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PURPOSE. To identify the type of purinergic receptors activated
by adenosine triphosphate (ATP) in rat lacrimal gland and to
determine their role in protein secretion.

METHODS. Purinergic receptors were identified by RT-PCR,
Western blot analysis, and immunofluorescence techniques.
Acini from rat lacrimal gland were isolated by collagenase
digestion. Acini were incubated with the fluorescence indica-
tor fura-2 tetra-acetoxylmethyl ester, and intracellular [Ca2�]
([Ca2�]i) was determined. Protein secretion was measured by
fluorescence assay.

RESULTS. The authors previously showed that P2X7 receptors
were functional in the lacrimal gland. In this study, they show
that P2X1–4, and P2X6receptors were identified in the lacrimal
gland by RT-PCR, Western blot, and immunofluorescence anal-
yses. P2X5 receptors were not detected. ATP increased [Ca2�]i

and protein secretion in a concentration-dependent manner.
Removal of extracellular Ca2� significantly reduced the ATP-
stimulated increase in [Ca2�]i. Repeated applications of ATP
caused desensitization of the [Ca2�]i response. Incubation
with the P2X1 receptor inhibitor NF023 did not alter ATP-
stimulated [Ca2�]i. Incubation with zinc, which potentiates
P2X2 and P2X4 receptor responses, or lowering the pH to 6.8,
which potentiates P2X2 receptor responses, did not alter the
ATP-stimulated [Ca2�]i. P2X3 receptor inhibitors A-317491 and
TNP-ATP significantly decreased ATP-stimulated [Ca2�]i and
protein secretion, whereas the P2X3 receptor agonist �,�
methylene ATP significantly increased them. The P2X7 recep-
tor inhibitor A438079 had no effect on ATP-stimulated [Ca2�]i

at 10�6 M but did have an effect at 10�4 M.

CONCLUSIONS. Purinergic receptors P2X1–4 and P2X6 are pres-
ent in the lacrimal gland. ATP uses P2X3 and P2X7 receptors to
stimulate an increase in [Ca2�]i and protein secretion. (In-
vest Ophthalmol Vis Sci. 2011;52:3254 –3263) DOI:10.1167/
iovs.10-7042

The components of tear film include the innermost mucous
portion, the middle aqueous portion, and the outer lipid

layer. The mucous layer is secreted by the conjunctival goblet
cells and the corneal epithelial cells. The aqueous portion is
secreted mainly by the main lacrimal gland, and the lipid
portion is secreted by the meibomian glands.1 Functions of the
tear film are varied and include providing the avascular cornea
with nutrients, removing waste products from the ocular sur-

face, and protecting the ocular surface from the external envi-
ronment.2 Any changes in either the quantity or the quality of
tears can have damaging effects on vision.

The main lacrimal gland is composed of three main cell
types: acinar, myoepithelial, and ductal.1 Of these, acinar cells
are in the majority, constituting approximately 80% of the
gland. Acinar cells are arranged as pyramidal cells surrounding
a central lumen separated by tight junctions at the apical
membranes. Receptors for the neurotransmitters are located
on the basolateral membranes.1 On activation, these receptors
activate signal transduction pathways that lead to protein se-
cretion across the apical membranes and into the lumen. Epi-
thelial cells line the ducts and modify the primary fluid. The
small ducts coalesce to form larger ducts and eventually the
main excretory duct, which empties onto the ocular surface.1

Myoepithelial cells are large stellate cells that surround the
acini and are believed to contract to help expel secretory
products from the acinar cells, as occurs in the mammary
gland.

Purinergic receptors bind purines and pyrimidines and are
divided into P1 and P2 receptors. P1 receptors are G-protein–
coupled receptors (GPCR) activated by adenosine. P2 recep-
tors are activated by nucleotides and are further subdivided
into P2X and P2Y categories. P2Y receptors are also GPCRs,
whereas P2X receptors are adenosine triphosphate (ATP)–
gated nonselective ion channels. Seven P2X receptors have
been cloned to date and are identified as P2X1 to P2X7. Acti-
vation of these channels regulates cellular processes through
Ca2� influx or change in membrane potential.3

Although all P2X receptors have similar properties, there
are some characteristics that are different and can be used to
discriminate between these receptors. For example, P2X1,
P2X3, and P2X4 receptors are known to become desensitized
after repeated applications of ATP.4,5 P2X2 and P2X4 responses
are potentiated in the presence of zinc and lower pH.6–8 P2X7

receptors are activated by high concentrations of ATP.5 In
addition, specific agonists and inhibitors are available for P2X1,
P2X3, and P2X7 receptors.

We previously determined that lacrimal gland acini contain
P2X7 receptors and that they play a role in an increase in
intracellular [Ca2�]([Ca2�]i), protein secretion, and extracellu-
lar regulated kinase 1/2 (ERK) activation.9 We did not investi-
gate the other six P2X receptors. Therefore, the goal of this
study was to determine whether the other P2X receptors are
present in the lacrimal gland and are activated by ATP.

