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The P2X7 receptor (P2X7R) is an ATP-gated ion channel that is a key player in oxidative stress under
pathological conditions. The P2X7R is expressed in the retinal pigmented epithelium (RPE) and neural
retina. Chronic oxidative stress contributes to the pathogenesis of age-related macular degeneration
(AMD). Mice lacking Cu, Zn superoxide dismutase (Sod1) developed chronic oxidative stress as well as
AMD-like features, but whether the P2X7R plays a causative role in oxidative stress-induced AMD is
unknown. Thus, the main purpose of this study was to test if concurrent knockout (KO) of P2X7R could
block AMD-like defects seen in Sod1 KO mice. Using multiple approaches, we demonstrate that Sod1 KO
causes AMD-like defects, including positive staining for oxidative stress markers, 3-nitrotyrosine and
carboxymethyl lysine, thinning of the RPE and retina, thickening of Bruch's membrane, presence of basal
laminar and linear deposits, RPE barrier disruption and accumulation of microglia/macrophages.
Moreover, we find that Sod1 KO mice accumulate more microparticles (MPs) within RPE/choroid tissues.
Concurrent KO of the P2X7R protects against AMD-like defects and MP accumulation in Sod1 KO mice.
Together, we show for the first time, that deficiency of P2X7R prevents in vivo oxidative stress-induced
accumulation of MPs and AMD-like defects. This work could potentially lead to novel therapies for AMD

and other oxidative stress-driven diseases.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Age-related macular degeneration (AMD) is a blinding and
devastating disease among people over the age of 50 worldwide. It
is caused by the progressive degeneration of retinal pigmented
epithelium (RPE) and photoreceptors in outer retina [1,2]. The
prevalence of AMD is expected to increase dramatically as the
global population ages [3]. As there is no cure for AMD, better
understanding of the initiation and progression of AMD is crucial to
finding better and earlier treatment modalities [1].

Numerous in vitro and in vivo studies strongly support a key role
for oxidative stress in AMD [4]. Mice lacking Cu, Zn superoxide
dismutase (Sod1) induced chronic oxidative stress and developed
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AMD-like features similar to humans [5], but whether the P2X;
receptor (P2X7R) plays a causative role in oxidative stress-induced
AMD is unknown. The P2X7R is an ATP-gated ion channel expressed
in RPE and photoreceptor cells [6—9]. It is a key player in oxidative
stress under pathological conditions and mediates inflammation in
a variety of cell types [10,11]. Previously, we and others found that
activation of the P2X7R can cause RPE and photoreceptor apoptosis
[6,8,9]. Recently, we demonstrated that oxidative stress induces
cultured RPE cells to release microparticles (MPs) that carry drusen
components [12]. Cell-derived MPs are small membrane-bound
extracellular vesicles shed by activated, stressed, or apoptotic
cells through membrane blebbing that range in diameter from 100
to 1000 nm [13]. Interestingly, activation of P2X7R also caused
plasma membrane blebbing and release of MPs in non-ocular cells
[14—17].

Based on the above findings, we hypothesized that the P2X;R
could mediate the release of MPs and AMD-like pathology induced
by chronic oxidative stress. Therefore, the main purpose of this
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study was to test if concurrent knockout (KO) of P2X7R could block
AMD-like defects in Sod1 KO mice, a model of chronic oxidative
stress and AMD [5]. As in vitro oxidative stress caused RPE to release
MPs [12], and P2X7R was involved in release of MPs in non-ocular
cells [14—17], we also tested whether in vivo oxidative stress
could induce MP release and whether P2X7R deficiency could have
protective role in the MP release.

2. Materials and methods

Detailed materials and methods are available in the

Supplementary Material.
2.1. Mice

All animal experiments were approved by the institutional an-
imal care and use committee at the University of Michigan. All
breeder mice, including P2X;R KO mice (strain B6.129P2-
P2rx7tm1Gab/]; stock no. 005576) and Sod1 KO mice (strain B6;
129S-Sod1tm1Leb/J; stock no. 002972) were obtained from Jackson
Laboratories (Bar Harbor, ME, USA). P2X7R KO and Sod1 KO mice
were cross-bred in our facility to generate all needed colonies,
including wild type (WT) controls, P2X7R KO, Sod1 KO, and P2X7R/
Sod1 double-knockout (DKO) mice. Both male and female offspring
aged from 2 to 15 months were used for experiments.

2.2. Genotyping

The mice were genotyped using the PCR primers as described in
the Supplementary Material.

