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Gilman KE, Camden JM, Klein RR, Zhang Q, Weisman GA,
Limesand KH. P2X7 receptor deletion suppresses �-radiation-in-
duced hyposalivation. Am J Physiol Regul Integr Comp Physiol 316:
R687–R696, 2019. First published March 20, 2019; doi:10.1152/
ajpregu.00192.2018.—Head and neck cancer treatments typically in-
volve a combination of surgery and radiotherapy, often leading to
collateral damage to nearby tissues causing unwanted side effects.
Radiation damage to salivary glands frequently leads to irreversible
dysfunction by poorly understood mechanisms. The P2X7 receptor
(P2X7R) is a ligand-gated ion channel activated by extracellular ATP
released from damaged cells as “danger signals.” P2X7R activation
initiates apoptosis and is involved in numerous inflammatory disor-
ders. In this study, we utilized P2X7R knockout (P2X7R�/�) mice to
determine the role of the receptor in radiation-induced salivary gland
damage. Results indicate a dose-dependent increase in �-radiation-
induced ATP release from primary parotid gland cells of wild-type but
not P2X7R�/� mice. Despite these differences, apoptosis levels are
similar in parotid glands of wild-type and P2X7R�/� mice 24–72 h
after radiation. However, �-radiation caused elevated prostaglandin
E2 (PGE2) release from primary parotid cells of wild-type but not
P2X7R�/� mice. To attempt to uncover the mechanism underlying
differential PGE2 release, we evaluated the expression and activities
of cyclooxygenase and PGE synthase isoforms. There were no con-
sistent trends in these mediators following radiation that could explain
the reduction in PGE2 release in P2X7R�/� mice. Irradiated
P2X7R�/� mice have stimulated salivary flow rates similar to unir-
radiated controls, whereas irradiated wild-type mice have significantly
decreased salivary flow rates compared with unirradiated controls.
Notably, treatment with the P2X7R antagonist A438079 preserves
stimulated salivary flow rates in wild-type mice following �-radiation.
These data suggest that P2X7R antagonism is a promising approach
for preventing �-radiation-induced hyposalivation.

cell biology; P2X7 receptor; P2X7R; radiation; salivary glands; xe-
rostomia

INTRODUCTION

It is anticipated that over 60,000 new cases of head and neck
cancer will be diagnosed in the United States annually (26) and
treated with a combination of surgery, �-radiation, and chemo-
therapy. Radiation therapy for head and neck cancer frequently
results in salivary gland dysfunction and xerostomia that leads
to mucositis, dental caries, malnutrition, and an overall de-
creased quality of life (8). Currently, there are few viable

approaches to prevent �-radiation-induced salivary gland dam-
age, and a better understanding of the mechanisms involved
could lead to more effective treatments for these patients.

The ubiquitously expressed P2X7 receptor (P2X7R) for
ATP can regulate various biological processes, including in-
flammation, neuromodulation, muscle tone, cell proliferation,
and cell death (27, 31). The P2X7R is a member of the P2X
purinoceptor family composed of extracellular ATP (eATP)-
gated ion channels that require �100 �M eATP for activation
(31), levels that occur in inflammation, injury, or disease and
act as “danger signals” to neighboring cells (16). P2X7R
activation by eATP triggers the opening of nonselective cation
channels that depolarize the plasma membrane and, when
sustained, initiate the formation of plasma membrane pores
that facilitate the efflux of cytoplasmic nucleotides and other
hydrophilic molecules into the extracellular space (16, 25, 30).
P2X7R activation also leads to the release of eicosanoids, cyto-
kines, and exosomes and frequently results in cell apoptosis (1,
29), including in salivary epithelial cells (10, 32). Apoptosis of
salivary epithelial cells is a well-described mechanism of �-radi-
ation-induced salivary gland dysfunction (4, 15, 18).

The P2X7R plays a role in inflammation, immune cell
recruitment, and removal of damaged cells (7, 10, 31). P2X7R
activation leads to the production and secretion of proinflam-
matory signals, including the release of the eicosanoid prosta-
glandin E2 (PGE2) (5, 9) and cytokines, including interleu-
kin-1� (IL-1�), IL-6, IL-18, and tumor necrosis factor-�
(TNF-�), often through formation of the NLRP3 inflam-
masome (10, 11, 16). The P2X7R is a major contributor to
inflammatory diseases, such as rheumatoid arthritis (RA), in-
flammatory bowel disease, and pulmonary fibrosis (3). In
patients with RA, eATP is found in synovial fluid between
joints and is hypothesized to induce production of inflamma-
tory cytokines, tissue damage, and continued release of eATP
(16). The P2X7R may also play a role in radiation-induced
brain injury (RBI), where increased eATP levels within cere-
brospinal fluid in humans and mice were positively correlated
with the severity of RBI (35). Xu et al. (35) also observed
elevated TNF-� and IL-6 levels in those receiving radiation
treatment compared with controls.

