
P2X7 receptors were originally described in cells of 
hematopoietic origin (e.g., macrophages, microglia, and 
certain lymphocytes), and function in mediating the influx 
of Ca2+ and Na+ ions and the release of proinflammatory 
cytokines. P2X7 receptors may affect neuronal cell death 
through their ability to regulate the processing and release 
of interleukin (IL)-1β, a key mediator in neurodegeneration 
and chronic inflammation [1-3]. Other studies have found 
that the activation of P2X7 receptors may be involved in the 
release of tumor necrosis factor (TNF)-α, IL-1β, and IL-6 
from microglia and mast cells during mitosis, inflammation, 
and proliferation [4-7].

Several studies have demonstrated the expression of 
P2X7 receptors in retinal ganglion cells (RGCs) [8-10]. 
Other studies have reported that activation of P2X7 receptors 
might be involved in RGC death in vitro and in vivo through 

intracellular calcium increase [11-13]. However, the exact 
mechanisms for how activation of P2X7 receptors is related 
to RGC death remains unknown. Further, regarding cells 
other than RGCs, several studies have found an association 
between P2X7 receptors and TNF-α and several interleukins 
in apoptosis [14,15].

The focus of neuroprotective therapy in glaucoma has 
been preventing progressive RGC damage by intervening in 
neuronal death pathways. Several animal models, including 
those for acute and chronic intraocular pressure (IOP) eleva-
tion, optic nerve axotomy, and optic nerve crush, have been 
used for studies of neuroprotection in glaucoma [16].

In the present study, we aimed to determine whether the 
P2X7 receptor is involved in retinal neuronal loss, especially 
in the ganglion cell layer (GCL), after acute IOP elevation. 
First, we examined the effects of P2X7 antagonists—oxidized 
adenosine triphosphate (OxATP) [17] and brilliant blue G 
(BBG) [18]—on IOP elevation–induced histologic changes 
in the rat retina. Second, immunohistochemical studies 
regarding this receptor, TNF-α, and IL-1β were performed to 
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Purpose: To investigate whether the P2X7 receptor is involved in retinal ganglion cell (RGC) death after the intraocular 
pressure (IOP) is elevated in rats.
Methods: After the IOP was elevated to 90 mmHg for 1 h, the rats were subsequently administered oxidized adenosine 
triphosphate (OxATP) and brilliant blue G (BBG) as P2X7 antagonists. The rats were euthanized 7 days after IOP 
elevation for histologic evaluation and at 1, 3, and 7 days after IOP elevation to immunostain for the P2X7 receptor and 
neuron-specific class III β-tubulin in the retina. Changes in P2X7 receptor expression were measured in total retina 
extracts using western blot analysis. Quantitative real-time PCR was also performed using the entire retina to determine 
whether the P2X7 receptor is involved in upregulating tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6 at 
1, 2, and 3 days after the IOP was elevated.
Results: RGC density and the inner plexiform layer thickness significantly decreased 7 days after IOP elevation, but were 
dose-dependently preserved when treated with OxATP or BBG. P2X7 immunoreactivity in the RGCs increased after IOP 
elevation, with the peak occurring from day 1 through day 3. Protein levels of P2X7 receptor were significantly increased 
1, 2, and 3 days after IOP elevation. The messenger ribonucleic acid expression of the P2X7 receptor, TNF-α, IL-1β, 
and IL-6 was significantly upregulated in the retina after IOP elevation, and was suppressed by treatment with OxATP.
Conclusions: These results suggest the expression of the P2X7 receptor is upregulated in the retina after IOP elevation, 
leading to RGC death. Upregulation of TNF-α, IL-1β, and IL-6 might be involved in this mechanism of RGC death. 
Furthermore, P2X7 antagonists may prevent RGC death after IOP elevation.
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verify their upregulation in the rat retina after IOP elevation. 
Third, real-time PCR was performed to investigate quanti-
tatively the association of changes in the retinal messenger 
ribonucleic acid (mRNA) expression of this receptor and 
several cytokines after IOP elevation.

