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Abstract

Extracellular ADP is known to play many important physiological roles. In this study, we identified
the P2Y 13 receptor in a rat mast cell line (RBL-2H3) and explored the functional role of ADP, its
endogenous agonist. ADP induced both intracellular calcium mobilization and release of
hexosaminidase (Hex). In an assay of intracellular calcium, ADP was 100-fold less potent than and
equally efficacious as the P2Y; receptor-selective agonist MRS2365. However, ADP was more
potent and efficacious than MRS2365 in inducing Hex release and in enhancing antigen-induced
Hex release. ADP-induced intracellular calcium mabilization was blocked by phospholipase C
inhibitor U73122 and by P2Y; receptor selective antagonist MRS2500, but not by pertussis toxin
(PTX), suggesting a mechanism mediated by the Gg-coupled P2Y; receptor, but not P2Y 13 (Gj-
coupled) or P2X receptors. ADP-induced Hex release was blocked by PTX and a selective P2Y 3
receptor antagonist MRS2211, but not by MRS2500 or P2Y ; receptor-specific SiRNA, suggesting a
Gj-coupled P2Y 13 receptor-related mechanism. Measurement of gene expression confirmed high
expression of both P2, and P2Y 13 receptors (in comparison to a previously reported P2Y 14 receptor)
in RBL-2H3 cells. Thus, we demonstrated that ADP-mediated intracellular calcium mobilization and
Hex release in RBL-2H3 cells are via P2Y 1 and P2Y 13 receptors, respectively. Selective antagonists
of the P2Y 13 receptor might be novel therapeutic agents for various allergic conditions.

Keywords
P2Y 13 receptor; nucleotide; mast cell; degranulation; allergy; G protein-coupled receptor

1. Introduction

Mast cell degranulation plays a crucial role in the development of allergic diseases, which has
traditionally been thought to be mediated via the FceRI receptor [1-3]. However, recent
evidence suggests that a growing number of G protein-coupled receptors (GPCRs), such as
sphingosine-1-phosphate, C3a, C5a, adenosine, and UDP-glucose (P2Y14) receptors, are also
involved in this process [4-6]. Understanding the regulatory mechanisms of mast cell
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degranulation would help reduce unwanted allergic reactions in the development of novel
therapeutic agents.

The role of extracellular nucleotides acting at P2X receptors (ion channels) and at P2Y
receptors (GPCRs) in mast cells has been explored [7]. The P2Y receptors, which are activated
by a range of extracellular mono- and dinucleotides, are widespread in the immune system
[8] and are an increasingly important focus of preclinical research [9]. In a recent study, we
have shown that an extracellular nucleotide-sugar, UDP-glucose, can enhance antigen-induced
B-hexosaminidase (Hex) release in rat basophilic leukemia (RBL)-2H3 cells via the P2Y 14
receptor [6]. Previously, some other nucleotides, including ATP and ADP, have also been
indicated to be involved in mast cell function, although the P2Y receptor subtypes responsible
for degranulation in various cases have not been fully identified partly due to the lack of proper
pharmacological and biochemical tools [10,11,12]. For example, ADP has been shown to
enhance IgE-mediated secretion of [3H]5-hydroxytryptamine by IL-3-dependent bone
marrow-derived mast cells (BMMC) in a pertussis toxin-sensitive manner, but the receptor
subtype involved could not be demonstrated [12]. ATP-induced histamine release in rat
peritoneal mast cells has been ascribed to a mechanism mediated by phospholipase A2 or a
P2X receptor [10].

ADP has been identified as the endogenous agonist of both human [13] and rat [14] P2Y 13
receptors and also activates P2 and P2Y, receptors. Cord blood-derived human mast cells
were found to express mRNA encoding all three of these ADP-responsive receptors [11]. High
expression levels of the P2Y 13 receptor in hematopoietic cells and the immune system, such
as spleen, lymph nodes, and bone marrow, suggest a role for this subtype in inflammation-
related disorders [13] and potentially in mast cell degranulation.

In the present study, we compared the expression levels of P2Y receptor subtypes using
quantitative real-time PCR and found that P2Y 13 and P2Yy receptors are equally highly
expressed in RBL-2H3 cells. We found that the P23 receptor is responsible for ADP-
mediated Hex release, whereas the P2Y 1 receptor mediates ADP-induced intracellular calcium
mobilization.