The P2X7R has been evaluated as a potential therapeutic
target in a variety of diseases and tissue types, but its impact on
salivary gland dysfunction after radiation has not been previ-
ously studied. Here, we utilized P2X7R knockout mice to
examine the role of the P2X7R in salivary gland dysfunction
following �-radiation. Given the well-established role of
P2X7Rs in mediating apoptosis and inflammatory responses,
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we examined the possibility that P2X7R-deficient (P2X7R�/�)
mice would exhibit decreased radiation-induced cell apoptosis
and increased saliva production, as compared with irradiated
control mice.

MATERIALS AND METHODS

Ethics statement. All mice were housed and maintained in accor-
dance with the University of Arizona Institutional Animal Care and
Use Committee. All protocols were approved by the Institutional
Animal Care and Use Committee.

Mice. C57BL/6J mice (wild-type, stock no. 000664), B6.129P2-
P2rx7tm1Gab/J mice (P2X7R�/�, stock no. 005576), and FVB/NJ mice
(wild type; stock no. 001800) were purchased from Jackson Labora-
tories (Bar Harbor, ME). Animals were housed in vented cages with
12-h light-dark cycles and ad libitum access to food and water. Age
and size matched 4- to 8-wk-old mice were assigned to treatment
groups for all experiments via block randomization. Health of the
animals was evaluated by body weight changes throughout the study.
P2X7R�/� mice were genotyped, as previously described (20) with
P2X7R�/�-specific (5=-GCC AGA GGC CAC TTG TGT AG-3=) or
wild-type-specific (5=-TCA CCA CCT CCA AGC TCT TC-3=) and
common (5=-TAT ACT GCC CCT CGG TCT TG-3=) primers (Inte-
grated DNA Technologies, Coralville, IA).

Radiation treatment. Four- to eight-week-old female C57BL/6J,
FVB or P2X7R�/� mice were sedated via intramuscular injection of
a ketamine-xylazine mixture (70 mg/kg-10 mg/ml) before irradiation.
Mice were then constrained in 50-ml conical tubes and shielded with
�6 mm lead with only their head and neck region exposed to a single
dose of 5 Gy of irradiation (60Co Teletherapy unit, Theratron-80;
Atomic Energy of Canada; 80-cm distance from source, ~0.5 Gy/
min). For single-dose antagonist experiments, FVB mice were in-
jected intraperitoneally with the P2X7R antagonist A438079 (70
mg/kg body wt; TOCRIS, Minneapolis, MN) or sterile saline (vehicle)
1 h before radiation exposure (10, 33). For multidose antagonist
experiments, FVB mice were injected intraperitoneally with A438079
(70 mg/kg body wt) or sterile saline 1 h before radiation exposure and
again at days 5 and 10 post-�-radiation.

Primary cell culture. Parotid glands were removed from four-eight
week-old male or female P2X7R�/� or C57BL/6J mice, minced for
2–3 min, and added to a siliconized Erlenmeyer flask with 30 ml
dispersion media (Hank’s salt solution, 1 mg/ml collagenase, and 1
mg/ml hyaluronidase, pH 7.4). Cells were incubated in a shaking
water bath at 37°C for 1 h with mechanical agitation at 40, 45, 50, 55,
and 60 min. Cells were then centrifuged, resuspended in wash media
[modified Hank’s solution containing CaCl2 and 0.2% (wt/vol) BSA],
recentrifuged, and resuspended again. The suspension was run
through a sterile funnel filter, recentrifuged, and suspended in primary
cell culture media: DMEM/F12 containing (in wt/vol except where
noted) gentamycin (0.5%; Fisher Scientific), fungizone (0.2%; Invit-
rogen), hydrocortisone (0.04%; Sigma-Aldrich), EGF (0.4%; Fisher
Scientific), insulin (0.125%; Invitrogen), transferrin (0.125%, Invitro-
gen), retinoic acid (0.05%; Sigma-Aldrich), glutamine (1.25%; Invit-
rogen), nonessential amino acids (1%; Invitrogen), trace elements
(1%; Fisher Scientific), and fetal bovine serum (10% vol/vol; Fisher
Scientific). Cells were plated on 35-mm rat tail collagen plates (stock
no. 08-772-73, Corning, Corning, NY) and grown for 3 days. One
mouse supplies an adequate number of cells for two primary cell
culture plates. One plate from each independent primary cell culture
preparation is considered a replicate for assays involving the use of
primary cells.

ATP release assay. Primary parotid cells were exposed to 2, 5, or
10 Gy of radiation (80-cm distance from source, ~0.5 Gy/min), and
supernatants were collected immediately following �-radiation. For
antagonist experiments, cells were treated with 25 �M A438079
(half-life: 1 h; Ref. 19) or sterile saline mixed in DMEM/F12 for 1 h
before �-radiation treatment (10). The eATP concentration was mea-

sured with an ATP bioluminescence kit (stock no. 11699695001;
Roche, Tucson, AZ) per the manufacturer’s instructions and lumines-
cence intensity was measured with a luminometer (Promega GloMax,
Madison, WI). ATP concentrations were calculated via a standard
curve and normalized to the average of the untreated control from
each independent preparation.