MATERIALS AND METHODS

Materials

P2X1–6 rabbit polyclonal antibodies (catalog numbers APR-001, APR-
003, APR-016, APR-002, APR-005, and APR-013, respectively) were
purchased from Alomone Laboratories (Jerusalem, Israel). A second
antibody to P2X5 (catalog number sc-15192) was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Rabbit secondary antibody con-
jugated to horseradish peroxidase (HRP) was purchased from Millipore
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(Billerica, MA). Reagents (Amplex Red, TRIzol) and fura-2 tetra-ace-
toxylmethyl ester (fura-2 AM) were from Invitrogen (Carlsbad, CA). A
reverse transcription system and reagents for PCR were purchased
from Promega (Madison, WI). Collagenase (CLSIII) was purchased
from Worthington Biochemicals (Lakewood, NJ). All other reagents
were from Sigma Chemical Company (St. Louis, MO).

Methods

Animals. All experiments were conducted in accordance with
the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research and were approved by the Schepens Eye Research Institute
Animal Care and Use Committee. Male Sprague-Dawley rats (125–150
g) were purchased from Taconic Farms (Germantown, NY) and were
maintained in constant-temperature rooms with fixed 12-hour light/12-
hour dark intervals and were fed ad libitum. The rats were anesthetized
for 1 minute in CO2 and then decapitated. Both exorbital lacrimal
glands were removed.

RT-PCR. The lacrimal gland was removed and homogenized in
reagent (TRIzol; Invitrogen), and total RNA was isolated according to
the manufacturer’s instructions. RNA was also isolated from rat brain
for use as a positive control because all P2X receptors are known to be
present in this tissue. One microgram of purified total RNA was used
for complementary DNA (cDNA) synthesis using the reverse transcrip-
tion system. cDNA was amplified by polymerase chain reaction (PCR)
using primers specific to receptors P2X1 to P2X6 (Table 1), which were
derived from previously published sequences10 in a thermal cycler
(PCR Sprint; Thermo Hybaid, Ashton, UK).

The PCR reaction consisted of 0.5 �M sense and antisense primers,
200 �M each dNTP, 1.5 �M MgCl2, 1.25 U Taq polymerase, and 1 �L
cDNA. Cycling conditions were 5 minutes hot start at 94°C, 40 cycles
of denaturation for 1 minute at 94°C, annealing for 1 minute at 59°C,
extension for 1 minute at 72°C, and a final extension at 72°C for 5
minutes. Samples with no cDNA served as the negative controls. After
amplification, the products were separated by electrophoresis on a
1.5% agarose gel and were visualized by ethidium bromide staining.

Western Blot Analysis. The presence of P2X receptors in
lacrimal gland was determined by Western blot analysis. The gland was
homogenized on ice with a tissue grinder in RIPA buffer containing 10
mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% deoxycholic acid, 1% Triton
X-100, 0.1% SDS, and 1 mM EDTA containing protease inhibitors (100
�L/mL phenylmethylsulfonyl fluoride, 30 �L/mL aprotinin, and 100 nM
sodium orthovanadate). Homogenized cells were sonicated and cen-
trifuged at 2000g for 15 minutes at 4°C. Proteins in the supernatant
were separated by SDS-PAGE on a 10% gel and were transferred onto
nitrocellulose membranes. The nitrocellulose membranes were
blocked overnight at 4°C in 5% nonfat dried milk in buffer containing
10 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 0.05% Tween-20 and then
were incubated with primary antibody at 1:500 dilution for 1 hour at

room temperature or overnight at 4°C followed by incubation with
HRP-conjugated secondary antibody. Immunoreactive bands were de-
tected by the enhanced chemiluminescence method. Bands were
scanned and analyzed using ImageJ software (developed by Wayne
Rasband, National Institutes of Health, Bethesda, MD; available at
http://rsb.info.nih.gov/ij/index.html). Rat brain, processed according
to the same method as the lacrimal gland, served as the positive
control.

Immunohistochemistry. Lacrimal glands were fixed in 4%
formaldehyde diluted in phosphate-buffered saline (PBS; 145 mM NaCl,
7.3 mM Na2 HPO4, and 2.7 mM NaH2PO4 [pH 7.2]) for 4 hours at 4°C.
The tissue was preserved in 30% sucrose in PBS at 4°C overnight and
was then embedded in optimal cutting temperature embedding com-
pound. Six-micrometer sections were cut, placed on slides, and air
dried for 2 hours. The sections were rinsed for 5 minutes in PBS, and
nonspecific sites were blocked by incubation with 10% normal goat
serum, 1% bovine serum albumin, and 0.2% Triton X-100 in PBS for 45
minutes at room temperature. Sections were then incubated with the
primary antibody for 2 hours at 1:50 dilution at room temperature in a
humidified chamber. The secondary antibody conjugated to Cy3 was
applied for 1 hour at room temperature. Coverslips were mounted
with a medium consisting of glycerol and paraphenylenediamine. Sec-
tions incubated in the absence of primary antibody served as the
negative control. The sections were viewed by microscope (Eclipse
E80i; Nikon, Tokyo, Japan), and micrographs were taken with a digital
camera (Spot; Diagnostic Instruments, Inc., Sterling Heights, MI).