2.3. Western blot analysis

Western blot analysis was performed as previously described
[12].

2.4. Fundus imaging and SD-OCT
Fundus imaging and spectral domain optical coherence to-
mography (SD-OCT) were performed as described in the

Supplementary Material.

2.5. Immunohistochemistry, RPE flat mounts and confocal
microscopy

Immunohistochemistry, RPE flat mounts and confocal micro-
scopy were performed as described [5,6,18] with modifications (see
Supplementary Material).

2.6. Microparticle isolation and quantification by flow cytometry

MPs were isolated from RPE/choroid as described in the
Supplementary Material. Isolated MPs were quantified as described
in our published work [12].

2.7. Transmission electron microscopy

Ultrastructure of the RPE/choroid was assessed by transmission
electron microscopy (TEM) as previously described [5].

2.8. Statistical analysis

Data were analyzed using GraphPad Prism version 5 (GraphPad

Software, Inc., San Diego, CA). Student's t-test, one-way ANOVA
with Sidak's multiple comparisons test, or two-way ANOVA with
Dunnett's multiple comparisons test was used to compare groups.
Data are presented as mean + standard error of the mean (SEM). P
values less than 0.05 were considered as statistically significant.

3. Results
3.1. Generation of P2X7R and Sod1 DKO mice

Sod1 KO mice develop features typical of AMD in humans [5]
and are considered a suitable murine model for AMD [2]. To
assess the role of the P2X7R in AMD pathology, we generated mice
that lack both P2X7R and Sod1 genes. P2X7R KO and Sod1 KO mice
were crossed to generate DKO mice and the three other control
genotypes of mice used for this study. Representative genotyping
results and the absence of full-length P2X;R protein and Sod1
protein in single KO and DKO are shown in Supplementary Fig. S1.

3.2. Lack of P2X7R blocks RPE and retina oxidative stress in Sod1 KO
mice

To assess whether P2X7R KO had effects on oxidative stress seen
in Sod1 KO mice, we performed confocal microscopy of mouse
retina/RPE/choroid cryosections stained for two oxidative stress
markers, 3-nitrotyrosine (3-NT) and carboxymethyl lysine (CML).
As shown in Fig. 1, Sod1 KO mice have stronger 3-NT staining (red)
compared with WT mice while P2X7R KO and DKO mice have little
3-NT staining. There was a very strong signal of CML (green)
detected in sub-RPE deposits adjacent to the RPE monolayer in the
Sod1 KO mice (Fig. 1B), while other genotypes of mice showed little
evidence of CML staining in the retina/RPE/choroid sections. The
results suggest that P2X7R KO protects the outer retina from
oxidative stress induced by Sod1 KO.

3.3. Lack of P2X7R prevents accumulation of Sub-RPE deposits and
microparticles in Sod1 KO mice

We used TEM to observe the ultrastructure of RPE-Bruch's
membrane (BM) of each genotype of mice aged between 9 and 13
months and to look for basal deposits. Sod1 KO mice showed the
BM thickening (Figs. 2B and S2B), basal laminar deposits (BLamD;
Fig. S2F), and basal linear deposits (BLinD; Figs. 2B and S2E). Based
on the diameter ranged from 100 to 1000 nm in the TEM images,
MP-sized vesicles were observed in Sod1 KO mice (Figs. 2B and
S2F). These changes were absent in WT (Figs. 2A and S2A), P2X7R
KO (Figs. 2C and S2C) and P2X7R/Sod1 DKO (Figs. 2D and S2D) mice.
The BM thickness of Sod1 KO mice was significantly increased
compared with other three genotypes, and this increase was pre-
vented in the DKO mice (Fig. 2E).