Histology. Salivary glands were removed at 24, 48, or 72 h post-�-
radiation, fixed in 10% (vol/vol) formalin for 24 h, and sent to IDEXX
Bioresearch (Columbia, MO), where they were transferred to 70% (vol/
vol) ethanol, embedded in paraffin, and sectioned into 4-�m sections.
One section from each sample was stained with hematoxylin and eosin.
A board-certified pathologist who was blinded to treatment groups
viewed and analyzed tissue sections from four mice per treatment to
determine any morphological alterations in salivary tissue at day 30
following radiation exposure.

Cleaved caspase-3 staining assay. Parotid tissue sections were in-
cubated at 37°C for 45 min and rehydrated in histoclear (National
Diagnostics, Atlanta, GA) with alcohol gradations [100, 95, 70, and
50% (vol/vol) and water] for 10 min each. Slides were microwaved in
citric acid (0.01 M, pH 6.8) twice for 5 min and then cooled for 20 min
for antigen retrieval. Slides were washed in phosphate-buffered saline
(PBS) for 15 min, blocked with ABC Rabbit Kit (catalog no. PK-
6101; Vector Laboratories, Burlingame, CA) for 20 min at room
temperature and then incubated overnight at 4°C in a 1:100 dilution of
anti-cleaved caspase-3 primary antibody (stock no. 9661; Cell Sig-
naling Technology, Danvers, MA). Then, slides were washed in PBS
three times for 10 min, in 1% (vol/vol) H2O2 (Fisher Scientific, Fair
Lawn, NJ) for 5 min to neutralize endogenous peroxidase activity, in
PBS twice for 5 min, and then in biotinylated secondary antibody for
50 min at room temperature per the manufacturer’s instructions (ABC
Rabbit Kit; Vector Laboratories). Finally, slides were washed in PBS
three times for 5 min, incubated in ABC Reaction Kit (ABC Rabbit
Kit; Vector Laboratories) for 30 min, washed in PBS three times for
5 min each, incubated in DAB (Biogenex Laboratories, Fremont, CA)
for 6–8 min to develop positive staining, washed in water to stop the
reaction, counterstained with hematoxylin for ~2 s (Sigma-Aldrich,
St. Louis, MO), rinsed in water for 10 min, dehydrated in alcohol
gradations [50, 70, 95, and 100% (vol/vol)] and histoclear for 10 min
each, and mounted with Protocol SecureMount (Fisher Scientific,
Kalamazoo, MI). Images were taken using a Leica DM5500 and
4-megapixel Pursuit camera. Cleaved caspase-3-positive cells in pa-
rotid sections were manually counted from five images per slide at
�400 magnification with four mice per treatment group and quanti-
fied by averaging the number of positive cells out of the total number
of cells from five fields of view per mouse. Graphs depict the average
number of positive cells/total number of cells.

Terminal deoxynucleotidyl transferase dUTP nick-end labeling assay.
Parotid tissue sections were rehydrated in histoclear (National Diag-
nostics) with alcohol gradations [100, 95, 70, and 50% (vol/vol) and
water] for 10 min each. Slides were washed in PBS twice for 5 min,
then incubated in the terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) reaction mixture in a humidified chamber
in the dark for 20 min per the manufacturer’s instructions (In Situ Cell
Death Detection Kit, catalog no. 12156792910, TMR Red; Roche).
Slides were rinsed with PBS three times, counterstained with DAPI (1
�g/ml) in the dark for 5 min, rinsed in PBS three times, and mounted
with Prolong Gold Antifade Mountant (catalog no. P36934; Thermo
Fisher Scientific). Images were taken using a Leica DM5500 and
4-megapixel Pursuit camera. TUNEL-positive cells in parotid sections
were manually counted from three images per slide at �400 magni-
fication with four mice per treatment group and quantified by aver-
aging the number of positive cells out of the total number of cells from
three fields of view/mouse. Graphs depict the average number of
positive cells/total number of cells.

PGE2 ELISA. Primary parotid cells were exposed to 5 Gy of
radiation (80-cm distance from source, ~0.5 Gy/min), and superna-
tants were collected at 0, 24, 48, and 72 h post-�-radiation. For
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P2X7R antagonist experiments, cells were treated with 10, 25, or 50
�M A438079 or sterile saline mixed in primary cell culture media, as
described above, and the supernatant was collected at 1 or 24 h. PGE2

content was determined using an ELISA kit (catalog no. KGE004B;
R&D Systems Minneapolis, MN) per the manufacturer’s instructions,
and absorbance was measured with a microplate imaging system
(Ultramark EX; Bio-Rad).