2. Materials and Methods
2.1. Materials

MRS2211 (2-[(2-Chloro-5-nitrophenyl)azo]-5-hydroxy-6-methyl-3-[(phosphonooxy)
methyl]-4-pyridinecarboxaldehyde disodium salt) [15]; MRS2365 ([[(1R,2R,3S,4R,5S)-4-[6-
amino-2-(methylthio)-9H-purin-9 -yl]-2,3-dihydroxybicyclo[3.1.0]hex-1-yl]methyl]
diphosphoric acid mono ester trisodium salt) and MRS2500 ((1R,2S,4S,5S)-4-[2-iodo-6-
(methylamino)-9H-purin-9-yl]- 2-(phosphonooxy)bicyclo[3.1.0]hexane-1-methanol
dihydrogen phosphate ester tetraammonium salt) were from Tocris (St. Louis, MO). ADP,
ATP, 2-MeSADP, U73122, pertussis toxin, p-nitrophenyl-N-acetyl-p-D-glucosaminide, and
2,4-dinitrophenyl-bovine serum albumin (DNP-BSA), Triton X-100 and anti-DNP antibody
were obtained from Sigma (St. Louis, MO). Tagman Universal PCR master mix, Tagman Gene
Expression Assays, High Capacity cDNA Reverse Transcription Kit and Tagman Rodent
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) control were purchased from Applied
Biosystems (Foster City, CA). Calcium assay kit was from Molecular Devices (Sunnyvale,
CA). All other reagents were from standard sources and are of analytical grade.

2.2. Cell culture and detection of gene expression of P2Y receptors

Cells were cultured in DMEM supplemented with 10% FBS, 100 units/ml penicillin, 100 pg/
ml streptomycin, 3 pmol/ml glutamine in a humidified atmosphere of 5% CO, at 37°C. Total
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cellular RNA was isolated from RBL-2H3 cells using an RNA isolation kit (RNeasy, Qiagen,
Valencia, CA) and was reversed-transcribed with the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA) according to the manufacturer's
protocol. Real-time PCR detection of the expression of the rat P2Y receptor gene and the
endogenous reference GAPDH mRNA was performed using the 7900HT Fast System (Applied
Biosystems, Foster City, CA). Quantitative analysis of data was performed by using the
2-AACt method [16]. Values were normalized to GAPDH and were expressed as relative
expression levels.

2.3. Measurement of release of Hex

We measured the release of Hex, a granule-associated protein that parallels histamine release
and is an indicator of degranulation of RBL-2H3 cells, as previously described [6]. In brief,
RBL-2H3 cells were split to 24-well plates (10° cells/ml) and incubated overnight with 0.1
ng/ml DNP-specific IgE antibody. Cells were washed twice and then stimulated with DNP-
BSA, ADP, or both for 30 min. Hex was measured in the medium and in cell lysates (in 0.1%
Triton X-100) by a colorimetric assay. Aliquots (20 ul) of samples were incubated with 20 pl
of 1 mM p-nitrophenyl-N-acetyl-B-o-glucosaminide at 37°C in 0.1 M sodium citrate buffer (pH
4.5) for 1 h. The product, p-nitrophenol, was converted to the chromophore, 4-nitrophenoxide,
by addition of 200 pl of a 0.1 M Na,CO3/0.1 M NaHCO3 buffer. Absorbance was read at 405
nm using a spectrophotometer. The P2Y; receptor-specific SiRNA assay was performed as
previously described [6]. Results are reported as the percentage of intracellular Hex that was
released into the medium.

2.5. Intracellular intracellular calcium mobilization

RBL-2H3 cells were grown overnight in 100 pl media in 96-well flat bottom plates at 37°C at
5% CO5 or until 80-90% confluency. The calcium assay kit (Molecular Devices, Sunnyvale,
CA) was used as directed without washing cells, and with probenecid added to the loading dye
at a final concentration of 2.5 mM to increase dye retention. Cells were loaded with 50 pl dye
with probenecid to each well and incubated for 60 min at room temperature. The compound
plate was prepared using dilutions of various compounds in Hanks Buffer (pH 7.4). Samples
were run in duplicate at room temperature. Cell fluorescence was measured (excitation at 485
nm; emission at 525 nm) following exposure to agonists. Increases in intracellular calcium are
reported as the maximum fluorescence value after exposure minus the basal fluorescence value
before exposure.

