wolf et al., 2013).
The suppression of CX3CL1/CX3CR1 tonic inhibitory signal can
lead to increased MP accumulation and neuronal degeneration in
models of Parkinson’s disease and amyotrophic lateral sclerosis
(Cardona et al., 2006).

Age-related macular degeneration (AMD) is the leading cause
of irreversible blindness in the industrialized world (Klein et al.,
2004). Geographic atrophy (GA), a clinical form of late AMD, is
characterized by a slowly expanding lesion of the retinal pigment
epithelium (RPE) and photoreceptor (Sarks, 1976). Physiologi-
cally, the subretinal space, located between the RPE and the pho-
toreceptor outer segments (POSs), is devoid of significant
numbers of MPs. However, MPs accumulate in the subretinal
space in GA (Gupta et al., 2003; Combadiére et al., 2007),
including inflammatory Mos (Sennlaub et al., 2013). Genetic
or pharmacological inhibition of inflammatory Mo recruit-
ment strongly inhibits photoreceptor degeneration in models
of photo-oxidative stress (Rutar et al., 2012; Sennlaub et al.,
2013), in the Abca4�/�Rdh8�/�mouse Stargardt/AMD model
(Kohno et al., 2013), in a carboxyethylpyrrole immunization-
induced AMD model (Cruz-Guilloty et al., 2013), and in rd10
mice (Guo et al., 2012). Similarly, we showed that subretinal MPs
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observed in age- and light-challenged Cx3cr1-deficient mice are
in part (50%) derived from inflammatory Mos, which were
mainly responsible for the observed photoreceptor degeneration
(Sennlaub et al., 2013). However, the molecular mediators of
inflammatory Mo-associated photoreceptor death are not
characterized.

The Il-1� gene is transcribed after pro-inflammatory stimuli,
such as TLR activation, and encodes for the pro-IL-1� protein
(Allan et al., 2005; Simi et al., 2007). Activation by a second
stimulus, such as the P2X7 receptor (P2RX7) by extracellular
ATP, can trigger the assembly of the NLRP3 inflammasome, ac-
tivation of the caspase-1 that cleaves IL-1� precursor and pro-
duces mature, secretable IL-1� (Schroder and Tschopp, 2010).
IL-1� expression is increased in the CNS in acute and chronic
neurodegenerative diseases (Shaftel et al., 2008). Growing evi-
dence suggests that inhibiting IL-1�-induced inflammation
greatly reduced neuronal cell death in models of acute injury and
age-related neurodegenerative diseases (Shaftel et al., 2008). Sim-
ilarly, Cardona et al. (2006) demonstrated that the increased neu-
rotoxicity observed in Cx3cr1-deficient mice was attributable to
increased release of IL-1� from Cx3cr1GFP/GFP-MPs. However,
the reason for increased IL-1� release from Cx3cr1GFP/GFP-MPs
has not been elucidated.

Materials and Methods
Animals. Breeding pairs of Cx3cr1GFP/GFP (Stock number 008451) and
P2rx7�/� (Stock number 005576) mice were obtained from The Jackson
Laboratory. Wild-type (C57BL/6J) mice were purchased from Janvier at
the age of 10 weeks. All mice used in this study were rd8 mutation free.
Both male and female mice were used in this study. All animals were
housed in pathogen-free conditions at the animal facilities in a 12 h
light/dark (100 –500 lux) cycle with water and normal diet food avail-
able ad libitum. All experimental protocols and procedures were ap-
proved by the local animal care committee Comité d’éthique en
experimentation animale Charles Darwin (No. 00156.02).

Light-challenge model. Two- to three-month-old mice were adapted to
darkness for 6 h and pupils were fully dilated with 1% atropine (No-
vartis). Animals were then exposed to green LED light (4500 lux; Jean
Paul Vezon Équipements) for 4 d and subsequently kept in cyclic 12 h
light/dark normal animal conditions until they were killed. For some
experiments, mice were treated with intravitreal injections (IVT) of 2 �l
Brilliant Blue G (BBG; Sigma-Aldrich) (25 mg/l) or IL-1Ra (kineret; 150
mg/ml) at days 3 and 7. MP accumulation at days 1, 3, 4, 10, and 14 was
evaluated on IBA1-stained retinal and choroidal/RPE flat mounts. For
each eye, IBA1 MPs were counted on whole RPE/choroidal flat mounts
and on the outer segment side of the retina. Photoreceptor degeneration
was quantified at days 5 and 10 after light exposure on TUNEL retinal flat
mounts.

Retinal flat mount preparation. Immunohistochemistry on retinal/
choroidal flat mounts was conducted as previously described (Sennlaub
et al., 2013). Briefly, mice were killed by CO2 asphyxiation and enucle-
ated. The globes were fixed in 4% PFA for 30 min, then rinsed in 1� PBS,
pH 7.3. Retinal and RPE/choroid tissues were dissected intact from the
globe, flat mounted, and processed for immunohistochemistry using the
following primary antibody: polyclonal rabbit anti-P2RX7 (APR-008;
Alomone Labs), polyclonal rabbit anti-IL-1� (ab9722; Abcam), and
polyclonal goat anti-IBA1 (ab5076; Abcam).

Secondary antibodies included donkey anti-rabbit and anti-goat anti-
bodies conjugated with Alexa Fluor 488 and 546 (Life Technologies).
Staining with Hoechst (1:1000), a nuclear marker, was also used. Flat
mount images were captured with a DM5500 microscope (Leica) and
analyzed by MetaMorph software (Molecular Devices).

Isolation of murine bone marrow monocytes. Bone marrow monocytes
(BMMs) were harvested from 3- to 4-month-old Cx3cr1GFP/GFP and
C57BL/6J mice killed by CO2 inhalation. BMMs were flushed from fe-
murs and tibiae with PBS containing 10% fetal bovine serum. BMMs

were negatively selected by magnetic sorting following the protocol sug-
gested by the manufacturer (EasySep Mouse Monocyte Enrichment Kit;
Stemcell Technologies).

Briefly, the mouse monocyte enrichment mixture is designed to enrich
mouse monocytes from mouse bone marrow by depletion of T-cells,
B-cells, NK cells, dendritic cells, progenitors, granulocytes, and red blood
cells using a combination of biotinylated monoclonal antibodies directed
against these cell-surface antigens. Unwanted cells were specifically la-
beled with dextran-coated magnetic particles using biotinylated antibod-
ies against cell-surface antigens expressed on the unwanted cells.
Magnetically labeled cells were then separated from unlabeled target cells
by using a magnet. The enriched cells were then resuspended in X-VIVO
15 (Lonza) at 3 � 10 6 cells/ml. The purity of the BMMs was assayed by
flow cytometry using CD11b, LY6C, and LY6G markers. The CD11b �

LY6C � LY6G � (BMM) cell content of the enriched cells ranges from 85
to 95%. The rest of the enriched cells are usually CD11b � LY6G � cells
(neutrophils).