RNA isolation and RT-PCR. Parotid glands were removed from
P2X7R�/� or wild-type mice at 0, 24, and 48 h after 5 Gy of
�-radiation. Tissues were placed in RNAlater (catalog no. 76106;
Qiagen, Hilden, Germany) for 24 h. RNA was isolated with the
RNeasy Mini Kit (catalog no. 74104; Qiagen) per the manufacturer’s
instructions, followed by DNA digestion using the RNase-free DNase
set (catalog no. 79254; Qiagen). RNA was diluted to 200 �g/�l for
each sample, and cDNA was synthesized using the SuperScript IV
First-Strand Synthesis Kit (stock no. 18091050; Invitrogen) with oligo
(dT) and 5 �l of diluted RNA per reaction, following the manufac-
turer’s instructions. cDNA was diluted 1:5 and used for subsequent
analysis. RT-PCR was performed on the iQ5 Real-Time PCR detec-
tion system (Bio-Rad), using the QuantiTect SYBR green PCR Kit
(catalog no. 204145; Qiagen), as described previously (18). The
following primers were purchased from Integrated DNA Technolo-
gies and used for the following: cyclooxygenase-1 (COX-1; forward:
5=-CTC CCA GAG TCA TGA GTC GAA-3=, reverse: 5=-GTC AGC
AGG AAA TGG GTG AA-3=), cyclooxygenase-2 (COX-2; forward:
5=-AGC TCG TTG ATG AGT GGT AG-3=, reverse: 5=-CAG CCT
GGC AAG TCT TTA AC-3=), microsomal prostaglandin E syn-
thase-1 (m-PGES-1, forward: 5=-GAA GGC TTC TCA GAC CTA
CC-3=, reverse: 5=-ACT CAA AGG ACG GTG GTA TC-3=), micro-
somal prostaglandin E synthase-2 (mPGES-2; forward: 5=-CAG CTC
AAT GAC TCC TCT GT-3=, reverse: 5=-GCC TTC ATG GGT GGG
TAA TA-3=), and cytosolic PGE synthase (cPGES; forward: 5=-GCT
TAA TTG GCT CAG TGT GG-3=, reverse: 5=-TCT CAA AAT CCA
GGC GAT GA-3=). Target genes were normalized to 15S ribosomal
RNA (forward: 5=-ACT ATT CTG CCC GAG ATG GTG-3=, reverse:
5=-TGC TTT ACG GGC TTG TAG GTG- 3=; Integrated DNA
Technologies) and expressed as fold change compared with the
average of data from untreated wild-type mice. The Taqman Mouse
Apoptosis Gene Expression Array was used per manufacturer’s in-
structions with synthesized cDNA, as previously described (10).

Cyclooxygenase activity assay. Parotid glands were removed
from P2X7R�/� or wild-type mice at 0, 24, and 48 h after 5 Gy of
radiation. Tissues were rinsed in PBS and snap-frozen and then
homogenized on ice in RIPA buffer with 5 mM sodium vanadate,
100 mM PMSF, and protease inhibitor cocktail (15 �l/ml, catalog
no. P8340; Sigma-Aldrich) using a Dounce homogenizer. The
homogenate was centrifuged at 12,000 g for 3 min at 4°C, and the
supernatant was collected and kept on ice. The cyclooxygenase
activity assay (catalog no. ab204699; Abcam) was performed per
the manufacturer’s instructions with 1 �g/�l of protein for each
sample.

Saliva collection. Stimulated whole saliva collection was per-
formed on days 3 and 30 following radiation treatment. Mice were
injected intraperitoneally with carbachol (0.25 mg/kg body wt) and
whole saliva was collected via vacuum aspiration for 5 min
immediately following the injection. Saliva was collected in pre-
weighed tubes and kept on ice. Salivary flow rates were calculated
by dividing the difference in tube weight (pre- versus postsaliva
collection) by the number of minutes to determine the amount of
saliva (mg) per minute of collection. These values were then
normalized to the average saliva flow rate of the untreated wild-
type group on each day of collection.

Statistical analysis. Statistical analysis was done using SPSS
(IBM, Armonk, NY) or GraphPad Prism 6 software (GraphPad
Software, La Jolla, CA). Power calculations to determine the
sample size necessary to obtain statistically significant results with
� 	 0.05 and � 	 0.20 were performed using preliminary or

published data and indicate that in vitro experiments require a
minimum of three plates from three independent primary cell
preparations per treatment, in vivo experiments require a minimum
of four mice per treatment, and salivary flow rate determinations
require a minimum of eight mice per treatment. For analysis of
ATP release assays, data were normalized to the untreated control
from each independent primary cell culture preparation. For anal-
ysis of saliva flow rates, data were normalized to the average of the
untreated group from each day of saliva collection. The Shapiro-
Wilk or the Kolmogorov-Smirnov tests were used to assess nor-
mality of data sets. To determine statistical significance between
treatment groups, a one-way ANOVA was performed followed by
a Bonferroni post hoc test with normally distributed data and the
nonparametric Kruskal-Wallis test was performed followed by
Dunn’s post hoc test for nonnormally distributed data. A P 
 0.05
is considered to be statistically significant.
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Fig. 1. P2X7 receptor (P2X7R) deletion or inhibition decreases ATP release
in irradiated primary parotid gland cells. A: parotid gland cells were
prepared, as described in MATERIALS AND METHODS, from P2X7R�/� (gray
bars) and wild-type mice (black bars) and were untreated (UT, n 	 6) or
exposed to a single dose of 2, 5, or 10 Gy of radiation (n 	 5 per treatment).
B: parotid gland cells from wild-type mice were treated with saline
(vehicle) or the P2X7R antagonist (A438079, 25 �M) for 1 h before 5 Gy
of radiation (n 	 5 per treatment). The supernatant was collected imme-
diately after �-radiation and ATP release was measured via a luciferin-
luciferase assay. eATP, extracellular ATP. Data are presented as means � SE.
Normality was assessed with the Kolmogorov-Smirnov test. Significant dif-
ferences between treatments were determined using one-way ANOVA and the
Bonferroni post hoc test (P 
 0.05). Data from treatment groups with the same
letters are not significantly different from each other, but groups with different
letters are significantly different.
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RESULTS