2.8. Statistical analysis

Results

ECsq values were calculated with Prism 5 (GraphPad, San Diego, CA). Data were analyzed
by analysis of variance (ANOVA) (followed by post-hoc analysis) to check the statistical
difference among groups with P value less than 0.05 being considered significant. Results were
expressed as mean * S.E.

3.1. ADP induced intracellular calcium mobilization in RBL-2H3 cells

In an initial experiment, it was found that ADP induced intracellular calcium mobilization in
a concentration-dependent manner with an ECsg value of 278 £ 42 nM (Figure 1). ATP was
also shown to induce intracellular calcium increase, albeit less potently (EC59=1170 % 220
nM). As ADP is the endogenous agonist for three subtypes of P2Y receptors (P2Y 1, P2Y 1,
and P2Y13), it was not clear which subtype mediated this effect. We subsequently examined
the effect of MRS2365, a potent and selective agonist of the P2Y receptor [17]. The ECsq of
MRS2365 was calculated to be 4.5 + 0.8 nM (Figure 1), which was 60-fold more potent than
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ADP, and it was equally efficacious, indicating full agonism. The ECsgq value of the potent,
non-selective agonist 2-MeSADP was 37.8 + 11.3 nM. The rank order of agonist potency was
MRS2365 > 2-MeSADP > ADP > ATP, consistent with a P2Y receptor-mediated effect
[17].

The calcium transients induced by ADP were blocked by an inhibitor of phospholipase C
(PLC), U73122, further supporting a Gq4-coupled P2Y, not the P2X receptor-mediated
mechanism. The calcium transients were not prevented by pretreatment with pertussis toxin
(PTX) (Figure 2), which inhibits the function of the a-subunit of G; protein, including the
release of GBy subunits, but not G4 protein. ADP-induced calcium transients were antagonized
by a selective antagonist of the P2Y receptor, MRS2500. The inhibition corresponded to a
Kpg value of 5.4 nM by Schild analysis (Figure 2), consistent with the previously reported
affinity of this antagonist at the P2Y 1 receptor [18]. MRS2500 also concentration-dependently
shifted the concentration-response curve of MRS2365-induced calcium release corresponding
to a Kg value of 4.3 nM.

3.2. ADP enhanced antigen-induced Hex release

In an initial study, a sub-maximal concentration of antigen (DNP-BSA, 10 ng/ml) induced
about 10% release of Hex from RBL-2H3 cells (Figure 3A, P < 0.05, compared with control).
ADP (100 uM) caused a significant enhancement of the effect of antigen (Figure 3A, P <0.01,
compared with the antigen group).

We next compared the effect of several P21 receptor agonists on antigen-induced Hex release
in RBL-2H3 cells. Unlike the rank order of potencies in calcium release, ADP was more potent
(ECsp=4.7 £ 0.8 uM,) and more efficacious than either 2-MeSADP or MRS2365 in enhancing
Hex release (Figure 3B). ATP was much weaker than ADP in enhancing antigen-induced Hex
release (ECsp= 85 + 23 uM).

Pretreatment of RBL-2H3 cells with a PLC inhibitor, U73122 (10 uM), blocked both antigen-
induced and ADP-enhanced Hex release (Figure 4A). Pretreatment with a calcium chelator,
BAPTA-AM, produced an inhibitory effect similar to U73122. However, PTX diminished only
ADP-elicited enhancement but not the effect of antigen, suggesting that the ADP-induced
enhancement is via a G; protein-mediated mechanism, most likely through the activation of
either P2Y 1, or P2Y 13 receptors or both. ATP-induced enhancement of Hex release was also
diminished by PTX treatment (data not shown).

In order to identify the receptor subtype responsible for the enhancement of Hex release, we
used several selective antagonists of various P2Y receptor subtypes. Figure 5A shows that the
concentration-response curve of ADP-mediated Hex release was significantly right-shifted by
the P2Y 13 receptor antagonist MRS2211 (1 uM) but not by a selective antagonist of the
P2Y receptor (MRS2500, 1 uM), suggesting a mechanism mediated by the P2Y 13 receptor.
MRS2211 increased the ECs of ADP to 41 + 12 uM, which represents an order of magnitude
right-shift.