METHODS

Animals and reagents: For this study, we used 10- to 12-week-
old adult male Wistar rats (bodyweight, 200–260 g). The care 
of the animals and the experimental procedures conformed to 
the guidelines for the Care and Use of Laboratory Animals by 
the Institute for Laboratory Animal Research and the Asso-
ciation for Research in Vision and Ophthalmology (ARVO) 
Statement for the Use of Animals in Ophthalmic and Vision 
Research. Unless otherwise noted, the chemicals used in this 
study were purchased from Sigma-Aldrich (St. Louis, MO).

Intraocular pressure elevation and drug administration: A 
30 G infusion cannula was inserted into the anterior chamber 
of the left eye under systemic anesthesia with intraperitoneal 
pentobarbital (35 mg/kg bodyweight). This infusion cannula 
was connected to a bottle of phosphate-buffered saline (PBS; 
0.9% sodium chloride, Otsuka, Tokyo, Japan) through a 
pressure transducer (P10EZ; Gould Statham Instruments, 
Hatorey, Puerto Rico) for continuous monitoring of actual 
IOPs. The IOP was artificially elevated to 90 mmHg for 60 
min by increasing the height of the bottle. Red reflux from 
the fundus confirmed that complete retinal ischemia had not 
occurred at that IOP level. In a sham control eye, the IOP was 
maintained at 15 mmHg for 60 min. Immediately after the 

IOP elevation was completed, 5 µl of PBS or 5 µl of OxATP 
(1–100 µM) or BBG (0.3–300 nM) dissolved in PBS was 
injected intravitreally from the pars plana through a 30-gauge 
needle on a Hamilton syringe (701LT, Hamilton, Reno, NV).

Histologic analysis: A total of 60 eyes from 60 rats were used 
for histologic analysis in this study. Eight eyes were used for 
the sham control, i.e., eight eyes were treated with PBS alone. 
Four, six, four, and six eyes were treated with OxATP at 3, 10, 
30, and 100 µM, respectively; and four, seven, seven, and six 
eyes were treated with BBG at 0.3, 3, 30, and 300 nM, respec-
tively. Seven days after IOP elevation, the rats were eutha-
nized with inhalation of 100% carbon dioxide. The eyes were 
enucleated, fixed in Davidson’s solution overnight, rinsed 
with PBS, and embedded in paraffin. Transverse sections of 
the retina (3 µm thick) were cut with the optic nerve head 
(ONH) in the center, and stained with hematoxylin and 
eosin. For the analysis, four light photomicrographs (200X 
magnification) representing a 600 µm field were obtained 
approximately 1 mm from the center of the ONH in each 
retinal slice using a light microscope (ECLIPSE 80i, Nikon, 
Tokyo, Japan). A masked examiner (SL) then counted all GCL 
cells in the entire field, without excluding displaced amacrine 
cells, because it has been reported that the density of these 
cells does not affect the evaluation of RGC loss in experi-
mental glaucoma [19]. The masked examiner also measured 
the thickness of the inner plexiform layer (IPL), the inner 
nuclear layer (INL), and the outer nuclear layer (ONL) at three 
different spots of each photomicrograph.