Primary parotid gland cells from P2X7R�/� versus wild-type
mice have decreased ATP release post-�-radiation. The P2X7R is
activated by eATP (11), which has been previously shown to be
released from keratinocytes following �-radiation (28). To deter-
mine the amount of eATP released from salivary glands postra-
diation treatment, we evaluated the effect of various radiation
doses (2, 5, and 10 Gy) on ATP release from primary parotid
gland cells isolated from wild-type or P2X7R�/� mice. The

concentration of eATP released from untreated wild-type and
P2X7R�/� primary parotid gland cells is not significantly differ-
ent (Fig. 1A). Increasing doses of radiation enhance ATP release
from wild-type primary parotid gland cells; however, irradiated
P2X7R�/� primary cells have significantly lower eATP levels
following 5 and 10 Gy of radiation (Fig. 1A, P 
 0.01). To further
validate the role of P2X7R in �-radiation-induced ATP release,
primary parotid gland cells isolated from wild-type mice were
pretreated with the P2X7R-selective antagonist A438079 (25 �M)
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Fig. 2. P2X7 receptor (P2X7R) deletion
does not prevent apoptosis following tar-
geted head and neck �-radiation in mice.
P2X7R�/� (gray bars) and wild-type mice
(black bars) were untreated (UT) or ex-
posed to 5 Gy of radiation, and their sali-
vary glands were removed at 24, 48 or 72 h
after treatment. A: microarray analysis was
done after 48 h on 5 Gy-treated salivary
glands of wild-type and P2X7R�/� mice,
and no significant differences in gene expression
were observed. B and C: immunohistochemical
staining was done using an anti-cleaved caspase-3
antibody, and cleaved caspase-3-positive apopto-
tic cells were quantified. B: representative im-
ages of positive cleaved caspase-3 staining
(�400 magnification; scale bar 	 25 �m). C:
graph represents the total number of cleaved
caspase-3-positive cells as a percentage of
the total cell number per field of view. Data
represent means � SE of results from 4 mice
per group and 5 fields of view per mouse
with approximately 600–800 cells per field
of view. D: terminal deoxynucleotidyl trans-
ferase dUTP nick-end labeling (TUNEL)
staining was done and apoptotic cells were
quantified. Graph represents the number of
TUNEL-positive cells as a percentage of the
total cell number per field of view. Data
represent means � SE of results from 4 mice
per group and 3 fields of view per mouse
with approximately 600–800 cells per field
of view. C and D: normality was assessed
using the Shapiro-Wilk test and significant
differences were determined using one-way
ANOVA and the Bonferroni post hoc test
(P 
 0.05). Data from treatment groups with
the same letter are not significantly different
from each other, but groups with different
letters are significantly different.
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for 1 h before �-radiation treatment (10). Results show the
concentration of eATP released from nonirradiated vehicle-
treated (UT � Vehicle) and nonirradiated antagonist-treated cells
(UT � Antagonist) is not significantly different (Fig. 1B). The
eATP concentration is significantly increased in irradiated vehi-
cle-treated cells (5 Gy � Vehicle) when compared with nonirra-
diated vehicle-treated cells (UT � Vehicle, Fig. 1B, P 
 0.01),
while the eATP concentration in irradiated antagonist-treated cells
(5 Gy � Antagonist) is not different from nonirradiated antago-
nist-treated cells (UT � Antagonist) or nonirradiated vehicle-
treated cells (UT � Vehicle). Therefore, P2X7R deletion or
inhibition reduces �-radiation-induced ATP release in primary
parotid cells.

Cell apoptosis in irradiated parotid glands is similar between
P2X7R�/� and wild-type mice. Prolonged P2X7R activation and
increased ATP release often lead to cell death via apoptosis (1).
In addition, apoptosis following radiation plays a key role in
salivary gland dysfunction (8). The impact of P2X7R deletion
on apoptotic signaling following �-radiation was assessed
using an apoptosis regulatory gene array with parotid tissues
from wild-type and P2X7R�/� mice (48 h; 5 Gy). Of the 92
genes analyzed, there are no significant differences in RNA
expression between groups (Fig. 2A). To determine the extent
of apoptosis, parotid tissue sections from untreated or irradi-
ated wild-type and P2X7R�/� mice were evaluated for cleaved
caspase-3 by immunohistochemistry at 24, 48, and 72 h post-
treatment. At 24 h after 5 Gy of radiation, the percentage of
cleaved-caspase-3-positive cells is significantly increased in
P2X7R�/� and wild-type mice compared with untreated con-
trols (Fig. 2, B and C, P 
 0.05). At subsequent time points
postradiation, the level of apoptosis (i.e., cleaved-caspase 3) is
not significantly different from untreated controls in either
mouse model (Fig. 2C). To further evaluate radiation-induced
cell apoptosis, TUNEL staining was performed on parotid
tissue sections of untreated and irradiated mice at 24 and 48 h
posttreatment. The percentage of TUNEL-positive cells in-
creases at 24 and 48 h after 5 Gy of �-radiation (P 
 0.001),
as compared with untreated controls and is not different be-
tween genotypes at any time point measured (Fig. 2D). These
data suggest that P2X7R deletion does not impact the induction
of apoptosis in salivary glands following �-radiation.