To confirm that the P2 receptor is not involved in degranulation, a P2Y'1 receptor specific
SiRNA was used in the Hex release assay. Figure 5B shows that the concentration-response
curve of ADP-induced enhancement of antigen-induced Hex release was not affected by the
inhibition with the P2Y 1 receptor-specific SiRNA.

Inaprevious study [6], both the native agonist of the P2 14 receptor UDP-glucose and a potent,
synthetic P2Y 14 receptor-selective agonist MRS2690 were able to enhance antigen-induced
Hex release, although they were inactive in the absence of antigen. In the present study, we
also examined whether ADP alone was able to induce Hex release in addition to its enhancing
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effect on antigen-induced Hex release. Figure 6 shows that ADP concentration-dependently
induced a modest but significant amount of Hex release in the absence of antigen (P < 0.05
compared with basal value) corresponding to an ECsq of 16.7 = 4.8 uM (n=3). Furthermore,
the modest amount of Hex release was completely blocked by pretreatment with PTX (Figure
6). By contrast, the release of Hex induced by MRS2365 or 2-MeSADP alone was shown to
be insignificant (P>0.05, comparing the percentage of Hex release at 10 pM with basal values).

3.3. Measurement of the mRNA expression level of ADP-activated P2Y receptors

We compared the gene expression levels of all three P2Y receptor subtypes that respond to
ADP using quantitative real-time polymerase chain reaction (QRT-PCR) analysis. It was found
that the gene expression levels of P2Y1 and P2Y ;3 receptors were comparable to that of the
previously reported P2Y 14 receptor [6], while the P2Y 1, receptor was undetectable (Figure 7).
Of other P2Y receptor subtypes, as previously reported [6], the gene expression of the P2Y,
receptor was 26-fold lower, and the P2Y 4 and P2Y g receptors were over 100-fold lower,
compared with the P2Y 13 receptor. The gene expression of the P2Y 1 receptor could not be
measured, due to the lack of this subtype in rodents [9].

4. Discussion

Results from the present study suggested that the P2Y 13 receptor is the receptor subtype
responsible for ADP-mediated Hex release. The P2Y 1 receptor, which was highly expressed
in RBL-2H3 mast cells and to the same degree as the P2Y 13 receptor, did not mediate Hex
release. However, ADP induced a robust elevation of intracellular calcium ions in a P2Y4
receptor-dependent manner. The P2Y receptor is known to couple through Gq protein to
activate PLCp, and consistent with this proposed mechanism the elevation of intracellular
calcium ions was blocked by the PLC inhibitor U73122 but not by PTX.

The agonist profile demonstrated in the present study indicating that ADP is more effective
than 2-MeSADP in mediating Hex release is consistent with the result from an earlier study of
the cloned rat P2Y 13 receptor [14]. Also, the use of more selective ligand tools, such as the
P2Y 13 receptor antagonist MRS2211, has enabled the delineation of action at specific receptor
subtypes. MRS2365 is an ADP analogue that has been shown to be a potent and full agonist
of the human P2Y receptor and a weak partial agonist of the human P2Y ;3 receptor, without
any obvious effects at the human P2Y 1, receptor, such as stimulation of the production of
inositol phosphates in transiently transfected COS-7 cells [17]. The antagonist profile from
this study is also in line with that reported by Fumagalli et al. [14] who showed that a P2Y;
receptor antagonist MRS2179 did not alter the effect of ADP at the rat P2Y 13 receptor.

Unlike UDPG acting at the P2Y 14 receptor in RBL-2H3 cells, which enhanced only antigen-
enhanced Hex release [6], ADP, in addition to enhancing antigen-induced Hex release, seemed
to induce Hex release via the P2Y 13 receptor on its own, albeit to a modest extent, suggesting
the P2Y 13 receptor may mediate the Hex release via a mechanism different from that used by
the P2Y 14 receptor and could play a more important role in allergic or inflammatory conditions.