BMM cell culture. BMMs from three to four animals were pooled and
resuspended at equal concentration in X-VIVO 15 medium (Lonza) con-
taining L-glutamine 2 mM and penicillin/streptomycin 50 U/ml (Life
Technologies), plated in 96-well plates and incubated in 37°C, 5% CO2

atmosphere. After 2 h, non-adherent cells were removed. BMMs were
then treated with LPS (Escherichia coli 0111:B4; Sigma-Aldrich), POSs
from porcine retina prepared as previously described (Molday and Mol-
day, 1987), benzoylbenzoyl ATP (BzATP; Sigma-Aldrich), BBG (Sigma-
Aldrich), and IL-1Ra (Kineret).

Reverse transcription and real-time PCR. Real-time (RT)-PCR was used
to measure mRNA expression levels of Il-1�, P2rx7, Cd206, and Il-1ra
(primer sequences available upon request). Total RNA was extracted
from the sorted BMMs using the NucleoSpin RNA XS (740902;
Macherey-Nagel) according to the manufacturer’s instructions and con-
verted to cDNA using oligo (dT) as primer and Superscript II (Life Tech-
nologies). Each RT assay was performed in a 20 �l reaction. Subsequent
RT-PCR was performed using cDNA, Sybr Green PCR Master Mix
(4309155; Life Technologies), and specific primer (0.5 pmol/�l). RT-
PCR was performed using the Applied Biosystems StepOne Real-Time
PCR systems with the following profile: 10 min at 95°C, followed by a
total of 40 two-temperature cycles (15 s at 95°C and 1 min at 60°C). To
verify the purity of the products, a melting curve was produced after each
run according to the manufacturer’s instructions. Results were expressed
as fold induction after normalization by Rps26.

ELISA. Retinal extracts from PBS-perfused mice (light-challenge
model) and BMM supernatants were collected and IL-1� was measured
by ELISA (DY401; R&D Systems) as described by the manufacturer.
Briefly, 96-well plates (Nalge Nunc) were coated overnight at RT with a
purified rat anti-mouse IL-1� mAb. Samples and a seven-point standard
curve obtained by twofold serial dilutions of purified recombinant
mouse IL-1� (R&D Systems) were added to the 96-well plates after wash-
ing and blocking. Total IL-1� binding was detected using biotinylated
goat anti-mouse IL-1� mAb (R&D Systems), followed by streptavidin-
HRP and tetramethylbenzidine as substrate. Analysis was performed on
the Infinite M1000 (Tecan). All measurements were done in duplicate.
Optical density was determined at 450 nm.

Cell-surface P2RX7 protein detection by flow cytometry. C57BL/6J- and
Cx3cr1GFP/GFP-BMMs were incubated in PBS medium (blocking buffer)
containing 2 mM EDTA (Sigma-Aldrich), 3% FCS, 3% normal rat serum,
and 2% mouse Seroblock (anti-CD16/CD32; AbD Serotec) for 30 min.
BMMs were then stained for 30 min on ice with A700-conjugated rat
anti-mouse LY6G (561236; BD Bioscience), PerCP-Cy5.5-coupled rat
anti-mouse CD11b (550993; BD Bioscience), PE/Cy7-conjugated
rat anti-mouse LY6C (560593; BD Bioscience), and Alexa Fluor 647-
coupled rat anti-mouse P2RX7 (MCA4713A647; AbD Serotec). Acquisi-
tions were performed on an LSRII cytometer (BD Bioscience).
Expression of P2RX7 by BMM gated for CD11b-PerCP-Cy5.5 and
LY6C-Pe/Cy7 expression was analyzed using the FlowJo software.

Cell sorting after light challenge. Cx3cr1GFP/GFP and C57BL/6J mice
were exposed to green light for 4 d and directly perfused with PBS. mRNA
was extracted from dissected retinal eye cups. Other Cx3cr1GFP/GFP mice
were exposed to green light for 4 d and perfused with cold PBS. Eyes were
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dissected (posterior segment of the eyeball) and tissues were dissociated
by Neural Tissue Dissociation Kit for 30 min and filtered in HBSS 10%
bovine serum with a 70 mm sieve. Cell suspensions were blocked with
PBS EDTA 2 mM, 3% rat serum, and 2% anti-CD16/CD32 for 15 min on
ice. The tissues were labeled 25 min on ice with anti-CD11b-PerCPCy5.5,
Ly6C-PE, and Ly6G-APC (BD Biosciences). Ten percent of the whole-cell
suspension was directly lysed. The cells were sorted using a MoFlo Astrios
(Beckman Coulter) and cells were directly sorted in lysis buffer to obtain
mRNA from CD11b� Ly6G� Ly6C� GFPlow inflammatory MPs.

TUNEL. TUNEL staining was performed according to the manufac-
turer’s protocol (In Situ Cell Death Detection Kit; Roche Diagnostics).
Briefly, retinal flat mount or retina were fixed in 4% PFA for 30 min and
washed in 1� PBS, pH 7.3. Flat mounts were then incubated for 90 min
at 37°C with the reaction mixture (In situ Cell Death Detection Kit) and
the reaction was stopped by washing with 1� PBS. Nuclei were stained
with Hoechst (Sigma-Aldrich). Flat mount images were captured with a
DM 5500 microscope (Leica) or an Olympus Confocal microscope.

Retinal explant cocultures. C57BL/6J- and Cx3cr1GFP/GFP-BMMs were
seeded on polycarbonate filters floating on DMEM for 2 h. C57BL/6J
retinas were prepared and placed with the photoreceptors facing 100,000
adherent BMMs for 18 h at 37°C. After 18 h, the explants were carefully
removed and TUNEL was performed on the retinal explants. For some ex-
periments, BMMs were treated with BzATP, BBG, or IL-1Ra (Kineret).

ATP measurements. ATP release was quantified by luminometry. The
concentration of ATP was measured in supernatants from BMM by using
luciferin-luciferase assay (ATPlite Kit; PerkinElmer) according to the
manufacturer’s instructions, and light production was measured on a
luminometer (Infinite M1000; Tecan).