Primary parotid cells from P2X7R�/� mice have reduced
PGE2 release following �-radiation. PGE2 is an arachidonic
acid derivative secreted during inflammation and released follow-
ing caspase-3 cleavage (2, 12) and P2X7R activation (5). To
determine the amount of PGE2 released from salivary glands after
�-radiation, primary parotid gland cells from P2X7R�/� and
wild-type mice were irradiated and PGE2 levels in the supernatant
were determined by ELISA at 0, 24, 48, and 72 h. Primary parotid
cells from untreated wild-type mice secrete 20-fold more PGE2

compared with untreated P2X7R�/� primary cells (2,312 and 112
pg/ml, respectively, P 
 0.01, Fig. 3A). Following radiation, there
is 2.5- to 6.5-fold increase in PGE2 release from wild-type
primary cells over time (24 h: 5,829 pg/ml; 48 h: 9,366 pg/ml; and
72 h: 15,382 pg/ml, P 
 0.01, Fig. 3A), as compared with
untreated controls (2,312 pg/ml). In contrast, there is no signifi-
cant increase in �-radiation-induced PGE2 release in P2X7R�/�

primary cells at the time points evaluated (Fig. 3A). To confirm
that the elevated levels of PGE2 release in untreated wild-type
cells was due to P2X7R activation, cells were treated with 10, 25,
or 50 �M of the P2X7R antagonist A438079 for 1 or 24 h. PGE2

release is significantly decreased following A438079 treatment at
all concentrations of A438079 when compared with untreated
controls (Fig. 3B, P 
 0.01). These data suggest that P2X7R
expression plays a critical role in PGE2 secretion caused by
�-radiation in primary parotid gland cells.

Expression and activity of cyclooxygenase and PGE syn-
thase isoforms are similar between P2X7R�/� and wild-type
mice following �-radiation. The conversion of arachidonic
acid to PGE2 occurs in a two-step process, requiring the acti-
vation of COX-1 or COX-2 to generate PGH2 that is next
converted to PGE2 by three isoforms of PGE synthase: mPGES-1,
mPGES-2, and cPGES. In general, COX-2 and mPGES-1 expres-
sion can be induced by inflammation, whereas COX-1, mPGES-2,
and cPGES are constitutively expressed in most cell types (21).
The expression level of each enzyme was determined via
RT-PCR in parotid glands of wild-type and P2X7R�/� mice at
0, 24, and 48 h postradiation. For inducible mPGES-1 and
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COX-2, only COX-2 expression was significantly increased in
wild-type parotid glands 48 h post-�-radiation, as compared
with untreated controls (Fig. 4, A and B, P 
 0.05). P2X7R
deletion has minimal effects on mPGES-1 and COX-2 expres-
sion, albeit there is a transient decrease in mPGES-1 at 24 h
post-�-radiation. COX-1, mPGES-2, and cPGES are known to
be constitutively expressed in various tissues, but this does not
appear to be the case for irradiated salivary glands (Fig. 4,
C–E). Both mPGES-2 and cPGES are decreased in parotid
glands 24–48 h postradiation irrespective of mouse genotype.
In contrast, COX-1 is significantly increased in wild-type
parotid glands 48 h post-�-radiation and significantly de-

creased in P2X7R�/� parotid glands 24–48 h postradiation, as
compared with wild-type mice (Fig. 4E, P 
 0.01). To further
assess the role of this pathway, a cyclooxygenase activity assay
kit was used to determine the extent of COX-1 and COX-2
activity in vivo. Surprisingly, the activity of inducible COX-2
is not different between genotypes or untreated and irradiated
mice at any time point (Fig. 4F). COX-1 activity is signifi-
cantly increased in P2X7R�/� mice at 48 h postradiation, as
compared with wild-type mice (Fig. 4G, P 
 0.05). These data
indicate that alterations in expression or activities of cycloox-
ygenase or PGE synthase alone do not explain the differences
in radiation-induced PGE2 release between the two genotypes.
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P2X7R deletion and antagonism prevent loss of salivary flow
following �-radiation. Alterations in salivary gland function are
observed as early as 3 days following �-radiation and persist
chronically (8). To determine the role of the P2X7R in salivary
gland radiosensitivity, we compared carbachol-stimulated salivary
flow rates of P2X7R�/� and wild-type mice after radiation. On
day 3 post-�-radiation, wild-type mice have a 30% decrease in
saliva flow compared with untreated wild-type mice (P 
 0.05),
whereas saliva flow in irradiated P2X7R�/� mice is not signifi-
cantly different from untreated P2X7R�/� or wild-type mice (Fig.
5A). On day 30, irradiated wild-type mice maintain a significant
decrease (26%, P 
 0.05) in salivary output compared with
untreated wild-type mice (Fig. 5B). Conversely, salivary output in
irradiated P2X7R�/� mice is not significantly different from un-
treated P2X7R�/� or wild-type mice, although it is significantly
higher than in irradiated wild-type mice (Fig. 5B, P 
 0.01).