It has been suggested that nucleotides may be involved in mast cell degranulation in different
assay systems and cells [19,20]. ATP and UTP have been reported to enhance histamine release
induced by antigen but not by the calcium ionophore A23187 in human lung mast cells [19].
In that study the P2Y; receptor was clearly expressed, and the P2Y, receptor was detectable
but at a lower expression level. However, the expression levels of other P2Y subtypes were
not established. In mouse mc9 mast cells, ATP was shown to induce Hex release [20], although
this effect required very high concentrations (1 mM) of ATP, which could act through multiple
mechanisms. This ATP-induced [Ca?*]; elevation is through P2X receptor-induced influx and
is independent of inositol phosphates [19]. Adenine nucleotides have been suggested to inhibit
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cytokine release in human mast cells and to be involved in pulmonary inflammation [11,21],
although the role of P2Y 13 receptors was not explored. ADP has been shown to enhance IgE-
mediated secretion of [3H]5-hydroxytryptamine by IL-3-dependent BMMC in a pertussis
toxin-sensitive manner, although the receptor subtype involved was not demonstrated [12],
which is consistent the present finding that the P2 13 subtype is the responsible for Hex release.

The results that the Gg-coupled P2Y; receptor mediated the intracellular calcium mobilization
but did not contribute directly to the Hex release suggest that, in RBL-2H3 cells, the P2Y;
receptor-induced calcium signal alone is not sufficient to induce Hex release. This finding is
consistent with a previous study by Alfonso et al. [22] suggesting that intracellular calcium
release is not a sufficient signal for degranulation of rat mast cells. Earlier studies also indicated
that IgE-dependent mast cell degranulation is strictly dependent on extracellular calcium,
whereas extracellular calcium may not be required in degranulation induced via non-IgE
mechanisms [22,23]. However, in the present study, BAPTA-AM completely removed both
antigen-induced Hex release and ADP-induced enhancement. It is not clear whether the
elimination of the ADP-induced enhancement is a consequence of the inhibition of the antigen-
induced release or not. Antigen-induced calcium signals could be triggered by different
phospholipid pathways in antigen stimulation. IgE-antigen stimulation of mast cells induces a
fast and transient calcium release from intracellular stores depending on the activation of
sphingosine kinase 1 (which is dependent on the activity of phospholipase D1). PLCy1 triggers
a second (slower) wave of calcium release from intracellular stores. FcERI-mediated
degranulation depends on the first wave [24]. In RBL-2H3 cells, both IP3 and sphingosine
kinase are required for the FcERI-mediated calcium release, but only IP3 is required for the
NECA-induced release [25]. PI3K has been shown to be a crucial participant in the
augmentation of FcER1-mediated degranulation by adenosine [26,27]. It remains to be explored
which signal pathways are involved in ADP-mediated Hex release. The finding from the
present study is also reminiscent of a recent report on the opposing effects of ADP in
modulating nociceptive signaling and inflammatory pain behavior via acting G; and G-
coupled P2Y receptors [28].

Taken together, the detection of P2Y13, but not P2Y 15, receptor gene expression, the
antagonism by the P2Y 13 receptor antagonist MRS2211, and the inhibitory effect of PTX, all
suggest that the P2Y 13 receptor is the subtype responsible for ADP-mediated degranulation in
RBL-2H3 cells. However, for ADP-induced intracellular calcium mobilization, the expression
of the P2Y; receptor gene, activation and antagonism by P2Y; selective ligands, the lack of
effect by PTX treatment, and the blockade by U73122 all indicate that the P2Y; receptor is the
subtype responsible. The expression of the P2Y ;3 receptor in mast cells and its role in mast
cell degranulation suggest that selective antagonists of the P2Y 13 receptor might be novel
therapeutic agents for various allergic and inflammatory conditions. The role of the P2Y 13
receptor in primary human mast cells remains to be determined.
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Abbreviations

BAPTA-AM 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid acetoxymethyl
ester

BSA bovine serum albumin

CHAPS 3-[(3-cholamidopropyl) dimethylammonio]propanesulfonate

DMEM Dulbecco's modified Eagle's medium

DNP 2,4-dinitrophenyl

FBS fetal bovine serum

GAPDH glyceraldehyde 3-phosphate dehydrogenase

GPCR G protein-coupled receptor

Hex B-hexosaminidase

MRS2211 2-[(2-chloro-5-nitrophenyl)azo]-5-hydroxy-6-methyl-3-[(phosphonooxy)
methyl]-4-pyridinecarboxaldehyde

PLC phospholipase C

PTX pertussis toxin

gRT-PCR quantitative real time polymerase chain reaction

RBL rat basophilic leukemia

u73122 1-[6-[((17pB)-3-methoxyestra-1,3,5[10]-trien-17-yl)amino]hexyl]-1H-

pyrrole-2,5-dione
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Figure 1.