Dye-uptake assays. Cells were washed in 1� PBS medium, then pre-
incubated in the absence (control) or presence of BzATP (0.1 mM) at
37°C for 30 min. To-pro-3 (2 �M) was then added at RT for 10 min. Cells
were coverslipped and imaged using a DM 5500 microscope (Leica).

Statistical analysis. GraphPad Prism 6 (GraphPad Software) was used
for data analysis and graphic representation. All values are reported as
mean � SEM (unless specified in the legend). Two-group experiments
were analyzed with the nonparametric Mann–Whitney test. One-way
ANOVA and Bonferroni multiple-comparison post-tests were used to
compare the means of multiple groups. One-way ANOVA and Dunnett’s
post-tests were used to compare the means of multiple groups to a con-
trol value. The p values are indicated in the figures.

Results
Cx3cr1 GFP/GFP-BMMs constitutively activate their P2RX7
receptor and secrete IL-1� after TLR activation by LPS
IL-1� activity is rigorously controlled by expression, matura-
tion, and secretion. The Il-1� gene is transcribed after pro-
inflammatory stimuli such as TLR activation (Allan et al., 2005;
Simi et al., 2007). The secretion of mature IL-1� necessitates the
assembly of the NLRP3 inflammasome (Schroder and Tschopp,
2010). The NLRP3 inflammasome is activated by pathogens, but
can also be activated by host-derived danger signals, such as ex-
tracellular ATP, which is associated with injured cells (Mari-
athasan et al., 2006).

To evaluate if Cx3cr1 deficiency influences Il-1� transcrip-
tion, we first evaluated Il-1� mRNA expression by RT-PCR in
CD11b�-LY6C high BMMs from wild-type (C57BL/6J) and
Cx3cr1GFP/GFP mice with and without LPS stimulation. Il-1�
mRNA was significantly increased 18 h after stimulation in
C57BL/6J- and Cx3cr1GFP/GFP-BMM, but no genotype-related
differences were detectable (Fig. 1A).

To evaluate if Cx3cr1 deficiency could influence ATP-
dependent IL-1� maturation we next analyzed the expression of
ligand-gated cation channel P2RX7, a major ATP receptor shown
to be involved in NLRP3 inflammasome assembly (Mariathasan
et al., 2006). Flow cytometry analysis of P2RX7 of BMMs revealed
a significant twofold increase in the intensity of surface P2RX7

labeling of Cx3cr1GFP/GFP-BMMs compared with C57BL/6J-
BMMs (Fig. 1B) after 18 h of BMM culture without LPS.

Activation of the P2RX7 by ATP results in the opening of
pannexin channels (Pelegrin and Surprenant, 2006; Bond and
Naus, 2014), which can be visualized by the intracellular uptake
of a 10 min pulse of carbocyanine fluorescent marker (Qu et al.,
2011; Bartlett et al., 2013). To evaluate the P2RX7-dependent
channel opening we analyzed the function of the P2RX7 receptor
using the red fluorescent marker To-Pro-3 (Fig. 1C). The
percentage of To-Pro-3� cells had a 1.6-fold increase in
Cx3cr1GFP/GFP-BMMs compared with C57BL/6J-BMMs after
18 h of BMM culture (Fig. 1D), suggesting that significantly more
P2RX7-dependent channels are open in Cx3cr1GFP/GFP-BMMs.
Addition of 0.1 mM of the BzATP agonist of ATP to C57BL/6J-
BMMs resulted in a significant increase in To-Pro-3� cells reach-
ing the level of Cx3cr1GFP/GFP-BMMs (Fig. 1D).

The opening of pannexin hemichannels can also lead to intra-
cellular ATP release to the extracellular medium (Praetorius and
Leipziger, 2009; Qu et al., 2011). Indeed, ATP quantification in
the supernatants of unstimulated C57BL/6J- and Cx3cr1GFP/GFP-
BMMs after 18 h of BMM culture without LPS revealed a signif-
icant increase in ATP release from Cx3cr1GFP/GFP compared with
C57BL/6J-BMMs (Fig. 1E). The increased ATP release was not
associated with Cx3cr1GFP/GFP-BMM apoptosis (data not shown).
Our results indicate that Cx3cr1GFP/GFP-BMMs express increased
P2RX7, which leads to increased P2RX7-dependent channel
opening and ATP release.

To test whether ATP release from Cx3cr1GFP/GFP-BMMs au-
tonomously activates the inflammasome and matures IL-1�, we
measured their ability to secrete IL-1� after TLR activation by
LPS without P2RX7 stimulation. Indeed, IL-1� quantification by
ELISA in the medium of BMM culture (18 h) showed that LPS
was sufficient to induce IL-1� secretion from Cx3cr1GFP/GFP-
BMMs, but not C57BL/6J-BMMs. Furthermore, inhibition of the
P2RX7 by BBG completely prevented the secretion (Fig. 1F) and
shows that P2RX7 activation is necessary for the increased IL-1�
secretion from Cx3cr1GFP/GFP-BMMs. In C57BL/6J-BMMs, only
the combination of LPS and the ATP analog BzATP led to signif-
icant IL-1� secretion (Fig. 1G). Interestingly, BzATP also led to a
further boost of IL-1� secretion in Cx3cr1GFP/GFP-BMMs, sug-
gesting that their autonomous P2RX7 activation is only partial
and that their IL-1� secretion can further be increased by exoge-
nous ATP stimulation (Fig. 1H).

In summary, our results demonstrate that Cx3cr1GFP/GFP-BMMs
overexpress P2RX7, release increased amounts of ATP, can partially
auto-activate their inflammasome in a P2RX7-dependent manner,
and are more sensitive to further ATP stimulation.

BMM differentiation in the presence of photoreceptor
outer segments
We have previously shown that inflammatory Mos that express
low levels of CX3CR1 (Geissmann et al., 2003) accumulate sub-
retinally in atrophic regions and in soft drusen of AMD patients
(Sennlaub et al., 2013; Levy et al., 2015). Our results revealed that
Mos and, particularly, Cx3cr1-deficient Mos are toxic to photo-
receptors (compared with microglial cells) and that the degener-
ation observed in vivo in a light-challenge model was mainly
mediated by blood-borne Mos (Sennlaub et al., 2013). In the
context of sterile neuroinflammation, blood-borne Mos that dif-
ferentiate into M�s in the subretinal space are in close contact
with phosphatidylserine-rich POSs (Miljanich et al., 1981).
Phagocytosis of phosphatidylserine-rich apoptotic bodies has
been shown to induce anti-inflammatory mediators and down-

Hu et al. • CX3CR1, P2RX7, and IL-1� in Photoreceptor Death J. Neurosci., May 6, 2015 • 35(18):6987– 6996 • 6989



regulates IL-1� (Fadok et al., 1998;
Huynh et al., 2002). To evaluate the influ-
ence of POSs on BMM-derived MP differ-
entiation, we prepared C57BL/6J- and
Cx3cr1GFP/GFP-BMMs and cultured them
for 18 h with and without POSs prepared
from porcine retina.