We next evaluated the impact of pharmacological P2X7R
inhibition on salivary flow rates in irradiated wild-type mice
using the P2X7R antagonist A438079. FVB mice were intra-
peritoneally injected with A438079 (70 mg/kg body wt) 1 h
before �-radiation, and carbachol-stimulated saliva was col-
lected on days 3 and 30 postradiation; multi-antagonist treated
mice received additional injections of A438079 on days 5 and
10 postradiation. On day 3, irradiated mice injected with
vehicle (5 Gy � Vehicle) have a 50% reduction in salivary

flow (Fig. 5C P 
 0.01), whereas irradiated mice injected with
P2X7R antagonist (5 Gy � Antagonist) have similar salivary
flow rates to both untreated groups. On day 30, irradiated mice
injected with vehicle maintain ~50% reduction in saliva flow,
as compared with untreated controls (Fig. 5D, P 
 0.01),
whereas irradiated mice injected with a single dose of A438079
(5 Gy � Antagonist) exhibit an ~40% reduction in stimulated
saliva flow rates that is similar to irradiated mice injected with
vehicle (Fig. 5D). Irradiated mice that received two additional
injections of A438079 on days 5 and 10 post-�-radiation (5 Gy �
multi-antagonist) had salivary outputs that were not different
from either untreated group and were significantly increased
compared with the other irradiated groups (Fig. 5D, P 
 0.01).
Therefore, one injection of the P2X7R antagonist 1 h before
�-radiation was able to preserve stimulated salivary flow rates
at an acute time point (day 3), but multiple injections of the
P2X7R antagonist pre- and postradiation were needed to re-
verse chronic loss of saliva secretion (day 30). These data
strongly suggest that the P2X7R facilitates loss of salivary
gland function following �-radiation and that multiple doses of
P2X7R antagonist can prevent �-radiation-induced chronic
hyposalivation.

P2X7R deletion does not alter the structural morphology of
salivary glands. Hematoxylin and eosin-stained sections of
multiple salivary glands (submandibular, parotid, and sub-
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scribed in MATERIALS AND METHODS. C and D:
FVB mice were injected with saline (check-
ered bars, n 	 25; diagonal lined bars, n 	
13) or the P2X7R antagonist A438079 (70
mg/kg body weight; horizontal lined bars,
n 	 15; dotted bars, n 	 14; vertical lined
bars, n 	 9) and 1 h later were left UT or
exposed to a single dose of 5 Gy �-radiation,
as indicated. Multi-antagonist-treated mice
also received A438079 injections (70 mg/kg)
on days 5 and 10 following radiation. C and
D: saliva flow was measured on day 3 (C) and
day 30 (D) day 30 post-�-radiation. Data are
presented as means � SE. Normality was
assessed by the Kolmogorov-Smirnov test
and significant differences were determined
using one-way ANOVA and the Bonferroni
post hoc test (P 
 0.05). Data from treatment
groups with the same letter are not signifi-
cantly different from each other, but groups
with different letters are significantly differ-
ent.
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lingual) from wild-type and P2X7R�/� mice were also eval-
uated for structural abnormalities. Untreated P2X7R�/� mice
have no profound morphological differences compared with
untreated wild-type mice (Fig. 6, A–C, G, and H). Thirty days
post-�-radiation, both wild-type and P2X7R�/� mice display
mild atrophy of the salivary glands (Fig. 6, D–F and J–L).

DISCUSSION

Loss of salivary gland function after �-radiation therapy is a
serious side effect for many head and neck cancer patients that
often persists for the remainder of their lives. There are currently
no long-term treatment options available, and short-term op-
tions are relatively ineffective. In the present study, we deter-
mined the role of the P2X7R in radiation-induced salivary
gland dysfunction and identified the receptor as a promising
therapeutic target for preservation of secretory function. We
found that P2X7R�/� mice maintained normal carbachol-
stimulated salivary flow rates at days 3 and 30 postradiation,
which is equivalent to untreated P2X7R�/� or wild-type mice
(Fig. 5, A and B). To test a potential therapeutic approach to
prevent �-radiation-induced salivary gland damage, we de-
termined that a single injection of the P2X7R antagonist
A438079 (70 mg/kg) preserved salivary function through day
3 postradiation (Fig. 5C), but multiple injections of A438079
(pre- and postradiation) maintained function long term (30

days, Fig. 5D). Interestingly, the increase in salivary flow seen
in irradiated P2X7R�/� versus wild-type mice does not corre-
late with a reduction in cell apoptosis (Fig. 2, B–D), which is
in contrast to other mouse models of radiation-induced salivary
gland dysfunction (4, 14, 15, 18). This suggests that the P2X7R
plays a role in the loss of saliva secretion independent or
downstream of apoptosis.