Figure 1. Photomicrographs of transverse sections of the posterior retina stained with hematoxylin and eosin. Sections were obtained from a 
sham control eye (A) and from eyes after intraocular pressure (IOP) elevation and intravitreal injection of phosphate-buffered saline (PBS; 
B) or the P2X7 antagonists—oxidized adenosine triphosphate (OxATP; 30 µM; C) and brilliant blue G (BBG; 30 nM; D). Cell loss in the 
ganglion cell layer (GCL) and thinning of the inner plexiform layer (IPL) were observed in the eyes after IOP elevation and PBS, but were 
rescued by P2X7 antagonists. Bar=100 µm.
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Immunohistochemistry: For the immunohistochemical anal-
yses in this study, three eyes from three rats were used for 
each condition: normal eyes and the eyes on days 1, 2, 3, and 7 
after IOP elevation, as well as the eyes treated with OxATP at 
30 µM just after IOP elevation. Rats were euthanized at 1, 2, 
3, and 7 days after IOP elevation, as described. The eyes were 
enucleated, fixed in 4% paraformaldehyde in PBS overnight, 
rinsed with 30% sucrose, embedded in Tissue-Tek ornithine 
carbamoyltransferase (Sakura Finetechnical, Tokyo, Japan), 
and snap-frozen in liquid nitrogen. Then, 8-µm-thick frozen 
sections were cut with a cryostat (CM3000, Leica Biosys-
tems, Wetzlar, Germany). For visualizing the expression of 
the P2X7 receptor in the retina, immunohistochemistry was 
performed using a rabbit primary antibody for the intracel-
lular domain of the P2X7 receptor (APR-004, Alomone Labs, 

Jerusalem, Israel). For identifying the expression of the 
P2X7 receptor in neurons or microglia/macrophages, double 
immunostaining was performed for the P2X7 receptor and 
neuron-specific class III β-tubulin (TUJ1) or CD68. For this, 
mouse Alexa Fluor 488–labeled anti-TUJ1 monoclonal anti-
body (A488–435L, Covance Research Products, Princeton, 
NJ) and mouse anti-CD68 (MAB1435, Merck Millipore, 
Billerica, MA) were used. The sections were blocked in 5% 
normal goat serum and 2% bovine serum albumin (BSA) 
for 1 h, and then incubated with a rabbit anti-P2X7 receptor 
antibody (1:200) and mouse anti-TUJ1 (1:100) or anti-CD68 
(1:50) antibody at 4 °C overnight. Then, the samples were 
incubated for 2 h at room temperature with fluorescently 
labeled secondary antibodies (1:500; Alexa Fluor 594, anti-
rabbit; Alexa Fluor 488, antimouse only for anti-CD68; Life 

Figure 2. Effects of the P2X7 
antagonists—oxidized adenosine 
triphosphate (3–100 µM) and bril-
liant blue G (0.3–300 nM)—on the 
retinal changes after IOP elevation. 
A: Cell density in the ganglion cell 
layer (GCL), B: inner plexiform 
layer (IPL) thickness. Data are 
expressed as the mean±standard 
error of the mean (SEM; n=4–8). 
The cell density in the eyes injected 
with phosphate-buffered saline 
(PBS) after intraocular (IOP) 
elevation was significantly lower 
than that in the sham control eyes 
(unpaired Student t test, p<0.01 for 
A, p<0.05 for B). The asterisks indi-
cate significant differences in eyes 
after IOP elevation and intravitreal 
injection of PBS (unpaired Student 
t test, **p<0.01, *p<0.05).
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Technologies, Carlsbad, CA). In addition, for visualizing 
the expression of TNF-α or IL-1β in microglia/macrophages 
in the retina, double immunostaining of CD68 with TNF-α 
or IL-1β was performed. After rats were perfused through 
the heart with saline under deep anesthesia followed by 4% 
paraformaldehyde in PBS (pH 7.4), the eyes were enucleated, 
fixed, and embedded, followed by cutting into frozen sections 
as described above. Primary antibodies for TNF-α (goat poly-
clonal, sc-1351, Santa Cruz Biochemistry, Santa Cruz, CA) 
and IL-1β (rabbit polyclonal, ab9787, Abcam, Cambridge, 
UK) were used. After blocking with 2% BSA for 1 h, the 
sections were incubated overnight with a mouse anti-CD68 
antibody (1:100) as well as a goat anti-TNF-α (1:50) or rabbit 
anti-IL-1β (1:500) antibody at 4 °C. Next, the samples were 
incubated for 2 h at room temperature in secondary antibodies 
(1:500; Alexa Fluor 594, antigoat or antirabbit; Alexa Fluor 
488, antimouse; Life Technologies). As a negative control, the 
sections were incubated only with solvent instead of diluted 
solution of primary antibodies. The nuclei were stained with 
4’,6-diamino-2-phenylindole dihydrochloride (1:500), and 

the images were acquired using a fluorescence microscope 
(BX50, Olympus, Tokyo, Japan).