Recently, we reported that in vitro oxidative stress induced RPE
cells to release MPs [12]. Others have demonstrated that activation
of the P2XsR triggered membrane blebbing and MP release in
leukocytes, and this MP shedding was inhibited by P2X7R antago-
nists [14—17]. To test for a role of P2X7R in the formation of MPs
under in vivo oxidative stress due to Sod1 KO, we isolated MPs from
RPE/choroid from the four genotypes of mice and analyzed the
levels of MPs by flow cytometry. We found that MPs levels were
highest in Sod1 KO mice, followed by WT mice; and that P2X7R/
Sod1 DKO mice completely blocked MP increase seen in Sod1 KO
mice (Fig. 3). Surprisingly, the levels of MPs in the P2X7R/Sod1 DKO
mice and P2X7R single KO mice were even lower than those in WT
mice (Fig. 3), indicating low-grade oxidative stress may have
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Fig. 1. Lack of P2X;R Blocks RPE and Retinal Oxidative Stress in Sod1 KO Mice. (A—D) Representative images of mouse retinal cryosections that were stained for two oxidative
stress markers, 3-nitrotyrosine (3-NT, red) and carboxymethyl lysine (CML, green). Nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI; blue). Scale bar, 25 pm.
There is accumulation of 3-NT (red) in the photoreceptor outer and inner segments of WT (A) and Sod1 KO (B) mice. Staining for CML (green) is readily detected in sub-RPE deposits
adjacent to the RPE monolayer in the Sod1 KO mice (B), while WT (A), P2X7R KO (C) and DKO (D) mice showed little evidence of CML staining. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Lack of P2X;R Prevents the Formation of Sub-RPE Deposits, and Thickening of Bruch's Membrane Observed in Sod1 KO mice. (A-D) Representative transmission
electron microscopy (TEM) images from 10 month old female littermates. RPE, Retinal Pigmented Epithelium; BM, Bruch's Membrane. Blue arrows: Microparticle-sized objects. Red
arrow: basal linear deposits. Scale bar, 200 nm. (E) Quantification of Bruch's membrane thickness. Data presented as mean + SEM. n = 2—3. *P < 0.05 compared with all other
groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

occurred in WT mice. Thus, it appears that activation of the P2X7R is
involved in the release of MPs under in vivo oxidative stress.

3.4. Lack of P2X7R improves RPE and retinal thinning seen in Sod1
KO mice

We used SD-OCT to acquire retinal images from live mice aged
between 2 and 12 months. Retinal and RPE thickness were
measured as indicated in Fig. 4A. Young mice at 2—4 months had
similar thickness of RPE (Fig. 4B) and retina (Fig. 4C) among the four

genotypes of mice with the exception of the DKO mice that had a
significantly thicker RPE at 3 and 4 months of age compared with
the Sod1 KO mice. Starting at 5 months of age the Sod1 KO mice
exhibited a significantly thinner RPE layer compared with the other
three genotypes. The RPE thinning in Sod1 KO mice was maintained
through 12 months of age (Fig. 4B). The retina of Sod1 KO mice
began thinning at 9 months of age and maintained at 12 months of
age, whereas the DKO mice began to develop a thinner retina at 12
months of age (Fig. 4C).
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Fig. 3. Lack of P2X;R Prevents Microparticle Release from the RPE/Choroid Complex in Sod1 KO Mice. Microparticles (MPs) isolated from RPE/Choroid complex were analyzed
by flow cytometry. Beads of a known count were added to all samples in order to quantify MPs per microliter, which were normalized to wild type (P2X;R*/*/Sod1*/*) controls. (A)
Forward and side scatter gate was set based on 0.5 and 1 um beads and maintained across all samples. (B) MPs were quantified by flow cytometry using count beads. MPs levels
were highest in Sod1 KO mice, followed by WT mice. P2X7R/Sod1 DKO mice completely blocked MP increase seen in Sod1 KO mice. Data presented as mean + SEM. n = 4-5.

*P < 0.05 compared with Sod1 KO (P2X;R*/*/Sod1~/~) mice.

3.5. Lack of P2X7R protects against accumulation of yellow spots
and microglia/macrophages, and RPE barrier disruption in Sod1 KO
mice

To test whether concurrent P2X7R KO could affect fundus
appearance seen in Sod1 KO mice, we used fundus imaging to
examine live mice aged between 6 and 12 months. Yellow spots
were present in Sod1 KO mice starting around 7 months (Fig. S3B;
red arrows), while WT, P2X7R KO, and P2X7R/Sod1 DKO littermates
had limited evidence of these spots in fundus images (Figs. S3A,
S3C, S3D). The total amount of spots, quantified by area in pixels,
was significantly increased in Sod1 KO mice compared with other
three genotypes of mice (Fig. S3E).