Preparation of Lacrimal Gland Acini. Acini were prepared
by collagenase digestion. In brief, lacrimal glands were trimmed and
fragmented before incubation with collagenase (CLSIII; 100 U/mL) in
Krebs-Ringer bicarbonate (KRB) buffer (119 mM NaCl, 4.8 mM KCl, 1
mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM NaHCO3, 10 mM
HEPES, and 5.5 mM glucose [pH 7.45]) and 0.5% BSA at 37°C. Frag-
ments were subjected to pipetting through tips of decreasing diame-
ters, filtered through nylon mesh (150-�m pore size), and centrifuged
briefly (50g, 2 minutes). The pellet was washed twice through a 4%
BSA solution in KRB buffer. The dispersed acini were allowed to
recover for 60 minutes at 37°C before use.

Measurement of [Ca2�]i. Acini were allowed to attach to
glass-bottom Petri dishes coated with cell and tissue adhesive (Cell-Tek;
BD Biosciences, Franklin Lakes, NJ) for 30 minutes at 37°C. Acini were
incubated for 1 hour at 37°C in the dark with fura-2 AM (0.5 �M)
diluted in KRB-HEPES containing 0.5% BSA, 8 �M pluronic acid F127,
and 250 �M sulfinpyrazone. The cells were washed in KRB buffer
containing 250 �M sulfinpyrazone. Fluorescent images of cells were
recorded and analyzed with a digital fluorescence imaging system
(InCyt Im2; Intracellular Imaging, Cincinnati, OH) using excitation
wavelengths of 340 and 380 nm. At least 10 acini clumps were selected
for each condition. Acini were preincubated with inhibitors for 30

TABLE 1. RT-PCR Primers

Primer Source Sequence (5�–3�)
Predicted

Length (bp)

P2X1 X80447 (S)-GAAGTGTGATCTGGACTGGCACGT 452
(AS)-GCGTCAAGTCCGGATCTCGACTAA

P2X2 U14414 (S)-GAATCAGAGTGCAACCCCAA 357
(AS)-TCACAGGCCATCTACTTGAG

P2X3 X90651 (S)-TGGCGTTCTGGGTATTAAGATCGG 440
(AS)-CAGTGGCCTGGTCACTGGCGA

P2X4 X87763 (S)-GAGGCATCATGGGTATCCAGATCAAG 447
(AS)-GAGCGGGGTGGAAATGTAACTTTAG

P2X5 X92069 (S)-AAAGACTGGTCAGTGTGTGGCGTTC 418
(AS)-TGCCTGCCCAGTGACAAGAATGTCAA

P2X6 X92070 (S)-GTGCCATTCTGACCAGGGTTGTATAAA 520
(AS)-GCCACCTCTGTAAAGTTCTCTCCGATT

(S), sense; (AS), antisense.
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minutes before image collection. Agonists were added 15 seconds after
the initiation of the experiment, and data were collected in real time
for up to 2 minutes. All agonists and antagonists were dissolved in
dH2O. [Ca2�]i was calculated using a standard curve. Change in peak
[Ca2�]i was calculated by subtracting the average of the basal values
(before the addition of agonist) from the peak [Ca2�]i.

Measurement of Peroxidase Secretion. Acini were al-
lowed to recover for 1 hour in KRB-HEPES buffer containing 0.5% BSA
at 37°C. Acini were then incubated with the purinergic receptor
agonist ATP or the P2X3 agonist �,� methylene ATP. Inhibitors were
added 30 minutes before the addition of agonists. All agonists and
antagonists were dissolved in dH2O. After 40 minutes, acini were
centrifuged and the supernatant was collected. The pellet was soni-
cated on ice in 10 mM Tris-HCl, pH 7.5. Peroxidase activity, an index
of protein secretion, was measured in duplicate in both the superna-
tant and the pellet. Peroxidase was measured using reagent (Amplex
Red; Invitrogen), which, when oxidized by peroxidase in the presence
of hydrogen peroxide, produces a highly fluorescent molecule. The
amount of fluorescence in the supernatant and pellet was quantified on
a fluorescent microplate reader (model FL600; BioTek, Winooski, VT)
with an excitation wavelength of 530 nm and an emission wavelength
of 590 nm. Peroxidase was expressed as a percentage of peroxidase
secreted into the media (supernatant) compared with total peroxidase
present in the cells (pellet � supernatant).

Statistical Analysis

All data are expressed as mean � SEM. Data were analyzed using
Student’s t-test. P � 0.05 was considered statistically significant.

RESULTS

Identification and Localization of P2X1–6
Receptors in the Lacrimal Gland

Rat lacrimal glands were homogenized, and RNA was isolated.
RT-PCR was performed using primers specific for each P2X
receptor (Table 1). As shown in Figure 1A, bands correspond-
ing to the correct size in the lacrimal gland (Fig. 1A) and brain
(not shown) were detected for all P2X receptors with the
exception of P2X5.