Western blot analysis for P2X7 receptors: Three eyes of 
three rats were used for each condition: normal eyes, the 
eyes on days 1, 2, and 3 after IOP elevation as well as the 
sham control eyes on day 1. The entire retina was isolated 
from each eye after the rat was euthanized, and homogenized 
with a mechanical homogenizer in five pellet volumes of lysis 
buffer containing 50 mM Tris-hydrochloride (pH 7.6), 150 
mM NaCl, 20 mM EDTA, 0.1% sodium dodecyl sulfate, 1.0% 
Nonidet P40, 1.0% sodium deoxycholate, 1.0 mM phensxyl-
methanesulfonulfluoride, 10 μM aprotinin, 10 μM leupeptin, 
and 10 μM pepstatin A. The suspension was centrifuged, and 
the supernatant was used to determine the protein concentra-
tion with a DC protein assay reagent (Bio-Rad, Hercules, CA). 
Samples containing 5 μg of protein were run on a 10% sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis gel and 
electroblotted onto a polyvinyldene difluoride membrane 
(Bio-Rad). Blots were blocked for 1 h with 5% skim milk 
in Tris buffered saline containing 0.1% Tween-20 (TBS-T, 

Figure 3. Representative photomicrographs of double immunostaining of the P2X7 receptor and neuron-specific class III β-tubulin (TUJ1) in 
the normal retina and in the retina on days 1, 2, 3, and 7 after intraocular pressure (IOP) elevation. Immunoreactivity of the P2X7 receptor was 
upregulated after IOP elevation, and the ganglion cell layer (GCL) cells were costained with anti-P2X7 receptors and anti-TUJ1, especially 
in the retina on day 2. Upregulation of the P2X7 receptor was suppressed by treatment with oxidized adenosine triphosphate (OxATP; 30 
µM). Bar=100 µm.
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pH 7.4), incubated for 2 days at 4 °C with a rabbit anti-P2X7 
receptor antibody (1:500; APR-004, APR-008, Alomone 
Labs) or anti-α-tubulin antibody (1:1,000; Merck Millipore, 
Billerica, MA), and washed with TBS-T. Then blocking 
with 5% skim milk in TBS-T was done for 1 h, followed by 
incubation with the peroxidase-conjugated secondary anti-
bodies (1:2,000; antimouse or antirabbit immunoglobulin 
G, Promega, Madison, WI) for 2 h at room temperature and 
washing with TBS-T. Immunoblots were developed with an 
enhanced chemiluminescence plus western blotting detec-
tion system (GE Healthcare, Little Chalfont, England). The 
densities of the bands of proteins were quantified with a lumi-
nescent image analyzer (LAS-3000, Fujifilm, Tokyo, Japan). 
The amount of protein expression was quantified using the 
equipped software (Multi Gauge version 3.0), and the blots 
were then reprobed with α-tubulin to confirm equal loading 
of protein into each well.