We first evaluated the expression of the
Mannose receptor (Cd206), which is ex-
pressed at low levels during inflammation
and at high levels during the resolution of
inflammation, to remove inflammatory
glycoproteins (Lee et al., 2002; Mantovani
et al., 2004). Consistent with an anti-
inflammatory influence of POSs on M�s,
Cd206 was significantly induced by
POSs as evaluated by RT-PCR (Fig. 2A).
Interestingly, this did not occur in
Cx3cr1GFP/GFP-BMMs. Similarly, Il-1ra,
which inhibits IL-1 receptor activation,
was induced by POSs in C57BL/6J- but
not in Cx3cr1GFP/GFP-BMMs (Fig. 2B).
P2rx7 transcription was only marginally
changed by POSs (Fig. 2C), and POS in-
cubation only slightly reduced the ATP re-
lease from Cx3cr1GFP/GFP-BMMs into the
media (Fig. 2D). Interestingly, POS incu-
bation did not affect Il-1� transcription in
C57BL/6J-BMMs and led to a fivefold in-
crease in Cx3cr1GFP/GFP-BMMs (Fig. 2E).
Culture of BMMs in the presence of POSs
or retinal explants for 18 h lead to a similar
regulation of expression Cd206, Il1-Ra,
P2rx7, and Il-1� transcripts (data not
shown). When we stimulated C57BL/6J-
and Cx3cr1GFP/GFP-BMMs additionally
with LPS, Il-1� transcription was signifi-
cantly and similarly induced in both cell
types (50-fold; Fig. 2F), although the
induction was significantly inhibited
compared with LPS stimulation alone
(150-fold; Fig. 1A) as previously described
(Fadok et al., 1998).

Next we analyzed BMM-derived MPs
IL-1� secretion into the medium. C57BL/
6J- and Cx3cr1GFP/GFP-BMMs were al-
lowed to differentiate for 18 h into MPs in
the presence of POSs. After 18 h of cul-
ture, BMM-derived MPs were stimulated
for 3 h by LPS to induce pro-IL-1�
synthesis. LPS-stimulated Cx3cr1GFP/GFP-
BMMs secreted significantly more mature
IL-1� compared with C57BL/6J-BMMs
(Fig. 2G).

Our results show that Cx3cr1GFP/GFP-
BMMs that differentiated in the presence of POSs maintain their
increased ability to mature and secrete IL-1� at significantly higher
levels compared with C57BL/6J cells.

Subretinal MPs in light-challenged Cx3cr1GFP/GFP-mice
express IL-1� and P2RX7 in vivo
The differentiation of blood-borne Mos in the subretinal space in
vivo is likely significantly different from the in vitro system.

Cx3cr1 deficiency in mice leads to a strong increase of subretinal
MP accumulation with age, after light challenge, or laser injury
(Combadiére et al., 2007; Sennlaub et al., 2013; Levy et al., 2015).
We previously showed that IL-1� protein is increased in the ret-
ina of 18-month-old pigmented (C57BL/6J) Cx3cr1GFP/GFP mice
with subretinal MP accumulation and photoreceptor degenera-
tion and in C57BL/6J and Cx3cr1GFP/GFP albino (BALB) mice 24 h
after a light injury, which induces subretinal MP accumulation

Figure 1. Cx3cr1GFP/GFP-BMMs constitutively activate their P2RX7 receptors and secrete IL-1� after TLR activation by LPS. A,
Quantitative RT-PCR of Il-1� mRNA normalized with Rps26 mRNA of C57BL/6J- and Cx3cr1GFP/GFP-BMMs cultured for 18 h in control
conditions or treated with LPS (n � 4 per group, one-way ANOVA followed by Bonferroni’s post-test, no statistical differences
between genotype; representative of 3 independent experiments). B, P2RX7 surface expression on CD11b � LY6C high C57BL/6J-
and Cx3cr1GFP/GFP-BMMs cultured for 18 h without LPS was analyzed by flow cytometry (left). The magnitude of P2RX7 surface
expression was measured by the geometric mean fluorescence intensity of C57BL/6J- and Cx3cr1GFP/GFP-BMMs (right) (n � 3 per
group, *p � 0.05; Mann–Whitney U test, representative of 3 independent experiments). C, Representative images of C57BL/6J-
and Cx3cr1GFP/GFP-BMMs incubated for 10 min with To-pro-3 in the absence (C57BL/6J and Cx3cr1GFP/GFP) or presence of BzATP
(C57BL/6J � BzATP). Scale bar, 50 �m. D, Quantification of the number of To-pro-3-positive Cx3cr1GFP/GFP-BMMs and To-pro-3-
positive C57BL/6J-BMMs incubated in the absence (C57BL/6J) or presence of BzATP (C57BL/6J � BzATP) for 10 min (n � 5 per
group, *p � 0.05; one-way ANOVA followed by Dunnett’s post-test; C57BL/6J-BMMs as control, representative of 2 independent
experiments). E, Quantification of the extracellular ATP release in the supernatant of C57BL/6J- and Cx3cr1GFP/GFP-BMMs cultivated
for 18 h without LPS (n � 6 per group, *p � 0.05; Mann–Whitney U test). F, Quantification of IL-1� in the supernatant of
C57BL/6J- and Cx3cr1GFP/GFP-BMMs in control conditions or primed with LPS (60 ng/ml) or LPS � BBG (60 ng/ml � 10 �M; n �
3, *p � 0.05; one-way ANOVA followed by Bonferroni’s post-test, representative of 3 independent experiments). G, H, Quantifi-
cation of IL-1� in the supernatant of C57BL/6J-BMMs (G) and Cx3cr1GFP/GFP-BMMs (H ) primed overnight with LPS (60 ng/ml) and
then stimulated with BzATP (1 mM) in the presence or the absence of BBG (10 �M; n � 5, *p � 0.05; one-way ANOVA followed by
Bonferroni’s post-test, representative of 2 independent experiments). CTL, control.
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and photoreceptor degeneration in both strains (Lavalette et al.,
2011).