Lacrimal glands were then homogenized, proteins were
separated by SDS-PAGE, and Western blot analysis was per-
formed using antibodies directed against P2X receptors. The
predicted molecular weights of P2X receptors ranged from
approximately 42 to 48 kDa. However, it is well established
that P2X receptors can undergo significant glycosylation result-
ing in bands of different molecular weights, depending on the
tissue.11 Single bands were obtained using antibodies against
P2X1, P2X2, and P2X3 receptors in both rat brain (positive
control) and lacrimal gland (Fig. 1B). Two bands were detected
for P2X4 in both brain and lacrimal gland. As in other tissues,
multiple bands were detected for P2X6

12,13 in brain and in
lacrimal gland (Fig. 1B). A faint band was detected using the
P2X5 antibody in both brain and lacrimal gland though the two
bands were not at the same molecular weight (Fig. 1B). A
second antibody against P2X5 receptor was also used, but no
bands were detected in either lacrimal gland or brain samples
(data not shown).

Using the same antibodies as in Western blot analysis,
immunofluorescence experiments were performed in lacri-
mal gland sections. P2X1– 4 and P2X6 immunoreactivity was
detected in the lacrimal gland (Fig. 2). All five P2X receptors
were present in the cytosol. In addition, P2X1 immunoreac-
tivity was seen in the nuclei of acinar cells, whereas P2X2

receptors were detected in the basolateral membranes of
acinar cells. The localization of P2X3 and P2X4 receptors
was similar to that of P2X2 receptors. Again, we were unable
to detect P2X5 immunoreactivity in the lacrimal gland de-

FIGURE 1. P2X receptors in the lacrimal gland. The presence of P2X1

to P2X6 receptors in the lacrimal gland was determined by RT-PCR (A)
and Western blot analysis (B). Brain homogenate was used as a positive
control. All blots are representative of three animals. Arrows: positions
of bands. B, brain; LG, lacrimal gland.
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spite using antibodies from two different sources. P2X6

receptors had a more cytosolic distribution than did the
other P2X receptors. As we previously showed that P2X7

receptors were present, we can conclude that all the P2X
receptors were present in the lacrimal gland with the ex-
ception of the P2X5 receptor.

Effect of ATP on [Ca2�]i
To determine which P2X receptors are functional in the lacri-
mal gland, acini containing fura-2 were stimulated with ATP
and the [Ca2�]i was measured. ATP is known to bind to and
activate all the P2X receptors with varying potencies and

characteristics. As shown in Figure 3A, the application of ATP
(10�6–10�3) increased [Ca2�]i in a concentration-dependent
manner. When the change in peak [Ca2�]i was calculated, a
maximum increase occurred at ATP 10�6 M that significantly
increased [Ca2�]i by 160 � 38 nM before declining to 109 �
29, 93 � 35, and 66 � 35 nM at 10�5, 10�4, and 10�3 M ATP,
respectively (Fig. 3B).

Effect of ATP on Protein Secretion

To determine whether activation of P2X receptors by ATP
plays a role in secretion, acini were stimulated with ATP
(10�6–10�4 M) for 40 minutes and the amount of peroxidase

FIGURE 2. Localization of P2X re-
ceptors in the lacrimal gland. The
localization of P2X1 to P2X6 recep-
tors in the lacrimal gland was deter-
mined by immunofluorescence experi-
ments. Arrows: basolateral membranes
of acinar cells. Images are represen-
tative of three animals. Red: P2X re-
ceptor; blue: nuclei stained with
DAPI in P2X1 receptor figure only.
Magnification, �200 (inset, �400).
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secretion was determined (Fig. 3C). ATP increased peroxidase
secretion in a concentration-dependent manner with an in-
crease of 1.4 � 0.1-, 1.4 � 0.1-, and 1.5 � 0.1-fold above basal
at 10�6, 10�5, and 10�4 M, respectively. All concentrations
were significantly increased above basal. These data indicate
that ATP plays a functional role in the lacrimal gland acinar
cells.

Effect of Removal of Extracellular [Ca2�]o on
ATP-Stimulated [Ca2�]i
One way to differentiate P2X receptors from one another and
from P2Y receptors is to determine the effect of removal of
[Ca2�]o on the ATP-stimulated increase in [Ca2�]i. P2X2 recep-
tors are known to be inhibited by [Ca2�]o; hence, the removal
of [Ca2�]o should increase their activity.5 In contrast, P2X1 and
P2X3 are dependent on [Ca2�]o for the increase in [Ca2�]i. P2Y
receptors release Ca2� from intracellular stores to generate an
initial peak in [Ca2�]i and have a sustained increase in [Ca2�]i

that is dependent on [Ca2�]o. In acini stimulated by ATP in
buffer without Ca2�

o, the ATP response was decreased com-
pared with the ATP response in the presence of 1 mM Ca2�

o

(Fig. 4A). When the peak ATP response was analyzed, removal
of [Ca2�]o significantly decreased the peak from 165 � 43 nM
in the presence of 1 mM Ca2�

o to 46 � 11 nM in the absence
of [Ca2�]o (Fig. 4B). The plateau phase (after initial peak) of
the Ca2� response was reduced, but not significantly. The area
under the curve in the presence of [Ca2�]o was 7532 � 4122.
This was decreased, but not significantly, to 1080 � 33 in the
absence of [Ca2�]o (data not shown). These results indicate
that the ATP-stimulated increase in [Ca2�]i was predominately
a P2X response, though a small portion might have been
attributed to P2Y receptors. In addition, the fact that the
response was not increased in the absence of [Ca2�]o implied
that the response was not due to P2X2 receptors.