Ribonucleic acid extraction and reverse transcription: For 
RNA extraction in this study, 28 eyes of 28 rats were used. 
Four eyes were used for each condition (days 1 and 3 after 
IOP elevation or the sham treatment, and day 2 after IOP 
elevation and the subsequent injection with OxATP at 1, 
10, and 100 µM), with the exception of five eyes used only 

for day 2 after IOP elevation. At 1, 2, and 3 days after IOP 
elevation, the rats were euthanized as described above. The 
entire retina was removed from each eye, and total RNA was 
isolated from each retina using the PureLink RNA Mini kit 
(Life Technologies), according to the manufacturer’s protocol. 
Zirconia balls (YTZ-5, As-one, Osaka, Japan) and Tissue 
Lyser (Qiagen, Valencia, CA) were used to homogenize the 
retina, and the total RNA quality and quantity were assessed 
using a BioSpectrometer (Eppendorf, Hamburg, Germany). 
For critical RNA purification, DNase I (amplification grade; 
Life Technologies) was used. RNA was reverse-transcribed 
into cDNA using Thermal Cycler PCR System 9700 (Applied 
Biosystems, Foster City, CA) and SuperScript VILO Master 
Mix (Life Technologies), according to the manufacturer’s 
protocol, except that 16 μl of the RNA sample was used for 
4 μl of the Master Mix.

Quantitative real-time polymerase chain reaction: Quanti-
tative real-time PCR (qPCR) analysis was performed using 
StepOne Plus System, TaqMan Fast Advanced Master 
Mix, and Assay-by-Design primers and probes (Applied 
Biosystems), according to the manufacturer’s instruc-
tions. The primer/probes used were as follows: P2X7 
receptor Rn00570451_m1, TNF-α Rn01525859_g1, IL-1β 

Figure 4. Representative photomicrographs of double immunostaining of the P2X7 receptor and CD68 in the normal retina and in the retina 
on days 1, 2, 3, and 7 after intraocular pressure elevation. P2X7-positive cells were also stained with anti-CD68 in the ganglion cell layer 
(GCL). Bar=100 µm.
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Rn00580432_m1, and IL-6 Rn01410330_m1. For deter-
mining the cycle threshold (Ct) values, the threshold level of 
the fluorescence was set manually during the early phase of 
PCR amplification. The relative quantities of mRNAs were 
calculated using the 2−ΔΔCt analysis method [20], with β-actin 
(Rn00667869_m1) as the endogenous control.

Data analysis and statistical evaluation: Data are represented 
as the means±standard deviation (SD) or standard error of 
the mean (SEM). Statistical analysis was performed with an 
unpaired Student t test or Mann–Whitney U-test.

RESULTS

Histologic analysis of effects of a P2X7 antagonist on intra-
ocular pressure elevation–induced changes: Cell loss in 
the GCL and thinning of the IPL were observed in the eye 
treated with IOP elevation and PBS, compared with the sham 
control eye. However, these effects seemed to be ameliorated 
by intravitreal injections of the P2X7 antagonists—OxATP 
and BBG (Figure 1). The GCL cell densities and the IPL 
thickness were significantly lower in the eyes injected with 

PBS after IOP elevation than in the sham control eyes. Treat-
ment with the P2X7 antagonists significantly increased GCL 
cell survival and preserved the IPL thickness (p<0.05, Figure 
2). No significant decrease in the thickness of the INL or 
the ONL after IOP elevation was observed (p>0.05, data not 
shown).

Immunohistochemical examination of P2X7 receptors after 
intraocular pressure elevation: On days 1, 2, 3, and 7, the 
expression of the P2X7 receptor was upregulated in cells of 
the GCL, IPL, and INL, compared with the normal retina. 
Double staining of TUJ1 and the P2X7 receptor showed that 
the expression of P2X7 was also upregulated in the TUJ1-
positive cells in the GCL on days 1, 2, and 3 after IOP eleva-
tion (Figure 3). Upregulated expression of the P2X7 receptor 
was suppressed by treatment with OxATP (Figure 3). On 
days 1, 2, and 3, upregulated immunoreactivity of the P2X7 
receptor was observed in CD68-positive cells, especially in 
the GCL (Figure 4). The immunoreactivities of TNF-α and 
IL-1β were upregulated in the CD68-positive cells of the 
GCL and IPL on day 2 after IOP elevation, which were then 
suppressed by treatment with OxATP (Figure 5).