Here we first analyzed the kinetics of subretinal accumulation
at different time points during the light-challenge protocol,
which we developed to induce robust subretinal inflammation
and photoreceptor degeneration in pigmented Cx3cr1GFP/GFP

C57BL/6J mice but only minor MP accumulation and degenera-
tion in C57BL/6J mice (Sennlaub et al., 2013). We show that
subretinal IBA1� MPs accumulated significantly more in
Cx3cr1GFP/GFP mice compared with C57BL/6J animals, reaching a
peak at 4 d (Fig. 3A). Retinal IL-1� protein concentrations, mea-
sured by ELISA of retinal homogenates, were similar in non-
illuminated 2-month-old C57BL/6J and Cx3cr1GFP/GFP mice, but
increased in 4 d light-challenged Cx3cr1GFP/GFP mice, when the
subretinal MP accumulation was at its peak, compared with
C57BL/6J mice (Fig. 3B).

In pathological situations, IL-1� can be strongly produced by
tissue M�s and Mos (Dinarello, 1996), but also by non-myeloid
retinal cells, such as Muller cells, astrocytes, or endothelial cells
(Hangai et al., 1995; Liu et al., 2012). To further identify the
cells responsible for IL-1� production, we compared Il-1�
transcription levels of the following: (1) whole-eye lysates

(wE), (2) lysates of retinal cells depleted
of CD11b � MPs (wE-MP), and (3)
CD11b�Ly6C high inflammatory Mos
sorted by FACS of PBS-perfused
Cx3cr1GFP/GFP mice after 4 d of light
challenge. Il-1� mRNA, detected by RT-
PCR, was greatly enriched in sorted
CD11b�Ly6C high cells when compared
with wE (Fig. 3C). In fact, Il-1� mRNA
was not detected in lysates of retinal cells
depleted of CD11b� MPs, suggesting that
most Il-1� secretion, which necessitates
Il-1� transcription, stemmed from MPs
in the light-challenged retina of
Cx3cr1GFP/GFP mice. Furthermore, P2rx7
mRNA,whichweshowedisanimportant fac-
tor in IL-1� maturation in Cx3cr1GFP/GFP-
MPs, was greatly enriched in Cx3cr1-deficient
Ly6Chigh MPs compared with the level of
P2rx7 transcription in the rest of the reti-
nal cells in vivo (Fig. 3D). Immunohisto-
chemistry of P2XR7 (Fig. 3E, red) on
retinal flat mounts of 4 d light-challenged
Cx3cr1GFP/GFP mice showed that P2RX7
was located on ramified subretinal cells
that costained for the MP marker IBA1
(Fig. 3E, top). IBA1 was visualized using a
green fluorescent secondary antibody
to increase the fluorescence of GFP-
expressing Cx3cr1GFP/GFP-MPs. High-
level P2RX7 expression was restricted to
MPs that had infiltrated the subretinal
space, and IBA1� microglial cells of the
inner retina only weakly expressed P2RX7
(Fig. 3E, bottom). Similarly, immunohisto-
chemistry of IL-1� (red staining) on RPE/
choroidal flat mounts of 4 d light-
challenged Cx3cr1GFP/GFP mice showed
that IL-1� was located to ramified sub-
retinal cells that costained for the MP
marker IBA1 (Fig. 3F ), confirming that

subretinal MPs were the major IL-1�-producing cells in this
model.

Our data show that P2XR7 and IL-1� are significantly in-
duced in Cx3cr1-deficient subretinal MPs that accumulate in
light-challenged Cx3cr1GFP/GFP mice in vivo.

A P2RX7 antagonist and IL-1Ra inhibit Cx3cr1 GFP/GFP-BMM
photoreceptor toxicity
We have previously shown that Cx3cr1GFP/GFP Mos are particu-
larly toxic to photoreceptors compared with C57BL/6J Mos in an
in vitro coculture model (Sennlaub et al., 2013). Here we tested
the ability of IL-1Ra, a specific antagonist of IL-1R1, to inhibit
Cx3cr1GFP/GFP BMM-induced photoreceptor cell death in an
overlaying retinal explant after 18 h of coculture in vitro. TUNEL
staining of the retinal explants revealed an increased amount of
TUNEL� nuclei in the outer nuclear layer (which harbors the
photoreceptor nuclei) in cocultures with Cx3cr1GFP/GFP-BMMs
compared with cocultures with C57BL/6J-BMMs. We show that
TUNEL� nuclei were less frequent in Cx3cr1GFP/GFP-BMMs/ret-
inal cocultures when IL-1Ra was added to the medium (Fig. 4A).
Quantification of TUNEL� nuclei in the outer nuclear layer re-
vealed a significant 2.7-fold increase in retina cultured with

Figure 2. BMM differentiation in the presence of POSs. A–C, Quantitative RT-PCR of Cd206 (A), Il-1Ra (B), and P2rx7 (C) mRNA
normalized with Rps26 mRNA of C57BL/6J- and Cx3cr1GFP/GFP-BMMs cultured for 18 h with or without POSs (n �5 per group, *p �
0.01; one-way ANOVA followed by Bonferroni’s post-test, representative of 3 independent experiments). D, Quantification of ATP
release from C57BL/6J- and Cx3cr1GFP/GFP-BMMs cultivated for 18 h with or without POSs (n � 6 per group, *p � 0.01; one-way
ANOVA followed by Bonferroni’s post-test, representative of 3 independent experiments). E, Quantitative RT-PCR of Il-1� mRNA
normalized with Rps26 mRNA of C57BL/6J- and Cx3cr1GFP/GFP-BMMs cultured for 18 h with or without POSs (n �4 per group, *p �
0.01; one-way ANOVA followed by Bonferroni’s post-test). F, Quantitative RT-PCR of Il-1� mRNA normalized with Rps26 mRNA of
C57BL/6J- and Cx3cr1GFP/GFP-BMMs cultured for 18 h with or without POSs and LPS (60 ng/ml; n � 4 per group). G, Quantification
by ELISA of IL-1� in the supernatants of C57BL/6J- and Cx3cr1GFP/GFP-BMMs cultured for 18 h with or without POSs and stimulated
or not with LPS (60 ng/ml) for 2 h (n � 4 per group, *p � 0.01; one-way ANOVA followed by Bonferroni’s post-test).
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Cx3cr1GFP/GFP-BMMs compared with
C57BL/6J-BMMs. Addition of IL-1Ra or
BBG (the P2XR7 inhibitor that inhibits
IL-1� secretion from Cx3cr1GFP/GFP-
BMMs; Fig. 1G) completely inhibited the
increased photoreceptor toxicity of
Cx3cr1GFP/GFP-BMMs (Fig. 4A,B).