FIGURE 4. Effect of removal of extracellular Ca2� on ATP-stimulated
[Ca2�]i. Acini containing fura-2 were washed in Ca2�-free buffer before
stimulation with ATP (10�6 M). Trace shown in (A) represents the
mean of three animals. Arrow: addition of ATP. Peak [Ca2�]i was
calculated from each animal (B). Data are mean � SEM. *Significant
difference from ATP in the presence of extracellular Ca2�.

FIGURE 3. Effect of ATP on [Ca2�]i and protein secretion in lacrimal
gland. Acini containing fura-2 were stimulated with ATP (10�6–10�4

M; A, B). Trace shown in (A) represents the mean of three animals.
Arrow: addition of ATP. The peak [Ca2�]i was calculated from three
animals (B). Acini from four animals were stimulated with ATP (10�6–
10�4 M) for 40 minutes, and peroxidase secretion was measured (C).
Data are mean � SEM. *Significant difference from no addition.
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Effect of Repeated Applications of ATP on [Ca2�]i
One way to differentiate the activities of P2X receptors from
one another is to determine whether the receptors become
desensitized with repeated applications of ATP. P2X1 and P2X3

become desensitized within milliseconds, P2X4 becomes de-
sensitized within tens of seconds, P2X2 to P2X5 become de-
sensitized within minutes, and P2X7 does not become desen-
sitized.4,5 Therefore, lacrimal gland acini were subjected to four
applications of ATP (10�6 M) every 30 seconds, and [Ca2�]i was
measured. As shown in Figure 5, [Ca2�]i decreased with each
application of ATP. The initial application of ATP increased
[Ca2�]i by 83 � 29 nM, whereas the fourth application of ATP
increased [Ca2�]i by 33 � 16 nM. These data indicate that ATP
interacts predominantly with P2X1, P2X3, or P2X4 receptors.

Effect of Inhibition of P2X1 Receptors on
ATP-Stimulated Peak [Ca2�]i
To determine whether ATP activates P2X1 receptors in the
lacrimal gland, acini were preincubated for 30 minutes with
the P2X1 receptor inhibitor NF023 (10�6–10�4 M).14,15

[Ca2�]i was then measured in response to the application of
ATP (10�6 M; Fig. 6A). ATP increased peak [Ca2�]i by 56 � 9
nM (Fig. 6B). ATP stimulation in acini preincubated with
NF023 10�6, 10�5, and 10�4 M resulted in increases in [Ca2�]i

of 53 � 5, 61 � 21, and 52 � 1 nm, respectively. No concen-
tration of NF023 had a significant effect on ATP-stimulated
[Ca2�]i (Fig. 6B). Similarly, preincubation with NF023 (10�6–
10�4 M) had no effect on ATP (10�6 M)–stimulated peroxidase
secretion (Fig. 6C). Therefore, P2X1 receptors were not the
predominant receptor activated by ATP in the lacrimal gland.

Effect of pH on ATP-Stimulated Peak [Ca2�]i
Unlike the other P2X receptors, lowering the pH has been
shown to potentiate the response of P2X2 receptors to ATP.6,7

In normal KRB at pH 7.4, ATP (10�6 M) increased peak [Ca2�]i

to 105 � 34 nM. When the pH of the buffer was lowered to
6.8, [Ca2�]i was not potentiated but, rather, decreased slightly,
though not significantly, to 69 � 11 nM (Fig. 7). These results
suggest that P2X2 receptors are not the predominant receptors
activated by ATP in the lacrimal gland.

Effect of Zinc on ATP-Stimulated Peak [Ca2�]i
The addition of zinc has been demonstrated to potentiate the
actions of P2X2 and, at a low concentration of ATP, P2X4.7,8

ATP 10�8 M alone increased [Ca2�]i by 131 � 41 nM. The
addition of ZnCl (10�5 M) simultaneously with ATP did not
potentiate the ATP response and was 100 � 21 nM (Fig. 8).
ATP at 10�6 M increased [Ca2�]i by 105 � 34 nM. When ZnCl
was added, [Ca2�]i was again not potentiated by ZnCl but was
decreased to 57 � 11 nM (Fig. 8). This decrease was not
significant. These results indicate that P2X2 and P2X4 do not
play a significant role in the ATP-stimulated increase in [Ca2�]i.

FIGURE 5. Effect of repeated applications of ATP on [Ca2�]i. Acini
containing fura-2 were stimulated with ATP (10�6 M) every 30 seconds.
Trace represents the mean of four animals. Arrows: addition of ATP.