Figure 5. Representative photomicrographs of double immunostaining of CD68 and TNF-α or interleukin-1β (IL-1 β) in the normal retina 
and the retina on day 2, with and without treatment of oxidized adenosine triphosphate (OxATP) at 30 µM just after intraocular pressure 
(IOP) elevation. A: TNF- α, B: IL-1 β. Immunoreactivities of tumor necrosis factor-α (TNF-α) and IL-1β were upregulated in the ganglion 
cell layer (GCL) and inner plexiform layer (IPL) cells on day 2 after IOP elevation; they were subsequently suppressed by treatment with 
OxATP. Bar=100 µm.
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Protein levels of P2X7 receptor after intraocular pressure 
elevation: The protein levels of the intracellular and extracel-
lular P2X7 receptor were significantly increased on days 1, 
2, and 3 after IOP elevation compared to the sham control 
(p<0.01, p<0.05, p<0.01 and p<0.01, p<0.01, p<0.05, respec-
tively; Figure 6).

Messenger ribonucleic acid levels of P2X7 receptor, tumor 
necrosis factor-α and interleukins after intraocular pres-
sure elevation: The expression of P2X7 receptor mRNA was 
significantly increased on days 1 and 2 after IOP elevation—
treatment with a P2X7 antagonist decreased its expression in a 
dose-dependent manner (p<0.05, Figure 7). The expression of 

TNF-α mRNA was significantly increased on days 1–3 after 
IOP elevation. This increase was also significantly suppressed 
by the P2X7 antagonist (p<0.05, Figure 8). The expression of 
IL-1β and IL-6 mRNA was significantly enhanced on days 
1 and 2 after IOP elevation. Those enhancements were also 
inhibited by the P2X7 antagonist (p<0.05, Figure 9).

DISCUSSION

The results of the current study revealed that the expression 
of the P2X7 receptor is upregulated in the retina after IOP 
elevation and that P2X7 antagonists ameliorated the IOP 

Figure 6. Western blot analysis of 
P2X7 receptor protein levels in the 
whole retina after IOP elevation. 
A: Representative immunoreactive 
bands of intracellular and extracel-
lular P2X7 receptor in the normal, 
the sham control, and the retina on 
days 1, 2, and 3 after intraocular 
pressure (IOP) elevation. B: Densi-
tometric quantification of immu-
noreactive bands of intracellular 
and extracellular P2X7 receptor in 
the sham control and the retina on 
days 1, 2, and 3 in comparison with 
normal retina. Data are expressed 
as mean±standard deviation (SD; 
n=3). The asterisks indicate signifi-
cant differences from the sham 
control eyes (unpaired Student t 
test, **p<0.01, *p<0.05).

Figure 7. Effects of intraocular 
pressure (IOP) elevation on the 
P2X7 receptor messenger RNA 
(mRNA) content in the retina. 
A: Alterations in P2X7 receptor 
mRNA content (relative values to 
the normal control) in the retina 
after IOP elevation (open circles) 
or the retina after the sham treat-
ment (closed circles). B: Effects of 
oxidized adenosine triphosphate 
(OxATP) on P2X7 receptor mRNA 
content in the retina 2 days after 
IOP elevation. Data are expressed 

as mean± standard error of the mean (SEM; n=4–5). The asterisks indicate significant differences from the sham control eyes (A) or from 
the eyes without OxATP treatment (B; Mann–Whitney U-test, *p<0.05).
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elevation–induced neuronal loss in the GCL. Our results also 
suggest that upregulation of TNF-α, IL-1β, and IL-6 might 
be involved in the mechanism underlying P2X7 receptor-
mediated damage.