P2Y 1 receptor agonist-induced intracellular calcium mobilization in RBL-2H3 cells. Results
are expressed as mean + S.E. from a triplicate determination representative of three independent
experiments performed in duplicate or triplicate. The calcium mobilization was measured 20
s after addition of agonists and lasted for 120 s. The protocol used was similar to previously

described [29]. The mean ECsq values of agonists are listed in the text.
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Figure 2.

Effects of various inhibitors on agonist-induced intracellular calcium mobilization in RBL-2H3
cells. A. Effects of pretreatment with PTX, a phospholipase C inhibitor U73122 and various
concentrations of the P2Y 1 receptor antagonist MRS2500. Cells were pretreated with PTX
(100 ng/ml) for 24 h or with U73122 (10 uM) and MRS2500 for 20 min before the
measurements. B. Schild analysis of antagonism by MRS2500 of the agonist effect of ADP.
C. Effect of MRS2500 on the selective P2Y 1 receptor agonist MRS2365-induced calcium
release. D. Schild analysis of antagonism by MRS2500 of the agonist effect of MRS2365. The
calcium mobilization was measured 20 s after addition of agonists and lasted for 120 s. The
protocol used for measurement of calcium mobilization was similar to previously described
[29]. The ECgq values (nM) of ADP and MRS2365 were 278 + 42 and 4.5 + 0.8 nM,
respectively.
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Figure 3.

Hex release from RBL-2H3 cell induced by antigen (10 ng/ml) in the presence and absence of
P2Y receptor agonists. A. Initial testing of the effect of antigen (10 ng/ml) in the absence and
presence of ADP (100 uM). B. Enhancement by various agonists of antigen-mediated Hex
release. Cells were primed with anti-DNP-BSA antibody for 24 h before testing for the release
of Hex. Results are expressed as mean + S.E. and were from three separate experiments
performed in duplicate. *P < 0.05; #P < 0.01, compared with control.
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Effects of the phospholipase C inhibitor, U73122 (A, 10 uM) and pertussis toxin (PTX, 100
ng/ml) (B) and a calcium chelator, BAPTA-AM (10 uM) on antigen-mediated Hex release.
Results are expressed as mean + SE and are from three independent experiments performed in
duplicate. The basal value of percentage Hex release was about 5%. U73122 and BAPTA-AM
inhibited both antigen-induced and ADP-enhanced Hex release, whereas PTX only blocked

ADP-enhanced Hex release.
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Figure 5.

A. Effects of P2Y receptor antagonists on ADP-induced enhancement of antigen-mediated Hex
release in RBL-2H3 cells. MRS2500 and MRS2211 are antagonists for the P2Y; and P2Y 13
receptors, respectively. Cells were primed with anti-DNP-BSA antibody for 24 h before testing
for the release of Hex. Results are expressed as mean * S.E. and were from 3-4 separate
experiments performed in duplicate. B. Effect of P2Y receptor-specific SiRNA on ADP-
induced enhancement of antigen-induced Hex release. The experimental procedures were as
described previously [6].
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Figure 6.

ADP-induced Hex release in the absence of antigen DNP-BSA. Results were from 3-4
experiments performed in duplicate. *Significantly different from basal Hex release, P < 0.05.
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Figure 7.

Expression of P2Y 1, P2Y 1, and P2Y 13 receptor genes determined using gRT-PCR in RBL-2H3
cells. Results are expressed as mean + SE from three separate experiments performed in
triplicate. The GAPDH was used as an endogenous positive control. The expression level of
the known P2Y 14 receptor [ref. 6] was expressed as 1. The gene expression levels of P2Y1,
P2Y 1, and P2Y 13 receptors were expressed as their relative values to that of the P2Y 4. The
gene expression of the P2Y 1, receptor was essentially undetectable in RBL-2H3 cells. The
P2Y 11 gene is absent in rodents.
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