FIGURE 6. Effect of inhibition of P2X1 receptors on ATP-stimulated
[Ca2�]i. Acini containing fura-2 were preincubated with NF023 (10�6–
10�4 M) before stimulation with ATP (10�6 M). Trace shown in (A)
represents the mean of three animals. Peak [Ca2�]i was calculated from
three animals (B). Acini were preincubated with NF023 (10�6–10�4 M)
before stimulation with ATP (10�6 M). Peroxidase secretion was mea-
sured from three animals (C). Data are mean � SEM. *Statistical signif-
icance from basal (0). Arrow: addition of ATP.
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Effect of Inhibition of P2X3 on ATP-Stimulated
Peak [Ca2�]i
To determine whether ATP activates P2X3 receptors to in-
crease [Ca2�]i, acini were incubated with the P2X3 receptor
inhibitors A31749 (10�6–10�4 M) and TNP-ATP (10�8–10�6

M).4 ATP (10�6 M) increased peak [Ca2�]i to 85 � 21 nM.
Preincubation for 30 minutes with A31749 10�6 M did not alter
the ATP response. However, incubation with A31749 at 10�5

and 10�4 M significantly decreased the ATP response to 15 �
2 and 18 � 6 nM (Fig. 9A).

In cells incubated with TNP-ATP 10�8, 10�7, and 10�6 M,
peak [Ca2�]i was 41 � 25, 16 � 6, and 47 � 40 nM. The
decrease at 10�7 M was significantly different from that of ATP
alone (data not shown).

Effect of Inhibition of P2X3 on ATP-Stimulated
Protein Secretion

To verify that ATP activates P2X3 receptors to increase peroxidase
secretion, acini were preincubated with A31749 at 10�5 M, a

concentration that inhibits the ATP-stimulated increase in [Ca2�]i.
As shown in Figure 9B, A317491 significantly inhibited ATP-
stimulated peroxidase secretion. These data indicate that ATP
binds to and activates P2X3 receptors in the lacrimal gland.

Effect of Activation of P2X3 Receptors on
Peak [Ca2�]i
The ATP analog �,� methylene ATP (��MeATP) shows specificity
to P2X3 over the other P2X receptors.4,7 Figure 10A shows that
��MeATP increases peak [Ca2�]i in a concentration-dependent
manner with a maximum concentration of 183 � 59 nM at
��MeATP 10�7 M. All concentrations tested from 10�10 to 10�3

M significantly increased [Ca2�]i. These data indicate that P2X3

receptors are functional in the lacrimal gland acini.

Effect of Activation of P2X3 Receptors on
Protein Secretion

To confirm that activation of the P2X3 receptors also stimu-
lated secretion, acini were incubated with ��MeATP (10�7–
10�4 M) for 40 minutes, and peroxidase secretion was mea-

FIGURE 7. Effect of pH on ATP-stimulated [Ca2�]i. Acini containing
fura-2 were stimulated with ATP (10�6 M) in KRB-HEPES at either pH
7.4 (normal) or pH 6.8 (low). Peak [Ca2�]i was calculated from four
animals. Data are mean � SEM.

FIGURE 8. Effect of zinc on ATP-stimulated [Ca2�]i. Acini containing
fura-2 were stimulated with ATP (10�8 and 10�6 M) in KRB-HEPES
either with or without ZnCl (10�5 M). The peak [Ca2�]i was calculated
from four animals. Data are mean � SEM.

FIGURE 9. Effect of inhibition of P2X3 receptors on ATP-stimulated
[Ca2�]i and protein secretion. Acini containing fura-2 were preincu-
bated with either A317419 (10�6–10�4 M, A) for 30 minutes before
stimulation with ATP (10�6 M). Peak [Ca2�]i was calculated from three
animals. Data are mean � SEM. Acini were also preincubated with
A317491 (10�5 M) for 30 minutes and stimulated with ATP (10�6–10�4

M) for 40 minutes. Peroxidase secretion was measured (B). Data are
mean � SEM from four animals. �Significant difference from ATP
alone. *Significant difference from no additions. ATP alone data are
repeated from Figure 3C because these two assays were performed at
the same time.
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sured (Fig. 10B). All concentrations of ��MeATP significantly
increased peroxidase secretion above basal to 1.1 � 0.1-, 1.7 �
0.2-, 1.4 � 0.3-, and 1.5 � 0.2-fold at 10�7, 10�6, 10�5, and
10�4 M, respectively.

Effect of Inhibition of P2X7 on
ATP-Stimulated [Ca2�]i
Using the P2X7 receptor agonist (benzoylbenzoyl)adenosine 5�
triphosphate (BzATP), we previously showed that P2X7 recep-
tors are functional in the lacrimal gland and that their activa-
tion is linked to protein secretion and ERK activation.9 P2X7

receptors are unique among P2X receptors in that the response
is potentiated in the absence of Mg2� and high concentrations
of ATP (10�4 M and greater) are necessary to activate the P2X7