Inflammatory disorders, such as RA and RBI are associated
with elevated eATP levels (3, 35), the endogenous agonist of the
P2X7R (1, 16). After �-radiation, we observed that ATP release
increases in a radiation dose-dependent manner in wild-type
primary parotid cells but remains unchanged in P2X7R�/� cells
(Fig. 1A). Furthermore, pretreatment of irradiated wild-type pri-
mary cells with the P2X7R antagonist A439079 decreases ATP
release to levels similar to both untreated groups (Fig. 1B). The
alterations in ATP release are likely due to the pore-forming
properties of the P2X7R through association with pannexin he-
michannels (22, 25) following repetitive or prolonged P2X7R
activation, which enables the downhill movement of intracellular
ATP across the plasma membrane (1, 6, 30). The sustained release
of eATP caused by localized tissue damage and P2X7R activation
likely signals cells downstream of the site of injury to amplify the
inflammatory response (16, 31).

PGE2 is an inflammatory eicosanoid derived from arachi-
donic acid via cyclooxygenase and PGE synthase activities.
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Release of PGE2 is dependent on caspase-3 and -7 activation
following radiation of mouse embryonic fibroblasts (12). In the
current study, �-radiation of primary parotid cells from wild-
type, but not P2X7R�/�, mice caused a significant increase in
PGE2 release over 72 h (Fig. 3A). We anticipated that altered
expression levels of either cyclooxygenase or PGE synthase
isoforms would account for this increase in PGE2 release, as
COX-2 and mPGES-1 expression and activity are increased
following inflammatory signals (21, 24). However, we de-
tected only minimal differences in parotid gland mPGES-1 and
COX-2 expression between wild-type and P2X7R�/� mice
that would not account for the significant decrease in PGE2

release during the radiation time course in cells from
P2X7R�/� mice (Fig. 3 and Fig. 4, A, B and F). COX-1,
mPGES-2 and cPGES expression levels were also similar
between the two genotypes (Fig. 4, C–E). Interestingly, as
compared with wild-type mice, COX-1 activity was increased
in parotid glands of P2X7R�/� mice at 48 h post-�-radiation
(Fig. 4, G, P 
 0.05), despite lower PGE2 secretion in
P2X7R�/� parotid cells (Fig. 3A) and lower parotid COX-1
mRNA expression (Fig. 4E). This observation could be ex-
plained by the fact that COX-1 converts arachidonic acid to
PGH2, which can then be converted to a number of bioactive
lipids, such as prostacyclin, thromboxane, or prostaglandin D2

(among others), depending on the enzyme that acts upon PGH2

(24). Determining the role of each PGE synthase isoform in
P2X7R-mediated PGE2 release could be very informative, but
such research is stymied by the lack of PGES isoform-specific
inhibitors. Nonetheless, the data presented suggest that the
marked decrease in PGE2 release in parotid cells of P2X7R�/�

mice postradiation is not due to alterations in the expression or
activity of enzymes necessary for PGE2 synthesis.

It has been shown that prolonged or repetitive P2X7R
activation causes exosome release (31) and PGE2 secretion
occurs following P2X7R activation in macrophages, osteocytes
and chondrocytes (5, 9, 13). Furthermore, previous research on
P2Y receptors has shown that Gq protein-coupled P2Y2 recep-
tor (P2Y2R) activation by eATP increases COX activity and
secretion of prostacyclin (PGI2) and PGE2 (17, 34). P2Y2R
expression is increased following IL-1� stimulation (23) and
IL-1� has been shown to be secreted following P2X7R acti-
vation (10). Therefore, increases in P2X7R-mediated PGE2

release observed post-�-radiation may occur via IL-1�-induced
upregulation of the P2Y2R, a signaling pathway that would
likely be inactive in P2X7R�/� mice.

In conclusion, we have shown that the P2X7R plays a role in
�-radiation-induced damage to salivary glands independent or
downstream of apoptosis and may involve PGE2 release. Im-
portantly, our data show that antagonism of the P2X7R appears
to be a viable therapeutic option for preventing salivary gland
dysfunction in head and neck cancer patients undergoing �-ra-
diation treatment.

Perspectives and Significance

Despite technological advances in treatments for head and
neck cancer, a significant number of patients continue to suffer
from the side effects of normal tissue collateral damage during
treatment. Previous studies have shown that reducing apoptotic
cell death following radiation leads to preservation of salivary
gland exocrine function; however, findings from the current

study suggest that how the tissue responds to apoptotic cells
may also be playing a critical role in radiation-induced salivary
gland dysfunction. Release of prostaglandin E2 has been shown
to be downstream of caspase-3 activation, and this work demo-
nstrates that the P2X7R can regulate this aspect of the inflam-
matory response induced by radiation. Understanding the down-
stream signaling cascades that are activated following apoptotic
cell clearance and prostaglandin E2 release may uncover mech-
anisms that lead to alternative avenues of normal tissue pro-
tection in patients receiving radiotherapy.
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