As these yellow spots could be due to accumulation of subretinal
microglia/macrophages [19], we next asked whether concurrent
P2X7R KO could affect RPE barrier integrity and accumulation of
microglia/microphages. To this end, RPE flat mounts were double
labeled with Phalloidin, for F-actin at RPE cell borders, and with
ionized calcium-binding adapter molecule 1 (Iba1), a microglia and
macrophage marker [19]. A typical hexagonal pattern of the RPE
monolayer was revealed by Phalloidin staining (red) in WT
(Fig. S3F), P2X7R KO (Fig. S3H) and P2X7R/Sod1 DKO mice (Fig. S31),
while impaired and interrupted Phalloidin staining was observed in
Sod1 KO mice (Fig. S3G). These results suggest that RPE barrier
integrity is disrupted in Sod1 KO mice, but maintained in mice that

lack both P2X7R and Sod1 genes.

In association with loss of RPE barrier integrity, lack of Sod1 also
results in a significant increase in Ibal™ (green) cells (Fig. S3G;
white arrows), indicating accumulation of microglia or subretinal
macrophages in the RPE layer. The number of microglia or macro-
phages was significantly attenuated in the DKO mice (Fig. S3]).
Thus, it is very likely that the increased yellow spots on fundus
images in Sod1 KO mice (Figs. S3B and S3E) are accumulated im-
mune cells, including Ibal™ microglia/macrophages as shown in
the RPE flat mounts (Figs. S3G and S3)).

Collectively, our results indicate that the P2X7R mediates accu-
mulation of MPs and AMD-like phenotype in Sod1 KO mice and that
targeting the P2X7R can protect against these changes.

4. Discussion

Here we provide evidence that concurrent knockout of P2X7R
and Sod1 blocked chronic oxidative stress, MP accumulation, and
AMD-like defects observed in Sod1 KO mice. Knockout of the Sod1
gene alone led to increased oxidative stress in the retina/RPE/
choroid, thinning of RPE and retina, BM thickening, accumulation of
microglia in the subretinal space, and disruption of the RPE barrier
integrity (Figs. 1, 2 and 4, Figs. S2 and S3). These changes were all
attenuated in mice that lack both Sod1 and P2X7R genes (Figs. 1, 2,
4, S2, S3), suggesting that the P2X7R is involved in the oxidative
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Fig. 4. Lack of P2X7R Blocks RPE and Retinal Thinning Seen in Sod1 KO Mice. (A)
Representative SD-OCT B-scan image depicting the distances measured. Blue and red
brackets depict the region measured for RPE and retinal thickness, respectively. Red
crosshairs are location markers used within Bioptigen's Diver software. RNFL + GC,
retinal nerve fiber layer and ganglion cell layer; IPL, inner plexiform layer; INL, inner
nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; ELM, external
limiting membrane; IS/OS, photoreceptor inner and outer segments; RPE, retinal
pigmented epithelium; C, choroid. (B) RPE thickness. **P < 0.01, P2X;R*/*/Sod1~/~
compared with all other groups; *P < 0.05, P2X;R*/*/Sod1~/~ compared with P2X,R"/
*+/Sod1*/*; %P < 0.05, P2X;R"/*/Sod 17/~ compared with P2X;R~/~/Sod1~/~. (C) Retinal
thickness. *P < 0.05, P2X;R*/*/Sod1~/~ compared with all other groups; **P < 0.01,
P2X;R*/*/Sod17/~ compared with P2X;R*/*/Sod1*/* and P2X;R~/~/Sod1*/*. Thinning
of the RPE layer precedes retinal thinning. The DKO mice protect against RPE and
retinal thinning seen in Sod1 KO mice. Data presented as mean + SEM. n = 4—8. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

stress-induced damage to the retina/RPE/choroid. Furthermore, the
levels of MPs in Sod1 KO RPE/choroid complexes were significantly
higher than those in P2X7R/Sod1 DKO and P2X7R single KO ones
(Fig. 3).

Oxidative stress plays a key role in the pathogenesis of AMD [4].
Ferrington et al. directly compared immortalized mouse RPE cell

lines established from WT, Sod1*/~ and Sod2*/~ mice, and found
that Sod1*/~ RPE cells were most susceptible to oxidant-induced
cell death [20]. Imamura et al. reported that Sod1 KO mice had
oxidative stress and developed sub-RPE deposits, drusen, and RPE
degeneration [5]. Consistent with their findings, in this study we
observed elevated oxidative damage, as demonstrated by two
oxidative stress markers (3-NT and CML) in Sod1 KO mice (Fig. 1),
and this increase is associated with thinning of the RPE layer which
precedes retinal thinning (Fig. 4). Activation of the P2XsR is
involved in the generation of reactive oxygen species (ROS) in
microglia [10,21]. Here we show that concurrent knockout of this
receptor blocked CML accumulation and resulted in lower 3-NT
immunofluorescence induced by Sod1 KO, indicating the P2X7R is
also involved in the generation of ROS in retina/RPE/choroid.