ATP has been shown to be toxic to photo-
receptors (Puthussery and Fletcher, 2009; No-
tomi et al., 2013). As Cx3cr1GFP/GFP-MPs
released increased amounts of ATP (Figs.
1D, 2D), we next tested if ATP was directly
toxic to photoreceptor. We cocultured
C57BL/6J and P2rx7�/� retina in the pres-
ence of C57BL/6J- and Cx3cr1GFP/GFP-
BMMs and quantified photoreceptor cell
death. Deletion of P2RX7 in the retinal
cells did not affect photoreceptor cell
death, suggesting that elevated extracellu-
lar ATP levels were not directly responsi-
ble for the observed photoreceptor cell
apoptosis (Fig. 4C). Furthermore, retinal
explants cultured in the presence of the
ATP agonist BzATP at 100 �M did not
exhibit toxicity when compared with ret-
inal explants cultured in control condi-
tions (Fig. 4D). P2rx7�/�- and C57BL/6J-
BMMs exhibited similar toxicity when
cultured in the presence of C57BL/6J ret-
ina (Fig. 4C).

The generation of oxidative and nitro-
sative stress and the secretion of tumor
necrosis factor � can also participate in
MP neurotoxicity (Srinivasan et al., 2004;
Kraft and Harry, 2011; Nakazawa et al.,
2011; Wu et al., 2012; Murakami et al.,
2013). However, a soluble TNF� receptor, or nitric oxide inhibitors,
and antioxidants did not inhibit the photoreceptor apoptosis in-
duced by Cx3cr1GFP/GFP-BMMs in this system (data not shown).

In summary, we show that IL-1� inhibition or inhibition of
P2XR7 completely inhibited the Cx3cr1-associated increased
photoreceptor toxicity ex vivo.

BBG and IL-1Ra inhibit subretinal inflammation-associated
photoreceptor degeneration in Cx3cr1 GFP/GFP- mice
Results presented above show that Cx3cr1GFP/GFP-BMMs overex-
press P2XR7, which facilitates IL-1� maturation and secretion of
ATP/P2RX7 dependently. Our in vitro assay demonstrates that
P2XR7-dependent IL-1� release from Cx3cr1GFP/GFP-BMMs me-
diates the increased toxicity of Cx3cr1GFP/GFP-BMMs. Further-
more, we showed that IL-1� and P2RX7 are expressed at high
levels in subretinal MPs during the light-induced inflammation
in Cx3cr1GFP/GFP-mice in vivo.

To evaluate the possibility of inhibiting inflammation-
associated photoreceptor degeneration in Cx3cr1GFP/GFP mice we
used the P2RX7 inhibitor BBG and recombinant IL-1Ra.
Cx3cr1GFP/GFP mice were light challenged from day 0 to 4 and
returned to normal animal facility cyclic light conditions. They
received an intravitreal injection of PBS, BBG, or IL-1Ra at day 3
(and day 7 for animals kept until day 10). Quantification of sub-
retinal MPs on IBA1-stained choroidal and retinal flat mounts at
days 5 and 10 did not reveal any differences in subretinal MP
accumulation in BBG-treated animals compared with PBS-

treated animals (Fig. 5A,B). However, the number of apoptotic
photoreceptor cells in the ONL, visualized on TUNEL-stained
retinal flat mounts (Fig. 5C,D), were decreased by 20% at day 5
(BBG) and by 50% at day 10 (Fig. 5D, BBG and IL-1Ra). To
investigate whether P2rx7 inhibition also prevented photorecep-
tor toxicity of C57BL/6J-MPs, we submitted C57BL/6J and
P2rx7�/� mice to experimental retinal detachment, where sub-
retinal C57BL/6J-MPs have been shown to participate in photo-
receptor degeneration (Nakazawa et al., 2007). C57BL/6J and
P2rx7�/� mice showed no difference in the number of TUNEL-
positive photoreceptor cells under these conditions (data not
shown), suggesting that P2rx7 inhibition only inhibits MP toxic-
ity in situations where extracellular ATP is high and/or P2RX7 is
expressed at high levels, such as light-challenged Cx3cr1-deficient
mice.

In summary, our results show that pharmacological inhibi-
tion of P2XR7 or IL-1� significantly inhibits the inflammation-
associated photoreceptor degeneration in Cx3cr1-deficient mice
in vivo.

Discussion
Inflammatory Mos have been shown to contribute to photore-
ceptor toxicity in photo-oxidative stress models (Rutar et al.,
2012; Sennlaub et al., 2013), in the Abca4�/�Rdh8�/�mouse
Stargardt/AMD model (Kohno et al., 2013), in a carboxyethyl-
pyrrole immunization-induced AMD model (Cruz-Guilloty et
al., 2013), and in rd10 mice (Guo et al., 2012). The Mo-derived

Figure 3. Subretinal MPs in light-challenged Cx3cr1GFP/GFP mice express IL-1� and P2RX7. A, IBA1-positive cell density in the
subretinal space of C57BL/6J and Cx3cr1GFP/GFP mice at different time points during the light-challenge model (n � 5 per group,
*p � 0.05; one-way ANOVA followed by Bonferroni’s post-test). B, Quantification by ELISA of IL-1� protein in retinal protein
extracts from PBS-perfused C57BL/6J and Cx3cr1GFP/GFP mice after 4 d of light-induced subretinal inflammation (n � 3 per group,
*p � 0.01; one-way ANOVA followed by Bonferroni’s post-test). C, Quantitative RT-PCR of Il-1� mRNA normalized with Rps26 of
wE (set as 1), wE-MP, and FAC-sorted Ly6C high cells (LY6C �). (Each sample is a pool of cells from 8 independent eyes of PBS-
perfused Cx3cr1GFP/GFP mice after 4 d of light challenge, values are the mean of two independent qPCR.) D, Quantitative RT-PCR of
P2rx7 mRNA normalized with Rps26 of wE (set as 1), wE-MP, and FAC-sorted Ly6C high cells (LY6C �). (Each sample is a pool of cells
from 8 independent eyes of PBS-perfused Cx3cr1GFP/GFP mice after 4 d of light challenge, values are the mean of two independent
qPCR.) E, Costaining of P2RX7 (red) and IBA1 (green) in the SR (retinal flat mount, top) or INL (bottom) of Cx3cr1GFP/GFP mice after
4 d of light-induced subretinal inflammation. F, Costaining of IL-1� (red) and IBA1 (green) in the SR (choroidal/RPE flat mount,
top) or INL (bottom) of Cx3cr1GFP/GFP mice after 4 d of light-induced subretinal inflammation. Scale bar, 50 �m. NI, non-illumi-
nated; SR, subretinal space; INL, inner nuclear layer.
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factors responsible for the photoreceptor
toxicity are not well characterized. In the
eye, CX3CL1 is constitutively expressed
as a transmembrane protein in retinal
neurons (Zieger et al., 2014) and physio-
logically provides a tonic inhibitory signal
to CX3CR1-bearing MPs that inhibit
the potentially neurotoxic inflammation
(Combadière et al., 2007; Ransohoff, 2009).
We recently showed in age- and light-
challenged Cx3cr1-deficient mice that accu-
mulation of infiltrating inflammatory Mos
in the subretinal space is responsible for
photoreceptor loss (Sennlaub et al., 2013).
Here we show that Cx3cr1GFP/GFP-BMMs
overexpress P2XR7 and release increased
amounts of ATP compared with C57BL/6J-
BMMs. In contrast to C57BL/6J-BMMs,
Cx3cr1GFP/GFP-BMMs spontaneously se-
crete IL-1� after TLR stimulation via the
autonomous activation of P2RX7. We show
that IL-1� and P2RX7 inhibition pre-
vented increased photoreceptor toxicity of
Cx3cr1GFP/GFP-BMMs.