In the present study, we used an artificial IOP elevation 
rat model, since the damage is primarily induced in the inner 
retina in rats, similar to the scenario observed in human glau-
coma [21]. In a previous ischemia-reperfusion injury model, 
the IOP level was set at over 110 mmHg [22-24]. However, in 
this study, we set the IOP level at 90 mmHg because the blood 
supply to the retina does not completely stop at this level, 
thus preventing the changes from being too dramatic, and, 
consequently, different from those seen in human chronic 

glaucoma. Indeed, no significant change in the INL thick-
ness was detected, although the IPL thickness and cell density 
in the GCL were significantly decreased in our model. The 
results of the current study showed that deficient blood 
supply in an acute IOP elevation model also induced signifi-
cant changes in the histology and inflammatory factors, 
including TNF-α, IL-1β, and IL-6, in the retina. In addition, 
57% reduction was seen in GCL cell density at 7 days after 
IOP elevation in the present study. We recently reported that 
RGC density was decreased to 61% at 7 days after optic nerve 
crush injury [25]. Though we cannot simply compare these 
studies since the counting methods differ, similar rates of 
neuronal loss were seen in these different models.

Figure 8. Effects of intraocular 
pressure (IOP) elevation on the 
tumor necrosis factor-α (TNF-α) 
messenger r ibonucleic acid 
(mRNA) content in the retina. A: 
Alterations in TNF-α mRNA levels 
in the retina after IOP elevation 
(open circles) or the retina after 
the sham treatment (closed circles). 
B: Effects of oxidized adenosine 
triphosphate (OxATP) on TNF-α 
mRNA content in the retina 2 
days after IOP elevation. Data are 
expressed as mean±standard error 
of the mean (SEM; n=4–5). The 

asterisks indicate significant differences from the sham control eyes (A) or from the eyes without OxATP treatment (B; Mann–Whitney 
U-test, *p<0.05).

Figure 9. Effects of intraocular 
pressure (IOP) elevation on the 
messenger RNA (mRNA) content 
of interleukin-1β (IL-1β) and IL-6 
in the retina. A: Alterations in 
IL-1β mRNA content in the retina 
after IOP elevation (open circles) or 
the retina after the sham treatment 
(closed circles). B: Alterations in 
IL-6 mRNA content in the retina 
after IOP elevation (open circles) or 
the sham treatment (closed circles). 
Open triangles represent samples 
from eyes treated with oxidized 
adenosine triphosphate (OxATP) at 

10 µM just after IOP elevation. Data are expressed as mean±standard error of the mean (SEM; n=4–5). The asterisks indicate significant 
differences from the sham control eyes (*) or from the eyes after IOP elevation (**; Mann–Whitney U-test, p<0.05).
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In this study, immunohistochemical and quantitative 
real-time PCR analyses revealed the upregulation of the P2X7 
receptor in neurons as well as microglia/macrophages in the 
GCL of a rat model of acute IOP elevation. To the best of our 
knowledge, this has not been previously reported. Several 
studies have reported the involvement of this receptor in regu-
lating aqueous humor outflow [26] and the death of RGCs and 
retinal neurons [27-30]. Moreover, another study found that 
patients who had acute IOP elevation due to primary angle-
closure glaucoma had remarkably increased ATP levels in the 
aqueous humor [31]. In addition, a study using bovine retinal 
eyecups revealed that a step increase of 20 mmHg in the 
hydrostatic pressure induced a threefold increase in vitreal 
ATP concentrations and that the ATP levels correlated with 
the degree of pressure increase [32]. Taken together, excess 
extracellular ATP may be linked to the activation of the P2X7 
receptor after acute IOP elevation.

Our results also indicate that IOP elevation resulted in 
increased levels of retinal TNF-α, IL-1β, and IL-6, espe-
cially in microglia/macrophages in the GCL, which peaked 
2 days after IOP elevation. Ischemia has been reported to 
result in increased levels of retinal TNF-α, which may play a 
deleterious role in retinal injury [33,34]. Studies using human 
glaucomatous eyes found that TNF-α and its receptor were 
upregulated in the glaucomatous ONH [35,36]. One of these 
studies also indicated that TNF-α might contribute to the 
progression of optic nerve degeneration through a direct effect 
on the axon of the RGCs by inducing nitric oxide synthase-2 
in astrocytes [35]. Others have reported that transient retinal 
ischemia dramatically induced upregulation of IL-1β, which 
may mediate retinal injury [37,38]. Furthermore, IL-6 has 
been reported to be upregulated after retinal ischemia and 
to protect RGCs from ischemic injury [39,40]. In contrast, 
however, early IOP-induced injury in the optic nerve head is 
characterized by increased IL-6 expression [41].