In accordance with little oxidative damage of retina/RPE/
choroid in DKO mice, a significant prevention of RPE and retina
thinning was observed in the DKO mice. However, in mice at 12
months, the retinal thickness in the DKO mice was in-between WT
and Sod1 KO mice, indicating that additional factor(s) could play a
role in retina thinning at this age.

Thickening of BM is one of the early events in AMD and was
found in mouse models of oxidative stress [5,22]. We observed a
similar degree of BM thickening in Sod1 KO mice while BM thick-
ness in the DKO mice was similar to that of WT mice (Fig. 2E).

Formation of sub-RPE deposits, BLamD and BLinD, could be due
to blebbing/budding from the stressed RPE cells [23,24]. MPs are
small membrane-bound vesicles that are released following cell
activation and/or apoptosis through a blebbing process [13]. Most
recently, we showed that oxidative stress induces loss of membrane
complement regulatory proteins (mCRPs) on cultured human RPE
cells through release of MPs that carry mCRPs: CD46, CD55 and
CD59 [12]. CD46 was reported to be lost from RPE cells at the
earliest stage of AMD and present in drusen, and CD59 was
detected in the subretinal space [24,25].

Extracellular ATP is an endogenous agonist for P2X7R. RPE cells
can release ATP into the extracellular environment in response to
various stimuli [26,27]. Extracellular ATP levels were also increased
in the vitreous samples of AMD patients with subretinal hemor-
rhage compared to controls [9]. Released ATP was reported to
activate P2X7R in an autocrine or a paracrine manner [28]. Previ-
ously, we and others reported that the P2X;R was expressed in
human and mouse RPE cells and mediated RPE damage via the Ca®*
pathway, the NLRP3 inflammasome pathway, and/or phagosome-
lysosome pathway [6,7,29]. Inhibition or KO of P2X7R also pro-
tects against retinal degeneration in another mouse model of AMD
induced by Alu RNA [29,30]. Moreover, we show that concurrent KO
of the P2X7R completely prevents the accumulation of MPs within
the RPE/choroid in Sod1 KO mice (Fig. 3). MP-sized objects were
detectable by TEM in the spatial vicinity of BLinD and BLamD in
Sod1 KO mice (Figs. 2B and S2F), but not in DKO mice (Figs. 2D and
S2D), suggesting a possible relationship between P2X;R-dependent
shedding of MPs from the basolateral membrane and the formation
of sub-RPE deposits. Given that the P2X;R mediates both mem-
brane blebbing and release of MPs [ 14—17], our study supports the
concept that P2X7R-mediated MP accumulation could be an early
event, leading to other AMD-like defects, such as sub-RPE deposits
observed by TEM. As MPs isolated from human atherosclerotic
plaques can increase monocyte transendothelial migration [31], we
speculate that MPs within the RPE/choroid could have a similar
function, leading to accumulation of microglia/macrophages in the
subretinal space, and thus the yellow spots on the fundus.

Microglia disrupt the RPE cell-cell communication by dis-
organizing tight junctions [32]. We observed similar effects in the
Sod1 KO mice which had increased number of microglia/macro-
phages in the subretinal space and loss of F-actin staining at RPE
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borders, indicating inflammation and loss of RPE barrier function.
All these changes were reversed in DKO mice, suggesting activation
of P2X4R or its signaling pathways may mediate the accumulation
of microglia/macrophages and RPE barrier disruption seen in the
Sod1 KO mice.

The current work used global DKO and single KO mice. Although
RPE could be responsible for P2X;R KO-conferred protection
against Sod1 KO-induced oxidative stress, MP accumulation, and
AMD-like defects based on the fact that the early and many changes
observed in this study are involved in the RPE, we don't know
exactly which types of cells are involved. Cell type-specific
knockout of both genes would answer this unresolved question.

In conclusion, we have confirmed the previous reports of Sod1
KO resulting in an AMD-like pathology in mice and shown for the
first time that genetic deletion of the P2X7R protects Sod1 KO mice
from MP release and AMD-like defects. Furthermore, we demon-
strate that MPs released under in vivo oxidative stress are spatially
associated with sub-RPE deposits. Targeting P2X7R or its signaling
pathways could potentially lead to novel therapies for AMD and
other oxidative stress-driven diseases.
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