The Il-1� gene is transcribed after pro-
inflammatory stimuli, such as TLR activa-
tion, and encodes for the pro-IL-1�
protein (Allan et al., 2005; Simi et al.,
2007). The secretion of IL-1� necessitates
the NLRP3 inflammasome, which can be
activated by extracellular ATP in sterile
inflammation (Mariathasan et al., 2006).
Our data show that Cx3cr1GFP/GFP-BMMs
have increased P2XR7 surface expression,
and ATP release into the extracellular me-
dium (Fig. 1). In contrast to C57BL/6J-
BMMs that necessitate both TLR and
P2RX7 stimulation to secrete IL-1� (Fig.
1), a single TLR activation is sufficient to
allow for the secretion of IL-1� from
Cx3cr1GFP/GFP-BMMs. The secretion of
IL-1� by the Cx3cr1GFP/GFP-BMMs is me-
diated by spontaneous ATP release and
can be inhibited by P2RX7 antagonist (Fig.
1). Conversely the P2RX7 agonist BzATP
further increased the secretion of IL-1�
from TLR-stimulated Cx3cr1GFP/GFP-BMMs.
Cx3cr1GFP/GFP-BMMs, in contrast to C57BL/
6J-BMMs, have the capacity to partly auto-
activate the inflammasome in an ATP/
P2RX7-dependent manner and display an
increased sensitivity to exogenous ATP.
These findings might explain the increase of
IL-1� secretion observed in sterile inflam-
mation in the Cx3cr1-deficient brain (Car-
dona et al., 2006) and age-challenged
(Lavalette et al., 2011) and light-challenged
Cx3cr1-deficient retina in which subretinal
MP accumulate.

ATP has been suggested to directly in-
duce photoreceptor apoptosis in a
P2RX7-dependent manner (Puthussery
and Fletcher, 2009; Notomi et al., 2013).

Figure 4. A P2RX7 antagonist and IL-1Ra inhibit Cx3cr1GFP/GFP-BMM photoreceptor toxicity. A, Confocal microscopy of TUNEL
(red)-stained retinal flat mounts cultured for 18 h in contact with C57BL/6J-, Cx3cr1GFP/GFP-, and Cx3cr1GFP/GFP-BMMs in the
presence of BBG (10 �M) or IL-1Ra (10 mg/ml). Nuclei were stained with Hoechst (blue). Scale bar, 50 �m. B, Quantification of
TUNEL-positive nuclei/mm 2 in the ONL of retinal flat mounts in contact with C57BL/6J-, Cx3cr1GFP/GFP-, and Cx3cr1GFP/GFP-BMMs in
the presence or not of BBG (10 �M) or IL-1Ra (10 mg/ml; n � 4 per group, *p � 0.01; one-way ANOVA followed by Dunnett’s
post-test vs Cx3cr1GFP/GFP-BMMs, representative of at least 3 experiments). C, Quantification of TUNEL-positive nuclei/mm 2 in the
ONL of C57BL/6J- or P2rx7�/� explant with C57BL/6J-, Cx3cr1GFP/GFP, or P2rx7�/� BMMs (n � 4 per group, one-way ANOVA
followed by Bonferroni’s post-test; NS, no significant differences between C57BL/6J and P2rx7�/� explant cultured with
Cx3cr1GFP/GFP-BMMs). D, Quantification of TUNEL-positive nuclei/mm 2 in the ONL of retinal explant treated or not with 100 �M

BzATP (n � 4 per experimental group, Mann–Whitney U test, no statistical difference was found). R, retina.