receptors.5 To determine whether ATP activates P2X7, acini
were stimulated with ATP (10�6 M) in the presence and ab-
sence of Mg2�. ATP increased [Ca2�]i in the presence (Fig. 11A) and
absence (Fig. 11B) of Mg2�. Peak [Ca2�]i stimulated by ATP in
the presence of Mg2� was 136� 40 nM, which was not altered
when measured in the absence of Mg2� (Fig. 11C). Preincuba-
tion with the P2X7 receptor inhibitor A438079 (10�4 M) did
not have an effect on the ATP response in either the presence
or the absence of Mg2� (Figs. 11A-C). The plateau phase (after
initial peak) of the [Ca2�]i response was also unchanged in the
presence or absence of either A438079 or Mg2�. When the
area under each curve was integrated, the area in the presence

of ATP alone was 7772.2 � 2020.0 and was unchanged with
ATP plus A438079 and was 16,527.5 � 11,623.1 in the pres-
ence of Mg2� (data not shown). In the absence of Mg2�, the
area under the curve with ATP was 5877.3 and was unchanged
in the presence of ATP and A438079 and was 7280.2 (data not
shown).

Increasing the concentration of ATP to 10�4 M increased
[Ca2�]i in the absence of Mg2� (Fig. 11D). The change in peak
[Ca2�]i was 133� 12 (Fig. 11E). This was not significantly
different from ATP 10�4 M obtained in the presence of Mg2�,
which was 93 � 35 nM (Fig. 1). Incubation with A438079
(10�4 M) did not alter the peak [Ca2�]i response stimulated by
ATP 10�4 M in the absence of Mg2�, which was 98� 45 nM
(Fig. 11E). However, the plateau phase of the [Ca2�]i response
was reduced (Fig. 11D). When the area under each curve was
integrated, the area in the presence of ATP alone was 7034.3 �
758.8 (Fig. 11F). This was significantly decreased to 1687.6 �
597.3 in the presence of ATP and A438079. These data indicate
that at high concentrations, ATP activates P2X7 receptors to
increase the sustained phase of the [Ca2�]i increase.

DISCUSSION

ATP is known to regulate many cellular functions.16 Virtually
every cell type releases ATP, which can act in an autocrine (on
the same cell) or a paracrine (on adjacent cells) manner. ATP is
known to be released by mechanical stimulation through os-
motic swelling or shrinking, host-pathogen interactions, or
stretching forces.17–20 In addition, ATP is released with acetyl-
choline and norepinephrine.21 Therefore, in the lacrimal gland,
the source of ATP could be parasympathetic and sympathetic
nerves that innervate the gland, contraction of myoepithelial
cells, or the acinar cells themselves.

We previously showed that P2X7 receptors stimulated by
BzATP play an important role in lacrimal gland protein secre-
tion and ERK activation. This study was undertaken to deter-
mine which P2X receptors play a role in the ATP-stimulated
increase in [Ca2�]i in the lacrimal gland. P2X1 to P2X6 recep-
tors have similar characteristics; however, there are subtle
differences allowing for identification. Repeated applications
of ATP to lacrimal gland acini decreased the [Ca2�]i response
indicating that either P2X1, P2X3, and P2X4 are activated by
ATP (Fig. 5). However, an inhibitor specific for P2X1 (Fig. 6)
did not have any effect on ATP-stimulated increases in [Ca2�]i,
arguing against a role for this receptor in this response.

It is well established that zinc potentiates the P2X4 response
when activated by a submaximal concentration of ATP and the
P2X2 response when activated by a maximal concentration of
ATP. P2X2 and PX4 receptors have been shown to contain zinc
binding sites, which increases the receptor’s affinity for
ATP.22,23 Given that zinc had no effect on the ATP-stimulated
increase in [Ca2�]i at either a submaximal or a maximal
concentration in the lacrimal gland, it is unlikely that either
of these receptors plays a role in the ATP increase in [Ca2�]i

(Fig. 8).
The evidence indicating that P2X3 receptors are activated in

the lacrimal gland by ATP is strong. First, the ATP-induced
increase in [Ca2�]i decreased with repeated applications of
ATP (Fig. 5). Second, the ATP-stimulated increase in [Ca2�]i

was inhibited by two P2X3 specific inhibitors, A31749 and
TNP-ATP (Fig. 9). Third, a specific agonist for P2X3 receptors,
�,� methylene ATP, elicited robust increases in [Ca2�]i and
secretory responses over a large concentration range with a
magnitude similar to that of ATP (Fig. 10).

We did not pursue the role of P2X5 receptors because we
were unable to detect them either by RT-PCR, Western blot
analysis, or immunofluorescence experiments.

FIGURE 10. Effect of stimulation of P2X3 receptors on [Ca2�]i and
protein secretion. Acini containing fura-2 were stimulated with �,�
methylene ATP (10�10–10�3 M; A). Peak [Ca2�]i was calculated from
three animals. Data are mean � SEM. Acini were also stimulated with
�,� methylene ATP (10�7–10�4 M) for 40 minutes. Peroxidase secre-
tion was measured (B). Data are mean � SEM of four animals. *Signif-
icant difference from basal (0).
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P2X6 receptors were detected by immunofluorescence, West-
ern blot analysis, and RT-PCR. However, it was difficult to assess
the role they played in ATP-stimulated [Ca2�]i increases because
P2X6 receptors do not form homomers.3 They do form hetero-
mers with other P2X receptors, namely P2X2 and P2X4.5 The
addition of zinc had no effect on the ATP-stimulated increase in
[Ca2�]i (Fig. 8) and the [Ca2�]i response becomes desensitized
relatively quickly (Fig. 5), suggesting that P2X2 and P2X4 recep-
tors do not play a significant role in the lacrimal gland. Therefore,
it seems unlikely that P2X6 forms heteromers with these two
receptor subtypes to increase [Ca2�]i and stimulate lacrimal gland
protein secretion.