Our current results suggest that the P2X7 antagonists—
OxATP and BBG—may play an important role in preventing 
cell death induced by IOP elevation in various ocular diseases, 
including glaucoma. Based on the present study, it is not 
clear whether P2X7 antagonists exert neuroprotective effects 
directly on RGC, indirectly through inhibition of microglia/
macrophage’s release of inflammatory mediators, or both. 
Inflammatory cytokines, including TNF-α and IL-1β, have 
been shown to contribute directly to the retinal injury [35,38]. 
We previously reported the protective effects of P2X7 antago-
nists in optic nerve crush injury [25] although the extent of 
the protection was rather weak compared to the present study. 
In the same study, we also revealed that P2X7 antagonists 
rescued RGCs in culture. Recently, P2X7 receptor activation 

was shown to mediate RGC death in a human retina model of 
ischemic neurodegeneration [42]. Another study also reported 
the potential neuroprotective effect of BBG on photoreceptor 
cell death using primary retinal cell cultures [43]. In addition, 
OxATP has been reported to inhibit apoptosis in cultured 
human retinal pigment epithelium [44]. Taken together, the 
neuroprotective effects of P2X7 antagonists might be direct 
and indirect.

Many mechanisms might be responsible for RGC 
injury induced by elevated IOP. The excessive pressure 
can damage the RGC soma directly, but it can also initiate 
damage by compressing RGC axons, which may interfere 
with intra-axonal transport of prosurvival molecules, such 
as trophic factors. Alternatively, pressure-induced compres-
sion of the retinal blood vessels can cause mild ischemia in 
retinal tissues. One limitation of our study is that we did 
not clarify the exact mechanisms underlying IOP eleva-
tion–induced damage involving the P2X7 receptor, although 
we showed the involvement of inflammatory responses by 
TNFα, IL-1β, and IL-6, which were probably induced by 
upregulation of this receptor [45,46]. It was also shown that 
inhibiting P2X7 receptor-activated NACHT, LLR, and PYD 
domains-containing protein 3 inflammasome formation and 
the consequent IL-1β release from glia preserve neuronal 
viability [47]. Another study has suggested that phosphory-
lation of p38 mitogen-activated protein kinase might play 
a role in axotomy-induced apoptosis of RGCs [48]. Further 
studies must be performed to delineate the detailed molecular 
pathway during IOP elevation–induced damage.

Another limitation is that other methods of P2X7 antago-
nist application have not yet been tested. For clinical appli-
cations, the effects of other methods, including instillation, 
should be investigated in the future. In addition, the safety 
of the P2X7 antagonist OxATP for human eyes should be 
evaluated. BBG is a dye used clinically to stain the internal 
limiting membrane in vitreoretinal surgeries, and its toxicity 
to a human Müller cell line has already been examined. 
Kawahara et al. [49] observed that apoptosis was not induced 
after exposure to BBG at 0.25 mg/ml (0.3 mM), which is 
much higher than the concentration used in the current study. 
It will be interesting to evaluate the safety of OxATP in the 
future.

In conclusion, the current study suggests that the expres-
sion of the P2X7 receptor in the retina, especially in neurons 
and microglia/macrophages in the GCL, is upregulated after 
IOP elevation and that P2X7 antagonists may prevent neuronal 
loss in the GCL. In addition, TNF-α, IL-1β, and IL-6 might 
be involved in this mechanism.
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