Figure 5. BBG and IL-1Ra inhibit subretinal inflammation-associated photoreceptor degeneration in Cx3cr1GFP/GFP mice. A, Represen-
tative accumulation of subretinal MP cells (choroidal/RPE flat mounts; green) at day 10 in PBS and BBG (25 mg/L) of Cx3cr1GFP/GFP mice
treated by intravitreal (IVT) injections at days 3 and 7. Scale bar, 200�m. B, MP density in the subretinal space of the light-challenge model
of Cx3cr1GFP/GFP mice at days 5 and 10 treated with PBS and BBG at day 3 (animals kept until day 10 received a second IVT on day 7). (n �
6 per group, one-way ANOVA followed by Bonferroni’s post-test, no differences were found between Cx3cr1GFP/ GFP treated with PBS and
BBG). C, Confocal microscopy of TUNEL-positive cells (red) through the ONL of a retinal flat mount at day 10 of the light-challenge model of
Cx3cr1GFP/GFP mice treated with PBS or BBG (25 mg/L) by IVT injections. Scale bars: 50 �m, Inset, 10 �m. D, Quantification of the number
of TUNEL-positive cell per retina of the light-challenge model of Cx3cr1GFP/GFP mice at days 5 and 10 treated with PBS, BBG (25 mg/ml), and
IL-1Ra(150mg/ml)atday3(animalskeptuntilday10receivedasecondIVTonday7). (n�5pergroup,#p�0.05;Mann–Whitney U test
day 5 PBS vs day 5 BBG, *p � 0.05; one-way ANOVA followed by Dunnett’s post-tests vs day 10 PBS).
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P2RX7 immunoreactivity has been demonstrated at synaptic
sites in the outer plexiform layer, but its presynaptic or postsyn-
aptic localization remains controversial (Brändle et al., 1998;
Puthussery and Fletcher, 2004; Niyadurupola et al., 2013). P2rx7
mRNA expression is not detected in photoreceptors (Niyadu-
rupola et al., 2013), making a significant P2RX7 expression on
photoreceptors unlikely. Our results, using immunohistochem-
istry on light-challenged Cx3cr1GFP/GFP mice, mainly located
P2RX7 to subretinal MPs and not the photoreceptors (Fig. 5).
Furthermore, the P2RX7 agonist BzATP (100 �M) did not in-
duce photoreceptor apoptosis in retinal explants when subretinal
MPs were not present and P2rx7�/� retinal explants did not differ
in terms of C57BL/6J and Cx3cr1GFP/GFP-BMM-induced photo-
receptor apoptosis. These results suggest that the photoreceptor
apoptosis we observed was not due to direct ATP-photoreceptor
toxicity, but to P2RX7 activation on Cx3cr1GFP/GFP-BMMs, as the
P2RX7 antagonist BBG completely inhibited the photoreceptor
toxicity of Cx3cr1GFP/GFP-BMMs in the coculture model (Fig. 4)
similar to IL-1Ra. Skaper et al. (2006) showed that ATP and
BzATP cause neuronal cell injury in rat cortical neurons glial only
in the presence of P2RX7-positive MPs, and that deletion of
P2RX7 at the surface of MPs inhibited ATP-induced neuronal
cell death (Skaper et al., 2006). Our in vitro data suggest that the
toxicity of Cx3cr1-deficient MPs is the result of a combination of
spontaneous ATP release from the MPs and increased sensitivity
to extracellular ATP. As ATP is abundantly present intracellularly
and is released from injured cells during dissection, we were not
able to measure the levels of extracellular ATP in our in vivo
experiments. However, the fact that BBG and IL-1Ra inhibited
photoreceptor apoptosis in light-challenged Cx3cr1GFP/GFP mice
shows that both, extracellular ATP and IL-1� secretion, play an
important role in vivo. In C57BL/6J-MPs the toxicity might be
limited by the level of exogenous ATP available at the site of
sterile inflammation and their lower sensitivity, due to lower
P2RX7 expression in these experimental conditions. In the hu-
man disease it has been shown that wet AMD patients exhibit
elevated vitreous ATP concentration, which has been suggested
to participate in photoreceptor cell death (Puthussery and
Fletcher, 2009; Notomi et al., 2013), and dying cells likely release
ATP in GA. These high concentrations in AMD patients might be
sufficient to trigger IL-1� secretion from subretinally accumu-
lated pro-inflammatory Mos in humans.

When Mos differentiate into M�s in the subretinal space they
are in close contact with POSs. Phosphatidylserine-rich POSs
(Miljanich et al., 1981) have been shown to induce anti-
inflammatory mediators and downregulate Il-1� (Fadok et al.,
1998; Huynh et al., 2002). In contrast to C57BL/6J-BMMs, POSs
did not alter the capacity of Cx3cr1GFP/GFP-BMMs to release ATP
and to auto-activate IL-1� maturation after LPS stimulation
alone, but they reduced the levels of induction. Interestingly,
Cx3cr1 deficiency also blunted the POS-dependent induction of
anti-inflammatory factors such as Cd206 and Il-1ra observed in
C57BL/6J-BMMs. We recently showed that Cx3cr1 deficiency in
myeloid cells impairs their elimination from the subretinal space
by the retinal pigment epithelial cells (Levy et al., 2015). The
observed photoreceptor cell loss in these mice is likely the result
of the increased survival of subretinal Cx3cr1-deficient MPs and
their impaired capacity to differentiate to an anti-inflammatory
phenotype.

MP-derived IL-1� has been shown to induce neuronal cell
death in a variety of models of acute injury and age-related neu-
rodegenerative diseases in the brain (Allan et al., 2005; Shaftel et
al., 2008) and in models of retinal ischemia (Kido et al., 2001;

Yoneda et al., 2001). Similarly, we show here that the excessive
photoreceptor toxicity of Cx3cr1GFP/GFP-BMMs was completely
inhibited by the IL-1 inhibitor IL-1Ra ex vivo and in vivo (Figs. 4,
5). This protective effect seems to be restricted to conditions in
which collateral damage from neuroinflammation plays a major
role in neurotoxicity, as IL-Ra was not able to reverse photore-
ceptor degeneration in albino rats or albino Cx3cr1�/� mice sub-
jected to toxic light intensities (Lavalette et al., 2011).

In vivo, we show that IL-1� and P2RX7 are strongly expressed by
subretinal MPs that accumulate in light-challenged Cx3cr1GFP/GFP

mice. Intravitreal injections of IL-1Ra or the specific P2RX7 inhib-
itor BBG, significantly inhibited photoreceptor apoptosis similar
to its effect in models of subretinal hemorrhage (Notomi et al.,
2013), glaucoma (Niyadurupola et al., 2013), cerebral ischemia/
reperfusion injury (Sugiyama et al., 2010; Arbeloa et al., 2012;
Chu et al., 2012; Yu et al., 2013), and Huntingdon’s disease (Díaz-
Hernández et al., 2009). Interestingly and contrary to neuroin-
flammation in cerebral ischemia/reperfusion injury (Chu et al.,
2012; Yu et al., 2013), P2XR7 inhibition did not influence the
accumulation of Cx3cr1GFP/GFP-MPs, suggesting that ATP does
not contribute to MP recruitment in this model.

The results of our study provide an explanation for the in-
creased IL-1� secretion observed in Cx3cr1-deficient MPs (Car-
dona et al., 2006). They suggest that P2RX7 inhibition protects
from subretinal inflammation-associated photoreceptor degen-
eration in diseases such as GA, where inflammatory Mos accu-
mulate (Sennlaub et al., 2013) and extracellular ATP from dying
cells is likely abundant. P2RX7 has also been shown to activate the
inflammasome in the RPE in a model of AluRNA-induced RPE
degeneration via IL-18 suggested to play an important role in GA
(Kerur et al., 2013). P2RX7 inhibitors, therefore, might be a
promising therapeutic target to inhibit GA lesion expansion, as it
might prevent further RPE cell death, and IL-1� and P2RX7 in-
hibitors might help prevent inflammation-associated photore-
ceptor loss.
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