ATP can also bind to and activate P2Y receptors. Thus a minor
portion of the [Ca2�]i response elicited by ATP could be attrib-
uted to activation of the P2Y receptors. This is supported by the
fact that the peak [Ca2�]i was not completely inhibited by the
removal of [Ca2�]o. P2Y receptors differ from P2X receptors in
that they are GPCRs instead of channels. When activated, P2Y
receptors stimulate the production of inositol trisphosphate (IP3).
IP3 releases Ca2� from internal stores, causing a peak in [Ca2�]i,
even in the absence of [Ca2�]o. Because the removal of [Ca2�]o

does not completely abolish the peak increase in [Ca2�]i stimu-
lated by ATP, it is possible that P2Y receptors play a small role in
the lacrimal gland (Fig. 4). Of the eight P2Y receptors identified,
only two, P2Y2 and P2Y11, preferentially bind ATP.16 We did not
examine these two P2Y receptors in this study.

P2X3 receptors are known to dimerize with P2X2 receptors
to form P2X2/P2X3 heterodimers.24–26 These heterodimers
then have characteristics of each receptor such that they are
activated by �,� methylene ATP and are inhibited by P2X3

receptor antagonists (P2X3 characteristics). However, their ac-
tivity is potentiated by low pH, and they do not desensitize
(P2X2 receptor characteristics). Because the [Ca2�]i response
was not potentiated by low pH (Fig. 7) and the ATP-stimulated
[Ca2�]i desensitized (Fig. 5), it was unlikely that P2X2/P2X3

heterodimers played a major role in the rat lacrimal gland.
P2X3 receptors usually exist as trimers and can collect to

form large aggregates. They play a well-known role in visceral
pain in pathologic conditions such as renal colic, dyspepsia,
inflammatory bowel disease, angina, dysmenorrhoea, and in-
terstitial cystitis. It is hypothesized that in visceral tubes and
sacs, ATP is released from epithelial cells during distension,
which activates P2X3 homomeric and P2X2/3 heteromeric re-
ceptors on subepithelial sensory nerves. Activation of these
receptors initiates impulses in sensory pathways to pain cen-
ters in the central nervous system.27

P2X3 receptors have also been implicated in the exocytosis
process. In the pancreas, P2X3 receptors are involved in a
positive feedback loop to increase the secretion of insulin
when glucose levels are high. Under these conditions, ATP is
released with insulin from � cells. In humans, but not mice,
this ATP activates P2X3 receptors, which increases [Ca2�]i and

FIGURE 11. Effect of inhibition of
P2X7 receptors on ATP-stimulated
[Ca2�]i. Acini containing fura-2 were
preincubated with A438079 (10�4

M) for 30 minutes in the presence or
absence of Mg2� before stimulation
with ATP. Trace shown in (A) is
mean of acini from three animals
stimulated with ATP (10�6 M) in the
presence of Mg2�. Trace shown in
(B) is mean of acini from three ani-
mals stimulated with ATP (10�6 M)
in the absence of Mg2�. Arrows: ad-
dition of ATP. Peak [Ca2�]i was cal-
culated from three animals (C). Acini
were preincubated with A438079
(10�4 M) for 30 minutes in the ab-
sence of Mg2� before stimulation
with ATP (10�4 M), and traces of
three animals were averaged (D). Ar-
row: addition of ATP. Peak [Ca2�]i

was calculated from three animals
(E). Area under the curve from each
animal was calculated, and the mean �
SEM is shown (F). *Significant differ-
ence from basal.
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causes the release of insulin.28 It is likely that the activation of
P2X3 receptors causes protein secretion in the lacrimal gland
as well. An increase in [Ca2�]i is necessary for protein secre-
tion from the rat lacrimal gland,29–32 and the activation of P2X3

receptors by ATP increases [Ca2�]i.
In the mouse parotid glands, P2X4 and P2X7 receptors have

been identified.33 Casa-Pruneda et al.34 demonstrated that these
two receptors form a functional unit to produce an ATP-activated
current with unique characteristics, implying that these receptors
form heterodimers. In addition, cAMP modulates P2X4 receptors
to potentiate Ca2� signaling in human parotid glands.35 Interest-
ingly, cAMP has been shown to play an inhibitory role on P2X3

receptors in neurons.36 Given that cAMP also plays a major role in
lacrimal gland function, it is possible that cAMP interacts with the
P2X3 receptor to alter its activity.37–39

In conclusion, our data indicate that ATP activates P2X3 to
increase [Ca2�]i and protein secretion from the rat lacrimal
gland. In addition, at high concentrations, ATP also activates
P2X7 receptors, which increases [Ca2�]i.
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